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Preface

The purpose of this book is to provide a simple introduction to charac-
teristic group frequencies so as to assist all who may need to interpret or
examine infrared and Raman spectra. The characteristic absorptions of func-
tional groups over the entire infrared region, including the far and near regions,
are given in tables as well as being discussed and amplified in the text.

A section dealing with spurious bands that may appear in both infrared and
Raman spectra has been included in the hope that confusion may be avoid by
prior knowledge of the reasons for such bands and the positions at which they
may occur.

In order to assist the analyst, three basic infrared correlation charts are
provided. Chart 1.4 may be used to deduce the absence of one or more classes
of chemical compound by the absence of an absorption band in a given region.
Chart 1.5 may be used to determine which groups may possibly be responsible
for a band at a given position. Chart 1.6 may be used if the class of chemical
is known (and hence the functional groups it contains) in order to determine at
a glance the important absorption regions. Chart 1.7 gives the band positions
and intensities of functional groups observed when Raman spectroscopy is
used. Having identified a functional group as possibly being responsible for an
absorption band, by making use of the charts provided, the information in the
relevant chapter (or section) and table should both be used to confirm or reject
this assumption. If the class of chemical is known then the relevant chapter
may be turned to immediately. It may well be that information contained in
more than one chapter is required, as, for example, in the case of aromatic
amines, for which the chapters on aromatics and on amines should both be
referred to. In order to assist the reader, absorptions of related groups may
also be dealt with in a given chapter.

Unless otherwise stated, in the text and tables, the comments in the main
refer to infrared rather than Raman. Comments specifically aimed at Raman
state that this is the case. The reason for this, is that infrared is by far the
more commonly used technique.

Throughout the text, tables, and charts, an indication of the absorption inten-
sities is given. Strictly speaking, absorptivity should be quoted. However,

there are insufficient data in the literature on the subject and, in any case,
the intensity of an absorption of a given functional group may be affected
by neighboring atoms or groups as well as by the chemical environment (e.g.
solvent, etc.). The values of the characteristic group frequencies are given to
the nearest Scm .

Normally, the figures quoted for the absorption range of a functional group
refer to the region over which the maximum of the particular absorption
band may be found. In the main, the absorption ranges of functional groups
are quoted for the spectra of dilute solutions using an inert solvent. There-
fore, if the sample is not in this state, e.g. is examined as a solid, then
depending on its nature some allowance in the band position(s) may need
to be made.

It is important to realise that the absence of information in a column of a
table does not indicate the absence of a band — rather, it suggests the absence
of definitive data in the literature.

The near infrared region is discussed briefly in a separate chapter as are the
absorptions of inorganic compounds.

The references given at the end of each chapter and in the appendix provide
a source of additional information.

The chapter dealing with polymers contains the minimum theory required
for the interpretation and understanding of polymer spectra. It deals with the
most common types of polymer and also contains a section dealing with
plasticisers. A flowchart is also provided to assist those interested in the iden-
tification of polymers. The chapter on biological samples molecules covers the
most commonly occurring types of biological molecule. The inorganic chapter
is reasonably extensive and contains many useful charts.

1 wish to thank Dr. K. P. Kyriakou for his encouragement and Isaac
Lequedem for his continued presence in my life. There are no words which can
adequately express my thanks to my wife, Jeanne, for her assistance throughout
the preparation of this book.

G. S.



1 Introduction

Both infrared and Raman spectroscopy are extremely powerful analytical
techniques for both qualitative and quantitative analysis. However, neither
technique should be used in isolation, since other analytical methods may
yield important complementary and/or confirmatory information regarding the
sample. Even simple chemical tests and elemental analysis should not be
overlooked and techniques such as chromatography, thermal analysis, nuclear
magnetic resonance, atomic absorption spectroscopy, mass spectroscopy, ultra-
violet and visible spectroscopy, etc., may all result in useful, corroborative,
additional information being obtained.

The aim of this book is both to assist those who wish to interpret infrared
and/or Raman spectra and to act as a reference source. It is not the intention
of this book to deal with the theoretical aspects of vibrational spectroscopy,
infrared or Raman, nor to deal with the instrumental aspects or sampling
methods for the two techniques. There are already many good books which
discuss these aspects in detail. However, it is not possible to deal with the
subject of characterisation without some mention of these topics but this will
be kept to the minimum possible, consistent with clarity.

Although the technique chosen by an analyst, infrared or Raman, often
depends on the task in hand, it should be borne in mind that the two tech-
niques do often complement each other. The use of both techniques may
provide confirmation of the presence of particular functional groups or provide
additional information.

In recent years, despite the great improvements that have been made in
laser Raman spectroscopy, some analysts still consider (wrongly, in my view)
that the technique should be reserved for specialist problems, some of their
reasons for this view being as follows:

1. Infrared spectrometers are generally available for routine analysis and the
technique is very versatile.

2. Raman spectrometers tend to be more expensive than infrared spectrom-
eters and so less commonly available.

3. Until recently, infrared spectrometers, techniques and accessories had
improved much faster than those of Raman.

10.

. There are vast numbers of infrared reference spectra in collections,
databases (digital format) and the literature, which can easily be referred
to, whereas this is not the case for Raman. Although much better now,
the quantity of reference spectra available for Raman simply does not
compare with that for infrared.

Often, in order to obtain good Raman spectra, a little more skill is required

by the instrument operator than is usually the case in infrared. Over the

years, both techniques have become more automated and require less
operator involvement.

Until recently, the acquisition of Raman spectral data has been a relatively

slow process.

. Fluorescence has, in the past, been a major source of difficulty for those
using Raman spectroscopy although modern techniques can minimise the
effects of this problem.

. Localised heating, due to the absorption of the radiation used
for excitation, may result in numerous problems in Raman spec-
troscopy — decomposition, phase changes, etc.

. Quantitative measurements are a little more involved in Raman spec-

troscopy.

With older instruments and certain types of samples, liquids and solids

should be free of dust particles to avoid the Raman spectrum being masked

by the Tyndall effect.

On the other hand, it should be noted that:

. In many cases, sample preparation is often simpler for Raman spectroscopy

than it is for infrared.

. Glass cells and aqueous solutions may be used to obtain Raman spectra.
. It is possible to purchase dual-purpose instruments: infrared/Raman spec-

trometers. However, dual-purpose instruments do not have available the
same high specifications as those using a single technique.

. The infrared and Raman spectra of a given sample usually differ consid-

erably and hence each technique can provide additional, complementary
information regarding the sample.
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Infrared and Raman Characteristic Group Frequencies

5. Often bands which are weak or inactive in the infrared, such as those due to
the stretching vibrations of C=C, C=C, C=N, C-S§, S-S, N=Nand O-0O
functional groups, exhibit strong bands in Raman spectra. Also, in Raman
spectra, skeletal vibrations often give characteristic bands of medium-to-
strong intensity which in infrared spectra are usually weak. Although not
always true, as a general rule, bands that are strong in infrared spectra are
often weak in Raman spectra. The opposite is also often true. (Bands due to
the stretching vibrations of symmetrical groups/molecules may be observed
by using Raman, i.e. infrared inactive bands may be observed by Raman.
The reverse is also true — Raman inactive bands may be observed by using
infrared spectroscopy.) For many molecules, Raman activity tends to be a
function of the covalent character of bonds and so the Raman spectrum
can reveal information about the backbone of the structure of a molecule.
On the other hand, strong infrared bands are observed for polar groups.

6. Bands of importance to a particular study may occur in regions where they
are overlapped by the bands due to other groups, hence, by making use of
the other technique (infrared or Raman) it is often possible to observe the
bands of importance in interference-free regions.

7. Raman spectrometers are usually capable of covering lower wavenumbers
than infrared spectrometers, for example, Raman spectra may extend down
to 100cm™! or lower whereas most infrared spectra often stop at 400 or
200cm™!.

Separation, or even partial separation, of the individual components of a
sample which is a mixture will result in simpler spectra being obtained. This
separation may be accomplished by solvent extraction or by chromatographic
techniques. Hence, combined techniques such as gas chromatography-mass
spectroscopy, GC—MS, liquid chromatography-mass spectroscopy, etc. can
be invaluable in the characterisation of samples.

Very early on, workers developing the techniques of infrared spectroscopy
noticed that certain aggregates of atoms (functional groups) could be asso-
ciated with definite characteristic absorptions, i.e. the absorption of infrared
radiation for particular functional groups occurs over definite, and easily recog-
nisable, frequency intervals. Hence, analysts may use these characteristic group
frequencies to determine which functional groups are present in a sample. The
infrared and Raman data given in the correlation tables and charts have been
derived empirically over many years by the careful and painstaking work of
very many scientists.

The infrared or Raman spectrum of any given substance is interpreted by
the use of these known group frequencies and thus it is possible to characterise
the substance as one containing a given type of group or groups. Although
group frequencies occur within ‘narrow’ limits, interference or perturbation
may cause a shift of the characteristic bands due to (a) the electronegativity
of neighbouring groups or atoms, or (b) the spatial geometry of the molecule.

Stretching modes of vibration for CH,
H\ /H H\ /H
C C
Symmetric stretching vibration Asymmetric stretching vibration

Deformation or bending vibration modes for CH,

In-plane deformations Qut-of-plane deformations

A A A ® ) ® ®
H H H H H H H H
\C/ \C/ \C/ \C/

Scissoring vibrations ~ Rocking vibrations Twisting vibrations ~ Wagging vibrations

Figure 1.1

Functional groups sometimes have more than one characteristic absorption
band associated with them. Two or more functional groups often absorb in the
same region and can usually only be distinguished from each other by means
of other characteristic infrared bands which occur in non-overlapping regions.

Absorption bands may, in the main, be regarded as having two origins, these
being the fundamental vibrations of (a) functional groups, e.g. C=0, C=C,
C=N, -CH;-, —CHj3, and (b) skeletal groups, i.e. the molecular backbone
or skeleton of the molecule, e.g. C—C-C-C. Absorption bands may also be
regarded as arising from stretching vibrations, i.e. vibrations involving bond-
length changes, or deformation vibrations, i.e. vibrations involving bond-angle
changes of the group. Each of these may, in some cases, be regarded as arising
from symmetric or asymmetric vibrations. To illustrate this, the vibrational
modes of the methylene group, CH, are given in Fig. 1.1. Any atom joined to
two other atoms will undergo comparable vibrations, for example, any AX,
group such as NHj, NO;.

The vibration bands due to the stretching of a given functional group occur
at higher frequencies than those due to deformation. This is because more
energy is required to stretch the group than to deform it due to the bonding
force directly opposing the change.

Two other types of absorption band may also be observed: overtone and
combination bands. Overtone bands are observed at approximately twice the
frequency of strong fundamental absorption bands (overtones of higher order
having too low an intensity to be observed). Combination bands result from
the combination (addition or subtraction) of two fundamental frequencies.

As mentioned earlier, it is not the intention of this book to deal with the
theoretical aspects of vibrational spectroscopy. However, as will be appreci-
ated, some basic knowledge is of benefit. The theoretical aspects which should
be borne in mind when using the group frequency approach for characteri-
sation will be mentioned below in an easy, non-rigid and simple manner
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(there are many good books available dealing with the theory). A linear
molecule (one where all the atoms are in a straight line in space, eg. carbon
dioxide) consisting of N atoms has 3N — 5 fundamental vibrations. A non-
linear molecule with N atoms has 3N — 6 fundamental vibrations. These give
the maximum number of fundamental vibrations expected but some of these
vibrations may be degenerate, i.e. have the same frequency, or be infrared
or Raman inactive. In this simple approach, the molecule is considered to
be isolated, in other words interactions between molecules and lattice vibra-
tions are ignored. The vibrational frequency of a bond is expected to increase
with increase in bond strength and is expected to decrease with increase in
mass (strictly speaking reduced mass) of the atoms involved. For example.
the stretching frequency increases in the order C-C < C=C < C=C (triple
bonds are stronger than double bonds which in turn are stronger than single
bonds) and with regard to mass, the vibrational frequency decreases in the
order H-F > H-Cl > H-Br > H-1. It should always be kept in mind that,
strictly speaking, molecules vibrate as a whole and to consider separately the
vibrations of parts of the molecule (groups of atoms) is a simplification of the
true situation.

Many factors may influence the precise frequency of a molecular vibration.
Usually it is impossible to isolate the contribution of one effect from another.
For example, the frequency of the C=0O stretching vibration in CH3;COCHj;
is lower than it is in CH3COC]I. There are several factors which may influence
the C=0 vibrational frequency: the mass difference between CHs and CI; the
associated inductive or mesomeric influence of Cl on the C=0 group; the
steric effect due to the size of the Cl atom, which affects the bond angle; and
a possible coupling interaction between the C=0 and C-Cl vibrations. The
frequency of a vibration may also be influenced by phase (condensed phase,
solution, gas) and may also be affected by the presence of hydrogen bonding.

When the atoms of two bonds are reasonably close to one another in
a molecule, vibrational coupling may take place between their fundamental
vibrations. For example, an isolated C—H bond has one stretching frequency
but the stretching vibrations of the C—H bonds in the methylene group, CHa,
combine to produce two coupled vibrations of different frequencies, asym-
metric and symmetric vibrations. Coupling may occur in polyatomic molecules
when two vibrations have approximately the same frequency. The result of this
coupling is to increase the frequency difference between the two vibrations,
(i.e. the frequencies diverge).

Coupling may also occur between a fundamental vibration and the overtone
of another vibration (or a combination vibration), this type of coupling
being known as Fermi resonance. For example, the CH stretching mode
of most aldehydes gives rise to a characteristic doublet in the region
2900-2650cm™' (3.45-3.77 um) which is due to Fermi resonance between
the fundamental C—H stretching vibration and the first overtone of the in-plane

C—-H deformation vibration. When the intensities of the two resulting bands
are unequal, the stronger band has a greater contribution from the fundamental
component than from the overtone (combination) component.

The intensity of an infrared absorption band is dependent on the magnitude
of the dipole change during the vibration, the larger the change, the stronger
the absorption band. In Raman spectroscopy, it is the change in polarisability
which determines the intensity. Hence, if both infrared and Raman spectrome-
ters are available, it is sometimes an advantage to switch from one technique to
the other. An example of this is where the infrared spectrum of a sample gives
weak bands for certain groups, or their vibrations may be infrared inactive,
but, in either case, result in strong bands in the Raman spectra (For example,
the C=C stretching vibration of acetylene is infrared inactive as there is no
dipole change whereas a strong band is observed in Raman.) Alternatively,
it may be that strong, broad bands in the infrared obscure other bands which
could be observed by Raman. Unfortunately, vibrational intensities have, in
general, been overlooked or neglected in the analysis of vibrational spectra,
infrared or Raman, even when they could provide valuable information.

The intensity of the band due to a particular functional group also depends
on how many times (i.e. in how many places) that group occurs in the
sample (molecule) being studied, the phase of the sample, the solvent (if
any) being employed and on neighbouring atoms/groups. The intensity may
also be affected by intramolecular/intermolecular bonding.

The intensities of bands in a spectrum may also be affected due to radiation
being optically polarised. In spectral characterisation nowadays, the use of
polarised radiation in both infrared and Raman is extensive. When a polarised
beam of radiation is incident on a molecule, the induced oscillations are in
the same plane as the electric vector of the incident electromagnetic wave so
the resultant emitted radiation tends to be polarised in the same plane.

In Raman spectroscopy, the direction of observation of the radiation scat-
tered by the sample is perpendicular to the direction of the incident beam.
Polarised Raman spectra may be obtained by using a plane polarised source of
electromagnetic radiation (e.g. a polarised laser beam) and placing a polariser
between the sample and the detector. The polariser may be orientated so that
the electric vector of the incident electromagnetic radiation is either parallel
or perpendicular to that of the electric vector of the radiation falling on the
detector. The most commonly used approach is to fix the polarisation of the
incident beam and observe the polarisation of the Raman radiation in two
different planes. The Raman band intensity ratio, given by the perpendicular
polarisation intensity, [ ;, divided by the parallel polarisation intensity, I, is
known as the depolarisation ratio, p.

I,

p:
I
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The symmetry property of a normal vibration can be determined by
measuring the depolarisation ratio. If the exciting line is a plane polarised
source (i.e. a polarised laser beam), then the depolarisation ratio may vary
from near zero for highly symmetrical vibrations to a theoretical maximum of
0.75 for totally non-symmetrical vibrations. For example, carbon tetrachloride
has Raman bands near 459cm™! (~21.79um), 314cm™' (~31.85um) and
218 cm~! (~45.87 um). The approximate depolarisation ratios of these bands
are 0.01, 0.75 and 0.75 respectively, showing that the band near 459 cm™!
(~21.79um) is polarised (p) and the other two bands are depolarised (dp).
Often depolarisation ratios are measured automatically by instruments at the
same time as the Raman spectrum is recorded. This proves very useful for the
detection of a weak Raman band overlapped by a strong band.

The vibrational frequencies, relative intensities and shapes of the absorption
bands may all be used in the qualitative characterisation of a sample. The pres-
ence of a band at a particular frequency should not on its own be used as an
indication of the presence of a particular functional group. Confirmation should
always be sought from other bands or other analytical techniques if at all possible.

For example, if a sharp absorption is observed in the region
3100-3000cm™! (3.23-3.33 um), the sample may contain an aromatic or
an olefinic component and the absorption observed may be due to the
carbon—hydrogen (=C-H) stretching vibration. If bands are not observed
in regions where other aromatic absorptions are expected, then aromatic
components are absent from the sample. The suspected alkene is tackled in
the same manner. By examining the absorptions observed, it is possible to
determine the type of aromatic or alkene component in the sample. It may, of
course, be that both groups are present, or indeed absent, the band observed
being due to another functional group that absorbs in the same region, €.g. an
alkane group with a strong adjacent electronegative atom or group.

It should be noted that the observation of a band at a position predicted
by what is believed to be valid prior knowledge of the sample should not
on its own be taken as conclusive evidence for the presence of a particular
functional group. .

Certain functional groups may not always give rise to absorption bands,
even though they are present in the sample, since the particular energy tran-
sitions involved may be infrared inactive (due to symmetry). For example,
symmetrical alkene groups do not have a C=C stretching vibration band.
Therefore, the absence of certain absorption bands from a spectrum leads one
to conclude that (a) the functional group is not present in the sample, (b) the
functional group is present but in too low a concentration to give a signal of
detectable intensity, or (c) the functional group is present in the sample but
is infrared inactive. In a similar way, the presence of an absorption band in
the spectrum of a sample may be interpreted as indicating that (a) a given
functional group is present (confirmed by other information), or (b) although

more than one type of the given functional group is present in the sample their
absorption bands all coincide, or (¢) although more than one type of the given
functional group is present, all but one have an infrared inactive transition.

The shape of an absorption band can give useful information, such as indi-
cating the presence of hydrogen bonding.

The relative intensity of one band compared with another may, in some cases,
give an indication of the relative amounts of the two functional groups concerned.
The intensity of a band may also indicate the presence of certain atoms or groups
adjacent to the functional group responsible for the absorption band.

These days, with modern instrumentation being so good, is not so essential
to check the wavelength calibration of the spectrometer before running an
infrared spectrum. This checking of the calibration may be done by examining
a suitable reference substance (such as polystyrene film, ammonia gas, carbon
dioxide gas, water vapour or indene) which has sharp bands, the positions of
which are accurately known in the region of interest.

Purity is, of course, very important. In general, the more components a
sample has, the more complicated the spectrum and hence the more difficult
the analysis. Care should always be taken not to contaminate the sample or the
cells used. The limits of detectability of substances vary greatly and, in general,
depend on the nature of the functional groups they contain. Obviously, the
parameters used for scanning the wavenumber range, e.g. resolution, number
of scans, etc., are also important.

It should be noted that, when using a poorly-prepared sample, scattering of
the incident radiation may result in what appears to be a gradual increase in
absorption. In other words, a sloping base-line is observed.

Spurious Bands in Infrared and Raman Spectra

A spurious band is one which does not truly belong to the sample but results
from either the sampling technique used or the general method of sample
handling, or is due to an instrumental effect, or some other phenomenon.
There are numerous reasons why spurious bands appear in spectra and it is
extremely important to be aware of the possible sources of such bands and to
be vigilant in the preparation of samples for study.

It should be obvious that incorrect conclusions may be drawn if the sample
is contaminated so, if a solvent has been used in the extraction or separation
of the sample, this solvent must be thoroughly removed. The presence of a
contaminating solvent may be detected by examining regions of the spectrum
in which the solvent absorbs strongly and hopefully the sample does not absorb.
These bands are then used to verify the progress of subsequent solvent removal.

Certain samples may react chemically in the cell compartment even while
the spectrum is being run and this may account for changes in spectra run at
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different times. Care should be taken that the sample does not react with the
cell plates (or with the dispersive medium, or solvent, if used). For example,
silicon tetrafluoride reacts with sodium chloride windows to form sodium
silico-fluoride which has a band near 730cm™! (13.70 pm). A common error
is to examine wet samples on salt plates (e.g. NaCl or KBr) which are, of
course, soluble in water. Chemical and physical changes may also occur as a
result of the sample preparation technique, e.g. due to melting of the sample
in preparing a film or grinding of the sample for the preparation of discs
or mulls.

One of the most common sources of false bands is the use of infrared cells
which are contaminated, for example, by the previous sample studied — often
it is extremely difficult for very thin sample cells to be cleaned thoroughly.
Also, cell windows can become contaminated by careless handling. Some
mulling agents, such as perfluorinated paraffins, are difficult to remove from
cell windows if care is not taken.

It should always be borne in mind that some samples may decompose or
react in a cell and, although the original substance(s) may be removed from
the cell, the decomposition product remains to produce spurious bands in the
spectra of subsequent samples. For example, silicon tetrachloride may leave
deposits of silica on cell windows, resulting in a band near 1090-1075 cm™!
(9.17-9.30 um), formaldehyde may form paraformaldehyde which may remain
in the cell, producing a band at about 935cm~! (10.70pm). Chlorosilanes
hydrolyse in air to form siloxanes and hydrogen chloride. The siloxane may
be deposited on the infrared cell windows and give a strong, broad band in
the region 1120-1000cm™! (8.93-10.00 um) due to the Si—O-Si group.

In addition to solute bands, traces of water in solvents such as carbon tetra-
chloride and chloroform may give rise to bands near 3700cm™! (2.70um),
3600cm~! (2.78 pm) and 1650 cm~! (6.06 pm), this latter band being broad
and weak. Amines may exhibit bands due to their protonated form if care is
not taken in their preparation. In some instances, dissolved water and carbon
dioxide in samples may form carbonates and hence result in CO32~ bands.
Although not as common these days, stopcock greases (mainly silicones)
can contaminate samples during chemical or sample preparation. Silicones
have a sharp band at about 1265cm™! (7.91 um) and a broad band in the
region 1100-1000cm~! (9.09-10.00 pm). Some common salt crystals used
for sample preparation may contain a trace of the meta-borate ion and hence
have a sharp absorption line at about 1995cm™! (5.01 pm).

In some instances, the sample may not be as pure as expected, or it may
have been contaminated during purification, separation or preparation, or it
may have reacted with air, thus partly oxidising, etc. Also phthalates may
leach out of plastic tubing during the use of chromatographic techniques and
result in spurious bands. Silicon crystals often have a strong Si—O-Si band
near 1100cm™~" (9.09 um) due to a trace of oxygen in the crystal.

It is also important not to lose information for a particular type of sample
as a result of the sampling technique chosen. For example, hot pressing a
polymer would alter the crystallinity or molecular orientation which could be
of interest and would affect certain infrared bands.

The introduction to Inorganic Compounds and Coordination Complexes in
Chapter 22 should also be read since this explains why certain differences
may be observed in infrared and Raman spectra.

Due to the careless handling of cells, pressed discs, plates, films, internal
reflection crystals, etc., spurious bands may be observed in spectra due to a
person’s fingerprints. These bands may be due to moisture, skin oils or even
laboratory chemicals. Unfortunately, such carelessness is a common source
of error. If an instrument experiences a sudden jolt, a sharp peak may be
observed in the spectrum. Similarly, excessive vibration of the spectrometer
may result in bands appearing in the spectrum.

It should be borne in mind that the Raman spectra of a sample may differ
slightly when observed on different instruments. The reason for this is that scat-
tering efficiency is dependent on the frequency of the radiation being scattered.
In other words, the intensities of bands observed in Raman are partly dependent
on the frequency of the excitation source so that the intensities of bands may
differ ‘significantly’ if there are large differences in excitation frequencies (for
example, when the instruments use visible and infrared radiations for excita-
tion). Some instruments do not adequately compensate for changes in detector
sensitivity over their spectral range and this too will have a bearing on the
observations made. If the laser is unstable, its intensity fluctuates, an increase
in noise may be observed and thus low intensity bands may be lost.

Although rare these days, if an interferometer is not correctly illuminated,
errors in the positions of bands may be observed.

Spurious Bands at Any Position

Computer techniques The computer manipulation of spectra is now a very
common practice. Typical examples of such manipulations are to remove residual
solvent bands, the addition of spectra, the flattening of base lines, the removal
of bands associated with impurities, the accumulation of weak signals, etc. and
the addition of spectral runs. Unfortunately, in the wrong hands (inexperienced
or experienced), spectra can be so manipulated that they end up bearing little
resemblance to the original recording and contain little, if any, useful information.

Although not so common these days, when recording a spectrum to magnetic
disc, errors in software programmes have lead to spurious bands appearing in
spectra or even bands disappearing from a recorded spectrum.

Regions of strong absorption by solvents Insufficient radiation may reach
the detector for proper intensity measurements to be taken when attempting to
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observe the spectrum of a solute in regions of strong solvent absorption with
a solvent-filled cell in the reference beam. When using a difference technique,
observations in regions of strong solvent absorptions are unpredictable and
unreliable so it is important to mark clearly any such unusable regions of a
spectrum in order that ‘bands’ in these regions cannot be misinterpreted later.
It should be pointed out that nowadays, on modern spectrometers, spectral
subtraction is computed electronically using the data collected when recording
the spectrum of a sample.

Solvents should not damage the cell windows and should not react chemi-
cally with the sample. The spectral absorptions of a solute will be significantly
distorted in a region where the solvent allows less than about 35% transmit-
tance. Chart I.1 indicates regions in which some common solvents should not
be used. The cell path length is 0.1 mm unless indicated otherwise (*indicates a
path length of 1 mm). Chart 1.3 indicates regions in the near infrared in which
some common solvents should not be used. Of course, aqueous solutions may
be used for Raman spectroscopy without problems being encountered, as water
is a poor scatterer of radiation, see Chart 1.2. It should be borne in mind that
in Raman a solvent may not have as strong an absorption as in infrared in a
spectral region of interest. Of course, the opposite is also true.

Interference pattern The spectra of thin unsupported films may exhibit
interference fringes. For example, the spectra of thin polymeric films often
have a regular interference pattern superimposed on the spectrum. Although
possible, it is generally difficult to mistake such a wave pattern for absorption
bands. When examined by reflection techniques, coatings on metals may also
exhibit an interference pattern. The interference pattern can be a nuisance but
can be relatively easily eliminated. The wave pattern observed may be used
to determine film thickness (see page 266).

Christiansen effect A spurious band on the high frequency side of a true
absorption band may sometimes be observed when examining the mulls of
crystalline materials if the particle size is of the same order of magnitude as
the infrared wavelength being used.

Attenuated total reflectance, ATR, spectra Bands may be observed when
using attenuated total reflectance, ATR, due to surface impurities. Anomalous
dispersions may be observed due to poorly-adjusted attenuated total reflectance
samplers.

Chemical reaction When a sample undergoes a chemical reaction, some
bands may decrease in intensity and new bands, due to the product(s), may
appear. Hence, some of the bands observed in the spectrum may vary in
intensity with time. Although all the bands may belong to the sample, and in
that sense are not truly spurious, they can nonetheless still be baffling.

Crystal orientation In general, the infrared radiation incident on a sample
is partially polarised so that the relative intensities of absorption bands may
alter as a crystalline sample is rotated. In an orientated crystalline sample, a
functional group may be fixed within its lattice in such a position that it will
not interact with the incident radiation. These crystalline orientation effects
can be dramatic, especially for thin crystalline films or single crystals.

Polymorphism Differences are usually observed in the (infrared or Raman)
spectra of different crystalline forms of the same substance. Therefore, it
should be borne in mind that a different crystalline phase may be obtained
after recrystallisation from a solvent. Also, in the preparation of a mull or
disc, a change in the crystalline phase may occur.

Gaseous absorptions These days, pollutant gases in the atmosphere, as
well as carbon dioxide and water vapour, do not generally result in prob-
lems for modern spectrometers. When using older instruments, or single beam
spectrometers, absorptions due to these gases may be superimposed on the
observed spectrum.

Molten materials The sudden crystallisation of a molten solid may result in
arapid drop in the transmittance which could be mistaken as an absorption band.
Similarly, a phase change after crystallisation may result in absorbance changes.

Optical wedge For older instruments, it is possible that an irregularity in
their optical wedge may result in a small band or shoulder on the side of an
absorption band.

Numerous laser emission frequencies Some lasers used in Raman spec-
trometers produce a number of other emissions in addition to their base
frequency which are of lesser intensity (i.e. the emission is not monochro-
matic). Of course, a sample can also reflect or scatter these additional radi-
ations. As a result, spurious bands may be observed in Raman spectra at
any position — the positions of bands and their intensities being dependent
on the laser and the sample. The problem can be avoided by the use of a
pre-monochromator or suitable filter.

Mains electricity supply Bands due to electronic interference may be
observed in Fourier transform spectra. Bands at frequencies related to that
of the AC mains electricity supply may be observed. For example, a relatively
strong line may be observed in Raman spectra at 100cm™'. Although such
lines may be quite strong, they are easily recognised, for example, by observing
that their position does not change when the scanning speed is altered. In order
to avoid electronic interference, it is important that the detector and amplifier
are screened.
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Chart 1.1 Regions of strong solvent absorptions in the infrared

4000 3000 2000 1800 1600 1400 1200 1000 800 600 400 200 cm”

Acetone - - -
Acetonitrile — - - —
Benzene - - — - -—

¥ Bromeforn - - — e— — ——

- — —

¥ Carbon djsulphide . — ——
Carbon djsulphide = ™
Carbon tétrabromide -

* Carbon tdtrachloride — — —— ——— — -
Carbon tétrachloride ,-——n -

| Bromobenzene) FARIK . — — — - - - -
Chlorobegnzene) disoerspnts - [ — — — -« =
Chloeroform - - ——
Chlorofon — L
Cyclohexane == — -
Decalin ] —
M}f’
Dimethylformamide — bl —
Dioxane ——— -
i 1 hoxide — - _ — —

Ethanol —
Heavy wager — —
Hexane = -—
Isopropanol — -
Methanol| —— — —_—
Methyl fat == — - —
Methyl cyclopentane = — | — - —
Methyl ethyl ketone — — R fm— — - -

% Methylen¢ bromide
Methyleng bromide - — —— -

¥ Methyleng chloride - e —
Methylenp chloride — -—
Nitromethane ——— — -
n-pentang - —ta
n-propanpl o 1 1 N L L I

3.0 4.0 50 6.0 7.0 8.0 9.0 100 20 25 50 um




8

Infrared and Raman Characteristic Group Frequencies

Chart 1.1 (continued)
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These days the stability of the Raman excitation radiation (i.e. the laser
radiation source) is exceedingly good. As the intensity of the radiation is fairly
constant, it allows the possibility of using Raman for quantitative analysis.

Fold-back The maximum frequency that may be measured by an FT
Raman spectrometer is governed by the frequency of the excitation radiation.
However, radiation of a higher frequency than that of the maximum may
still pass through the interferometer. As a result of this, the detector may
observe electromagnetic interference due to this higher frequency which it
cannot distinguish from that due to radiation that is below the maximum
frequency by an equivalent amount. This fold-back below the maximum, by
an amount equal to the difference in the frequencies, may therefore result
in spurious bands appearing in Raman spectra. Most instruments these days
have optical and electronic filters which try to overcome this effect but these
devices do not always completely remove the problem.

Fluorescence Many organic samples, and some inorganic, have fluorescent
properties. The fluorescence of a sample, examined by Raman spectroscopy,
may appear as a number of broad emissions over a large range. Although,

8.0 9.0 100 20 25 50 pUm

strictly speaking, such bands are not spurious since they do belong to the
sample, they may nonetheless cause confusion. Obviously, if desired, such
bands can be removed by computer, or other techniques.

Stray light Stray light either entering a spectrometer or being generated
from within, perhaps by poor optics, may result in spurious bands appearing
in spectra. A common source of stray light is due to the sample compartment
being left open.

Fluorescent lights Due to the emissions of fluorescent room lights, sharp
bands may be observed in the Raman spectrum.

Cosmic rays In the observation of Raman spectra, cosmic ray interference
may occur with charged coupled device (CCD) detectors. These detectors are
sensitive to high energy photons and particles. The interference shows up as
very sharp, intense spikes in the Raman spectra and so can easily be distin-
guished from true bands. There are programs available to remove these spikes.
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Chart 1.2 Regions of strong solvent absorptions of the most useful solvents for Raman spectroscopy
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T indicates a region of strong absorption
p and indicates a region of partial absorption

Spurious Bands at Specific Positions

Table 1.1 gives the positions of some spurious bands and the reasons for their
appearance.
Positive and Negative Spectral Interpretation

Both infrared and Raman spectra may be used as fingerprints of a sample.
A bank of the infrared and Raman spectra of the constituents of the type

of samples encountered in a given laboratory should be made or purchased.
Such reference spectra are of great assistance in the interpretation of the
spectrum of an unknown sample. It may often be the case that all that is
required is a simple confirmation of a sample. This may easily be achieved
by comparing the spectrum of the sample and that of the known reference
material. If the absorption bands are the same (i.e. in wavelength, relative
intensities and shapes), or nearly so, then it is reasonable to assume that
the sample and reference are either identical or very similar in molecular
structure.
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Chart 1.3 Regions of strong solvent absorptions in the near infrared

10000 8000 6000 5000

Carbon tetrachloride
Carbon disulphide

Whole region clear|

Methylenc chloride —

Chloroform f— JU—

Dioxane

Benzene —_—

Heptane

Acetonitrile — —

|
I

Dimethyl sulphoxide

Di(n-butyl) etber

Dimethylformamide

Water

Heavy water

1.0 1.2 1.4 1.6 1.8 2.0
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mm Solutions having path lengths greater than 1 cm should not be used
in this or the above region.

Solutions baving path lengths greater than 2 cm should not be used
in this or the above two regions.

In the interpretation of infrared and Raman spectra, there is no substitute
for experience and, if possible, guidance from an expert in the field should be
sought by the inexperienced.

The spectrum should be interpreted by (a) seeing which absorption bands
are absent — negative spectral interpretation — and (b) examining those bands
present — positive spectral interpretation.

Negative Spectral Interpretation

By examining a spectrum for the absence of bands in given regions, it is possible
to eliminate particular functional groups and, hence, compounds containing these
groups. In general, this type of interpretation is made by a search in a particular
region where a given functional group always absorbs strongly. If no bands are
observed in this region then this functional group may be excluded. For this
purpose, Table 1.2 and the more detailed Chart 1.4 should be used. With a little
experience, negative interpretation may be carried out at a glance.

Positive Spectral Interpretation

The technique of negative interpretation should, of course, be used in conjunc-
tion with the positive approach. It is important to be aware that correlation
tables give the positions and intensities of bands characteristic of a large

1
24 2.6 2.8 3.0 pum

number of classes of compounds and groups. However, it may well be that
bands appear in the spectrum of a particular sample which are not given
in the tables. Assuming that these bands do belong to the sample and are
not due to (a) solvent(s), (b) dispersive media, (c) air, (d) instrumental fault
or (e) operator error, then correlations involving these bands may not as yet
have been made, or the bands are not characteristic of the class of compound
or group considered. It may well be, for example, that the band or bands have
arisen due to solid-state effects, e.g. due to different crystalline modifications
of the compound. In general, it is not necessary to identify every single (weak)
band that appears in a spectrum in order to characterise a sample and be in a
position to propose a molecular structure.

Regions for Preliminary Investigation
There are no rigid rules for the interpretation of infrared or Raman spectra.

However, a few general hints may be given.

Preliminary Regions to Examine

It is usually advisable to tackle the bands at the higher-frequency end of the
spectrum, the most intense bands being looked at first and associated bands,
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Table 1.1 Spurious bands

Approximate band
position cm™!

Reason

3700-3600

~3650
3450-3300
~3000

~2350
~2325
~2330
2000-1280
~1810
~1755
~1725
~1650
1615-1520

~1555
1450-1340

~1430
~1380
~1265

~1100
1100-1050

~1050

~1000

~825

Small traces of moisture in an organic solvent, such as carbon tetrachloride or hydrocarbon solvents, give rise to bands due to O—-H
vibrations in this region. A broad, weak band may also be observed near 1650 cm™! (6.06 um). Such bands are particularly noticeable
using thick sample cells of long pathlength.

Occluded water in some fused silica windows gives rise to a sharp band.

Solid samples containing water have a band in this region and also a band near 1650cm ™" (6.06 pm).

Contamination due to the use of plastic laboratory ware. Bands near 1450cm™' (6.90pm) and 1380cm™" (7.25um) may also be observed.
A band near 725cm™! (13.79 um) may also be observed for polyethylene and polypropylene contamination. A band near 670 cm™!
(14.93 um) is observed due to polystyrene contamination. Hydrocarbon oils, and also silicone oils (which also have a strong band near
1050cm™"), have a band in this region.

A band due to atmospheric carbon dioxide may be observed in older or poorly-adjusted instruments, for example, if the sample and
reference beams of a double-beam spectrometer are not properly balanced. Also, a band near 665cm~! (15.04 um) is observed.

Samples stored at low temperatures may exhibit a band due to dissolved carbon dioxide.

Absorptions due to gaseous nitrogen, N, may be observed in Raman spectra of samples.

Water vapour in air has many sharp, relatively strong bands, in this range. Water vapour often exhibits a sharp band near 1760 cm™
(5.68 um) which may account for shoulders seen on bands due to C=0 stretching vibrations. Water vapour bands may be observed
when using poorly balanced, double-beam instruments.

Spectroscopic grade chloroform has the trace of inhibitor, which is normally present, removed and therefore may oxidise to give phosgene
on exposure to air and sunlight, so a band, due to the C=0 group of phosgene, may be observed.

Phthalates, which are present as plasticisers in some polymeric materials, may leach out to contaminate samples and give a band at
1725cm™" (5.80um). Oxidation may convert the phthalate to phthalic anhydride which has a band at 1755cm™' (5.70 um). Hence,
dialkyl phthalate plasticiser present in plastic tubing attached to a chromatographic column may indirectly result in this band.

The phthalate plasticiser in flexible polyvinyl chloride tubing may dissolve in organic solvents and appear as a contaminant in samples.

Water present in many materials may result in this broad band. It may be difficult to remove all the water from some samples.

An alkali halide may react with a carboxylic acid or metal carboxylate to produce a salt and hence give rise to a spurious band due to the
carboxylate anion. This may occur in the preparation of KBr discs or as an interaction with cell windows.

Absorptions due to gaseous oxygen, O,, may be observed in Raman spectra of samples.

Nitrate formed by double decomposition (see also 825 cm™'). This band is sometimes observed in the study of inorganic nitrates when
using KBr discs/windows. It is due to the double decomposition reaction of potassium bromide with the nitrate to give potassium nitrate.

Although not a major problem these days, inorganic carbonate impurity in salts such as KBr may result in this band. This band occurs in
the same region as that due to CH deformation vibrations.

Although not a major problem these days, potassium nitrate impurity in salts, such as KBr, may result in a band ~1380cm™" (7.25 um).
This band occurs in the same region as that due to CH; symmetric deformation vibrations.

Silicone stopcock grease is dissolved by aromatic and chlorinated solvents. Hence, the presence of a sharp band near 1265c¢cm~" (7.91 um)
and a broad band in the 1110-1000cm™" (9.01-10.00 um) range could be due to silicone stopcock grease.

Silica in contaminated cells (see also 475cm™').

When preparing a sample for examination by a dispersive technique, it is possible to contaminate the sample with small amounts of
powdered glass if the sample is ground between glass surfaces.

Usually duelto the use of silicone oils and greases. Silicones have a strong broad band in this region and also bands at ~3000 and
1265cm™".

This band is sometimes observed in the study of inorganic sulphates when using KBr discs/windows. It is due to the double decomposition
reaction of potassium bromide with the sulphate to give potassium sulphate. There may also be a band in the region 670-580cm™"
(14.93—17.24 um).

As above, the spectra of KBr discs containing inorganic nitrates may have a band due to potassium nitrate which is produced by double
decomposition.

1

11
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Table 1.1 (continued)

Approximate band

position cm™! Reason

~T790 Carbon tetrachloride vapour, being much heavier than air, may having escaped from a sample cell, remain in the instrument for some
considerable time before being dispersed. Alternatively, having used a carbon tetrachloride solution, it may be that the cell has not been
thoroughly cleaned before examination of the next sample. A weaker band near 765cm™' (13.07 um) is also observed.

730-720 These days, polyethylene and polypropylene are widely used for laboratory ware and therefore may easily contaminate a sample. This band
is usually split. A band due to the C—H stretching vibration would also be expected.

~670 Polystyrene containers used for mixing samples with KBr in mechanical vibrators may be abraded. Other bands due to styrene may also be
observed (eg. ~3000cm™', 1600cm™").

670-580 Due to potassium sulphate through double decomposition (see 1000 cm™').

~665 Older, badly-balanced, double-beam instruments may exhibit bands due to atmospheric carbon dioxide, also a band at 2350 cm™! (4.26 um).

540-440 Broad band due to Si-O absorption.

~475 Due to silica (also ~1100cm™").

~470 Due to carbon tetrachloride (other bands ~790cm™!).

~200 Due to silicone greases (see other bands ~1265cm™!).

Table 1.2 Negative spectral interpretation table

Absorption band absent in

Type of vibration

regron responsible for Type of group or
cm™! pm bands in this region compound absent

4000-3200 2.50-3.13 O-H and N-H stretching Primary and secondary amines, organic acids and phenols

3310-3300 3.02-3.03 C-H stretching (unsaturated) Alkynes

3100-3000 3.23-3.33 C—H stretching (unsaturated) Aromatic and olefinic compounds

3000-2800 3.33-3.57 C-H stretching (aliphatic) Methyl, methylene, methyne groups

2500-2000 4.00-5.00 K=Y, X=Y=Z stretching’ Alkynes*, allenes?, cyanate, isocyanate, nitrile, isocyanides, azides, diazonium
salts, ketenes, thiocyanates, isothiocyanates

1870-1550 5.35-6.45 C=0 stretching Esters, ketones, amides, carboxylic acids and their salts, acid anhydrides

1690-1620 5.92-6.17 C=C stretching Olefinic compounds?

1680-1610 5.92-6.21 N=0 stretching - Organic nitrite compounds

1655-1610 6.04-6.21 —0-NO, asymmetric Organic nitrate compounds (the symmetric —~O—-NO; stretching vibration

stretching occurs at 1300—1255cm™! (7.69-7.97 um)

1600-1510 6.25-6.62 —NO, asymmetric stretching Organic nitro-compounds (the symmetric —NO, stretching vibration occurs at
1385-1325cm™! (7.22-7.55 pm)

1600-1450 6.25-6.90 C=C stretching Aromatic ring system (normally four bands)

1490-1150 6.71-8.70 H-C-H bending Methyl, methylene

1420-990 7.04-10.10 S=0 stretching Sulphoxides, sulphates, sulphites, sulphinic acids or esters, sulphones,
sulphonic acids, sulphonates, sulphonamides, sulphonyl halides

1310-1020 7.63-9.80 C-0-C stretching Ethers (aromatic, olefinic or aliphatic)

1225-1045 8.16-9.67 C=S stretching Thioesters, thioureas, thioamides pyrothiones

1000-780 10.00-12.82 C=C-H deformation Aliphatic unsaturation

900-670 11.11-14.93 C-H deformation Substituted aromatics

850-500 11.76-20.00 C-X stretching® Organohalogens

730-720 13.70-13.90 (CH3)u>3 Four or more consecutive methylene groups

t X, Y, and Z may represent any of the atoms C, N, O and S.
1 Band may be absent in the infrared due to symmetry of functional group but is a strong band in Raman.
& X may be Cl, Bror L.
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Chart 1.4 Negative correlation chart. The absence of a band in the position(s) indicates the absence of group (or chemical class) specified. (Note the change of scale at 2000 cm™

1

(5.0 pum).)
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occurring in other regions, thus also being identified. In the light of the infor-
mation gained, the region between 900 and 650cm ! (11.1 and 15.4 um) can
then be looked at. The origin of bands found in the so-called ‘fingerprint’ region
1350-900 cm~! (7.4—11.1 pm) is usually difficult to decide on as the bands may

arise in various ways, and similarly, below 650 cm™! (above 15.4 pm), skeletal
vibrations occur which are also often difficult to interpret. Hence these two regions
are best avoided initially. Table 1.2 and Chart 1.4 may be used in reverse, i.e. to
indicate the possible presence of a group which must then be confirmed.
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Confirmation

It must be stressed again that the presence of a particular band should not,
on its own, be used as an indication of the presence of a particular group.
Confirmation should always be sought from the presence of other associated
bands or from other independent techniques. For the interpretation of infrared
spectra the correlation Charts 1.5 and 1.6 should be used first and then the
tables and text of relevant chapters employed for the detailed confirmation and
identification. Having positively identified the first band looked at, the next
band is approached in a similar fashion. The interpretation of Raman spectra
may be carried out in a similar fashion by making use initially of Chart 1.7.

Chemical Modification

Quite often it is helpful for identification purposes to modify the sample
chemically and compare the spectra of the original and modified samples.
Isotope exchanges may be helpful in the assignment of bands. Deuterium
exchange is very useful and the most common. Labile hydrogen atoms are
replaced by deuterium atoms. On comparing the spectra of the original and
the deuterated sample, bands shifted in frequency by a factor of approximately
1A/2 compared with the original may be associated with vibrations due to the
substituted labile hydrogen.
Chemical reactions may also be helpful for assignment purposes, e.g.

(a) conversion of an acid to its salt or ester;

(b) conversion of an amine or amino acid to its hydrochloride;

(c) hydrogenation of unsaturated bonds;

(d) saponification of esters, this being particularly useful in the identification
of the monomers of a polyester resin.

Collections of Reference Spectra

The most comprehensive collection of infrared spectra is that offered by
Sadtler Research Laboratories' (a Division of Bio-Rad Laboratories). It
consists of many thousands of spectra covering a wide variety of compounds
and new additions are made periodically. The spectra are run under standard
conditions. Spectra within the collection may be retrieved by the use of (a) an
alphabetical index, name or synonym, (b) a molecular formula/structure index,
(c) peak positions, or (d) a chemical class index. A pre-filter such as structure
or physical properties may be applied to the search. Sadtler provide collections
covering a broad range of pure and commercially available substances.

The total library available contains spectra of the following: (a) pure
compounds and standards (b) dyes, pigments, coatings and paints, (c) fats,

waxes, and derivatives, (d) fibre and textile chemicals, (e) starting materials
and intermediates, (f) lubricants, (g) monomers, polymers (Vols I and II),
plasticisers and additives, (h) natural resins, (i) perfumes, flavours and food
additives, (j) petroleum chemicals, (k) pharmaceuticals, steroids and drugs
(abused and prescription) (I) lame retardants, (m) polyols, (n) pyrolysates,
(o) rubber chemicals, (p) solvents, (q) surface active agents (Vols I and II),
(r) water treatment chemicals, (s) minerals and clays, (t) pollutants and toxic
chemicals, (u) inorganic and organometallic compounds, (v) adhesives and
sealants, (w) coating chemicals, (x) esters, (y) substances in the condensed
phase and vapour phase, (z) agricultural chemicals and pesticides, etc. Sadtler
have also published an atlas of near infrared spectra,’ Raman spectra,
ultraviolet—visible spectra, NMR spectra, and DTA data for materials. Many
of the spectra in some of the collections are also referred to by trade names.
Sadtler offer nearly 200000 digital infrared reference spectra in over fifty
different collections and also publish handbooks and guides which cover the
areas mentioned above. The Sadtler computer-based search system* and the
other systems available from manufacturers such as Nicolet, Perkin Elmer, Bio
Rad, etc., are all relatively easy to use. Sadtler also offer a computer-based
system which contains both IR and NMR data, etc. Library search software
packages, such as the Sadtler IR SearchMaster Software, the Spectrafile IR
Search Software or the Spectra Calc Search Software, are frequently offered
by FT-IR manufacturers in addition to specific search software formatted
to operate with their particular data-stations/instruments/computer systems.
Some of these search facilities may also cover a number of libraries not only
of different suppliers but also of other techniques such as UV, NMR, MS
etc. Obviously, such search software packages are dependent not only on the
instrument but also on the user’s interests. It should be borne in mind that
the information retrieved from some search software may not cover certain
aspects which may normally be available from the particular Sadtler library
being searched, such as physical properties, molecular structure, Chemical
Abstracts Service (CAS) Registry Number, common impurities, etc.
Aldrich®~# also produce a comprehensive, computer-based library of
infrared spectra (and NMR spectra). The main classes of chemical covered
by the Aldrich library are hydrocarbons, alcohols, phenols, aldehydes,
ketones, acids, amides, amines, nitriles, aromatics, phosphorus and sulphur
compounds, organometallics, inorganics, silanes, boranes, polymers, etc. The
spectra are categorised by chemical functionality and arranged in order of
increasing structural complexity. They are also indexed alphabetically, by
molecular formula and by CAS number. The library also includes common
organic substances, flavours, fragrances and substances of interest to forensic
scientists.” An automobile (US) paint chip library is also available from
Nicolet. Sigma® provide a computer-based library of FT-IR spectra which
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Chart 1.5 Infrared — positions and intensities of bands. This chart may be used to identify the possible type of vibration responsible for a band at a given position. The range
and position of the maximum absorption of a functional group is given in order of decreasing wavenumber. The information given in both the text and tables of relevant chapters
may be used to confirm or eliminate a particular group. The relative intensities of bands are given

4500 4000 3500 3000 2500 2000 cm!
B 1 T T i

W Aliphatic C—H btr combination

Aromatic C—H str combination

O-—H str, free oxime

- O-H str, free alcohols
———— O-H str, water |of crystallization

sh O-H str, intramolecular bonded OH

O-H str, free Or-H carboxylic acils in very dilute solutions

o O-H str, intramolecular bonded (OH dimers

C=0 str, overtagne

P N—H str, primafy amides free

=
=

N—H asym str, primary amines free dilute solutions

— N—H str, secondary amides free

N-—H str, aminep or amides assocjated

N-H str, primdry amides free

15 1=

N—H sym str, pfimary amines fré¢e dilute solutions

s_br_ O—H str, intramolecular bonded (OH polymers

=3

NH,' str. aming salts solutions
m - . .
— SeVeral bands NH," str, aming salts solids
m . .
= N—H str, primgry amides bonded

: C—Hstr,=C —j’ acetylenes 4T

w very broad

O-H str, hydragen bonded carbexylic acid dimerg

NH,” str, aming salts solutions

iq

m N—H str, primdry b

d

w
— C-H str, ~-CH+C-0- and -C5CH-0O-

- C—H str, R—C+=CH2, alkenes

C-—H str, aromatic ring CH

C—H str, epoxides
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Infrared and Raman Characteristic Group Frequencies

Chart 1.5 (continued)

3000

2500

2000 cm™!

N

C—H str, RCH=CHy, cis or frans RCH=CHR’,RR’(=CHR" alkenes
|C—-H asym str, CHa

C—~H asym str, CHy —Ar, —CH; — alkanes

w (two Lands)

w  (several

bands)

C—H str, methyne
C-H str, aldehydes

N—H str, quartennary amine salts bonded

5
-

s
-

C—H sym str, CH3
C~-H sym str, —(JH; — alkanes

C—H str, -OCHj{

(C— H str, alkyl agetals —OCH=CH-=-0CH;,—

s (may

be several bands)

C-Hstr, ~-0-CH;-0-
P—OH str, phosphoric esters H-bopded

NH,", NH' str

w
-

| k4

S—H str, thiols free

S—H str, thiols bgnded

N=C=0 asym st, isocyanates

=

vs (two ot more bands)

- C=N str, sat aliphatic nitriles
C=C stracetylenes RC=CR’

—C=N str, unsat konjugated nitrilés

—N—C=S asym s|r, isothiocyanate:

Cyanide, thiocyanate and cyanate jons
C=N-str, R-N=C

N=N str, azides

s
————
S
—
s
—
w
—

C=C str, R—-C=CH

3.5

4.00

5.00 um



Introduction

Chart 1.5 (continued)

1800 1700 1600 cm™!

diaryl v alkyl C=0 str, —(}-CO-0- carbopates

A C=0 str, aliphatic acid chlorifles

s C=0 str, y-lactones

A C=0 str, saf aliphatic esters
= C=0 str, saf aliphatic ketoneg

¥s C =0 str, saf aliphatic aldehydes

C=0 str, ar}l esters
i C=0 str, forjmates
— C=0 str, sa{ aliphatic carboxylic acid dimers
vs§ C=0 ] ides fike dil Luti ide I band

s C=0 str, diglkyl thiolesters

C=0 str, primary amides freq dilute solutions, hmide I band

e
vs
—
w . . .
— C=N str, aliphatic oximes and imines

——— C=0 str, sedondary amides leids
——— C=C str, alkenes

— C=C str, traps —-CH=CH-

tivo-bands)

C=0 str, primary amides bor|ded solids, amide|I band
Im C=C str, cis|-CH=CH-
wim C=C str, RR’C=CH, vinylenegs

w—m N—H def, primary amides sol{ds amide II band|

N—H def, pimary amines

w-m C=C str, RCH-CH, vinyls

— C=C str,Ar-C=C-

NO, asym str nitrates
C=C aromalic str

NH,"* asym def, amine salts

IEI

5.50 6.00 6.50 um
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Chart 1.5 (continued)

1600 1500 1400 1300 em™!

w—m
— N-H deﬂ primary amides|dilute solution
m-—s
———— NH,* def, amine salts

—

vs
—— CO,” asym str, carboxylic pcid salts

I'I'l—.j

C=C and C=N str, pyrimiflines
NH def, secondary amides|solids, amide I1 hand

—N-C=8$ vibration

pE—
s
o — NH def, secondary amidesidilute solutions, gmide II band
— NH," def]

C=C aromatic str

m —CH,—s¢issoring, alkanes|

— CH, asymn (bending) def
— N=N str,|arematic azo compounds

—— C-0O strjand OH def, carhoxylic acids

m
C-H rocking, aldehydes

m br (two or three bpnds)
CO,~ sym str, carboxylic afid salts

w
— CH, in plane def, >C=CH,

S0, asynj str, sulphonates R(RO)SO,

m
— C-N str,|primary amide, gmide III band
S
———— S0, asyn str, sulphates (R0),80,
ms C—H syth def, —CH,

m-s (two band
s (two bads) C—H syrh def, >C(CH,),

C—0O str)lactones

S

SO, asym str, sulphones

C—H sym def, alkanes =(H

E

6.50 7.00 7.50 pm (continued)
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Chart 1.5

1300

(continued)

1200

1100

1000 cm™!

vS

N=N=N sym

C -0 str, carbpxylic acids dimer:

C-0-C asyn
N-—H def, secq

tr, azides

str, esters of aroy

dary amides, an]

S

natic acid esters
ide HI hand

vs

NO, sym str, njitrates

P=0 str, bond

d alkyl phospha

es (RO); P=0

C-0-C asym
C—0 str, acet

P

str, sat aliphatic
acid ester CH,(

esters

CHj; sym def, §i—CHj;

C -0 str, epoxfides

Alkyl thicketopes

C~—H in plane bending, p-substi

tuted benzenes (a|

9.0) ! S N

50~1015 em-1w)

s (four bands)

C -0 str, sat afiphatic tertiary a
SO, sym str, siilphates
S0, sym str, silphonates

C-0 str, proﬁﬁonates and highd

S
=]

C—H in plane bending, monosul

C—C str, isoprlopyl compounds

L1nh

C=UsIr; Ketaﬂs_d_ﬂan acetals
C=0 str, form

ates

lcohols

r esters

C(CHs),

bstituted henzenes

SQ, sym str,

C-0-C sym
C-0-C asym

Thioamides JN—~C=$

C-0O str, sat aliphatic secondar:

tr, esters of arom

str, sat aliphatic

atic acids

ethers

 alcohols

C—F str, mong

C—O str, sat aliphatic primary j

Si—0-C asyn

Si=0 str, sulphoxides dilute soly

C=S str, dialk]

Vs

P-O-Cstr,a

fluorinated aliph

str, Si—-O—CH,

atic groups

alcohols

1tions>S=0

kyl phosphates

8.00

9.00

10.00 tm

19
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Chart 1.5  (continued)

1000 900 800 700  cmr!

m : C—H ouf-of-plane bending, vinyls R~CH=H,
s
C—H oul-of-plane bending, trans R—-CH=CH-R’

b
— P—0O-P|asym str, pyrophpsphates

C—H out-of-plane bendirlg, vinyl ethers
N-O str; oxmies

Ring viby trans epoxides

S 3 C—H_out-of-plane bendirlg, vinyl esters

s CH, outrof-plane bending, vinylidenes RR{C=CH,

m-—s| w—n] s
—— C—H out-of-plane bendinlg, m-substituted

Ring vib, monosubstituted epoxides

Ring viby cis epoxides

S C—H out-of-plane bending, p-substituted benzenes

Si—CH, rocking, -Si(CHL),

C—H odt-of-plane bendirjg, RR'C=CHR

m
&— C~C strj isopropyl group.
— NH,' ro¢king, amine salts| and NH,*
Ring vib,

—— C—H oyt-of-plane bendinig, o-substituted benzenes

C—H out-of-plane def, monosubstituted b¢nzenes

A Si~C rofking, Si—CH,

C—ClI st, monochloro alkane groups

m br N—H def, primary amides;

C—C str{ chlorine comp Is

——f— C—H oyt-of-plane bending, cis —-CH=CHt

10.00 1100 12.00 13.00 1400 pm
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Chart 1.5 (continued)

700

600

400 cm™!

P=S vib
C-8 str,

C=C-H

sulphides

bending, terminal acetylene group:

Si-H, r
N-C=(

N-C-S

C—Br str bromine compgunds

[

O-H oy

NO, syn

pecking
bending, primary sat aliphatic anj

bending vibs, alkyl isothiocyanates

lides

t-of-plane hending, alcohols

bending, nitroalkane

C = C-H twisting vinyl cdgmpounds

N-C=

bending vibs. dary and tertis

ry amides

s (two bands)

Si—Cl ag
S0, scis
C—Istr,
Si—Cl ag

ym and sym strs,| SiCl,
boring, sulphoney
iodo alkanes
iym and sym strs,|SiCl,

C-0-
SiH, rocl

Ring out

Ring in 4

def, methy! ketoges

king
di bstitute

-of-plane b

Qb es

nd out-of-plane Yibs, m-substitute

il benzenes

m (two bands)

Ring ouf]
P-S-H

S-S str,

~of-plane def, p

disulphides

C-N-C|
C-N-C|
Ring out

C-N-(

def, tertiary amiges

def, primary amines

I-of-plane def, bstituted b

bending, seconddry amines

e

co-Cl
Alkyl thi

C-C=N

9 ohldridesalinh
g, acid chlqr I

jocyanates

bending, nitriles aliphatic

14.00

20.00

2500 pm

21
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Chart 1.6 Infrared — characteristic bands of groups and compounds. The ranges of the main characteristic bands of groups or classes of chemical compound are indicated by
either thick or fine lines. The thick lines indicate important band ranges which ecither are completely specific for that group or can be used in those ranges to distinguish the group
from similar groups. The thin lines indicate other important band regions which should be borne in mind. The intensities of bands occurring in the region represented by thin

lines are as given previously in the chart for similar groups unless specifically shown. (Note the change of scale at 2000 em™! (5.0 um).)

3000 2000

1800

1600

1400 1200 1000

800

600

400

200

Infrared and Raman Characteristic Group Frequencies

cm™!

Methyi group
CH,—general ranges
CH,—C aliphgtic
CH,—Ar

m
S—m| =CH,sym str
CH, asym str -

m-{§ In—§
Ruse

1

15

Cl-‘ L ASYIN ST " el C}{szm def

w-m_[C—Cstrs

w—m {—Cstr

n-Propyl-CHL,CH,CH,,
Isopropyl—CH(CH;),

>C(CHy),
t-Butyl-C(CH.),

B

1=

£

CH;—0-C
CH,-C=0
CH,—N aliphgtic amines

CH.—N aromgtic amines
(CH,),N aliphptic amines
(CH,),N aromatic amines

CH;—N amidgs
CH.—S

CH,-P
(CH), Si (n=[1,2,3or 4)
CH,-Si(n=1
(CH,), Si(n=

1=
g

|
@

’H, sym def

< p-d
e Si—C rocking

str

(CHy), Sin=p3
CH,-B

CH,—Se
CH,=Sn

Ia

vs C—B—C asym str

m

C sym str

w rocking vib

CH,~Pb
CH;—As

CH,~Zn

12

I=

[EM E

| _CH,~Bi

Methylene group
>CH, general ranges
C-CH,~-C

s m
CH, asym str S=CH, sym str

sm
am

CH, def

m CH,

wagging

w CH, rocki
——

—(CHg—ps
—{CH,);~
—(CH,),~
~CH,CH

—CH,-NO, apd —CH,C=N

[

3.00 4.00 5.00

6.00

|
8.00

9.00 10.00

20.00

25.00

50.00

pm
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Chart 1.6 (continued)

4000 3000 2000 1800 1600 1400 1200 1000 800 600 400 200 em™!
m s s s | v
Cyclopropanes . — — -— —
m s s—m woow m-—s s
Cyclob - - — — — - —
n m 5
Cyclopentanes L ] - -—— — —
—CH.—0= N m (C—O str, seg below) W10 Mm-S (CHy),, 40 N
s v C-Nstr
sec-and f-amjnes —CH,--N - —_ —————
m s w-m .o
~CH,-$ 2 il = M C-Sstr
mm s - ) s
-CH,Cl1 += —_— — C-Qstr 2 -
=CHBr 7= — - C-Brstr 5 - v
—cn,1 - - —_ I = C-Istp
~CH,~-P : - o o P-Cstr
m-wm w—m m-s C-O sty w ring vib ring def
/N L] —-— - I —————— -
-CH,-C
w ——— C—H del
=C-H = C—-Hstr
X=Y compounds
Vinyl d c-Hstr™ w WM c=Cstr Yo CH, defts [CH, defly CHovpdeffs 5 defCHjoo | e T2 C=[ twistin
. S—m s s
Vinyl esters - - J— — - - = — —
Vinyl ethers -t - —_ : i - - o s —_ —_
S 8 - m
Acrylates —_ -— —_— AL) .2 - - - : m_ —_ —
: . . w-m S ——— W0 hands
= = —t - — —-— —
Trans ~-CH=CH= 4 w_m w-m S m-s m—s E.
Yinylidenes mjm e g v:n ¥ i = L s Ll
. ) — - _ g—
Trisubstituted alkenes - v hud —_— - | — —
C=CF —_ C—Fstr s e
~CF=CF, e -
Oximes, imings C=N strﬂ
Oximes OH sjr OH str A M OH def L —
|— Azoc v N=N str
Trans ar tic azo comp »
Cis aromatic #zo compounds s
Alpihatic azo pounds —N= N-0 —_— ==
Aromatic azoky compounds m-s m-s
1 1 1 1 1 1 1 I

3.00 4.00 500 6.00 7.00 8.00 9.00 10.00 20.00  25.00 50.00 pm
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Chart 1.6 (continued)

4000 3000 2000 1800 1600 1400 1200 1000 800 600 400 200 cm™!
- -
X=Y compoundr
m-—s W—I7} w—m m-w A\
Monosubstituted alkynes - C—Hstr C=Hstra OVErtone | m— — ICH def
A\ m-s
Disubstitated afkynes - —
m v m |m m-s
~-C=C-CH CH, str CH, def i
< PP m-w v Y m—s
Aliphatic nitrilgs - C—C=N def] — —
itri m-s s m C-C=Ndef
Aryl nitriles - —_ —_—
Isonitrides —N=Cstr
N=N str m
X=Y=Z compoynds
Altenes asym C=C=C str|
- CH=C=CH, C-Hstrd g h _— — R
-CH=C=CH- 3 = —_ - -
>C=C=CH. m m-s w s
==t < -— —_ — J— — —
Isocyanates asym-N=C=0 strs sym str — e
Alkylcyanates S S
Aromatic cyanates - —
Isothiocyanates afym-N=C=S8 - T
m-s w—m v s
Thiocyanates C=N str= - — = alkyl-SCN in plane def
m-s|
Sel C=N strm — —-— |
Isoselenocyanates asym—-N=C=8e = m-s —
Azides asym—+N=N=N stri sym N=N=N
Diazo compoungds = asym CNN str m sym CNN str
O—H compounds
rree v br (bonded) C-Ostr(O-Hdef ¢ s br O—H cop def
Alcohols O-H strm e—
Primary alcoho|s —_— OH def —S_ C-Ostp S— —
S dary alcohol N 5
¥
Tertiary alcohols — s s —_
. C-0 and OH vibs C-H in plane C—H opp O-H oop def O-H bending
3 overtones w Ring str s Y vy m-s v s s W
Phenols (see alsp aromatics) - — - - - —
OH def
Cellulose m br CO st s In ¢ w w  wseverdl bands w |
R 1 1 1 1 1 1 1

1 1
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 20,00 25.00 50.00 pm
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Chart 1.6 (continued)

4000

3000

2000

1800 1600

1400

1200

1000 800

600

400

200 cm™!

25

C-0 compounds (nol esters)

Saturated alighatic ethers

R-O-Ar
Ar-0O-Ar
Vinyl ethers

il 1,

asym C-0s

¥s

b sym C—O 5tr

E

Ring vil

Ring

def |mm

Monosubstituted epoxides
Trans-disubstTuted
Cis-disubstituted epoxides

Trisubstituted epoxides

w

-—

v
m
—
v
—
m
———

1=

-0OCH,
Ar—-0-CH;
Pyranose compounds

Carbohydrats

OH Str S

several bands

S

s
-
5
-
S
r— m-s several bands
m ——

o M —W CH def

3
|
*

0-0 compounds

Peroxides

Aryl peroxide[

N-H compounds (not amides)

NH; def  mnde

—N str

s | N—H;def

3
1
®
=4
g

| Primary
—CH;NH;
Primary aromatic amines

Secondary aliphatic amines

S dary argmatic

mmmm  NH str

3
3

-slal

m-—s§

m4

LY IP3

m+

C—Nstr

3
{
@
3

agging

3
|
@«

.

w-m

| C—N-C def

Tertiary aliphptic amines
Tertiary aromatic amines

SNCH;
| Aliphatic N(CHx), and N(CH>—)»

C—N St mm—

C=N Str

n  two bands
—

S
—

—NH;" hydroHalides free
NH," free
NH free

mm
=N

H;* str (asym and $ym)
m-5

w—)
—

=

INH;* asym def!l" sym def
nf-s

|E}

1

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

20.00

25.00

50.00 pm
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Chart 1.6 (continued)

4000 3000 2000 1800 1600 1400 1200 1000 800 600 400 200 cm
C=0 compounds ’7
w Vs

Carhonyl comgounds — OYertone C=0str general ringes

vs _
Saturated aliphatic ketones - C—CO—-L in-plane def ——— C—CO def
Aryl k Vs m B

Vs m s
Diaryl ketones v - - —_
a-Chloro ketones -
a,a’-Dichloro ketones -
Vs
o-Hydroxy ary| ketones —
1,3-Diketones. ¢nol form ks
. n—s m-s m-s m-—s
1,3-Diketones, metal chelates v — — - —
Cyclopentanonps -
Cyclobutanonep CHt v_g i
m— str s - s 8 s - /
Methyl ketones (aliphatic) - = CHdel 2 CHdef s Mot ‘1.
Methyl ket (aromatic) ] vs $ S m hd b
Vs
Quinones -
wWw o, Vs m w —8 §
Saturated aliphatic aldehydes an C-HOstr - C-H rocking —— E C-H def ——MM -m— —
m :
Aryl aldehydes - - ——— — — —
o,p-Unsaturated aldehydes vs d
m-§ br Vs w m-—s m hr three bands) s s
Saturated aliphatic carboxylic agids — O—H si -— — ———— |C~O str O—H flef _)_. L
vs w -8 m-shr

Aryl carboxyli¢ acids _mhr_ - — L m_br — —
a.f-Unsaturated carboxylic acidg m by ¥

vs
a-Halo carboxylic acids —_— -— —_ —_— J—

. . w vs
Thiol acids S-Hstrm - C—S sir | m— = $—H def
sym
Carboxylic acid salts asym CO,str |5 Co, str™ br (two bands)
Saturated alipljatic carboxylic a¢id anhydrides acyclic asym str - — sym str (separation ~60 cm-) S e C—0—C str
Aryl and a,g-upsaturated anhydrides s 2_“; (separatjon ~60 cm1) s — 5 L
Cyclic anhydridles (five-membere¢d ring) — -: — m_ s
Saturated alipHatic acid chlorides i — -
Aryl acid chlorjdes Y overtone Rl B S
N . s e dy s |vS w
Saturated aliphatic diacyl peroxides == (scparation ~35 cm™) -0 str
vs m C-Ostr m-s w
Peroxy acids ——— () --H str - O-H def == —————— —
| | 1 1 1

1 1
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 20.00 25.00 50.00 Hm
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Chart 1.6 (continued)

4000 3000 2000 1800 1600 1400 1200 1000 800 600 400 200 cm™!
S S
Formates - v Ea —
Acetates - " = womm-=s - = ¥ v M
Saturated ahphatic csters ¥ vs i v ;
aturated ahphatic esters —_ 3 — asym| C—O Str m— — sym | C -0 str
Aromatic esters = ALl S - Lilint
— 5 S
@, B-Unsaturated esters - - B wom s — —_ _
a-Hydroxy berizoates sh - = s
Saturated aliphatic chloroformates E v - |- e ——t : k2
Aryl chloroformates : -
Saturated ali ic carbonat - b = - |~ —
Vs s
Aryl carbonatds - EN — - |- —
Diaryl carbonates - - — k2
Thiolcarb —
S .
y-Lactones (five membered ring [ 5 -
o, B-Unsaturatkd y-Jactoues rx s L
S — - f—
Phthalides —_ s = i
Saturated ali ic thiol esters = — °
Diaryl thiol esters _— —— s C=S sty N-C=Q
Aromatic thiol [esters « — bending bi-g‘o
ree) hr § nding
Vs - — s s
Prin_lary saturgted aliphatic mm NH,|strs - w--m o - NH, ﬂefs_ 2 _—
amides (dilutg solutiou)
Primary saturgted aliphatic T (apsociated) - _ L — —_—
amides (solidg)
AL
Secondary amifles free m N=—H str —
(dilute solutiops)
Secondary amifes l Yovertone —
{(solids)
Trans-form secpndary amides m pd —_— — m_—w N-H def m_br
(dilute solution)
Cis-form seconflary amides m ‘ - o — mobr
(dilute solution)
Tertiary amides —
y-Lactams (fivg¢ membered ring) = — —_ -
(dilute solutiop)
Ureas (dilute s¢lution) hLE i - m ﬂ. m-s o
. Vs
br —
Imides =
hud ¥S
Cyelic imides I
y m _C=0str C=Cstr C-Nstr m N
Maleimides N|—H str CROSI S i wm —— - - —
Pht =
m m mEw
Free amino acips NH,* ST s —— —_—
i 1 [ 1 1 1 1
3.00 400  5.00 6.00 7.00 8.00 9.00 10.00 20.00 25.00 50.00 wm
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Chart 1.6 (continued)

Infrared and Raman Characteristic Group Frequencies

200 cm™!

3000 2000 1800 1600 1400 1200 1000 800 600 400
Aramatic compdunds pvertone and combination bands 5 ) .
ring substitutipn patterns ring strs C~H in-plane defs C—H oop defs and ring defs
§ W M v v w m-—s
Benzene compounds C-H str'—w - — —
WW-mw M m-w w-m S S  m—w m—s
M bstityted b =] —_—— —_—— o — - - — — ——
—_ — w w S w—m m-§
1,2-Disubstitited benzenes - — —_— H o wWmwem ¥ — | — — —
- i v m m—s w-tm s m —s
1,3-Disubstituted benzenes = —fe- —_— ¥ w_m WY — — — —
1,4-Disubstitated benzenes -] -_ —_—— wom oy wom — v _——
1,2,3-Trisubstituted benzenes - —_ —_— w m m; W W S -—
mm m W m s m-s
1,2,4-Trisubstituted benzenes = T— —_— = —_ - - —
S S w-m
1,3,5-Trisubstituted benzenes = — _—— o — — — —
s m-s
1.2 53-Tetras uted benzenges — —
s -
1.2.4,5-Tetraqubstituted benzenes = —_— —_—— - mZs
S m—s
1,2,3,5-Tetragubstituted benzeges = —_t —_—— - —
s s
Pentasubstityted b -] —_ —_—— — =
m+s
Hexasubstitufed benzenes —_ —_—— —
m-s m m m s s
1-M bstltuted naphthal - — — - ——
mss| mos
2 M, bstituted [YPTIpN - —_— — b - —
ring strs . .
ring spbstitution patterps mg C-H in{plane defs C—H oop defs and rings defs
<y m—s w — m v w w-m m-s
Pyridines ~ q- — — -
m s m m— s
2-M bstituted pyridines C—H str— on- ms = rx ¥ 00p CH deff mmm == ===ring bending == oop ring def
hm m_ v v m w w m-s m-—s w S|
:I m m m v v s S m
4-Monosubst|tuted pyridines - -1 - — - - - — —
m-s ¢ combinati v v v m—s
Pyridines N-gxides - avertoat and bends - — NEO str =
m-s S v w
Sym -triazines - ring stry m— —— —
) v m b ring str v m
Melamines INH,, str s—— NH, def == -
N—H stry M br wW—m  w—m yg m—s
Pyrroles (free) = (bonded) v V—m vy m-s
m br
—— (DONIded mm v m
Indoles (free) wm = ) e - —
—l;ng ?Ytlr—ﬁ mis m-—-s
Furans C-Hstr™® —— — & -— = ring def
1 1 1 1 | 1 1 |
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Chart 1.6 (continued)

-1

4000 kUL 2000 1800 1600 1400 1200 1000 800 600 400 200 m
w—-m
m Mm-S m=s m-s v im=s m m-s w-m w—m s )
2-Monosubstifuted furans — - — - —— = — - —— b ring def
m m-s s m-5s vs v s s (two bands)| s
3-Monosubstifuted furans — —_-— — - - - — — —
% v
Tetrahydrofs = = C—Hstr —- CH, def SC-0Ostr _— CH, def
CH,|def
- m| v v v v v , v
M bstitufed thiop - — —— — — — ring def
Nitrogen compounds
Vs vs m m-—s br vs
Saturated aliphatic primary and lary nitro, pound asym NUJ st e sym NO; St o (trans) C—N st p—(ganche | NO, def
s s v§
Saturated aliphatic tertiary nitno- compounds - -—
s s v
@,B-Unsaturated nitro- compoupds - - L
s s m s—m v
Aromaticnitr pound
N s s
, CINOy), - -
M-S i
Aliphatic nitrgso- compounds (gis- dimers) N=O Stre— JE— —_—
5
Aliphatic nitr¢so- compounds (frans- dimers) —— PR
g
Aromatic nitrgso- compounds (¢is- dimers) = _—
S
Aromatic nitrgso- compounds (frans- dimers) —— ——
w-m -
Nitrosamines = ofertone N=0 strm N-Nstrs2 T2 IN-N=O def
s 5 m
Saturated aliphatic nitramines asym NO, stf sym NO, str s —
vs§ vs br ([w—mw-m
Organic nitrate compounds asym NO, ST mm symNO, str = N-O strv-s i = = NO;def
w—m Vs s s
Nitrites, cis-form = vyertone N=Ostr = N=0 strm —— | ~0-N=0 def
vs§ A\ S
Nitritesrtrans-form
m-s m-s
Aromatic azoyy compounds asym N={N—O Str aw= == sym N=N-O str
m-s
Aliphatic azoxy compounds —
| 1 1 1 1 1 |
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Chart 1.6 (continued)

4000 3000 2000 1800 1600 1400 1200 1000 800 600 400 200 em™
Halogen compounds
, . . C—F strs s : C-F defs
Fluorine compgunds
vs$ s
Aliphatic monafluorinated comppunds —
S [ m-s
—CF, (aliphatid compounds) - —
m-s s
—CF,CF, T
CF;—Ar m-g v
Aromatic fluorjne compounds whm s
C=Cstr o= —
—CF=CF. w-—m S m-s  m-§
2 C=(C stram - —
=C=CF, s
Chlorine comppunds Cl-Clstr CI-Cl def
m-s s s
-CH,CH,Cl —-— — — (JH, wagging - -
Chloreformates, ROCOCI 2 C=0str s_ : . ; i C— 1 def
-CCl ) —
mm m m—s m—3 |
Aromatic chlorjne compounds (K-sensitive bands) para « s == L] —_— 1S
ortho s
Bromine compgunds C—Br str =—— C—Hr def m—
~CH,CH,Br — — phiin CH, wagging s wamy_m
s m—s
Aromatic bromfine compounds {X-sensitive bands) meta apd para ™ = ortho by
Todine compounds C-Xdefy |
CH.CH.I C-Istr
- m-s
2 Hy — — e CH, wagging —
“Aromatic ioding compounds (X-Lensitive) : — i
Sulphur and seleli pound;
w d v
S—H. mercaptans, aliphatic thioks, etc. =S-Hst S—H def
mm m m 1 w—m
CH,;-S§ asym CH; str [= = sym CH; str{ sym CH, def = = sym ((H; def et (CH; rockin, — C-S ptr
CH,-8 sm . m m-s . w-m
asym CH; str | = = sym CHj sty CH, def = m—— (CH, wagging — =S str
S-CH=CH,
Aliphatic disulphides
M C=Csir S S A C-S
Aromatics dissalphides
w w
C =S str - S-S sty
(X-sensitive bonds) - — S str
| 1 1 1 1 1 1 1 1
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Chart 1.6

(continued)
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S=0str

Sulphoxides, =
(dilute solutic

Sulphites, (RO

B=0
in

,8=0

S=O0str

¥S

general range

S=0 StT'ruum

Vs
S=0 St e

m

— 5= 0 §tr

bt C— S =0} def

—S0—OH
Sulphones, =S

k.

Sulphinic acids;

Dy

(dilute solutign)

O— H ST et (bonded)

asym SO,

S=0 str

I =
|
»

n—s m—s

Diatlevd
DHatKyt P

Aliphatic sulph

Diaryl sulphongs
Disulphones, R--S0,—OR
onyl chlorides, R SO, Cl

C=S st

A
AF P

—SO;NH

1 ohlarid
yl-ehlorides

Sulphonyl fluogides

Primary sulphgnamides,

Secondary sulphonamides,

mm

NH; str
(bonded)

= (bdnded)

NH, def.0]=S

-}

SO,NH

Primary alkyl 4

Q

Covalent sulphates, (RO),50,
Covalent sulphpnates, —SO,—

50,—

uiphate salts, R— CH,SO,~M"*

VS

A\

m

=22 band

= SO, bending

SO, def

Hevl
= y-aheyl
Alkyl sulphoni¢

Sulphonic acid

Thi h

Lobate cali
ji Sas

lhydrates

Diakyl trithiocarbonates, (RS),

t acids (anhydro|

ns)

C=S

gbr w_mb bl-0-—H str

m

br O—H str

sym SO, §

tr dsym SO, st

S—Osir s_hr

C=S str 527

w
—_ S50t

| C=Sstras—C—Sstr ==
m Sco=

Xanthates
Dixanthates

Thioamides

Dot

RE),C=$

s br

VS|

L O— C str

2 bands
m=s

v

= ¢=Sstr

—_— C=8 str

m-—s

V-ahe

thioamides

Pyridthiones
|Selenols, Se—1

Tertiary thioamides

Se—H str¥

g
4

Sc—H def,

Selenates, (RO

-Sdeni& acides,

,Se0,

Selenones, R,$¢0,
Selenoxides, R,Se0

,Se0—OH

w__O —H str (bonded)

asym O

| Se—OstrdS | ¥ sym o_gd

VS vs§

s
SJ=O str .S

—O str

Se—O str
m-s

{ Se—O~—C str
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Chart 1.6 (continued)

4000 3000 2000 1800 1600 1400 1200 1000 800 600 400 200 cm™!
Phosphorus compounds
P-H P—H str mmm P~ H def sm—
. m w—m
Alkyl and aryl phosphines, P-H T P-Hdef mm - PH; wagging
P-CH, mm CHdef e a——— CHodef S S
asym-CHy-def ——asymrCH-def -
/0 w—m br w—m br w—m br S sFm w-m
on O-Hstf "o P=D str P-0 str —
m m m m-s vs P-0-C [s
P-OCH, T -_— CH; def == — asym Strummmm P—-0O-C sym str
P-0O-CH, | o m mm mm w-m _vs s m—s
m._()—
P-O-Ar am O=C Sir smmem P'-0-C st1 —— ¥ —O sC —— P—O—SAF def
Alkyl phosphites, (RO)P P-0-C str mmin T — ——
Vs I S
Aryt phosphites P-0-C sir mmm Mmoo — —
P=0 (free} P=0 str v
P=0 (bonded) ;s_
" vs vs| mbr mbrw
Alkyl phosphites, (RO);P=0 - P-0O—C str mms —— . (—
Aryl phosphaté P=0 str 2 2- P—0O-Cstr ﬂs- ; -S m_—w
Alkyl acid phodphonates, (RO)(HOWP=0Q 2 m br w
Aryl acid phosphonates 2 : ; ; : :
Alkyl phosphognates 2 n&mbrd w
Aryl phosphonptes l: : : v.v
Q9
Pyropheosphates, -P—-O-P-~ P=0 str - P-0O-Pstr . _w
- v
p=s ——
m-s m-s
P=N asym P—N-C str u sym P-N—( str s
P=N cyclic congpounds P=Nstr _vs_
Phosphinic acid R,P0,", and phpsphonous acid, RHPO,™, asyn{ PO, s"_s wm ; sym PO, str
> s
RPO; asym P(J 31_ ser_s_vm POJZ_ sty
R(RO)PO;” ———— —
1- s w—
ROPO, — _m
Lii B m=3
P-F P'—K str e | wm P!''_F str m—s
P-Cl1 ————
P-Br 2-
P_S—H w SH str v m P-Ssir
-— S—H def —— m
P-S-P m
w—m
P-D P-D slr& e |P-O def
Posi P-Si st
_Si —
P—P st
P-P _
" m—s PN-C str m—p ™2 PNC str
P-NH, = INH str NH def jumesm NH, wag
w —-sPEN-C —s PNC st
P-NHR = NH str NH el s kel s S "
1 1 { 1 i 1 1
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Chart 1.6 (continued)
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Silicon compouhds

Si—H general rpnges
GSiH,
G,SiH,

Si—H str

Si—

H def

m—s

-—
m-Ss m—-S§

rocking
m-s

G,SiH
Si—CH,

SiC,H,

.;,.lu.lu.lw

= I

m-s
- SYII

) CH, def

18

SiCh=CH,
R,SiPh

R,SiPh,
RSiPh,

- overfone mmmm

18

1j
C=Csirga

(X-sengitive)

¥§

-1

oop CH{vib

AL

|i|g

Silanols, Si-OH
SiOCH,

Si~OCH,~

m br

m
CH, rocking [t
m

m-w

Si

s
 2SYM $i—O—C SIT )

-0 str

s
w— Sym Si—Q—C str

sym Si—O0-C sty —— Si—0-C def]

Si-0-Ar
SiO~C and Si40-S

Siloxane chaing

s

Cyclic siloxane trimers
Cyclic siloxane tetramers (and h

Si~NH,

Si—-NH-Si

gher)

mm

= NH;|str

m

m
= NH, def

Si-F
SiF,

SiF,

Si—-F

Si—Ql
sicl,

sicl,

Si-Cl

»
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Infrared and Raman Characteristic Group Frequencies

Chart 1.6 (continued)

4000 3000 2000 1800 1600 1400

1200 1000 800 600 400 200 em?!

Boron compoungls
B-H B-Hstr ==
BH, -m

|__Diboranes (bridged hydrogen}

s m-w

B—H def — == bending

m-s m
S—

=

B-CH; sym CH def s
BH; complexep asym B—H str i = $ym B—H str

m N-Hste B—H str B—H str

judnll sym (H; def

s
== BH; del
BR-N pop def o

B : Al 1
Borazmes-andrborazoles

(RO); B’ trialljy) borates
ialkylphenyl haronjte: Bocar ™S

B—O (borates| boronates, bororjites, etc.) B-Ostr —

B—0 def

Boron-fluorine compounds B-Kstr

Boron-—chlorihe compounds

BF; complexes asym B-F str sym B-F str

¥
B1Clstr

BCl3

m=5

3.00 4.00 5.00 6.00 7.00

is devoted in the main to biochemical substances, for example, amino acids,
enzymes, proteins, nucleotides, carbohydrates, steroids, etc.

Nicolet and Aldrich® have produced a computer-based search program for
use with the Aldrich Library of FT-IR spectra.’ The band positions and
intensities from the spectrum of an unknown substance are entered into the
program which then gives on the Aldrich FT-IR library reference numbers
for spectra that match the spectral features of the unknown. Visual compar-
ison may then confirm the identity of the unknown substance. Bio-Rad?
provide a database of many thousands of spectra which cover many classes
of substance such as polymers, surfactants, standards etc. The database may
be searched at 4cm™! spacing and provides discrimination between several
similar compounds. Sigma and Nicolet produce software designed to be used
with the Sigma library of FT-IR spectra® which is aimed at identifying an
unknown by entering band positions. The location in the library of matching
spectra is given by the program. Digital forensic libraries are also offered by
some suppliers.

There are numerous computer-based spectral libraries available.! ~!* Spectral
libraries based on FT-IR and FT-Raman spectra have the advantage over those

8.00 9.00 10.00 20.00 25.00 5000 pm

complied from digitised dispersive spectra in that the positions of band maxima
are more precise and the signal-to-noise ratio is higher. In the main, the search
packages available for these packages allow for library searches of unknown
spectra. In addition, with most digital search packages it is possible to build
one’s own user library. Most FT-IR and FT-Raman instrument manufacturers
either have their own collections of spectra or have the spectral libraries of
others, such as Sadtler, Aldrich, etc, directly available to their customers.
Of course, even though computer-based digital FT-IR libraries have become
larger. more accurate in their representations of spectra and cheaper, there will
still be a place for printed spectral libraries (hardcopies of spectra) for some
time to come, although there is no doubt that computer-based digital libraries
will eventually be the main medium used. The majority of the digital libraries
available are also offered in printed form by suppliers.!~!°

Spectral databases for FT-IR, NMR, and MS have been reviewed by Warr.*
There are several reviews of computer methods used in the identification of
unknowns*' ~* and d review of the use of computers in quantitative analysis.*
In order to assist interpretation, there are computer programs which will,
when a peak of interest has been highlighted, automatically locate and display
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Chart 1.7 Raman — positions and intensities of bands. The range of the position of the maximum absorption of a functional group and its intensity are given in order of
decreasing wavenumber. (Note the scale change at 2000cm™'.)

4500 4000 3500 3000 2500 2000 cm™!
! T —
, shj OH st
Free OH ¥, shiOH str
Aliphatic alcohpls (hydrogen bonded) e OH L
OH intramolecpiar hydrogen bopded W, sh OH str_|
| Primary amine} (dilute solution) w, dp asym NH; str
Secondary amifies —WNES'_"—
Primary amine} (dilute solution) Ww-m, dp NH, sym. str
Primary aminep (condensed phage) w_m. br NH, str
mmhmmmmm wm, asym NH; str
Alkyl acetylenes wC=Cstr
Secondary amigles (hydrogen bonded) — NH st -
Carboxylic acids (associated) w, br OH str
Vinyls, ~-CH=CH, m asym= CHp} str (general range)
Aromatic comgounds m-~s CH str
Cyclopropyl compounds m-w asym CHj str
m— CH; st
Cyclopropyl compounds . sym_ 28k
Epoxid niﬂ asym str
Vinyls, -CH=(H;, m sym CHj str (general range)
trans (sat) —CH=CH (sat) m CH str
P-OCH m—sasym CHj str
- 3 —
CH;CO- m-g asym CH; str
SCH. m-—s asym CHj str
3 —
cis-(sat)CH=CH-(sat) m__H str
—OCH; m-3 CH; str
| Methylesters | m—Ww CHj asym str
- CH
Epoxides m—g sym
Alkanes m—3 CHj asym str
Methylesters m-s CHj; sym str
CHSiZ m-s CH; asym str
CHJOSi<— m_s asym CHj str
Alkanes m-s 2{1 asym s{r
Alkanes m—s CHj sym str
I | | m—iCHz sym str |

4500 4000 3500 3000 2500 2000 cm~!
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Chart 1.7 (continued)

3500 3000 2500 2000 1800 em™
T m—slsym CH, st T —
Acetates-O-COCH, Sl M st
P-OCH m-—s|sym CHj str
3 ———
CH.OSi m-gasym CH, str
3

-CH.O- m-—qasym CH, str

CH.S m—s sym CH, str
—CH,S- ——
Methyl ketone§ npssym CH,str
CH,$i misym CHy ste
CHOQ (aldehyd}) » C-Hstr
CH, (aliphatic m;-s sym CH, sfr
-QOCH,- m-s sym CH, §tr

2 —
OCH m-s, sh sym CH; str
3 —

Ar—OCH, m, sh sym CH, str
$i—OCH m-—s sym CHystr

- 5 n—
—N(CH,), (arofnatics) m_s sym CH, str
Mercaptans, aliphatic thiols and thiophenols (freg) EI-Lb_I str
CH,SH sp S—-H str
P-H m-—w P_H str
Organic compgunds containing SeH (free) 5 p Se-Hstr

-w P-H

Alkyl phosphines, P—H ooy str

—C=C_-R’ s C=Cstr
Isocyanates -N=C=0 L asym NCO st
Cyanates s.p OCN str
Aliphatic nitriLs s C=Nstr
Si—H. m-s, p si—H str, (general rapge)
Cyanate ion, NCO- w asym|(NCO str
P-CN m_s CNs{r
Ketenimines > =N=N- v asym —N=C=C str
Ketenes, >C=(= v
Thioc j m—s 3sym N=C=8§ str

J —

Thiocyanates 4\SCN m-—s, ) asym str
Azides, -N=N£N m—s, ) asym str
Alkyl alkynes i s C=Cstr 1

3500 3000 2500 2000 1800 cm™!
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Chart 1.7 (continued)

2500 2000 1900 1800 1700

m-s, plbr, asym| NCS str
Isothiocyanates)| -N=C=S =——t————————
m+s, p Si—H str

R,SiH
All v asym C=C=C]|str
enes
itutefl allenes, ~HC=C'=CH, »asym C=C=(str
| Monosubstitute| -HC=C=CH,
v asym C=C=Cstr
Asymmetrically}disubstituted all >C=C=CH —r—
Symmetrically-disubstituted allenes v asym C=CrC str
(Sat). COF m—w C=0 str
Sat. 5 I iri lic anhyldrid m+w sym C=0 str

—w =0 str
B-Lactones (4-mpembered ring) —_ e

Sat. aliphatic adid chlorides

m C=( str

COBr

. . . m-w C=0str

. . . . . w C=0
Aliphatic diacyl peroxides, CO—Q0O—CO—. Also afyl and unsat. didcyl peroxides ——
CF=CF. s C=C5tr

=Lk,

C=0 sti
Aryl and, o,B—ynsat. acid chlorides —fl St
m+w P—D str
. m-+1w C=0 str
v-Lactones (sat.|5-membered ring) —
L m-w C=0 str

Peresteres, -CQ—-0-0—
Alky] and aryl thiol chleroformates, -S—COCI

. . des
— = t)

Alkyl carbonatds, —-0-CO-0- w_m( O str

CO-O0H —

s (=C str

C=0 str

Peroxy acids, —

>C=CF,

=0 st
Sat. aliphatic esfers mC O str
Cationic a-amino acids (aq. soin. .l C=0str
m C=0O str
———

Sat. aliphatic kétones
w—m C=0 str

Sat. aliphatic allehyd S

- =0 st
Sat. aliphatic carboxylic acids (hydrogen-bonded ar as dimer) yomC0s
_w—mC=0 str

Alkyl urethanes
mC=0st

Formates

w C=Q str

1900 1800 1700
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Chart 1.7 (continued)

Infrared and Raman Characteristic Group Frequencies

1800 1700 1600 1500 1400 cm!
I B |
RCF=CFR sczCsr
a, B- t.aliphatic carboxylic arids (as dimer) wom C=0 str
Aryl aldehydes JC=Ostr
|_Cyclopropyl ketones, [>CO— mC=0str
Thiol acids, —COSH w-m C=l0 str
o, B— unsat. kefones, s~cis form wC=0str
o, B— unsat. di¢arboxylic acids mc =0 str
S dary amigles (dilute soln.} w-m Cx0 str
o, B~ unsat. kefones m_w C=O str (General range)
CO;” s
Carboxylic acig salts, —CO,~ wasym (0, s{r
>C=C<
MW)
>C=CH-
o, B— unsat. kelones, s-trans form
Aliphatic oximes and imines, >CEN—
Monofluoroealk s C=C str
Primary amide} (solids) n—w amide I ban.
Imines, >C =N+ m-—s C=N str]
Si-D m-s|Si—D str
ja vl alkenes s C=C str
Trans CH=Cj— s, p C=C str
Ureas (solid phpse) w—m br, C=0|str
>C=C-N s C=C str
| _Secondary amides (solid phase) w—m amide I band
Isolated C=C s, p C=C st
R-CH=N-R m~-s C=N str
Primary amideb (solid Phase) w—m NH, def
| Ketoximes s C=N str
Tertiary amides w—m amide|l band
Trans (unsat) {CH=CH- (unsat) s CxC str
SemicarbazoneF (solid) s C=N sty
CisCH=CH- _ 1 s, p C={ str L
1800 1700 1600 1500 1400 em™!
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Chart 1.7 (continued)
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1700

1600

: 1500 1400 1300 cm!
C=Cs L
Cis—Dialkyl alkenes . str

Nitrates—ONOp s—m asym NO,

Hydrazones (sdlid) S C=Nstr

~C=CH, s C=C str

C=C conjugatdd with C=C or (=0 sCxCstr

Primary amides (solid phase) w—m Amidgs I

cis (unsat)— CH= CH - (unsat) s C=Clstr

. inel w NHj scissoring

Alkyl nitrites SN=Ostr

H;C=CHR s C=C str

C=C conjugat¢d with Aryl S C=Ci
|__Enal farm dikelone: n C=0 str

Benzene derivattives s Several bands ring C-=C str

—NH3+ w NH; asym str

Imine Oxides x=N*0" s C=Nstr

Chloro atk s C=C str

Aromatic acid salts ¥ CO2_ asym str

Ureas w Amide 11 band

Melamines m—s Ring st
|_Bromo alkenes s C=C str

Todo alkenes siC=C str

Thiophenes v C=( sir in-plane vib

Secondary amipes w/NH def

A I 1 m-w asym NO; str

Alkyl azo comgounds s N=N str ]

Primary & Secpndary nitro alkane m—w agym NO; str

SCNO, m-w asym NO; str

—NH;" w sym NH;" def

2-Monosubstitited furans 2 bands vs ring vib

2-Alkyl pyrroles vs C=C str

-CHF m-w|CH; def
L_3-Alkyl pyrrol i s ring vib .

1700 1600 1500 1400 1300 em-!
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Chart 1.7 (continued)

1500 1400 1300 1200 1100 cm™
m-w OCH,, OCH, def ! L
-OCH,; OCH,|
m-—w OCH;, CH, def
n-Alkanes p——
m-w CH, def
-SCH,
. . " s Amide]111 band
Primary t
m-—vw CH, sym def
POCH;, SiOCH, ———
m—w CH, def
Cyclopropyl compounds —
. s, p N=Nstr
Trans-aromati¢ azo compounds
w—m OH def

Peroxy acids —CO-Q0H

s,pN=C=0 sym sty

Isocyanates —-N=C=0
vs C=C in plgne vib
—

2-Mq bstityted thioph
m-w CH, def

~CH,Br, -CH,CN —————
_PCH. w asym|CH, def
Melami m number of bands ring vibs

elamines
Aldehydes m-$ CH in-plane rocking

: vs C&C in-plane vib

Thiophenes

m—s, p sym CO, sty
Aromatic acid salts s P SY) 2

m—s, p sym CO, sty

Carboxylate iofns (aqueous soln.
SIiCH, —_—

Acetate salts m-—s, pjsym CO," str
m-s, p CH, def|

Vinyls ~CH=CH,

1

cis(sat)CH =CH(sat)

psym CH, str
e

m—w SO, asym gtr

m—s CH def

Aromatic yl fluorides

m-—s, p CH, in-flane def

>C=CH,

Pri id m-—w Amide III band
. m-w asym S[0, str

Aromatic sul yl chlorides

m-—s asym|SO, str

Covalent sulpohates, ROSO,R
. . . m-—s asym 8Q, str
Aliphatic sulphonyl fluorides —

| Dipolar & aniopic a-amino acids (aqueous soln.)
Anthracenes
Covalent sulphjtes, (RO),SO,

m-s sym COj str

vs Ring str
s—m asym SQ, str
———

w—m sym CH; def

Tertiary dimethylamines

Aryl aldehydes

s—m CH in-plane rocking
1500 1400 1300 1200 1100 cm™!
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Chart 1.7 (continued)

1400 1300 1200 1100 1600 cm!
J T
Phenols m-w OH def
Furan derivatites S S Cstr
Ring vih

I-Alkhyl pyrrdles et ¥

C-F (Eeneral range) w-mn C—F str

Naphthalenes s Ring vib

m-w sym|CH; def
CH,;CO-
- N st

Diazo compourlds, X=N*=N"~ m—s sym CNN str

| Methyl sulphorles v asym SO, str
H
Formates m,_pCﬂ
. s sym N, str

Secondary nitrpalkanes —

CH, aliphatic o sym CH, def

SC=NO.~ s sym NO, str

s symp NO, str
3CNo, MURNEFE
Thiophenes s CzC in-plane vib
w CH def

>CH

Primarv snloh s w—m asym SO, str

Ureas s—m asym N1+ C—N str

S

Sulphones (dilte soln.) v asym 80, sir

Alkyl sulphoni¢ acids (anhydrous), RSO,, OH S—m asym SO, str

~>C=CH (hydrararbons) > CH in-plane def

cis form Secondary amides __s.wm_ide 1 band

PCH wiym CH;; def

3

Azides s, p N=N=N qym str
| Dinitro alkaned *C(NO,), s sym NO, str

Sulphonamides MW 4sym SO, str

Trans-(Sat) CH=CH (Sat) s CH def

—-CONH CH, s Amide III band
|(RQ), P=0 Arylphasphate, (ArQ), P=0 iz P=0str

y N

Nitroamines Y, p symNO,

Pyridine N-oxides m N'—O str

—(CHy), - m twisting CH, vib

n —
Tran-S 1 9 g s Amide 111 band |
1400 1300 1200 1100 1600 cm™!
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Chart 1.7 (continued)

1300 1200 1100 1000 900 cm™!
Biphenyls m C- C bridge str ! T
—
NO, st
Nitrates —-0-NG, Spoym .y
NSD st
Thionylamines| ~-N=8=0 a4 L
Cis (sat} CH=CH (saf) s CH def
m CC,vib

t-Butyl groups
vs C—O str
———

Epoxides —
s—m sym SO, str

Secondary alkyl sulphate salts R{R,CHSO; M&

Acetates m—s CO—O|str
. . . . Li s sym N=N=Ni|str
Acid azides & pitro aromatic azifles —

s, psym N=C=8str

Isothiocyanateq
P=Ostr m--w P=0 str
s sym SO, str|

Sulphonyl flnoide:
Aliphatic amings m-s C4N str
Thio acid chlorides SC=%str
Thio carbonates — C=—S St
Coval Iphhnates. R SO.OR s sym SO/ str

. ) m Ring vib
0~ & p-Disubstftuted benzenes —

p-Disubstituted benzenes m s Ring vib
ROSO, Cl s sym SO, str
2 ——

Diarylthiokets ALCSAr
Mono & 1,2 diglkylcycl opropangs

s C=§ str
v Ring vib (may be strong)

= t!
Cyclic sulphite§ (five membered fings +) is Ostr
s,p S=0 str

Dialkyl sulphit¢s (RO), SO

Formates m-s C-0-[Cstr

s sym SO str

Aromatic sulplony! chlorides
s sym 80O, str

Alphatic sulphgnyl chlorides
. s sym 8O, str
N-M: bstitpited sulpl
|_Thionylamines -N=S=0 s sym NSO str
s sym|NO, str
>C=NO, 73 ‘

s, p sym SO, str
—

Sulphones (dilyte soln.) & Disulghones
s sym SO str

Primary sulph¢namides —SO,-NH,

0, fB- urated thicketones _ t
1300 1200 1100 1000 900 cm™!

s C=§ str g
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Chart 1.7 (continued)

1200 1100 1000 900 800 cm-!
I mlwP-Hdef I
P-H
3 . w asym CO-Cstr
Saturated aliphatic ethers
~CO.NH.NH; mos CNstr
. . . m—w, p sym CNC str
| Secondary alipbatic amines
s, p sym COC str (usuajly 890-820 cm~!
Ethers
SO, st
Primary alkyl sulphate salts, RSQ),”M* LR LS
m CCCC str {2 bands)
Ccccce
w—m C-F str
Tetrahydrofurgnes s GO str
. s Ring vib
Ring=C-0-(¢= —————
Straight chain alkanes m_s CCCstr
s, p sym C=C=Cstr
Allenes
s, p NCS str
Alkyl isothicyanates
. m-—s, p SCN sym str
Thiocyanates
w S{—O—Si str
Si—0-Si
mCO-Ostr
Formates
Xanthates ﬁ tr
. . s|p CH in-plane d¢f
Orthodisubstituted benzenes
m-s Ring vib
2-M bstityted pyridines —
s CH»/CH wagging vib
Cyclopropyl compounds
s—vs Ring vib
3-M bstifited pyridines ——
1,3,5-Trisubstituted benzenes hid
m-s C-C vib
—~OC(CH3)3 -
| Monosubstituted & parasubstituted b m-—s, p CH in-plane def
. - vs Ring vib|
Polysubstituted pyridines
) . s, pN—Nstr
Nitroamines
m-s Ring|vib
1,2,3-Trisubstituted benzenes
. - . vs Ring vib
|_3-Monosubstityted pyridines & pyrid
s C+Sstr
R.CO.SAr
. vs, p Ring vib
Monosubstituted benzenes & 1,3 Disubstituted bepzenes —
Vinyl comp ,~CH=CH, w OOP CH def]
Pyrimidines i m-s C=C, C=Nstr i
1200 1100 1000 900 800 cm-!
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Chart 1.7 (continued)

T T a8 700 600 cm™!

[ M CCCC gym str I I

CCce

Pyridines _SR_ing vib

Cyclobutanes & cyclop m—s, p Ring vib

Saturated prinjary & secondary jnitro compounds| m-—s, p C—N str

Trans--CH=CH-— m{CH def

Cis--CH=CH + m CH def

m-sjasym ring def

Monosubstitutéd epoxides

| _Secondary thiogmides m—s C—8 str
CCCC M CCCQC str (doublet)

m#-s skeletal vib

Straight chain alkanes

CCO sti
Primary & Secpndary alcohols =P —
0-0 st
Peroxides i il
3 3 m-s sym COC str
Aliphatic ethers

m-s Ring vib

Monosubstitutéd epoxides
Acetals m-s C—0 C|-0 sym str
s out-ofplane CH def

6-Alkyl hydroxyamines M str

CNC st
Tertiary amide§ S, p gsym str
i vs Ring vib

2,5-Pyrazines
P-O-P s POP str

s P=S str
P=S
Thiocamides s Amid¢ I band

vsi-s sym C-S str

3-Monosubstityted thioph —

s asym C—S str

2(RS) CL.C=0
Vinyl ethers sym C—O-C sty
Branched alkanes m, p pkeletal vib

m-s Ring vib

m—s C,0 sHeletal vib

Para-Disubstitited benzenes

| Secondary alcohols
SSi(CH,),

Tertiary alcoh

s Si—[C str
m-s C,O skeletal vib & CO def

m-s, p CCl tr

Unsaturated adid chlorides
C—S str '

1600 900 800 700 600 cm™!
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Chart 1.7 (continued)

800 700 600 500 400 cm-!
scql B 'CCIZ Sym str T
RS
Staturated aliphatic acid chlorides m, p (ICistr
Nitroaminess N-NO, —Mf
CH.SCH,~ m-s, p asym ¢SC str
Mono & disulphonyl chlorides s C_Sstr
Formates m, p 0—C=0 in-plane def
Primary thicamides s Amide VII
| Tertiary Butyl groups m-—s sym skeletal vib
cCl s CCl gtr
Tertiary formamides HCO NR,R, s, p asym CNC str
CBr s C—Brstr
|_Aliphatic sulphides & disulphi s | C-Sstr
=N, __riNo, de
A=NU;
Primary chlordalkanes s (] trans to C atom
Sulphoxides m-s C—Sst
| Nitroamines, *N-NO, m NO, def
CH,SCH s sym|CSC str
3 2~
Nitrates, —O NO, m NO, def
Thiocyanates =SCN s, p| C—SC asym str
|_Cavalent sulphates RSO,0R & sulphonic acids (abhydraus) 5 CS str
Secondary thiopmides vs NCS defl
Primary chlordalkanes s Clitrans to Hatom
—CH,SCH,- s—mp C-S-C str
2 2 ——
—CO.NH.CH m—s{ Amide IV band
Isothiocyanated, —-N=C=§ s N=C=8 st
1,2,3-Trisubstiuted benzenes s ring def
Thiocyanates, +SCN s CSC|
—CH,NO. & “[CHNO, m, p NO, def]
1,4-Disubstituted benzenes m, p in-plane|ring def
Monosubstituted benzenes m in-plane ring def
—CS, NH, CH, s Amide IV band
L 2—Monesubstituted benzenes | m-—5s in-plang ring def |
50 700 600 500 400 cm-!
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Chart 1.7 (continued)

700 600 500 400 300 cm!

; . s—n) C—COI—C in-plane def
Aliphatic ketorjes (straight chain) —

m-s in-plane ripg def

s CS;COC vib

3-Monosubstityted pyridine

Na & K Xanthates —

v SO, def
Sulph: id

vs NCS def
Tertiary thioamides
Si—O_Si vs sym Si—0O-Si str

s NQ; in-plane NO; dpf

Nitrates
elimides. RSeR’ s CSe C str

v|SO; def (usunally 2 bonds)

Covalent sulphpnates

PCl, s—m P+Cl str
s—m P+Cl str
PCl
. . i m-s C—CO-C in-plarle def
| Aliphatic methyl ket
. . mNC=0 def
Primary amides ———

s CS def

Primary thioarhides
s ring def
1,2,3,4 - Tetrasubstituted henzenges e —

Sefiuides. R Se R’ + diselinides, R Se Se R’ s CS¢g C str

s—m C—CO-C|in-plane def
a-Branched kefones —
SC=CF, s CF; wagging yib

vs ring def

Pentasubstitutgd benzenes —
J}Aﬁ[zj;uhsﬁ.l.ltﬁd.lzenm v ring def

CS st
(RS),C=0 s asym sir
1,2,3-Trisubstituted benzenes

v out-of-plane ring def
—_—

Aliphatic sulphonyl chlorides m—s SP; wagging vib
. v|NO; rocking vib

m-s SO, wagging vib

Sulphonyl fluorides
—_ —_ in- l

Aliphatic aldebydes m—y C—CO in-plane|def

m iniplane ring def

1,3-Disubstituted benzenes
m-s SOz wagging vib

|—Sulph id
—s SO ing vib
Sulphones m-—s SO} wagging vi
m-w CO def
-CH; OH

v§—m S-S str (often 2 bands)

Aromatic disulphides
s Amide VI bang
—C=S.NH.CH 1 I

700 600 500 400 300 cm™!
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Chart 1.7 (continued)

600 500 400 300 200 em™!

m-s odt-of-pla.‘e ring def
——

1,3,5-Trisubstituted benzenes —
vs—m, p S—S str (pften 2 bands)
Aliphatic disulphides
R m Ring|def
Thiophenes
s Amide VI ban
| Primary thioamides |

m skeletal yib

. . m CC=0 def
Primary amides ——————
m—w CO in-plane dgf

Isopropyl groups

>CHOH

. s, p CQ, CF rocking vil

. N s, pCCl def
Aliphatic chlorpformates ——
—CO.SH s—m COJSH def

—w CNC def
Secondary aliphatic amines — — :
. L . s, p C1=C=0 infplane def

Anthracenes sring def
Hexasubstitutefl benzenes m-—4 ring def
Phthalates m, p ring def
Acetals m-s CQCO def
Sulphoxides m, p sym C-8-0 def

. s—m asym Si—-O-C def
>Si-(OCH,), Y

m-—s skeletal viby

Tertiary-Butyl proups
Lo _Sb_Se— s Se-1Se

m skeletal yib

Isopropyl groups

-CCl3 ¥s CClyjdef

>CClL s twisting vib

2CCl s CCl def

CH;CH,SC¢ s, p CSC def -165 ¢m-1

~CHBr; & >CBr; A s CBr; def —150|cm-! (more than

m-s ring vib

1,3,5-Trisubstituted benzenes

600 500 400 300 200 cm!
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functional groups with that characteristic frequency, for example, Sadtler’s
IR Mentor and Nicolet’s interpretation guide. Such computer programs can
help a novice become familiar with infrared interpretation and will no doubt
become more sophisticated with time. Normally, various algorithms based on
absolute differences, squared differences, first-derivative squared differences,
etc, are available for comparison purposes for the elucidation of unknown
spectra.

There are numerous published libraries of infrared spectra.'=3*

The Coblentz Society!® publish infrared spectra of numerous compounds,
gases and vapours, halogenated hydrocarbons, plasticisers, and industrial
chemicals. A large collection of spectra may be found in the Documentation of
Molecular Spectroscopy (DMS)'® system which also covers Raman and micro-
wave spectroscopy. The American Petroleum Institute (API)!” have published
a large collection of spectra, mainly of hydrocarbons and compounds relevant
to the petroleum industry. The Infrared Data Committee of Japan (IRDC)?
published a collection similar to that of DMS. Mecke and Langenbucher?!
have published a small collection of infrared spectra of selected chemical
compounds.

Some of the collections of spectra have in recent years been combined so
that a more comprehensive collection can be obtained from a single source. For
example, Sadtler have extended their polymer spectra by making the collection
by Hummel available. However, the old spectra in non-digital form can still
be obtained through reference libraries.

Other sources of spectra, generally of a more specialised nature, are
available,??~33:33-39.53.54 45 s useful information regarding band positions and
assignments. 34~

There are excellent books available from which an introduction to
various aspects of infrared spectroscopy may be obtained. A few of these are
given in the Appendix. Of course, there is some degree of overlap of subject
matter but the titles of the books generally indicate their contents. References
included in the Appendix are, in general, of the review type. At the end of
each chapter are given references of a more specialised nature pertinent to
that chapter. It is intended that this book, rather than provide a complete
bibliography or source of references, should act as a thorough guide to the
newcomer to the field.

The use of computer programs to predict spectra from a knowledge of the
molecular structure of the sample is still in its infancy. However, although
a fair amount of work still needs to be done, there is no doubt that this
type of approach will be of great importance to the analysts of the future.
Certainly, the experience of a spectroscopist in the characterisation of infrared
and Raman spectra will be essential for many years to come, just as is the
ability of computer programs to search through libraries of spectra to find the
best match to a sample’s spectrum.

46-52

Final Comment

In the text and tables that follow in subsequent chapters, unless otherwise
stated, the comments refer to infrared rather than Raman. Comments specif-
ically aimed at Raman state that this is the case. The reason for this is that
infrared is by far the more commonly used technique. Although, in general,
the tables given in the chapters have been presented for specific classes of
vibration, in some cases it was felt helpful and appropriate to include other
types of vibration.
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2 Alkane Group Residues: C-H Group

Alkane Functional Groups

Residual alkane groups are found in a very large number of compounds
and hence are an extremely important class."?? Four types of vibration are
normally observed, namely the stretching and the deformation of the C—H
and the C—C bonds. The C—H vibration frequencies of the methyl and methy-
lene groups fall in narrow ranges for saturated hydrocarbons. However, atoms
directly attached to —CH; or —CH»— may result in relatively large shifts in
the absorption frequencies. In general, the effect of electronegative groups or
atoms is to increase the C—H absorption frequency.

CH stretching vibrations 3000-2800 em~! (3.33-3.57 um) result in bands
of medium-to-strong intensity in both infrared and Raman spectra, as do
the CH3 and CH; deformation vibrations 1470—1400cm ™! (6.80-7.14 um).
The CH; symmetric deformation vibration at ~1380cm~! (~7.25um), in
general, gives medium-to-strong intensity bands in infrared spectra and weak-
to-medium bands in Raman spectra except in the presence of an adjacent
unsaturated group when the intensity is greatly increased. The C—C stretching
bands of alicyclics and aliphatic residues, 1300-600cm™! (7.69—16.67 um),
are of weak-to-medium intensity in infrared spectra and medium-to-strong
intensity in Raman spectra. The C—C deformation vibrations, 400—-250cm™!
(25.00-40.00 um), are generally weak in infrared spectra and of strong-to-
medium intensity in Raman spectra.

Alkane C—H Stretching Vibrations

For aliphatic hydrocarbons, with the exception of small ring compounds,
the C—H siretching vibrations occur in the region 2975-2840cm™!
(3.36-3.52um).>"* In strained ring systems?>~23, the frequency of the
methylene C-H stretching vibration is increased. e.g. cyclopropanes absorb
near 3050cm~! (3.28 um). The CH3 asymmetric stretching vibration occurs
at 2975-2950 cm™! (3.36-3.39 um) and may easily be distinguished from the
nearby CH, absorption at about 2930cm~! (3.41 um). The symmetric CH;

stretching absorption band occurs at 2885-2865cm ™' (3.47-3.49 um), and
that of the methylene group at 2870-2840cm™" (3.49-3.52 ym).

The position of the CHz symmetric stretching vibration band may be altered
due to an adjacent group, whereas the asymmetric stretching band is relatively
insensitive, e.g. for the group ~O—CH:%¢ the CH3; symmetric stretching
band occurs near 2850cm™' (~3.51 um) whereas the asymmetric stretching

band generally occurs in the normal position (similarly for :N_CHg)‘ﬁj

A useful band for the identification of the OCH: and NCHj3 groups is
that due to the CHj3; symmetric stretching vibration, which is sharp, of
medium-to-strong intensity and is usually found in the region 2895-2815cm !
(3.45-3.55um). Correlations involving C-H stretching vibrations have been
studied.’ Information has also been derived from the intensities of these
bands.®? In the presence of a double bond adjacent to a methyl or a methylene
group, the symmetric stretching vibration band splits into two. Methyl groups
attached to unsaturated carbons, including aromatic groups, absorb in the range
3010-2905 cm™" (3.32-3.45 um) due to the asymmetric stretching vibration,
the symmetric stretching band occurring in the region 2945-2845cm™!
(3.41-3.53 um). Electron-withdrawing groups directly attached to the CHj
group result in the stretching vibrations occurring at slightly higher frequencies
than those for saturated hydrocarbons. In polar molecules, a series of bands
is observed between 2980 and 2700 cm ! (3.36—3.70 um) due to interactions
between the fundamental vibrations of the methyl group and the overtones of
their deformation vibrations. The n-propyl group has four medium-to-strong
(overlapping) CH asymmetric stretching bands in the region 2990-2900 cm™!
(3.34-3.45um) and three overlapping bands of medium-to-strong intensity
may be observed between 2940 and 2840cm ! (3.40-3.52um) due to
the symmetric CH stretching vibrations. Most r-butyl compounds have
three moderate-to-strong absorption bands in the region 2990-2930cm™!
(3.34-3.41 um) due to the asymmetric stretching vibrations. The symmetric
stretching vibrations occur in the region 2950—2850cm ™~} (3.39—3.51 um)
with aromatic 7-butyl compounds absorbing in the region 2915-2860cm™!
(3.44-3.50 um).
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Alkane C—H Deformation Vibrations

The methyl groups of hydrocarbons give rise to two vibration bands, the
asymmetric deformation band occurring at 14651440 cm™" (6.83-6.94 um)
and the symmetric band at 1390—1370cm~' (7.19-7.30um). The former
band is often overlapped by the —CH,— scissor vibration band occurring
at 1480—1440cm™' (6.76-6.94um). The intensity of the methyl symmetric
vibration band relative to the higher-frequency band (due to scissor —CH;—
and/or asymmetric —CHs vibrations) may be used to indicate the relative
number of methyl groups in the sample.

The presence of adjacent electronegative atoms or groups can alter the position
of the methyl symmetric band significantly, its range being 1470—1260cm™"
(6.80-7.94 um), whereas the asymmetric band is far less sensitive, its range
being 14851400 cm™" (6.73-7.14 um).!?° The position of the symmetric de-
formation band is dependent on the electronegativity of the element or group to
which the methyl group is bonded and on its position in the Periodic Table. The
more electronegative the element, the higher the frequency.?” %!

The CHj3 symmetric deformation band is of medium intensity in infrared
spectra and weak in Raman, unless directly adjacent to an unsaturated group,
a carbonyl group or an aromatic.

Table 2.1 Alkane C—H stretching vibrations for alkane functional groups as part of a residual saturated hydrocarbon portion of the molecule

(attached to a carbon atom)

Region Intensity
Functional Groups cm™! um IR Raman Comments
—CHj; (aliphatic) 2975-2950 3.36-3.39 m-s$ m asym | frequency raised by electronegative
2885-2865 3.47-3.49 m m-s sym }substituents
—CH;- (acyclic) 2940-2915_ 3.40-3.45 m-s$ m-s asym ) frequency raised by electronegative
T2870-2840 3.49-3.52 m m—s sym }substituents
-2 —
—>CH(acylic) 2890-2880 3.46-3.47 w m
Ar—CH; 3000-2965 3.33-3.37 m-s m-s asym str, see refs 14, 15
2955-2935 3.38-3.41 m-s m-$ asym str, lower part of range for
ortho-substituted compounds
2930-2920 3.41-4.23 -8 m-s sym str
2870-2860 3.48-3.50 m-w def overtones
2830-2740 3.53-3.65 w—m def overtones. Fermi resonance enhanced.
(Unsat.)—CHj, 3010-2950 3.32-3.39 m-s m-s asym CHj str, usually ~3000cm™!
2995-2905 3.34-3.44 m-—s m-s asym CH3 str (not acetylenes.)
2945-2880 3.40-3.47 -5 m-s sym CHj str
CH3Z, where Z = —CR3, 3035-2985 3.29-3.35 m-w m-—§ asym CHj str
—C(sat group);.
~C(halogen);,,
“CHOH, >CHCN
2975-2935 3.36-3.41 m-w m-s sym CHj3 str
Cyclopropanes, —CH, - 3105-3070 3.22-3.26 m m-w asym str, see ref. 18
3060-3020 3.27-3.31 v m
3040-2995 3.29-3.34 m-w m-s sym str
3020-3000 331-3.33 m m
Cyclobutanes, —CH,— 3000-2975 3.33-3.36 m m-w asym str
2925-2875 3.42-348 m m sym str
Cyclopentanes, —CH, - 2960-2950 3.38-3.39 m m asym str
2870-2850 3.48-3.51 m m sym str

Cyclohexanes, —-CH,—

(As for acyclic —CH,— groups, see ref. 19)
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For the n-propyl group, the symmetric CHs deformation occurs near
1375cm™! (~7.30um) and the methylene rocking vibration occurs near
740cm™! (~13.51um). The f-butyl asymmetric deformations occur at
1495-1435cm™" (6.69-6.97 um) and are of medium-to-strong intensity.
The symmetric deformation bands are observed between 1420-1350cm™!
(7.04=7.40 pm) although for most molecules the range is 1400—1370cm™
(7.14-7.30 um). Hence most ¢-butyl groups have a strong band near 1365 cm™"
(7.32um) and a slightly weaker band near 1390 cm™' (7.19 um). The band
normally found near 1380cm™' (7.25um) is split into two by resonance
which occurs when two or three methyl groups are attached to a single
carbon atom. The presence of a tertiary butyl group may be confirmed by its
skeletal vibration bands which occur near 1255 cm™! (7.97 um) and 1210 em™!

(8.27 um), whereas the corresponding bands for the isopropyl group are usually
found near 1170cm™! (8.55um) and 1145¢cm™" (8.73 um).

Methyl rocking vibrations!® are generally weak and not very useful for
assignment purposes even though they are mass sensitive. For n-alkanes, a
band due to the CH, wagging vibration occurs near 1305 cm™' (7.66 um), the
intensity of this band being less than the band at ~1460 cm~! (6.85 um) while
being dependent on the number of CH, groups present.

The CH; wagging, rocking and twisting vibrations which occur in the
region 1430-715cm™! are usually of weak intensity in infrared spectra and of

medium intensity in Raman. The bands due to —>CH deformation are weak

in both infrared and Raman spectra.

Table 2.2 Alkane C—H deformation vibrations for alkane functional groups as part of a residual saturated hydrocarbon portion of molecule (attached to a

carbon atom)

Region Intensity

Functional Groups cm™! pum IR Raman Comments

—CHj; (aliphatic) 1465-1440 6.83-6.94 m m asym Frequency raised by
1390-1370 7.19-7.30 m-s w—m sym (characteristic of C—CHj3) [ electronegative substituents

~ 1385-1335 7.22-749 m-s w—m Two bands of almost equal intensity

~C(CH3),

—C(CH;); 1475-1435 6.78-6.97 m w-m asym CHj; def vib
1420-1375 7.04-7.27 m w CHj; sym bending vib
1395-1350 7.17-741 m-s w CH; sym bending vib. Often ~1365cm™".

CH3;Z, where Z = —CR3, 1465-1430 6.83-6.99 m-w w asym CHj; def vib

—C(sat group)s,
—C(halogen)s,

AN AN

/CHOH, /CHCN
1410-1350 7.09-7.41 m-s w CHj sym bending vib

~cH 1480-1440 6.76-6.94 m m Scissor vib

Pt

_\CH 1360-1320 7.35-7.58 w w

/

—(CHy), - 1485-1445 6.73-6.92 m w-m def vib
1305-1295 7.66--7.72 - m Not usually observed in IR. Intensity increases with n.

(Unsat.)—CH; 1480-1430 6.76-6.99 v m asym CHj; def vib, usually medium intensity
1470-1400 6.80-7.14 v m asym CH; def vib, usually medium intensity (not acetylenes)
1405-1355 7.12-7.38 m-s S sym CHj def vib

Cyclopropanes 1420-1400 7.04-7.14 S w-m
1365-1295 7.33-722 s w

Cyclobutanes 1450-1440 6.90-6.94 s m
1360-1250 7.35-8.00 w-m m
1245-1220 8.21-8.20 s—m w
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As mentioned previously, in the spectra of hydrocarbons, the methylene
deformation band is found in the region 1480-1440cm™! (6.76-6.94 um),
but in the presence of adjacent unsaturated groups this band is found near
1440cm™" (6.94 um). With an adjacent chlorine, bromine, iodine, sulphur, or
phosphorus atom, or a nitrile, nitro-, or carbonyl group, this band occurs at
1450-1405cm~" (6.90-7.12 um).

Alkane C-C Vibrations: Skeletal Vibrations

The skeletal vibrations of alkane residues are often weak in infrared and
usually of weak-to-medium intensity in Raman spectra. Of the skeletal

vibrations, the C—C stretching absorptions occur in the region 1260-700 cm ™!
(7.94-14.29um) and are normally weak and of little use in assignments.
Dimethyl quaternary carbon compounds have a characteristic absorption near
1180cm ™" (8.48 um). The C—C deformation bands occur below 600cm™'
(16.67 um)*"!7 and these also are weak. Straight-chain alkanes have two
bands. one at 540-485cm~! (18.52-20.62 um) and the other near 455cm™!
(21.98 um). The former band is usually slightly more intense than the second
band and tends to the higher frequency end of the range as the length of
the chain increases. An exception is n-pentane which has only one band, near
470cm™! (21.28 um). Branched alkanes not containing methyl or ethyl groups
have at least one band in the region 570-445 cm ™! (17.54-22.47 um). Alkanes
with three or more branches absorb near 515¢m™! (19.42 um). Straight-chain

Table 2.3 Alkane C-C skeletal vibrations for alkane functional groups as part of a residual saturated hydrocarbon portion of the molecule (attached to a

carbon atom)

Region Intensity
Functional Groups cm™! pm R Raman Comments
\C CH 1175-1165 8.51-8.58 m w C-C str. If no hydrogen on central carbon then one band at
C(CHy), ~1190cm™!
1150-1130 8.90-8.85 v w Rocking vib
1060-1040 9.43-9.62 w
955-900 10.47-11.11 m, p
840-790 11.90-12.66 w m, p
495-490 20.20-20.41 A m, p
320-250 31.25-40.00 - m
—-C(CHj3); 1255-1245 7.98-8.03 m m
12251165 8.17-8.58 m m
~1000 ~10.00 w-m m-s
930-925 10.75-10.81 m m
360-270 27.18-37.04 - m
—>C—CH3 ~970 ~10.31 m w CH; rocking vib
(Unsat.)-CHj3 1130-1000 8.85-10.00 w-m w Rocking vib
1060-900 943-11.11 w—m w Rocking vib
245-120 40.82-83.33 Torsional vib
CH;Z, where Z = -CRa, 1080-960 9.26-10.42 w w CHj; rocking vib
—C(sat group)s,
—C(halogen)s,
N\ N
/CHOH, /CHCN
—>C—CH2—CH3 ~925 ~10.81 m w CHj; rocking vib
—CH(C,Hs), 510-505 19.61-19.80 w

(continued overleaf)
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Table 2.3 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
Straight-chain alkanes 1175-1120 8.51-8.93 m m Doublet
1100-1040 9.09-9.62 - m-s CCC str. May be strong in Raman
900800 11.11-12.50 - m-—s May be strong in Raman
540-485 18.52-20.62 w m
7455 ~2198 W m } not n-pentane
~300 ~33.33 - w, br
Branched alkanes 1175-1165 8.51-8.58 m w
1170-1140 8.55-8.77 m w
1060-1040 9.43-9.62 - m
950-900 10.53-11.11 - m
830-800 12.05-12.50 - m, p
570-445 17.54-22.47 w-—m m At least one band
470-440 21.28-22.73 w—m m
320-250 31.25-40.00 - m-s
Monobranched alkanes 570-540 17.86-18.52 w—m m
470-440 21.28-22.73 w—m m
Dibranched alkanes not 555-535 18.02-18.69 w m
possessing CHz or C;Hs
3.3-Dibranched alkanes ~530 ~18.87 w m
2,2-Dibranched alkanes ~490 ~20.41 w m
Alkanes with three or more ~515 ~19.42 w m
branches
—(CHy), - 1305-1295 7.66-7.72 - ] Twisting vib
—(CHy),-(n>3) 725-720 13.79-13.89 w-m - . T N ) Usually ve
~(CH; )5~ 735-725 1361-13.79  w-m w }Roctf‘“? Vfb’ll?plltsgnlo two components } weak i
~(CH),~ 745-735  1342-13.61 w-m W in the crystafline phase Raman
—-CH,- 785770 12.74-12.99 -m -
cccce 1120-1090 8.93-9.17 - m CCCC sym str
1110-1080 9.01-9.26 - m CCCC asym str
1005-930 9.95-10.75 - m CCCC sym str
910-855 10.99-11.70 - m Doublet
C\ /C 1255-1200 7.97-8.33 m-w m Two bands
C
C/ \C
750-650 13.33-15.38 - S, P
Methyl benzenes 1070-1010 9.34-9.90 m Rocking vib
390-260 25.64-38.46 m In-plane bending vib of aromatic C-CH; bond
Ethyl benzenes 565-540 17.70-38.46 m-s In-plane bending vib of =C-C-C group
[sopropyl benzenes 545-520 18.35-19.23 m-w In-plane bending vib of =C-C-C group
Propyl and butyl benzenes 585-565 17.09-17.70 m Two bands
Cyclopropanes 12001180 8.50-8.47 s-m v May be strong in Raman
1050-1000 9.52-10.00 w-m v Often ~1020cm™'
960-900 10.42-11.11 8 v Ring vib
870-850 11.49-11.76 v s—m Ring vib. Often absent but may be strong
540-500 18.52-20.00 v
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Table 2.3 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
Saturated aliphatic 470-460 21.28-21.74 s
cyclopropanes
Cyclobutanes 1000-960 10.00-10.42 w $—m, p Ring vib. (CH; scissoring vib, ~1445¢m™")
930-890 10.75-11.24 m-w m-w See ref. 16
780-700 12.82-14.29 s
640-625 15.63-16.00 m-w m Ring def vib
580-490 17.24-20.41 s
180-140 55.56-71.43 w w Ring puckering vib
Alkyl cyclobutanes 580-530 17.24-18.87 s
Cyclopentanes 1000-960 10.00-10.42 w s
930-890 10.75-11.24 w s—m
595-490 16.81-20.41 s
Saturated aliphatic 585-530 17.09-18.87 S
cyclopentanes
Cyclohexanes 10551000 9.48-10.00 w \ See ref. 19
1015-950 9.86-10.53 w S
~900 ~11.11 s m
570-435 17.54-22.99 v m

Table 2.4 C-H stretching vibrations for alkane residues attached to atoms other than saturated carbon atoms (excluding olefines)

Region Intensity
Functional Groups em™! um IR Raman Comments
Methyl groups
-0O-CHj; 3030-2950 3.30-3.39 w—m m-s asym CH; str. Aromatic compounds
3005-2965 cm™!
2985-2920 3.35-3.42 w-m m-s asym CHj str. May extend up to 3015¢m™".
For ethers usually 2850 cm™".
2880-2815 3.47-3.55 m, sh m-s sym CHj str, sharp. May extend to 2960 ¢cm™"
(overtone, see refs 5,6)
Ar—0O-CH; 3005-2965 3.33-3.37 w-m m-s asym CHj str. Usually 2985cm™".
2975-2935 3.36-3.41 w—m m-s asym CHjs str. Usually 2950 cm™'.
2860-2815 3.50-3.55 m m sh, usually well separated, sym CHj str.
Usually 2850 cm™".
~SCH3 3040-2980 3.29-3.36 w-m m-s asym CH; str
3030-2935 3.30-3.41 m m-s sym CHj str
30002840 3.33-3.52 m m-s sym CHj str
CH;SCH, - 3000-2980 3.33-3.36 w-m m-s asym CHj str
2980-2960 3.36-3.38 m m-s asym CHs str
2975-2945 336-3.44 m m-s asym CH, str
2930-2910 3.41-3.44 S m-s sym CHj str
2915-2855 3.43-3.50 m m-s sym CH; str

(continued overleaf)
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Table 2.4 (continued)

Region Intensity

Functional Groups cm™! um IR Raman Comments

RSCH; 2995-2955 3.34-3.38 m m—§ asym CHj str
2900-2865 3.45-3.49 m m-—s sym CHj str

N-CH; (amines and imines) 2820-2760 3.55--3.62 S m-s sym CHj str, general range, see refs 6, 7

N-CHj; (aliphatic amines) 2805-2780 3.56-3.60 s m-s sym CHj str, \ band may also occur

s
in this region

N-CHj; (aromatic amines) 2820-2810 3.55-3.56 S m-s sym CHj str

—N(CHj; ), (aliphatics) 2825-2810 3.54-3.56 S m-s sym CHj str, see ref. 7
2775-2765 3.60-3.62 S m-s

—N(CHj;), (aromatics) 2830-2800 3.53-3.57 s m-s sym CHj str

Amides, CH;NH-CO—- 3000-2940 3.33-3.40 m-s m-s asym CHa str
29902900 3.34-345 m-s m-s asym CH; str
2920-2825 3.42-3.54 m-s m-s sh, sym CHj str

CH;-CO- 3045-2965 3.28-3.37 w—m m-s§ asym CHj str
3010-2960 3.32-3.38 w-m m-s asym CH; str
2970-2840 3.37-3.52 m m-s sym CHjs str

CH;-CO- (unsat group or Ar) 3030-2970 3.30-3.37 m-w m-s asym CHj str. Overlapped by ring CH str

bands.

3000-2930 3.33-3.41 m-w m-s asym CHj str
29502850 3.39-3.51 m m-s sym CHj str

Acetates, —O-CO-CH; 3050-2980 3.28-3.36 m-—w m-s asym CHj str
3030-2950 3.30-3.39 m-w m-s asym CHj str
2960-2860 3.38-3.50 m m-s sym CHj str

Thioactetates, —S-CO-CHj, 3010-2990 3.32-3.34 m-—w m asym CHj str
3000--2980 3.33-3.36 m-w m asym CHj str
2930-2910 3.41-3.44 m m sym CHj str

Acetamides, / 3010-2970 3.32-3.37 w m asym CH; str
3000-2980 3.33-3.36 w-m m asym CHj str
2945-2855 3.40-3.50 m m sym CHj str

Methyl esters, CH;0-CO-— 3050-2980 3.28-3.36 m-w m-w asym CHj str
3030-2950 3.30-3.39 m-w m-w asym CHj str
3000-2940 3.33-3.40 m-w m-w sym CH; str

CH;0-CS- 3040-2990 3.29-3.34 m-w m-w asym CHj str
3010-2985 3.32-3.35 m-w m-w asym CHj str
2960-2920 3.38-3.42 m-w m-w sym CHj sir

CH;0-SO- 3040-2990 3.29-3.34 m-w m-w asym CH; str
3025-2975 3.31-3.36 m-w m-w asym CHj str
2965-2915 3.37-3.43 m-w m-w sym CHj str

Z—-CH;, Z=CN, NH,, -NHCO 3060-2950 3.27-3.39 m-s m-w asym CHj str
3045-2900 3.28-345 m-s m-w asym CHj str
2945-2785 3.40-3.59 m-s m sym CHj str
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Table 2.4 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
Z-SO,-CHj, Z=R, Ar, AINH- 3050-2940 3.28-3.40 w-m m-w asym CHj str
3045-2975 3.28-3.36 w—m m-w asym CHj str
2950-2900 3.39-3.45 w—m m sym CHj str
CH3Si< 3000-2930 3.33-3.41 w—m m-w asym CHj str
2975-2925 3.36-3.42 w-—m m-w asym CH; str
2930-2890 3.41-3.46 w—m m sym CHj str
Methylene and other groups
—CHO (aldehyde) 2900-2800 3.45-3.57 w w C-H str
2775-2695 3.63-3.71 w Overtone
X-CH,- (X = halogen) ~3050 ~3.28 w m C-H str
-CH,-0O- 2940-2915 3.40-3.43 m-s m-s asym CH, str
2870-2840 3.48-3.52 m-s m-s sym CH, str
-0O-CH,-0- 2820-2710 3.55-3.69 m m—-w C-H str
—CH;NH; and ~CH,CN 2945-2915 3.40-3.43 m m-s asym CH, str
2890-2850 3.46-3.51 S m-s sym CH; str
-CH,-S- 2985-2920 335-3.43 m m asym CH; str
2945-2845 3.40-3.51 m m sym CH; str
Cyclopropyl compounds 3115-3065 3.21-3.26 m m-w asym CH, str
3100-3050 3.23-3.28 m m-w asym CH, str | Only two bands observed
3080-3000 3.25-3.33 m-s m-—s sym CH, str due to overlap
3060-2970 3.27-3.37 m m CH str
3040-2995 3.29-3.34 m-s m-s sym CH, str
Methylene dioxy compounds ~2780 ~3.60 m m-w sym CH, str also a band at ~925cm™"
O
CH,
0
(epoxides) /O\ Y 3075-3030 3.25-3.03 w s—m asym C—H str, see ref. 18
CHZ_C\
(epoxides) O 3000-2990 333-3.34 w s C-H str
~/\ 7
/C—C\
Aziridinyl compounds 3100-3060 3.23-3.27 m-s m asym CH,
N/
7N\
—CH—CH,
3000-2945 3.33-3.40 m-s m-s sym CH,
NH ~3050 ~3.28 m-s m asym CH, str

WA
C—CH,

(continued overleaf’)
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Table 2.4 (continued)
Region Intensity
Functional Groups cm™! um IR Raman Comments
Ethyl groups 3000-2960 3.33-3.37 m-s m asym CHj str. Most commonly found in range
2990-2960cm™! (ref. 26)
2990-2940 3.34-3.40 m-s m-s asym CH; str. Most commonly found in range
2980-2940cm™!
2970-2900 3.37-3.35 m m-s asym CH, str. Most commonly found in range
2970-2920cm™!
2970-2840 3.37-3.52 m-s m-s sym CHj str. Most commonly found in range
2940-2960cm™!
2890-2840 3.46-3.52 m m-s sym CH; str. Most commonly found in range
2890-2850cm™!
Et-CO-— 2940-2860 3.40-3.50 m m-s sym CHj str.
2940-2820 3.40-3.55 m m-s sym CH, str.
EtO- (ethers) 2995-2975 3.34-3.36 m-—s m asym CHj str.
2990-2940 3.34-3.40 m-s m asym CHj str.
2990-2840 3.34-3.52 m-s m-s sym CH; str.
2950-2920 3.39-3.42 m-s m asym CH; str.
2940-2880 3.40-3.47 m-s m-s sym CHj str.
EtO-CO-— (esters) 2995-2975 3.34-3.36 w—m m-—s asym CHj str.
2985-2960 3.35-3.38 w—m m-s asym CHj str.
2960-2930 3.38-3.41 w-m m-s asym CH, str.
2930-2890 3.41-346 w—m m-s sym CHj str.
2910-2860 3.44-3.50 w—m m-s sym CH, str.
Isopropyl compounds 3005-2985 3.33-3.50 m-s m asym str, usually below 3000 cm™'
2940-2860 3.40-3.50 m-s m-s sym str
-CHF, 3005-2975 3.33-3.36 m-s m asym str
~CHCl, 3015-2985 3.32-3.35 m-s m asym str
P-O-CHj; 3050-2990 3.28-3.34 w m-s asym CHj str
3020-2950 3.31-3.39 m m-s asym CH; str
2960-2840 3.38-3.52 w—m m-s sym CHj str
Si-O-CH; 2990-2960 3.34-3.38 m-s m-s asym CH; str
2955-2925 3.38-3.42 m-s m-—s asym CH; sir
2850-2820 3.51-3.55 m m-s sym CHj str
t-Butyl cation, (CH;);C* ~2830 ~3.53 s m CH; str
~2500 ~4.00 w m CHj; str
Isopropyl cation, (CH;),CH™ ~2730 ~3.66 s m CH; str

paraffins have two characteristic bands at 1150—1130cm~! (8.70-8.85 um)
and 1090-1055cm™" (9.17-9.48 um), both due to C-C stretching and CHj;
rocking vibrations.

Cyclopropane derivatives have a band of variable intensity at
540-500cm ™! (18.52-20.00 um). An exception is that of vinylcyclopropane
which has a strong absorption at 455cm™' (21.98um), and other
unsaturated cyclopropanes also have a medium-intensity absorption in this

12,13,21

region. Saturated aliphatic cyclopropyl compounds have a medium-to-weak
band at about 1045cm~! (9.57um). a medium-intensity band at about
1020cm™! (9.80um), and a strong band at 470-460 cm~! (21.28-21.74 um).
Cyclopentanes absorb strongly at 595-490cm~' (16.81-20.41 um), alkyl
monosubstituted cyclopentanes absorbing in the higher-frequency half of this
range, 585-530cm™' (17.09-18.87 um). Cyclohexane derivatives have bands
of variable intensity in the region 570-435 em~' (17.54-22.99 um).



Alkane Group Residues: C—H Group

59

Table 2.5 C—H deformation and other vibrations for alkane residues attached to atoms other than saturated carbon atoms

Region Intensity
Functional Groups cm™! pm IR Raman Comments
—-0-CH;, 1485-1445 6.73-6.92 m-w m-w asym CHj; def vib
1475-1435 6.78-6.97 m m-w asym CH; def vib
14601420 6.85-7.04 m m-w sym CHj def vib
1235-1155 8.10-8.66 w—m w Rocking CH; vib, usually ~1200cm™!.
1190-1100 8.40-9.09 w-—m Rocking CH3/CO vib (overlapped by C-O-C vib. strong at
1200-1040cm™")
1025-855 9.76-1170 v Rocking CO/CHs vib, unsal. compounds 995-895c¢m ™',
aromatic compounds 1055-995cm™
580-340 17.24-29.41 w—m CO def vib, usually w—vw, unsat. compounds 530~330cm™,
aromatic compounds 370-270cm™'
265-185 37.74-54.05 CH; torsional vib
210-110 47.62-90.90 CH; torsional vib
—OC(CH;), 1200-1155 8.33-8.66 S m-s C-O str
1040-1000 9.62-10.00 w-m m-s C-C vib almost always observed
920-820 10.87-12.20 w-m skeletal vib
770-720 13.00-13.89 w-m 1-Bu sym skeletal vib
CH;-CO- 1465-1415 6.83-7.07 m-w m-w asym CH; def vib (not amides)
1440-1410 6.94-7.04 m-w m-w asym CHj def vib
1390-1340 7.19-7.46 m-s m-w sym CHj; def vib
1155-1015 8.66-9.85 w—m w Rocking vib. May be of variable intensity
1070-900 9.35-11.11 w w Rocking vib. May be of variable intensity
270-130 37.04-76.92 Torsional vib.
CH;-CO- (unsat group or Ar) 1470-1410 6.80-7.09 m-w m-w asym CHj def vib (unsat group 1440-1410cm™!)
1450-1390 6.90-7.19 m-w m-w asym CH; def vib
1365-1345 7.33-7.43 m-s m-w sym CHj def vib
1100-1020 9.09-9.80 w-m w Rocking vib. May be of variable intensity (Ar
1095-1045cm™")
1040-975 9.62-10.62 w—m w Rocking vib. May be of variable intensity
225-185 44.44-54.05 Torsional vib.
Methyl esters, CH;O-CO-— 1485-1435 6.73-6.97 m-s m-—w asym CH; def vib
1465-1435 6.83-6.97 m-—s m-w asym CHj def vib
1460- 1420 6.85-7.04 m-w m-—w sym CHj def vib
1220-1150 8.20-8.70 v w Rocking vib. Often weak-to-medium intensity
1190-1120 8.40-8.93 v w Rocking vib. Often weak-to-medium intensity
290-160 34.48-62.50 Torsional vib.
CH;0-CS-— 1475-1435 6.78-6.97 m-—s m-w asym CHj def vib
14651435 6.83-6.97 m-s m-w asym CH; def vib
1430-1420 6.99-7.04 m-w m-—w sym CHj def vib
1200-1150 8.33-8.70 v w Rocking vib. Often weak-to-medium intensity
1165-1120 8.58-8.93 v w Rocking vib. Often weak-to-medium intensity
290-210 34.48-47.62 Torsional vib.
CH;0-S0O-- 14851445 6.73-6.92 m-s m-w asym CHj def vib
14601430 6.85-6.99 m-s m-w asym CH; def vib
1460-1420 6.85-7.04 m-w m-w sym CH; def vib
1220-1170 8.20-8.55 4 w Rocking vib. Often weak-to-medium intensity

(continued overleaf’)
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Table 2.5 (continued)

Infrared and Raman Characteristic Group Frequencies

Region Intensity
Functional Groups cm™! pum IR Raman Comments
1190-1140 8.40-8.77 v w Rocking vib. Often weak-to-medium intensity
290-160 34.48-62.50 Torsional vib.
Amides CH;NH-CO-— and 1480-1420 6.76-7.04 m-s m-w asym CHj def vib
thioamides CH;NH-CS-—
1475-1410 6.78-7.09 m-s m-w asym CHj def vib
1425-1375 7.02-7.27 m-s m-w sym CH; def vib
1190-1100 8.40-9.09 w w Rocking vib
1165-1035 8.58-9.66 w w Rocking vib
260-200 38.46-50.00 Torsional vib.
Acetamides CH3—CO—-N: 14801420 6.76-7.04 m-—-w m-w asym CHj def vib
1460-1420 6.85-7.04 m-w m-w asym CHj def vib
13751355 7.27-7.38 m-s m-w sym CH; def vib
1130-1030 8.85-9.71 w—m w Rocking vib.
1090-940 9.17-10.64 w-m w Rocking vib. May be of variable intensity
Z-CH;, Z=-CN, -NH-, 14851425 6.73-8.03 m m-w asym CH; def vib
~NHCO, —NCO, -NCS,
-NOQO,, -NHSO,, -NHCS,
-Ns,
1475-1415 6.78-7.07 m m-w asym CH; def vib
1445-1375 6.92-7.27 w m-w sym CHj def vib
1200-1100 8.33-9.09 w w Rocking vib.
1165-1025 8.58-9.76 w w Rocking vib.
260-145 38.46-68.97 Torsional vib.
Z-S0,-CH;, Z=R, Ar, 1470-1400 6.80-7.14 m m-w asym CHj def vib
ArNH-, NH,, Halogen
1460-1400 6.85-7.14 m m-w asym CHj def vib
1380-1290 7.25-7.75 m-s m-—w sym CHj; def vib
1035-955 9.66-10.47 m-w w Rocking vib. (MeSH ~1065cm™')
985-895 10.15-11.17 w w Rocking vib.
-SO-CH; 1440-1410 6.94-7.09 m m-w asym CHj def vib
1430-1400 6.99-7.14 m m-w asym CHj3 def vib
1320-1290 7.58-17.75 m-s m-w sym CHj def vib
1025-945 9.76-10.58 m-—w w Rocking vib
960895 10.42-11.17 w w Rocking vib
—SCH; 1485-1420 6.73-7.04 m m-w asym CH; def vib
1470~ 1415 6.80-7.07 m m-w asym CHj def vib
14601400 6.85-7.14 m-s§ m-w sym CHj; def vib
1340-1290 7.46-7.75 m-w m-w def vib
1220-1150 8.20-8.70 w w Rocking CH; vib
1190-1120 8.40-8.93 w w Rocking CH,/CS vib
1100-1120 9.09-8.93 w w Rocking CS/CHj5 vib
1030-950 9.71-10.53 m-w w Rocking vib
390-250 25.64-40.00 CS def vib
290-160 34.48-62.50 CHj; torsional vib
CH;SCH, - 1455-1425 6.87-7.02 w—m m-w asym CHj def vib




Alkane Group Residues: C—H Group

Table 2.5 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
1440-1410 6.94-7.09 w—m m-w asym CHj def vib
1435-1375 6.97-7.27 m m CH, def vib
1330-1310 7.52-7.63 w m sym CH; def vib
1305-1195 7.66-8.37 m m CH, wagging vib
1280-1120 7.81-8.93 m m CH; twisting vib
1035-965 9.66-10.36 w w CH; rocking vib
970-910 10.31-10.99 w w CHj; rocking vib
890-740 11.24-13.51 w w CH- rocking vib
775-675 12.90-14.81 w-—-m s—m asym CSC vib
725-635 13.79-15.75 w—m s sym CSC vib
420-320 23.81-31.25 w m Skeletal vib
290-210 34.48-47.62 w Skeletal vib
220-160 45.45-62.50 Torsional vib
180-110 55.56-90.90 Torsional vib
105-45 95.24-222.22 Torsional vib
Ethyl groups 14801420 6.76-7.04 m-w m-w CH, def vib Most common range [470—1440cm™’
1475-1455 6.78-6.87 m-w m-w asym CH; def vib. Most common range 1475-1455cm™!
14651435 6.83-6.97 m m-w asym CH; def vib. Most common range 1465—1445cm™!
1390-1360 7.19-7.35 m-s m-w sym CH; def vib. Most common range 1385-1370cm™!
1365-1295 7.33-7.72 m-w m-w CH, wagging vib. Most common range 1360—1320cm™"
1290-1200 7.75-8.33 w m-w CH, twisting vib. Most common range 1285-1215¢m™"
1190-1060 8.40-9.43 w-m w CH, rocking vib. Most common range 1150-1070cm™"'
1090-1005 9.17-9.95 w m-s C—C str. Most common range 1090—1025cm™'
1000-880 10.00-11.36 w w CH; rocking vib. Most common range 980-890cm™"'
835-715 11.98-13.99 w—m w CH; rocking vib. Most common range 790—730cm™"’
490-290 20.41-34.48 w-m m Skeletal vib. Most common range 470-440cm™'
335-125 29.85-80.00 CHj torsional vib. Most common range 270—180cm™!
150-90 66.67-111.11 Et torsional vib. Most common range [50-90cm™!
EtO- (ethers) 1495-1455 6.69-6.87 w m-w CH- def vib. (unsat. and aromatic ethers 1490—1470cm™")
1480—-1450 6.76-6.90 w m-w asym CHj def vib
1465-1425 6.83-7.02 w m-w asym CHj def vib
1400-1370 7.14-7.30 m-s m-w sym CHj def vib
1380-1310 7.25-7.63 m-w m-—w CH, wagging vib
1310-1260 7.63-7.94 w m-w CH, twisting vib
1195-1135 8.37-8.81 w—m w CHj; rocking vib (aromatic ethers 1175-1145 cm™!)
1160-1080 8.62-9.26 w-m w CH3; rocking vib (unsat. and aromatic ethers 1130-1110cm™")
1100-1030 9.09-9.71 m m-w CO/CC str (unsat. ethers 1100—1060cm™")
940-810 10.64-12.35 m m-w CCJ/CO str (unsat. ethers 900—-840cm™"', aromatic ethers
935-835cm™)
825-785 12.12-12.74 w-m w CH, rocking vib (unsat. ethers 835-765cm™". Ar ethers
840-740cm™")
530-410 18.87-24.39 w-—m COC def vib (unsat. and Ar ethers 470-370cm™")
470-320 21.28-31.25 w-—m OCC def vib (unsat. ethers 440-340cm™', Ar ethers
340-240cm ™)
260-200 38.46-50.00 CH; torsional vib

(continued overleaf )
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Table 2.5 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
200-100 50.00-100.00 Et torsional vib
EtCO- 1445-1405 6.92-712 m m-w CH, def vib
1380-1300 7.25-7.69 m-w m-w CH, wagging vib
EtS— 1445-1415 6.92-7.07 m m-w CH, def vib
1310-1250 7.63-8.00 m-—s m-—w CH, wagging vib
Isopropyl groups 1485-1430 6.73-6.99 m—s m-w asym def vib (see ref. 25)
1400-1360 7.14-7.35 w—m m-w sym def vib
1190-1150 8.40-8.70 m w
1160-1070 8.62-9.35 v w
1120-1040 8.93-9.62 v w
1000-940 10.00-10.64 w w
905-765 11.05-13.07 w m CC; str
515-385 19.42-25.97 w m Skeletal vib. Usually 480-400c¢m™!
410-310 24.39-32.26 w m Skeletal vib
365-275 27.40-36.36 w m Skeletal vib
t-Butyl groups 1495- 1450 6.69-6.70 m-s m asym CH; def vib
1475-1455 6.78-6.87 m—s m asym CH; def vib
1470-1435 6.80-6.97 m—s m asym CH; def vib
1395-1355 7.17-7.38 m m sym CH; def vib
1370-1360 7.30-7.35 m-s m sym CHs def vib
1295-1175 7.72-8.51 w m Skeletal CC; vib
1215-1105 8.23-9.05 w w Rocking vib, usually 1185-1125¢m™"
1085-980 9.22-10.20 w—m w Rocking vib
1050890 9.52-11.24 w w Rocking vib(three bands)
890-710 11.24-14.08 w—m m Skeletal vib
520-350 19.23-28.57 w—m m Skeletal vib
415-255 24.10-39.22 w—m m Skeletal vib
380-220 26.32-45.45 w—m m-s Skeletal vib
—O-CH;~ (esters) 1475-1460 6.78-6.85 m—s m-w CH: sym def vib
~1030 ~0.71 w—m w Not always observed
Esters (acyclic) 1470-1435 6.80-6.97 m-s m-w CH- sym def vib
Esters (cyclic, small rings) 1500-1470 6.67-6.80 m m-w sym def vib, several bands
Acetates —-O-CO—-CH; 1465-1415 6.83-7.08 m-w m-w asym def vib
1460-1400 6.85-7.14 m-—w m-w asym def vib
1390-1340 7.19-7.46 m—s m sym def vib
1080-1020 9.26-9.80 w—m w Rocking vib. Often variable intensity
1025-930 9.76-10.75 w w Rocking vib. Often variable intensity
220-110 45.45-90.90 Torsional vib
Thioacetates —OCSCH; 1450-1420 6.90-7.04 w-—m m-w asym def vib
1430-1410 6.99-7.09 w—m m-w asym def vib
1365-1345 7.33-7.43 m m-w sym def vib
1140-1100 8.77-9.09 w—m w Rocking vib. Often variable intensity
1065-935 9.39-10.70 w—m w Rocking vib. Often variable intensity
EtO-CO-— (esters) 1490-1460 6.71-6.85 W m-w CH, def vib
1475-1445 6.78-6.92 w m-w asym CH; def vib
1465-1435 6.83-6.97 w m-w asym CH; def vib
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Table 2.5 (continued)
Region Intensity
Functional Groups cm™! um IR Raman Comments
1400-1370 7.14-7.30 m-s m-w sym CHj def vib
1385-1335 7.22-7.49 w-m m CH; wagging vib
1330-1240 7.52-8.06 w m-w CH, twisting vib
1195-1135 8.37-8.81 w—m w CHj; rocking vib
1150-1080 8.70-9.26 w—m w CH; rocking vib
1100-1020 9.09-9.80 w-—m w—m CO/CC str
940-840 10.64-11.90 w-m w-m CC/CO str
825-775 12.12-12.90 w—m w CH, rocking vib
370-250 27.03-40.00 w-m COC def vib
395-305 25.31-32.79 OCC def vib
280-210 35.71-47.62 CH; torsional vib
200-120 50.00-83.33 Et torsional vib
—CO-CHj; (ketones) 1450-1400 6.90-7.14 S m-w asym def vib
13601355 7.35-7.38 s m-w sym def vib
—CO-CH;-~ (small-ring 14751425 6.78-7.02 S m-w asym def vib, several bands
ketones)
—CO-CH;~- (acyclic ketones) 14351405 6.97-7.12 s m-—w asym def vib
-~CH,-COOH ~1200 ~8.33 m m CH, def vib
Acetyl acetonates 1415-1380 7.07-7.25 S m-w asym def vib
1360-1355 7.35-7.38 S m-w sym def vib
N /O\ (epoxides) ~1500 ~6.67 w—m m-w asym bending vib
/C_CH2
—CHO (aldehydes) 1440-1325 6.94-7.55 m-s m-w CH def vib
>CHOH (secondary alcohols) 14101350 7.09-7.41 w CH def vib
(free)
1300-1200 7.69-8.33 w m-w CH def vib
Secondary alcohols (bonded) 1440-1400 6.94-7.14 w m-w CH def vib
1350-1285 7.41-7.78 w m-w CH def vib
—(CH,),-O-, (n > 4) 745-735 13.42-13.61 m-s m-w CH, def vib
N 1440-1390 6.94-7.19 m m-w sym def vib, usually moves to higher wavenumbers for
N—CH; .
é ’ hydrohalides
J . 3 B 3 i .
/N—CH3 (amine 1475-1395 6.78-7.17 m m-—w sym def vib
hydrochlorides)
N . . 100 B B .
/N—CH3 (amino acid 1490- 1480 6.71-6.76 m m-w sym def vib
hydrochlorides)
\N—CH (amides) 1420- 1405 7.04-7.12 s m-w sym def vib (asym def 1500—1450cm™")
3
/
AN ides S ~ ~ —
/N—CHZ— (amides, lactams) 1440 6.94 m m-—w
\N—CH (amines) and groups 1350-1315 7.41-7.61 w m CH def vib
/

(continued overleaf')
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Table 2.5 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
with —O-CH such as acetals
orthoformates and peroxides
N-CH;—(ethylenediamine 1480-1450 6.76-6.90 S m-w sym def vib, two bands
complexes)
14001350 7.14-7.41 m-s
—CH;,-NO, 1425-1415 7.02-7.07 s m-w sym def vib
-CH,-CN 1450-1405 6.90-7.12 m-S m-w sym def vib. CH, wagging vib at 1365-1230¢cm™
weak-to-medium band
CH C_C/ and 1445-1430 6.92-6.99 m m-s Conjugation to CH, decreases wavenumber
< N
~CH,-C=C-
X~CH,—, (X=halogen, X # F) 1460-1385 6.85-7.22 m m (Strong band at 1315—1215cm™" due to CH, wagging vib for
Cl, ~1230cm™! for Br and ~1170cm™"' for I)
~-CH,-S- 1435-1410 6.97-7.09 m m CH, def vib
1305-1215 7.66-8.23 S m CH, wagging vib
Cyclopropyl compounds 1475-1435 6.78-6.97 m-w m-w CH, def vib
1440-1410 6.94-7.09 m m-w CH,; def vib
14201240 7.04-8.06 ] m-w CH def vib
1220-1180 8.20-8.47 m s Ring breathing vib
11951155 8.37-8.66 m-—s % CHj; torsional vib, may be strong in Raman.
1170-1090 8.55-9.17 w CHj, torsional vib
1105-1035 9.05-9.66 w—m m-w CH,/CH wagging vib
1070-1010 9.35-9.90 w—m m-w CH./CH wagging vib
1045-975 9.57-10.26 m-w s CH,/CH wagging vib, usually at ~1020cm ™
985-825 10.15-12.12 m—s v asym ring def vib
905-815 11.05-12.27 w S, p sym ring def vib
870-790 11.49-12.66 v w-m CH, rocking vib
815-755 12.27-13.25 w w CH; rocking vib
Aziridinyl compounds, 1485-1455 6.73-6.87 m-w m-w CH; def vib
\/
/7 N\
_CH_CH2
1465-1425 6.83-7.02 m m-w CH, def vib
1285-1185 7.78-8.44 w S ring def vib
1260-1160 7.94-8.62 m m CH, torsional vib
1195-1105 8.37-9.05 w m-w CHj, torsional vib
1145-1095 8.73-9.13 w m-w CH, wagging vib
1105-1025 9.05-9.76 w m-w CH, wagging vib
925-885 10.81-11.30 w m-s asym ring def vib
890-820 11.24-12.20 w s sym ring def vib
840-790 11.90-12.66 w w CH, rocking vib
800-730 12.50-13.70 w w CH,; rocking vib
—CHF, 1445-1345 6.92-7.43 m-s m-w CH def vib
1345-1205 7.43-8.30 m-s m-w CH def vib




Alkane Group Residues: C—H Group

Table 2.5 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
N\ 1310-1200 7.63-8.50 m-s m 2 bands, CH def vib
CHCl,
/
t-Butyl cation (CH;),C” ~1455 ~6.87 w m-w CH; def vib
~1300 ~7.69 m S asym C-C-C str
~1290 ~7.75 m s CH; def vib
~1070 ~9.34 m-w w in-plane CH; rocking vib
~960 ~10.42 m-w w in-plane CH; rocking vib
Isopropyl cation (CH;),CH* ~1490 ~6.71 s—m m-w CH in-plane def vib
~1260 ~7.94 v m-s asym C-C-C str
~1175 ~8.51 w w
~940 ~10.64 VW w
F-CH; ~1475 ~6.78 m m-w sym def vib
Cl-CH; ~1355 ~7.38 m m-w sym def vib
~1015 ~9.85 m w Rocking vib
—CH,Cl 1450-1410 6.90-7.09 m-s m asym def vib
1315-1215 7.60-8.23 m-s m-w CH, wagging vib
1280-1145 7.81-8.73 m m-w CH, twisting vib
990-780 10.10-12.82 w-m w CH; rocking vib
Br-CH; ~1305 ~7.61 m m-w sym def vib
~CH;Br 1300- 1200 7.69-8.33 m-s m-—w CH, wagging vib. Unsat.CH,Br 1240-1200cm™!
1245-1105 8.03-9.05 m m-w CH, twisting vib
945-715 10.58-13.99 w w CH; rocking vib
[-CH; ~1250 ~7.98 m m-w sym def vib
-CH,l 1275-1050 7.84-9.52 m-s m-w CH, wagging vib. Rotational isomerism results in up to
80cm~' band separation
P-CH; 1320-1280 7.58-7.81 m-—w m-w sym def vib
960-830 10.42-12.05 m w Rocking vib
P-CH, 1440-1405 6.94-7.12 m m-w CH, def vib
S-CH,- 1460-1410 6.85-7.09 S m-w sym def vib(strong band at 1305-1215c¢m~" due to CH,
wagging vib)
Se—CH; ~1280 ~7.81 m m-w sym def vib
B-CH; 1460-1405 6.85-7.12 m m-—w asym def vib
1440-1410 6.94-7.09 w m-w asym def vib
1285-1250 7.78-8.00 m-s m-w sym def vib
890-790 11.24-12.66 m
870-765 11.49-13.07 m-s w Rocking vib
>SiCH3 1440-1410 6.94-7.09 w m-w asym CH; def vib
1440-1390 6.94-7.19 w m-w asym CHj; def vib
1290—1240 7.75-8.06 m, sh m-—w sym CHj def vib
890-790 11.24-12.66 s—m w Rocking CH; vib
870-740 11.49-13.51 m-s w Rocking CHj; vib
Si—-OCH; 1475-1450 6.78—-6.90 w m-w asym CHj; def vib
1470-1450 6.80-6.90 w m-w asym CHj def vib

(continued overleaf’)
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Region Intensity
Functional Groups cm”! pm IR Raman Comments
1465-1435 6.83-6.97 w m-w sym CHj def vib
1200-1170 8.33-8.55 w-—m w Rocking CH; vib
1185-1135 8.44-8.81 w-m Rocking CH3/CO vib
1095-1045 9.13-9.57 Rocking CO/CH; vib
345-295 28.99-33.90 CO def vib
230-150 76.92-66.67 CHj; torstonal vib
Sn—CH;s 1200-1180 8.33-8.48 m m-w sym def vib
~770 ~12.99 m-s w Rocking vib
Pb—CHj; 1170-1155 8.55-8.66 m m-w sym def vib
770-700 12.99-14.29 m-s w Rocking vib
As—CH; 1265-1240 7.91-8.07 m m-w sym def vib
~860 ~11.63 m w Rocking vib
Ge—CH; 1240-1230 8.07-8.13 m m-w sym def vib
~820 ~12.20 m w Rocking vib
SbCH; 12151195 8.23-8.37 m m—w sym def vib
~800 ~12.50 m w Rocking vib | CH;— metal groups
Bi—CH; 1165-1145 8.58-8.73 m m-w sym def vib » have strong band
~790 ~12.50 m w Rocking vib | at 900-700cm™" due
Zn—CH; 1340-1200 7.46-8.33 m-w m-w asym def vib| to CH, rocking
1190-1150 8.40-8.70 m m-w sym def vib
Be—-CH; ~1220 ~8.26 m-w m-w asym def vib
~1080 ~9.26 m m-w sym def vib
Al-CH3 1100-1020 9.09-9.20 m m-w sym def vib
Ga-CH; ~1220 ~8.20 m-w w asym def vib
~1100 ~9.09 m sym def vib
In-CH; 1140-1100 8.77-9.09 m m-w sym def vib
Hg-CH; ~1180 ~8.47 w—m w
790-700 12.66-14.29 m-s w
P-O-CH; 1475-1445 6.78-6.92 m w asym CHj; def vib
1470-1435 6.80-6.97 m m-w asym CH; def vib
14701420 6.80-7.04 m m-w sym CHj def vib
11901140 8.40-8.77 m-s w Rocking CH; vib
1090-1010 9.17-9.90 m-w m-w Rocking CH;/CO vib
500-450 20.00-22.22 CO def vib
270-170 37.03-58.82 CH; torsional vib
200-170 50.00-58.82 CH;O0 torsional vib
P-OCH,CH; 1480-1470 6.76-6.80 m-w m-w OCH; def vib
1450-1435 6.90-6.97 m m-w CHj; def vib
~1395 ~T7.17 w-m m-w OCH, wagging vib
~1370 ~7.30 m m-w CHj; sym def vib
~1160 ~8.62 m-w w CHj; rocking vib
~1100 ~9.09 m-w w CHj rocking vib
—-CH,-580,- ~1250 ~8.00 m m-w sym def vib
—CH, - metal (metal=Cd, Hg, 1430-1415 6.99-7.07 m m-w CHj; def vib

Zn, Sn)
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Methyl-substituted benzenes have an absorption band of medium intensity
in the range 390-260cm™' (25.64-38.46um) which is due to the in-
plane bending of the aromatic C-CHj; bond. Ethyl-substituted benzenes
have a medium-to-strong absorption at 565—-540cm~' (17.70-18.52 um) and
isopropyl benzenes have a medium-intensity absorption band at 545-520 cm '
(18.35-19.23 um). Both these variations are due to the in-plane bending of
the =C-C-C group.

For propyl and butyl benzenes, two bands of medium intensity close
together, usually not completely resolved, are observed at 585-565cm™!
(17.09-17.70 um). Mono branched alkanes have bands of medium intensity
at 570—445cm™" (17.54-22.47 um) and 470-440cm ! (21.28-22.73 um).
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3 Alkenes, Oximes, Imines, Amidines, Azo
Compounds: C=C, C=N, N=N Groups

Alkene Functional Group, \c=C|

The most useful bands are those resulting from the C=C stretching and the
C-H out-of-plane deformation vibrations, the latter bands being the sirongest
observed in the infrared spectra of alkenes! (see Charts 1.5, 1.6 and 3.1). The
symmetry of the molecule and its interactions, if any, affect the change in
the dipole moment and hence the intensity of the bands in the infrared. For
example, for compounds which have a symmetrical configuration, the C=C
stretching vibration is infrared inactive, whereas in Raman spectra this band
is strong and easily recognised. In the infrared, the intensity of the C=C
stretching band decreases markedly as the symmetry of the alkene molecule
increases. Symmetrical vinylene compounds, Z-C=C-Z, in the trans config-
uration have Cy, symmetry and as a consequence the CH, C=C, and the C-Z
stretching vibrations, the CH and CZ in-plane deformations and the CH and
CZ wagging vibrations are all infrared inactive but their vibrations are all
observable in Raman spectra.

Alkene >C=C\/\ Stretching Vibrations

Non-conjugated alkenes have a weak C=C stretching absorption band in
the range 1680—1620cm™" (5.95-6.17 um). This band is absent for symmet-
rical molecules. Therefore, it is not surprising to find that olefins which have
terminal double bonds have the most intense absorptions. Vinyl, vinylidene,
and cis-disubstituted olefins tend to absorb at the lower end of the range
given, below 1665cm™! (above 6.01 um), whereas rrans-disubstituted, tri-,
and tetrasubstituted olefins absorb at the higher wavenumbers.

In conjugated systems, the C=C stretching vibration frequency is lower
than that of an isolated C=C group.>~* Often there is the same number of
bands as there is of double bonds, e.g. with two double bonds, two bands
of different intensities are observed due to the C=C-C=C symmetric and
asymmetric stretching. For conjugated dienes without a centre of symmetry,
two absorption bands are normally observed, one at about 1650 cm™! (6.06 um)
and another more intense band near 1600cm™! (6.25 um). The presence of this
latter band may be used to confirm the presence of conjugation. For dienes
with a centre of symmetry, only one C=C stretching band is observed in their
infrared and Raman spectra. In the infrared, the asymmetric C=C stretching
vibration band, which is of weak intensity, occurs near 1600 cm™!(6.25 um).
In Raman spectra, it is the symmetric stretching band which is observed, this
being strong and occurring at 1640 cm™! (6.10 um), the asymmetric band being
Raman inactive. Different rotational isomers are possible for dienes; hence the
intensities of the asymmetric and symmetric stretching bands are dependent
on the conformational structure. Obviously steric effects have a bearing on
the population and structure of the isomers and hence on the intensity of
the bands observed. Alkenes conjugated to aromatic rings exhibit a strong
absorption near 1625cm™' (6.15um).**"-3¥ In this case, the aromatic C=C
ring absorption is at about 1590cm ! (6.28 pm). In poly-conjugated systems, a
series of weak bands is observed at 2000—1660 cm™! (5.00—6.02 um), similar
to that of aromatic compounds.

The effect of electronegative substituents such as chlorine etc., attached
directly to alkene groups, is generally to lower the C=C stretching vibration
frequency. Fluorine, on the other hand, increases this frequency. In alkene
strained-ring compounds, the frequency of the C=C stretching vibration is
decreased’~'9 — the smaller the ring, the lower the frequency. Information on
the integrated intensity of the band due to the C=C stretching vibration is
also available.!322
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Alkene C—H Stretching Vibrations

In general, bands due to both alkene and aromatic C—H stretching occur
above 3000 cm™! (below 3.33 um). Although alkane C—H stretching vibrations
generally occur below 3000cm™!, it must be noted that small-ring paraffins
and alkanes substituted with electronegative atoms or groups also absorb above
3000cm™!. The =CH; stretching vibration of vinyl and vinylidine groups
occurs at 3095-3075cm™' (3.24-3.25 um) and the =CH stretching vibration
at 3050-3000cm~" (3.28-3.33 um), whilst their symmetric stretching vibra-
tion occurs near 2975cm™' (3.36um), although this is unfortunately often
overlapped by alkane absorptions. The =C-H stretching vibrations generally
result in strong bands in the Raman spectra and bands of medium intensity in
the infrared.

Alkene C—H Deformation Vibrations

The deformation vibrations of C~H may be either perpendicular to or in
the same plane as that containing the carbon—carbon double bond and the
other bonds:

+ »  The arrows indicate the vibrational
I;I motions of a single C—H

The absorption bands due to the out-of-plane vibrations occur mainly at
1000-800cm™" (10.00-12.50 um) and have strong-to-medium intensities.
These bands are important in the characterisation of alkenes,''~!* e.g. for
hydrocarbons:

(a) Vinyl groups, —CH=CH,, absorb strongly'** in the regions
995-980cm™! (10.05-10.20um) and 915-905cm™" (10.93—11.05 um),
the overtones of these bands being found near 1980 cm~' (5.05 um) and
1830cm™! (5.46 um) respectively. For the nitrile compound, the first band
occurs at 960 cm~! (10.42 um) and for the corresponding isothiocyanate
and thiocyanate this band occurs near 940 cm™! (10.64 um)

(b) Vinylidene groups, >C=CH2, absorb strongly at 895-885cm™!

(11.17-11.30 um).

(c) Trans-disubstituted alkenes, —-CH=CH-, absorb strongly at 980-955 cm”!
(10.20—-10.47 um).

(d) Cis-disubstituted alkenes, -CH=CH~. absorb strongly at 730—650 cm™!
(13.70-15.38 um).

(e) Trisubstituted alkenes, >C~——CH—. absorb at 850-790cm~! (11.76-
12.66 um).

The =CH; out-of-plane deformation vibration is not mass sensitive for
non-hydrocarbon olefins but it is sensitive to electronic changes. Groups that
withdraw electrons mesomerically from the =CH,; group, e.g.

0]
li
—CO—C—CH=CH; and CNCH=CH,,

tend to raise the frequency and those which donate electrons mesomericaily
lower the frequency relative to that of the hydrocarbon olefin.
For vinylidene compounds'*!> with halogens directly bonded to the

>CH:CH2 group, the out-of-plane deformation vibration frequency is

decreased. This shift in frequency becomes greater with increase in the
electronegativity of the halogen atom and appears to have an approximately
additive effect. Oxygen atoms directly bonded to the vinylidene group also
tend to decrease the =CH, out-of-plane vibration frequency.

For cis-vinylenes, the in-plane CH deformation may be found in the
range 1425-1265cm~! (7.02-7.91um) (but is usually in the region
1400—1290cm™!) and 1295-1185cm™! (7.72-8.44 um). For trans-vinylenes,
these bands occur at 1340—1260cm~! (7.46-7.94um) (but usually
in the region 1330-1215cm™!) and 1305-1265cm™' (7.66—7.91 um).
For symmetrical trans-1,2-disubstituted vinylenes, the out-of-plane CH
deformation vibration is infrared inactive but Raman active (1000-910cm™!
(10.00-10.99 um)). In the Raman spectra of the cis-isomers, this is a weak
band and occurs at 1000-850cm™! (10.00—11.76 pm).

Alkene Skeletal Vibrations®—1°

For unbranched I-alkenes, strong bands are observed near 635cm™!

(15.75 pm) and 550 cm~! (18.18 um) and these have been assigned to ethylenic
twisting vibrations.

All cis-alkenes have two, well-separated, strong bands at 630570 cm ™!
(15.87—17.54 um) and 500—460cm~" (20.00—21.74 um) and in general have
weak bands or no bands in the region 455-370cm™" (21.98-27.03 um),
whereas all trans-alkenes have medium-to-strong absorption bands, usually
only one, in this latter region. For example, unbranched cis-2-alkenes
absorb in the regions 590-570cm~! (16.95—17.54 um) and 490-465cm™!
(20.41-21.51 um) whereas unbranched frans-2-alkenes have absorptions at



70 Infrared and Raman Characteristic Group Frequencies
Chart 3.1 Infrared — band positions of alkenes
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Table 3.1 Alkene C=C stretching vibrations

Region Intensity
Functional Groups cm™! um IR Raman Comments
Isolated C=C 1680- 1620 5.95-6.17 w—m S, p May be absent for sym compounds
C=C conjugated with aryl 1640-1610 6.10-6.21 m ] Ortho substitution increases
- frequency
C=C conjugated with C=C or C=0 1660-1580 6.02-6.33 s—m ] C=C-C=C usually ~1600cm~'.
See ref. 10
Conjugated, CH,=CH-C =C- 1620-1610 6.17-6.21 S S Conjugated with C=C see ref. 21
Dienes and trienes 1670-1610 5.99-6.21 m-w S sym C=C sir (often ~1640cm™")
usual range, but may occur up to
1700 cm™". Trienes sometimes one
band only and may have shoulder
on 1650cm™!
1610-1550 6.21-6.45 m m-w asym C=C str
Polyenes 1660-1580 6.02-6.33 m-w S br, often more than one band. In
Raman, overtone bands may easily
be observed
Vinyls
Vinyl group. —-CH=CH, 1645-1640 6.08-6.10 w—m S, p Hydrocarbons
Halo- or cyano-vinyls 1620-1580 6.17-6.27 S S Fluoro- ~1650cm™". (For
3,3-diftuoroalkenes refs: 43, 44)
Vinyl ether, ~-O-CH=CH, 1660-1630 6.02-6.54 S s Usually a doublet in region
1640-1610cm™', see ref. 13
1620-1610 6.17-6.21 S S
~S-CH=CH, 1590-1580 6.29-6.33 ] s Also strong bands in Raman at
~1390 and ~1280cm™"
Vinyl ketone, -CO-CH=CH, 1625-1615 6.15-6.19 s—m S (For dichlorovinyl ketones, see
ref. 36)
Vinyl ester, CH,=CHOCOR 1700-1645 5.88-6.08 s—m S
Acrylates, CH,=CHCOOR 1640-1635 6.10-6.12 s—m ]
1625-1620 6.16-6.17 s—m s
L\Si—CH:CHz 1630-1580 6.13-6.33 v S
/
Vinylenes
cis—CH=CH- 1665-1630 6.01-6.13 m S, p Hydrocarbons. Absorbs more strongly
than trans isomers for symmetrical
compounds. Non-hydrocarbons
1680—1630cm ™!
cis (unsat)-CH=CH- (unsat) 1650-1600 6.06-6.25 m S
trans —-CH=CH- 1680—1665 5.95-6.02 w—m S, p Hydrocarbons. In general, trans
isomers absorb at higher
wavenumbers than the equivalent
cis isomer. Non-hydrocarbons
1680—1650cm™"
trans (unsat}-CH=CH- (unsat) 1670-1610 5.99-6.21 m s

(continued overleaf')
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Table 3.1 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Vinylidenes
(Sat.),C=CH, 1675-1625 5.97-6.15 w-m S, p Hydrocarbons 1660—1640cm™’
Halo- and cyano-substituted 1630-1620 6.13-6.17 v ] Difluoro-substituted ~1730cm™'
AN
/C:CH2
—CO-C=CH,, ketones ~1630 ~6.14 m-s S
-CO-0-C=CH,, esters 1675-1670 5.97-5.99 s S
a,B-unsaturated amines, / 1700-1660 5.88-6.02 m S
CH,=CN
AN

Trisubstituted alkenes
N 16901665 5.92-6.01 m-s S, p Adjacent C=0 decreases frequency
/C_CH— and increases intensity
CH,=CF- 16501645 6.06-6.08 m s
CF,=CF- 18001780 5.56-5.62 m s See ref. 19
N\ 1755-1735 5.70-5.76 m s

C=CF,
/
A 7/ 16801630 5.95-6.13 m-s s More intense than normal C=C str
/C_C_N\ band
Tetrasubstituted alkenes
N._ 7 1690-1670 5.92-5.99 w S, p May be absent for symmetrical
/C_C\ compounds

Internal double bonds

Cyclopropene ~1655 ~6.04 w—m S, p Polyfluorinated compound
~1945cm~!. Monosubstituted
compound ~1790 cm !,
disubstituted compound
~1900-1860cm™!

Cyclopropenones 18651840 5.36-5.43 s S Mainly C=0 and C=C str
1660- 1600 6.02-6.25 S s Mainly C=C and C=0 str. Ring str
~880cm™!
Cyclobutene ~1565 ~6.39 w-—m 8 See ref. 9. Polyfluorinated compound

~1800cm~". Monosubstituted
compound ~1640cm™',
disubstituted compound
~1675cm™!

Cyclopentene ~1610 ~6.21 w—m ] See ref. 18. Polyfluorinated
compound ~1770cm~".
Monosubstituted compound
1670—1640cm™"}, disubstituted
compound 1690-1670cm™!,
Raman sym ring str a band
~900 cm~".
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Table 3.1 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Cyclohexene ~1645 ~6.08 w—m s Polyfluorinated compound
~1745cm~'. Raman strong band
~820cm~! due to ring sym str
Cycloheptene ~1650 ~6.06 w—m s
1,2-Dialkylcyclopropenes 1900- 1860 5.26-5.38 w—m s
1,2-Dialkylcyclobutenes ~1675 ~5.97 w—m s
1,2-Diatkylcyclopentenes 1690-1670 5.92-5.65 w—m s
1-Alkylcyclopentenes 1675-1665 5.97-6.01 w S, p
1,2-Dialkylcyclohexenes 1685-1675 5.93-5.63 w—m s
3,4 Dihydroxy-3 cyclobutene 1,2-dione ~1515 ~6.60 w—m
Exocyclic double bonds:
N
/C=C(CH2),,
n=2 1780-1730 5.62-5.78 m ]
n=3 ~1680 ~5.95 m s Shift to lower frequency as ring size
increases
n=4 ~1655 ~6.04 m $
n=>5 ~1650 ~6.06 m s
Alkyl-substituted fulvenes ~1645 ~6.08 m S Aromatic groups on the exo double
Q bond lower frequency to
~1600cm™"
Benzofulvenes ~1630 ~6.13 m s
A-CH-CH, 1650-1565 6.23-6.39 v s A = heavy element, or group
involving heavy element, directly
attached to C=C, see ref. 26
A = see comments
C=C m-interaction with metal 1580-1500 6.23-6.67 s E.g. Pt(C,H,) see Chapter 22 and
refs: 23-25
Table 3.2 Alkene C—H vibrations
Region Intensity
Functional Groups cm™! um IR Raman Comments
Vinyls
Vinyls, -CH=CH:; (general ranges) 3150-3000 3.17-3.33 m m asym CH: str
3070-2930 3.26-3.41 m m sym CH; str
3110-2980 3.22-3.36 m m, p CH str
1440-1360 6.94-7.35 m m-s, p CH; def vib
1330-1240 7.52-8.06 m m CH def vib
1180-1010 8.47-9.90 m-w m CH in-plane def vib
1010-940 9.90-10.64 S w Out-of-plane CH vib
980-810 10.20-12.35 ] w Out-of-plane CH; vib

(continued overleaf')
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Table 3.2 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
720-410 13.89-24.39 w w CH, twisting vib
600-250 16.67-40.00 w C=C skeletal vib
200-40 50.00-250.00 Torsional vib
Vinyl hydrocarbon compounds, 3095-3070 3.23-3.26 m m CH str of CH;
-CH=CH;,
3030-2995 3.30-3.34 m S. p CH str of CH
1985-1970 5.04-5.08 w - Overtone
1850- 1800 5.41-5.56 w - Overtone
1420-1410 7.04-7.09 m s—m, p CH, in-plane def vib, scissoring
1300-1290 7.69-7.75 w m CH in-plane def vib
995-980 10.05-10.20 m-s w CH out-of-plane def vib. Overtone ~1980cm™!
915-905 10.93-11.05 s w CH, out-of-plane def vib, insensitive to conjugation, see
ref. 21 Overtone ~1830cm™'
690-610 14.49-16.39 w w CH wagging vib
635-620 15.75-16.13 w w C—H out-of-plane def vib
Vinyl halogen compounds 945-935 10.58-10.83 m-s w CH out-of-plane def (nitrile-substituted compound, 960 cm™")
905-865 11.05-11.56 S w CH; out-of-plane det vib (nitrile-substituted compounds
960cm™")
Vinyl ethers -O-CH=CH, 970-960 10.31-10.42 S w CH out-of-plane def vib, see ref. 13
945-940 10.58-10.64 m w CH out-of-plane def vib. Raman ~845cm™' COC str
825-810 12.12-12.35 S w CH; out-of-plane def vib
Vinyl ketones, —-COCH=CH, 995-980 10.05-10.20 S w CH out-of-plane def vib
965-955 10.36-10.47 m w CH, out-of-plane def vib
Vinyl esters, CH,=CHOCOR 950-935 10.53-10.70 s w CH out-of-plane def vib
870-850 11.49-11.76 S w CH, out-of-plane def vib
Acrylates, CH,=CHCOOR 990-980 10.10-10.20 S w out-of-plane def vib
970-960 10.31-10.42 s w out-of-plane def vib
Vinyl amides —(CO)NR-CH=CHj, 980-965 10.20-10.36 S w
850-830 11.77-12.05 S w
N 1010-990 9.90-10.10 S—m w Out-of-plane CH def vib
—Si—CH=CH,
/
980-940 10.20-10.64 s—m w Out-of-plane CH, def vib
(Sat)-CH=CH, 1000-980 10.00-10.20 s w
965-905 10.36-11.05 s w
(Unsat)-CH=CH, 1000-960 10.00-10.42 s w
950-870 10.53-11.49 s—m w
Vinylidenes
Hydrocarbons, ™\ __ 3095-3075 2.53-2.67 m—w m CH asym str
P =CH,
2985-2970 3.35-3.37 m-w S, p CH sym str. General range 3040—3010cm™!
1800-1750 5.56-5.71 w - overtone
1420-1405 7.04-7.12 w m-s, p CH- in-plane def vib, scissoring vib
1320-1290 7.58-7.75 w m CH, in-plane def vib
895-885 11.17-11.30 $ w CH, out-of-plane def vib. Overtone ~1780 cm™'
715-680 13.99-14.70 w w CH, def vib
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Table 3.2 (continued)

75

Region Intensity
Functional Groups cm™! um IR Raman Comments
560-420 17.86-23.81 Skeletal vib, out-of-plane —C=C def vib
470-370 21.28-27.03 w Skeletal vib
Mono- and dihalogen- substituted 890-865 11.24-11.56 s w CH, out-of-plane def vib (difluoro- at ~805cm™")
>C:CH2
Cyano-substituted ™, =CH, 960-895 10.42-11.17 8 w CH, out-of-plane def vib (dicyano ~985cm™")
y 2
—CO-C=CH,; (ketoncs and esters) ~930 ~11.07 S w CH; out-of-plane def vib
—CO-0-C=CH;, (esters) 880-865 11.36-11.56 ] w CH, out-of-plane def vib
(Unsat),-C=CH, 940-890 10.64—11.24 s w CH, wagging vib
750-630 13.33-15.87 w w CH, twisting vib
560-460 17.86-21.74 Skeletal vib
470-340 21.28-29.41 w Skeletal vib
Vinylenes
cis—CH=CH-(hydrocarbons) 3040-3010 3.29-3.32 m m CH str.
1425-1355 7.02-7.38 w - CH in-plane def vib
1295-1200 7.72-8.33 w S—m CH sym rocking vib
980-880 10.20-11.36 w m Out-of-plane CH def vib
730-650 13.70-15.38 $ w CH out-of-plane def vib, conjugation increases frequency range
to 820cm™". General range 730-650cm~".
630-620 15.87-16.13 s Usually strong
675-435 14.81-22.99 m-s w Skeletal vib
490-250 20.41-40.00 Torsional vib
310175 32.26-57.14
cis—(Sat)-CH=CH-(Sat’) 3090-3010 331-3.32 m m CH str. For unsat. groups 3080-3030cm™!
3040-2980 3.29-3.36 m m CH str. For unsat. groups 3030—-2980cm™!
1425-1355 7.02-7.38 w m-s CH def vib. (Unsat. conj. groups 1410-1290cm™")
1295-1185 7.72-8.44 w s CH def vib. (Unsat. conj. groups 1290—1200cm™")
1000-850 10.00-11.76 w-m m-w CH wagging vib. (Unsat. conj. groups 1000-910cm™")
790-650 12.66—15.38 s—m w CH wagging vib. (Unsat. conj. groups 790-710cm™")
590-440 16.95-22.73 m-s —C=CH def vib. (Unsat. conj. groups 675-435¢cm™")
490-320 20.41-31.25 m-s Torsional vib. (Unsat. conj. groups 410-320cm™")
310-220 32.26-45.45 (For unsat. conj. groups 295—-175cm™")
Halogen-substituted cis—CH=CH- 780-770 12.82-12.99 S m
trans—CH=CH-(hydrocarbons) 3040-3010 3.29-3.32 m ] CH sir
1340-1260 7.46-7.94 v w CH in-plane def vib, sometimes absent
1305-1215 7.66-8.23 v CH def vib
1000-910 10.00-10.99 - m CH def vib
980-955 10.20-10.47 S w CH out-of-plane def vib (usually ~965cm™"). conjugation
increases frequency slightly and polar groups decrease it
significantly (e.g. for trans—trans system, may be
~1000cm™")
630-430 15.87-23.26 w Skeletal C=C vib
455-250 21.98-40.00 m-s Torsional vib
340-200 29.41-50.00

(continued overleaf )
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Table 3.2 (continued)

Region Intensity

Functional Groups cm™ um IR Raman Comments

trans—(Sat)—-CH=CH-(Sat) 3065-3015 3.26-3.32 m m CH str. For unsat. groups 3095-3015 cm™!
3050-3000 3.28-3.33 m m CH str. For unsat. groups 3000-2990cm ™"
1340-1300 7.46-7.69 v s CH def vib. (Unsat. conj. groups 1330—1260cm~")
1305-1260 7.66-7.94 v $ CH def vib. (Unsat. conj. groups 1260—1215cm™!)
1000-910 10.00-10.99 v m CH wagging vib. (Unsal. conj. groups 1000-940cm™")
850-750 11.76-13.33 m-w w CH wagging vib. (Unsat. conj. groups 900-760cm™")
620-440 16.13-22.73 w —C=CH def vib. (Unsat. conj. groups 550-430cm™")
410-250 24.39-40.00 Torsional vib. (Unsat. conj. groups 450-250cm™")
310-230 32.26-43.48 (For unsal. conj. groups 340-200cm™")

Halogen-substituted trans—CH=CH- ~930 ~10.75 S w CH out-of-plane def vib

trans—CH=CH-conjugated with ~990 ~10.10 $ w CH out-of-plane def vib

C=C or C=0

trans—CH=CH-0-(ethers) 940-920 10.64-10.87 S w

Trisubstituted alkenes

>C=CH—(hydrocarb0ns) 3040-3010 3.29-3.32 m m CH str
1680—1600 5.95-6.25 w - Overtone
1350-1340 7.41-7.46 m-w w CH in-plane def vib.
850-790 11.76-12.66 m-w w CH out-of-plane def vib, electronegative groups at lower end

of frequency range

525-485 19.05-20.62 w C=C-C skeletal vib

Cyclic alkenes 3090-2995 3.24-334 m m =C-H str, ring-strain dependent: highest frequencies for

smallest rings. Normally more than one band.

780-665 12.82-15.04 m w CH out-of-plane def vib

Dienes 990-965 10.10-10.36 s m trans isomer CH def vib
~720 ~13.88 s m cis isomer CH def vib

Trienes ~990 ~10.10 S m trans—cis—trans CH def vib
~960 ~10.42 m m cis—trans—trans CH def vib
~720 ~13.89 m m CH def vib

Polyenes 990-970 10.10-10.31 s m Doublet CH def vib

CH,=CH-M (M=metal) 14251385 7.02-7.19 w m-s CH, def vib, see ref. 26
1265-1245 7.91-8.03 w-m w CH rocking vib
1010-985 9.90-10.15 m w CH out-of-plane vib
960-940 10.42-10.64 s w CH, out-of-plane vib

Cyclopentadienyl derivatives 3110-3020 3.22-3.31 m m CH str
1445-1440 6.92-6.94 m s—m C=Cstr
1115-1090 8.97-9.17 m-s s—m C=Cstr
1010-990 9.91-10.10 S m In-plane CH def vib
830-700 12.05-14.29 J w Out-of-plane CH def vib

Fulvenes 16651605 6.01-6.23 m-s s C=C str. Strong intensity due to exo C=C dipole
1370-1340 7.30-7.46 m-s m-s Ring vib. Characteristic of unsaturated five-membered ring
~765 ~13.07 s w CH out-of-plane def vib

Benzofulvenes ~790 ~12.66 s w CH out-of-plane def vib
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Table 3.3 Alkene skeletal vibrations

Region Intensity
Functional Groups em™! pum IR Raman Comments
R-CH=CH; 690-610 14.49-16.39 v w Ethylenic twisting vib, see ref. 20 (exception is
propene ~578cm™!)
600-380 16.67-26.32 m-s w Ethylenic twisting vib
485-445 20.62-22.47 m-5 Torsional vib. 200-70cm™!
;Si——CH:CH2 540-410 18.52-24.39 v w Twisting CH; vib
410-250 24.39-40.00 m-—s w
150-70 66.67-142.86 Torsional vib
cis-Alkenes 670455 14.93-21.98 s Two bands
trans-Alkenes 455-370 21.98-27.03 m—s Usually one band
Unbranched cis- R—-CH=CH-CH; 590-570 16.95-17.54 s w
490-460 20.41-21.74 s
Unbranched trans- R—-CH=CH-CH; 420-385 23.81-25.97 S
325-285 30.77-35.09 S
cis-R CH=CHR, 630-570 15.87-17.54 S
500-460 20.00-21.74 s
trans-R;CH=CHR, 580-515 17.24-19.42 m-s
500-480 20.00-20.83 m-s w
455-370 21.98-27.03 m-s
R]\ 560-530 17.86-18.87 s
/C=CH2
R,
470-435 21.28-22.99 m-w w
R{ 570-515 17.54-19.42 s w Rocking motion, may have medium intensity
/C=CHR3
R;
525-470 19.05-21.28 S Probably out-of-plane bending vib
450-395 22.22-25.32 m-s
R{ /R3 690-675 14.49-14.81 m s—m C-C str
TN
R, R4
510-485 19.61-20.62 m-w m Skeletal vib
425-385 23.53-25.97 w w Skeletal vib
Aryl olefins ~550 ~18.18 m

77
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420--385cm~" (23.81-25.97 pm) and 325-285cm ! (30.77-35.09 um). For
C=C conjugated to an aromatic group, an absorption band near 550 cm™!
(18.18 um) is observed.

Cyclobutene derivatives have a ring breathing vibration at 1000-950cm !
(10.00-10.53 um) of variable intensity, whereas in the case of oxocarbon
compounds this band occurs in the region 750-550cm™' (13.33-18.18 um).

Oximes, >C=N—OH, Imines, >C=N— , Amidines,

N
N—C=N—, etc.
/

The N—H stretching vibration of the group C=N-H occurs in the region
3400-3300cm™' (2.94-3.03 um). The frequency of the vibration is decreased
inthe presence of hydrogen bonding. In Raman spectra, the band due tothe C=N
stretching vibration is of strong intensity whereas in infrared it is generally of
weak intensity. For oximes and imines,?-28.30-31:40-42 ‘the C=N stretching band
occurs in the region 1690-1620cm™" (5.92-6.17 pm), the infrared band being

Table 3.4 Oximes, imines, amidines, etc.: C=N stretching vibrations

weak in the case of aliphatic oximes and occurring at the higher-frequency end
of the range given. For @, p-unsaturated and aromatic oximes?®3? this band
is of medium intensity and occurs in the lower-frequency half of the range.
The closeness of this band to that due to the C=C stretching vibration often
presents difficulties. Conjugated cyclic systems containing C=N have a band of
variable intensity, due to the stretching vibration, in the region 1660—1480 cm ™"
(6.02—6.76 um), e.g. pyrrolines absorb at 1660—1560 cm ™' (6.02—6.41 pm). As
the ring size of cyclic imines decreases. the frequency of the C=N stretching
vibration decreases. Protonation of the imine group to form salts results in a
30cm ™! increase in the C=N stretching frequency.

The O—H stretching vibration®*3! for oximes in a dilute solution using non-
polar solvents occurs in the region 3650-2570cm™" (2.78-2.79 um). a strong
absorption being observed. If hydrogen bonding occurs, this band appears at
3300-3130cm™! (3.03-3.20um). In general, oximes have a strong band near
930cm™' (10.75um) due to the stretching vibration of the N—O bond, the
general range for this band being 1030-870cm=" (9.71-11.49 um).

Amidines® absorb strongly at 1685—1580cm™" (5.93-6.33 um), due to
the C=N stretching vibration, the band being found as low as 1515cm™!
(6.60 um) for amidines in solution.

Region Intensity
Functional Groups cm™! um IR Raman Comments
Aliphatic oximes and imines, 1690-1640 5.92-6.10 w S
Nemy-
o,B-Unsaturated and aromatic oximes 1650-1620 6.06-6.17 m s
and imines
Conjugated cyclic systems (oximes 1660-1480 6.02-6.76 v ]
and imines)
R\]\ 1650- 1640 6.06-6.10 s s sh
/C=N—H
R
A{ 1635-1620 6.12-6.17 m s
/C=N*H
R;
R,C=N-R 16651645 6.01-6.08 m-w s
RCH=N-R, 1690-1630 6.92-6.13 v S (Schiff bases)
Ar—-CH=N-Ar 1645-1605 6.08-6.23 v s Often two bands, see ref. 32
R(RO)C=N-H ~1655 ~6.04 v ]
Ar(RO)C=N-H 1645-1630 6.08-6.13 v S
Ar(RO)C=N- 1700-1630 5.88-6.13 v S
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Region Intensity
Functional Groups cm™! um IR Raman Comments
RHC=N-OH 1670-1645 5.99-6.08 m-w s
1640-1630 6.10-6.13 m-w S
R,C=N-OH 1670~ 1650 5.99-6.06 m-w S
Quinone oximes, 1560-1520 6.37-6.58 $ s
o= Yo
Guanidines, \ 1690—1550 5.92-6.45 ] $
N—C=N—
7
_N_
1050-990 9.52-10.10 s sym CNjy str
Guanidine hydrochlorides ~1660 ~6.02 S s strong band in Raman observed at 1050-990cm™' due to
mono-substituted C-CN; str
~1630 ~6.14 s $
Guanidine hydrochlorides ~1680 ~6.00 S S
di-substituted
~1595 ~6.27 s $
Guanidine hydrochlorides ~1635 ~6.12 s s Only one band
tri-substituted
Azines, \ _ 7 1670-1635 5.99-6.12 s w asym C=N-N=C str. Compounds with centre of
/C_N‘N_C\ symmetry have active bands only for IR asym str or
Raman sym str. Compounds with no centre of symmetry
have asym and sym bands active in both IR and Raman
1625-1600 6.15-6.25 w S sym C=N-N=C str. For aryl azines, C=N str
1635-1605c¢m~" and 1565-1535¢cm ™"
Benzamidines, —C=N— 1630-1590 6.14-6.29 m s
—N_
Hydrazones, \ % 1645-1610 6.08-6.21 m-w s
C=N—N
/ AN
Semicarbazones, 1655-1640 6.04-6.10 m-w s Conjugation lowers C=N str to 1630—1610cm™"
G,C =N—III—CO—
and
G,C =N—I|\I—CS—
Hydrazoketones, 1600—-1530 6.25-6.54 VS S
—CO—C—III—N—
Amidines and guanidines. 1685-1580 5.93-6.33 v $
\N—CZN—
7/
Imino ethers, -O-C=N- 1690- 1645 5.92-6.08 v $ Usually strong doublet due to rotational isomerism
-S-C=N- 1640~ 1605 6.10-6.23 v s
Imine oxides, C=N*-0~ 16201550 6.17-6.45 s S N-O str 1280-1065cm ™!
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Table 3.5 Oximes, imines. amidines, etc.: other bands

Region Intensity
Functional Groups em™! pm IR Raman Comments
Oximes 3650-3500 2.74-2.86 v w Free O-H str, dilute solution
3300-3130 3.03-3.20 v w Associated O—H str
1475-1315 6.78-7.60 m m-w O—H def vib
960--930 10.42-10.75 $ m N-O str
s w br, associated O-H str

Quinone oximes, — 3540-2700 2.82-3.70
(6] N—OH

1670-1620 5.99-6.17 s w—m C=0str
15601520 6.37-6.58 s s C=N str
Imines 3400-3300 2.94-3.03 v m Free N—H str
3400-3100 2.94-3.23 m m associated N—H str
-N-D 2600-2400 3.85-4.15 w-m m Free N-D str
Table 3.6 Azo compounds
Region Intensity
Functional Groups cm™! um IR Raman Comments
Alkyl azo compounds 1575-1555 6.35-6.43 v N=N str
a,B-Unsaturated azo compounds ~1500 ~6.67 v -m
trans-Aromatic azo compounds 14651380 6.94-725 w S p N=N str
cis-Aromatic azo compounds ~1510 ~6.62 s w—m N=N str
Aliphatic azoxy compounds, 15301495 6.54-6.69 m-s m Electron-withdrawing group on N—O nitrogen
~N=N*-0~ } increases frequency
1345-1285 7.43-7.18 m-s m
Aromatic azoxy compounds, 1490-1410 6.71-7.09 m-s v asym N=N-O str. In Raman, trans form s,
-N=N*+"-0~ for cis form w
1340-1315 7.46—7.60 m-s sym N=N-0O str
Azothio compounds, ~-N=N*_§~ 14651445 6.83-6.92 w s N=N str
1070-1055 9.35-9.48 w N-S str
Diazirines, \ / ~1620 ~6.17 w s N==N str
C
/' \
N=N
Diazoketones, —CO-CN, - 2100-2055 4.76-4.87 s m
16501600 6.06-6.25 s m-s

1390-1330 7.19-7.52

N-Unsubstituted amidine hydrochlorides have a strong band at Azo Compounds, -N=N-
1710-1675cm™ (5.85-5.97um) and a weak band at 1530—1500cm™!
(6.54-6.67 um). N,N-Disubstituted amidine hydrochlorides have a medium-
intensity band at 1590-1530cm™! (6.29-6.54um) due to the deformation Azo compounds®*~* are difficult to identify by infrared spectroscopy because
vibration of the =NH; group. Substituted amidines absorb strongly at no significant bands are observed for them, the azo group being non-polar in
1700-1600cm ! (5.88-6.25 um). nature. In addition, the weak absorption of the azo group occurs in the same



Alkenes, Oximes, Imines, Amidines, Azo Compounds: C=C, C=N, N=N Groups

region as the absorptions of aromatic compounds, the cis form having much
stronger bands normally than the frans form. However, in Raman spectra, the
N=N stretching band is generally of strong intensity.

Aromatic azo compounds in the trans form absorb at 1465-1380c¢m
(6.83-7.25pm) and in the cis form, near 1510cm™' (6.62pm). Aromatic
compounds which are in the trans form absorb at the lower frequency end of
the range given if they are substituted with strong electron donors. In Raman
spectra, a strong band is observed near 590cm~! (16.95um) due to C-N
stretching and C—-N=N deformation vibrations.

-1
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4 Triple Bond Compounds: —-C=C-,
—C=N, -N=C(C, —-N=N Groups

Alkyne Functional Group, -C=C-

Two bands due to stretching vibrations may be observed, one due to the
—C=C- group and the other to the =C-H group."'? Information is also
available on band intensities.>*25-2¢-35 For symmetrical disubstituted alkynes,
the —C=C- stretching vibration is infrared inactive but it is strong and easily
identified in Raman spectra.

Alkyne C=C Stretching Vibrations

In infrared spectra, this band is weak,»*'? for monosubstituted alkynes??>
occurring in the region 2150~2100cm™! (4.65-4.76 um) and for disubstituted
alkynes"? in the region 2260-2190cm™" (4.43—-4.57 um). For disubstituted
alkynes, two bands are often observed, due to Fermi resonance, in the region
2310-2190cm™! (4.33-4.57 um).

For central ~-C=C- the band is usually weak and occurs at 2260—2190cm™!
(4.43-4.57 um). The C=C band is completely absent for simple acetylenes
where there is a high degree of symmetry. Hence, as with alkenes, alkynes
with a terminal triple bond have the most intense band due to C=C stretching
vibrations and as the triple bond is moved to an internal position its inten-
sity becomes less. Conjugation®!! increases both the intensity>*26-3 and the
frequency of the C=C stretching vibration. Information on cyclic acetylenes is
also available.'*~"7 In the Raman spectra of disubstituted alkynes, there are often
two bands, near 2310cm ™! (4.33 um) and 2230 cm ™! (4.48 um). The additional
band has been atiributed to an overtone/combination band enhanced by Fermi
resonance.

Alkyne C—H Vibrations

For monosubstituted alkynes,*!® strong bands are observed at 3340-3300 cm™!
(2.99-3.03 um) due to the C—H stretching vibration (this is a weak band

in Raman spectra), and at 730-575 cm~! (13.70-17.39um) due to the
C—-H deformation vibration (alkyl monosubstituted alkynes 640—625cm™~'
(15.63-16.00 um)). Care must be taken since the C—H stretching absorption
occurs in the same region as those for N—H, which fortunately are usually
much broader. The position of the band due to the =C-H stretching vibration
is generally not sensitive to molecular structure changes, exceptions being
acetylenes with halogen atoms directly bonded to the triple bond. Phase changes
alter the position of the =C—H stretching vibration band significantly, in solid-
phase spectra the band being up to 50 cm ™" lower (0.05 um higher) than in dilute
solution in inert solvents. An increase in wavenumber of similar magnitude is
observed for vapour-phase spectra as compared with liquid-phase spectra.

For monosubstituted alkynes, the CH in-plane and out-of-plane deformation
vibrations result in characteristic bands of medium-to-strong intensity
at 730-620cm~! (13.70—16.13pum) and 700-575cm™! (14.29-17.39 um)
respectively. In Raman spectra, these bands tend to be of weak intensity. The
separation of these bands is less for saturated groups attached to the carbon
than for unsaturated or carbonyl groups.

A band of variable intensity and uncertain origin is sometimes observed
in the region 1740-1630cm™! (5.76—-6.14 um). The hydrogen bonding of
acetylenes!® and their formation of complexes with nitrogen-containing
compounds?® have been studied.

For disubstituted alkynes of the type ~C=C-(CH,),— a characteristic
band due to the CH, wagging vibration is usually observed in the range
1340-1325cm™! (7.46—-7.55um).

Alkyne Skeletal Vibrations

Monosubstituted acetylenes have skeletal vibrations occurring at 370—220 cm ™!
(27.03-45.45 um) and 290—140cm~" (34.48—71.43 um).
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Table 4.1 Alkyne C=C stretching vibrations
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Region Intensity
Functional Groups cm™! pm IR Raman Comments
Monosubstituted alkynes, -C=CH 2150-2100 4.65-4.76 w—m s, p See ref. 2. Vapour phase higher: 2165-2135cm™’
Disubstituted alkynes 2260-2190 4.43-4.57 v S, p Intensity decreases as symmetry of molecule increases.
R-C=CR’ 2240-2190 4.46-4.57 m-w s Also medium intensity band at 2325-2285cm™!
Conjugated alkynes (see comments) 2270-2200 4.41-4.55 m S, p Conjugated with C=C, C=C
2125-2035 4.71-491 w s
Conjugated alkynes (see comments) ~2250 ~4.43 s S Conjugated with COOH or COOR
CH,X-C=CH, X = halogen 2135-2125 4.68-4.71 m s
-C=C-(l 2270-2190 4.41-4.56 m s, p Strong band due to C—CI str 760-430cm™'
-C=C-Br 2250-2150 4.44-4.65 m S, p Strong band due to C—Br str 690-350cm™!
-C=C-1I 2220-2120 4.50-4.72 m S, p C-I str 660-310¢m™’
M-C=C-H, M=P, As, Sb. Ge, Sn, SiH; 2055-2015 4.87-4.96 w-m S, p
M-~-C=C-CH;, (M as above) 2200-2170 4.55-4.61 S S. p
Table 4.2 Alkynes: other bands
Region Intensity
Functional Groups cm™! pum IR Raman Comments
Monosubstituted alkynes, —-C=CH 3340--3280 2.99-3.05 m-S§ w sh, CH str
1375-1225 7.27-8.17 w-m CH wagging vib overtone
1020-905 9.80-11.05 w m-w C-C=C str
970-890 10.31-11.24 m-w m-w
730-575 13.70-17.39 m-s w CH def vib. two bands if molecule has axial symmetry
730-620cm™" and 700-575cm~' (Fluoro ~580cm™")
370-220 27.03-45.45 w m-w —C=CH skeletal vib
290- 140 34.48-71.43 w —C=CH skeletal vib
Alkyl monosubstituted acetylenes 640-625 15.63-16.00 8 w C=C-H bending vib
355-335 28.17-29.85 v m-w C-C=CH def vib
-C=CH 510-260 19.61-38.46 v Non-alkyl substituent
R-C=C-CH; 520-495 19.23-20.20 m-s
R-C=C-C;H;s 495-480 20.20-20.83 s—m S br
R-C=C-(CH;),CH;4 475-465 21.05-21.51 m
R,;N-CH,C=C-H ~2100 ~4.76 w-m s
935-895 10.70-11.17 m m-w
665-645 15.04-15.50 m-s w
345-320 28.99-31.25 v m-w
—-C=C(CH;);— 1340-1325 7.46-7.55 m m-w CH, wagging vib
(v, -Unsat)-C=CH 3340-3280 2.99-3.05 m w CH str. (C=C str 2125-2095cm™')
700-620 14.29-16.13 m-s w CH def vib (aromatic compounds 660-630c¢m™")
630-610 15.87-16.39 m-s w
340-240 29.41-41.67 m-w CH out-of-plane def vib. (aromatic compounds 370-320cm™")
240-150 41.67-66.67
CH,X-C=C-H, X = halogen 675-650 14.81-15.38 m w C=C-H def vib
640-635 15.63-15.75 m w C=C-H def vib

(continued overleaf')
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Table 4.2 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
~310 ~32.26
190-155 52.63-64.52
H-C=C—(substituted benzenes) 660-630 15.15-15.87 m-—s m-w CH def vib
630-610 15.87-16.39 m-s m-w CH def vib
370-320 27.03--31.25 v
C=C-X (X=Cl,Bror l) 185160 54.05-62.50 v C=C-X bending vib
-C=C-(l] 470-370 21.78-27.03 C=C skeletal vib
435-125 22.99-80.00 =C-ClI def vib
360-260 27.78-38.46 w m-w C=C skeletal vib
190-90 52.63-111.11 =C-ClI def vib
~-C=C-Br 470--320 21.78-31.50 C=C skeletal vib
375-125 26.67-80.00 =(C-Cl def vib
360-260 27.78-38.46 w m-w C=C skeletal vib
170-70 58.82-142.86 =C-ClI def vib
Z-C=C-Cl, Z=CN, CHO, CH; 580-540 17.24-18.52 S S C-Cl str
Z-C=C-Br, Z=CN, CHO, CH; 475-395 21.05-35.32 S S C-Br str
Z-C=C-1, Z=CN, CHO, CH, 405-360 24.69-27.78 s s C-1str
M-C=C-H, M=P, As, Sb, Ge, Sn, SiH; 3305-3280 3.03-3.05 m m
710-675 14.08-14.81 m-s w
665-575 15.04-17.39 m-s w

All alkyl monosubstituted acetylenes have an absorption of variable
intensity in the region 355-335cm™' (28.17-29.85um) due to the skeletal
deformations of the C—C=CH group. Monosubstituted acetylenes in which
the substituent is not an alkyl group absorb in the region 510-260cm™!
(19.61-38.46 um) as a result of deformation vibrations. Methyl- and ethyl-
substituted acetylenes absorb strongly at 520—495cm™' (19.23-20.20 um)
and 495-480cm™! (20.20-20.83 pm) respectively. Benzenes substituted with
~C=C-"? absorb at about 550cm™" (18.18 um).

All acetylenic compounds absorb at 970-890cm™! (10.31~11.24 um) due
to the =C-C stretching vibration.

Nitriles, -C=N

Nitrile-containing compounds normally have a sharp absorption in the region
2260-2200 cm™! (4.43-4.55 pm). Care must be taken since acetylenic deriva-
tives also absorb in this general region (due to the C=C stretching vibration),
as do compounds with cumulative double bonds. In infrared spectra, the C=N
stretching band may be of variable intensity (it may be very weak to very
strong). In Raman spectra, the band is of medium-to-strong intensity.

For saturated aliphatic nitriles,”!:?? the band due to the stretching vibration

of the —-C=N group occurs near 2250 cm~! (4.44 um) and for aryl and conju-
gated nitriles near 2230 cm ™! (4.48 um).23-2>-*-43 The intensity of this band
varies considerably. For example, oxygen atoms on neighbouring carbon atoms,

—(QO—C—C=N, tend toreduce the intensity of the band, for instance, cyanohy-

|
drins, >C(0H)CN, have no observable C=N absorption whereas conjuga-

tion to the C=N group appears to increase the intensity of the band. The
intensity is reduced by electron-withdrawing atoms or groups, e.g. oxygen or
chlorine atoms. Normally, medium-to-strong bands are observed for relatively
small molecules not containing oxygen atoms. Aromatic nitriles with electron-
donating substituents on the ring tend to have a more intense C=N stretching
band than those with electron-accepting groups. Solvents may also affect the
intensity of this band.?! The position of the band is about the same for dimers
as for monomers.

In general, all aliphatic nitriles have a medium-to-strong band at
390-340cm™! (25.64-29.41um) in their infrared and Raman spectra
due to the C-C=N deformation.?’ Saturated primary aliphatic nitriles
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have medium-to-strong bands at 580-555cm~' (17.24-18.02um) and
560-525cm™! (17.86—19.05um) due to the C—C—CN in-plane deformation
vibration. These two bands may be assigned to rotational isomers, the first band
to the isomer where the C=N group is trans to a carbon atom and the second
band to that where the C=N group is trans to a hydrogen atom. Aliphatic
nitriles exhibit a very strong band in their Raman spectra at 200—160cm™!
(50.00-62.50 pm).

Aromatic nitriles have two bands, one strong at 580-540cm!
(17.24-18.52um) and one of medium intensity at 430-380cm™!
(23.26-26.32 um). The former band is due to the combination of the out-
of-plane aromatic ring-deformation vibration and the in-plane deformation
vibration of the —C=N group. The latter band is due to the in-plane bending
of the aromatic ring C—CN bond.

Inorganic cyanides®® in the solid phase absorb over a wide
range, 2250-2000cm~! (4.44-5.00um), as do coordination complexes:
2150—1980cm ™" (4.65-5.05um).2®~39 For nitrile complexes with iodine
monochloride, the band due to the C=N stretching vibration is slightly
higher by about 10cm~! (lower by 0.02um) than for the corresponding
normal nitrile compound, the bands being broader and slightly stronger than
usually observed. On the other hand, the coordination of nitriles to metal ions
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{(R-C=N — M) results in the band due to the C=N stretching vibration being
of greater intensity and occurring at a higher wavenumber, 2360-2225cm ™!
(4.23-4.47 pm), than for the uncoordinated nitrite compound. The cyanide ion
absorbs at 2200—-2070 cm™" (4.55-4.83 um).

Isonitriles, —-N=C

Alkyl and aryl isonitriles have strong absorptions in the regions
2175-2130cm™! (4.60—-4.69um) and 2150-2110cm™! (4, 72—-4.74 pm)
respectively.’>3* The intensity of the band is very sensitive to changes in
the substituent. Isonitriles have a characteristic band. not found for nitriles,
near 1595cm ™! (6.25 um).

Nitrile N -oxides, -C=N — O

Aryl nitrile N-oxides absorb strongly at 2305-2285 cm™' (4.34—4.38 um), due
to the C=N stretching vibration, and at 1395-1365cm™' (7.17-7.33 um) due
to the N-O stretching vibration.*

Table 4.3 Nitrile, isonitrile, nitrile N-oxide, and cyanamide C=N stretching vibrations

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Saturated aliphatic nitriles 2260-2230 4.42-4.48 m S, p n-Alkyl 2250 cm™!
a,B-Unsaturated nitriles 2250-2200 4.44-4.50 m-s m-s, p Polynuclear aromatics 2225-2210cm™!
Aryl nitriles 2240-2220 4.46-4.50 m-§ m-s, p
a-Halogen-substituted nitriles 2280-2240 4.39-4.46 w—-m S, p
B-Halogen-substituted nitriles 2260-2250 4.42-4.44 m-s S, p
ROCH,CN 2260-2245 4.42-445 w S, p
RCO-CN 2225-2210 4.49-4.52 s S, p
NHR-CO-CHR-CN 2270-2255 4.41-4.43 s s, p
ROCOCH,CN ~2260 ~4.42 w S, p
N 2210-2185 4.52-4.58 m-s S, p
/N—CHZC—CN
(Sat-ring)-CN 2245-2230 4.45-4.48 § S, p
Aliphatic isonitriles 2175-2130 4.60—-4.69 s S, p Conjugation lowers range to 2125-2105cm™
R-CO-CH,;NC 2170--2160 4.61-4.63 s S, p
Aryl isonitriles 2150-2100 4.65-4.76 S S, p
Aryl nitrile N-oxides 2305-2285 4.34-438 S s, p
Thiocyanates, S—-C=N 2175-2135 4.60-4.68 m-s S, p
Cyanamides 2225-2200 4.49-4.55 S S, p
Cyanoguanidines 2210-2175 4.52-4.60 J S, p Often multiple peaks
-CF;-C=N 2280-2270 4.39-441 m-s s, p
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Table 4.4 Nitrile, isonitrile. nitrile N-oxide, and cyanamide C=N deformation vibrations

Region Intensity
Functional Groups cm™! um IR Raman Comments
Aliphatic nitriles 390-340 25.64-2941 m-s S, p C—C=N def vib
200-160 50.00-62.50 $
Primary aliphatic nitriles 580-555 17.24-18.02 m-s m C—-C=N in-plane def vib, C=N trans to carbon atom
560-525 17.86-19.05 m-s m C—C=N in-plane def vib, C=N rrans to hydrogen atom
Secondary aliphatic nitriles 580-550 17.24-18.18 v m C—-C=N in-plane def vib
545-530 18.35-18.87 v m C-C=N in-plane def vib, C=N rrans to two hydrogen atoms
565-535 17.70-18.69 v m C—C=N in-plane def vib, C=N trans to one hydrogen atom
Tertiary aliphatic nitriles ~575 ~17.39 m-s m C-C-CN in-plane def vib, C=N trans to three hydrogen
atoms
~595 ~16.81 S m C-C-CN in-plane def vib, C=N trans to a carbon atom and
two hydrogen atoms
«,B-Unsaturated nitriles 285-220 35.09-45.45 m v C-CN def vib
245-150 40.82-66.67 m, p
Aromatic nitriles 580-540 17.24-18.52 s m combination of C=N in-plane bending vib and out-of-plane
bending vib of aromatic ring
430-380 23.26-26.32 m m-w in-plane bending vib ol aromatic C—CN bond
Aryl nitrile N-oxides 1395-1365 7.17-7.33 S m N-O str
Table 4.5 Diazonium compounds Diazonium Salts, Al‘yl—NEN-"X”
Region Intensity
Functional Groups cm™! um IR Raman Comments Diazonium salts**~* have a strong absorption in the region 2300-2130cm™*

N=N see refs: 31
and 32 in Chapter 5

Diazonium salts 2300-2130 4.35-4.69 m-s m-s

Cyanamides, :N— C=N

Cyanamides absorb more strongly at lower frequencies than might be expected
for the C=N stretching mode. This is due to the presence of the resonance

N N
/N—CEN R /N+=C=N‘ which reduces the force constant.

The C=N stretching band is found to be strong in both infrared and
Raman spectra, the range being 2225-2210cm™! (4.49-4.53 um). The same
resonance effect is found for cyanoguanidines

N
N
7N
C—N—C=N
V4
—N

(4.35-4.69 um) which is due to the stretching vibration of the N=N group.
This band is dependent on the nature of the ring substituents but is less depen-
dent on the nature of the anion, a shift of about 40 cm™! at most being observed
for different anions. Aryl diazonium salts may be represented by the resonance

structures
+ + -
@NEN and +C>:N=N

Electron-donating groups at ortho or para positions tend to increase the contri-
bution of the second structure and hence tend to decrease the frequency of
the N=N stretching vibration, whereas electron-withdrawing groups have the
opposite effect.
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S Cumulated Double-bond Compounds:

X=Y=Z Group

Often resonance hybrids are possible for compounds of this type:
X=Y=Z, Xt-Y~=Z, etc. The asymmetric stretching vibration of the
cumulated double-bond group X=Y=Z gives rise to a band in the range
2275-1900cm™! (4.40-5.26 um) which is in approximately the same region
as the band due to the triple bond X=Y, 2300-2000cm~! (4.35-5.00 um).

The symmetric stretching vibration is generally weak and not very useful.
It occurs in the region 1400—1100cm™! (7.14-9.09 um). It can be seen that
some compounds dealt with in this chapter could, in fact, be considered as
triple-bond compounds (depending on the triple-bond character) and there-
fore could equally well have been dealt with in the previous chapter, e.g.
thiocyanates.

1,19-21

\
Allenes, /C=C=C\

Monosubstituted allenes have a medium-to-strong absorption in the region
1980-1945cm™! (5.05-5.14 um) which is due to the asymmetric stretching
vibration of the C=C=C group. For polar substituents, this band is in
the higher-frequency portion of this range, and also, with strong polar
groups such as carbonyls or nitriles, the band is observed to consist of
two peaks. Asymmetrically- and symmetrically-disubstituted allenes absorb
at 1955-1930cm™! (5.12-5.18 um) and 1930-1915cm™! (5.18-5.22 um)
respectively.? Tri- and tetrasubstituted allenes absorb in the region
2000-1920cm™! (5.00-5.21 um).

Mono- and asymmetrically-substituted allenes absorb strongly at
875-840cm™! (11.43-11.90um) due to the out-of-plane deformation
vibrations of the =CH; group. The overtone of this band occurs
near 1700cm™" (5.88 um). Symmetrically-disubstituted allenes absorb near

870cm~! (11.49um) due to the CH deformation vibrations. Trisubstituted
allenes absorb strongly at 880—840cm ™! (11.36—11.90um).

The C=C=C symmetric stretching band is of medium or weak intensity,
or absent. It occurs in the region 1095—1060 cm™! (9.13-9.43 um) and is not
a useful band in making assignments.

Bands due to the C-H stretching vibrations of C=C=CH; occur near
3050cm ™! (3.28 um) and 2990 cm ! (3.34 um), the first band being at a slightly
lower frequency than the corresponding band for vinyl and vinylidene groups.

The C=C=C bending vibration near 355cm~' (28.17um) is of strong
intensity in Raman spectra.

Isocyanates, -N=C=0, and Cyanates

Due to the asymmetric stretching vibration of the —-N=C=0 group, a band,
sometimes with shoulders, occurs at 2300-2250cm ™" (4.35—4.44 um) which
is a useful band for characterisation,”-'83¢ except for methyl isocyanate
which absorbs near 2230cm™! (4.48 um). This band is slightly broader than
the corresponding band observed for thiocyanates and is not affected by
conjugation. However, for a,B-unsaturated compounds the C=C stretching
vibration is affected and moves from its normal position to 1670—1630cm™!
(5.99-6.14 ym). In Raman spectra, the asymmetric NCO stretching band is
weak or not observed. The symmetric -N=C=0 stretching vibration band
occurs at 1460—1340cm™! (6.85 — 7.46 um). It is weak and not usually of use
for assignment purposes since it is often overlapped by aliphatic absorption
bands which occur in the same region.

Aliphatic and aryl isocyanate trimers,” i.e. isocyanurates, have a strong
band due to the carbonyl stretching vibration in the region 1715-1680cm™!
(5.83-5.95 um). Aromatic isocyanate dimers’ have a strong similar band at
1785—1775cm~! (5.60-5.63 um). A band of variable intensity in the region
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Table 5.1 Allenes

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Allenes 2000-1915 5.00-5.22 m-s v asym C=C=C str
1095-1060 9.31-9.43 w S, p sym C=C=C str
~355 ~28.17 w—m C=C=C bending vib. For haloallenes
625-590 and 550-485cm™',
Monosubstituted allenes, —-HC=C=CH, 1980-1945 5.05-5.14 m-s w asym C=C=C str
~1700 ~5.88 w =CH, wagging vib overtone
875-840 11.43-11.90 S w =CH, out-of-plane def vib
Symmetrically-disubstituted allenes, 1930-1915 5.18-5.22 m-s v asym C=C=C str
-CH=C=CH-
Asymmetrically-disubstituted allenes, 1955-1930 512-5.18 m-s v asym C=C=C str
>C=C=CH2
~1700 ~5.88 w =CH, wagging vib overtone
875-840 11.43-11.90 S w =CH, out-of-plane def vib
Tri- and tetrasubstituted allenes 2000-1920 5.00-5.21 m-s v asym C=C=C str
Methyl, ethyl, propyl, and butyl allenes ~555 ~18.02 m s C=C=C bending vib
550-520 18.18-19.23 w—m s C=CH bending vib
355-305 28.17-32.79 w—m ] C=C=C bending vib
~200 ~50.00 w—m C=C=C bending vib
~2020 ~4.95 m v asym C=C=C sir

Cycl 1 allenes, s
yclopropyl allenes [>=C=C\

650-580cm ™' (15.39-17.24 um) may be observed due to the NCO bending
vibration. This band is often broad and of medium intensity.

Cyanates have a strong band in the region 2260-2240 cm™! (4.42—-4.46 um).
The C~O-~CN stretching vibration results in a strong band in the region
1125-1080cm™" (8.89-9.26 um) for alkyl compounds and 1190-1110cm™!
(8.40-9.01 pm) for aromatics.

Note that the symmetric NCO band for isocyanates occurs above 1200 cm™!
(below 8.33 um) and hence can easily be distinguished from cyanates.

Isothiocyanates, -N=C=8%"12

Due to the asymmetric stretching vibration of the —-N=C=S group, a very
strong band in the region 2150-1990cm~! (4.65-5.03 um) is observed.
For aliphatic compounds, this band is usually a broad doublet, although
it may sometimes have a shoulder which appears at 2225-2150cm™'
(4.49—-4.65 um). Alkyl isothiocyanates'! absorb in the region 2140—2080 cm™!
(4.67-4.81um) whereas aryl derivatives'>3 tend to absorb in the region
2100-1990cm ™! (4.76-5.03um). For alkyl compounds, the symmetric

stretching vibration gives rise to a band of variable intensity in the region
12501080 cm™! (8.00—9.26 um) whereas for aryl isothiocyanates, a strong-
to-medium intensity band is observed at 940-925cm™! (10.64—10.81 um),
this being a weak band in Raman spectra. Most alkyl isothiocyanates
have absorptions at 640—600cm™" (15.63-16.67 um) and at 565-510cm™!
(17.70-19.61 pm) which are of strong-to-medium intensity. These bands
have been assigned to the in-plane and out-of-plane deformation vibrations
of the —NCS group. A medium-to-strong band is also usually observed at
470-440cm™! (21.28-22.73um). In Raman spectra, alkyl isothiocyanates
have strong, polarised bands at 1090-980cm™! (9.17-10.20 um).

Thiocyanates, -S—C=N

(Rather than include this section in the previous chapter, it was felt that it
would best be treated here together with isothiocyanate compounds.)

A sharp band of medium-to-strong intensity is observed in the
region 2175-2135cm™! (4.60-4.68um) due to the C=N stretching
vibration,*~7-%19.13 The absorption due to aryl derivatives is found in the upper
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end of this frequency range while that for alkyl derivatives* is in the lower
half of the range.

All aliphatic thiocyanates have a strong band at 405-400cm™!
(24.69-25.00 pm) which is due to the in-plane deformation vibration of
the —SCN group. Primary aliphatic thiocyanates have a weak-to-medium
intensity band at 650—-640cm~! (15.38—15.63um) due to the stretching
vibration of the S—CN bond and a band of medium-to-strong intensity near
620cm~! (16.13um) due to the C-S stretching vibration (where the carbon
is the a-carbon). Secondary aliphatic thiocyanates have a band of variable
intensity at 610-600cm™" (16.39—16.67 um) due to the S—CN bond stretching
vibration and, in addition, as many as three bands may be observed due to
different molecular configurations: one near 655 em™! (15.27 wm), another at
640-630cm™~! (15.63-15.87 um), and one near 575cm™! (17.39 um). As with
alkyl halides, cyanides, etc., different rotational isomers are possible. In Raman

spectra, the C—S stretching vibration bands are of medium-to-strong intensity. ,

Simple inorganic thiocyanates'*~!® absorb strongly near 2050cm”!

(4.90pm), this band usually being the predominant one in the region
5000-650cm ™! (2—15um). A weak symmetrical stretching band is observed
at 1090-925cm™! (9.17—10.81 um) but in Raman spectra this band is of
medium intensity and is polarised.

Selenocyanates and Isoselenocyanates!’

Aromatic selenocyanates have a medium-to-strong sharp band near 2160 cm™!
(4.63 um) whilst the corresponding isoselenocyanates have a strong, broad
band, usually with two peaks, in the region 2200-2000cm™! (4.55-5.00 um).
The symmetric —-N=C=S8e stretching vibration band of isoselenocyanates
occurs in the region 675-605cm™' (14.85-16.53 um). Selenocyanates have
a band of medium intensity at 545-520cm™! (19.23-18.35um) due to the
stretching vibration of the Se—CN bond, another band at about 420—400 cm™!
(23.81-40.00 pm) due to the in-plane vibration of the Se—~C=N group, and
a band at about 360 cm™! (27.78 um) due to the out-of-plane vibration of the
group.

Alkyl isoselenocyanates absorb in the regions 2185-2100cm™! (4.58-
4,76 ym) and 560-500cm~! (17.86-20.00 pm). For isoselenocyanates where
the nitrogen atom is not bound to a carbon atom (e.g. to an atom of Si, Sn, Ge,
etc.), the asymmetric —N=C=Se stretching vibration band occurs at about
2140cm™! (4.67 um), a single band being observed. For isoselenocyanato-
phosphates, (RO),P=ONCSe, and thiophosphates, (RO),P=SNCSe.?* the
N=C=Se asymmetric stretching vibration band occurs in the region
1975-1960 cm™' (5.06—5.10 um).

Isoselenocyanato- complexes have a strong band at 430—370cm ™! (23.26—
27.03 um).

Azides, -N=N1t=N—

Resonance is possible for these compounds:
~N=N*=N~ «——— -N -N"=N.

Organic azides™ ?"% have a strong band in the region 2170—2080 cm™!
(4.60—4.81 um) due to the asymmetric stretching vibration of the N=N=N
group and in Raman spectra this band is of medium-to-strong intensity. This
band is relatively insensitive to conjugation and to changes in the electronega-
tivity of the adjacent group. A weak band at 1345—1175cm™' (7.43—8.51 ym)
is also observed due to the symmetric stretching of the NNN group, this band
being of strong intensity in Raman spectra. This band is not observed for ionic
azides,”® which have their strong absorption in the range 2170-2030cm ™!
(4.61-4.93 um). Information is also available for inorganic azides.?>*"

Diazo Compounds, >C=N+:N‘

Diazo compounds may be represented by resonance hybrids:
C=NT=N" «—— C"-NT=N"

Diazo compounds with the group ~-CH=N"=N" have a strong absorption
in the region 2050-2035cm™! (4.88-4.91 um) and disubstituted compounds,

>C=N+=N‘, absorb at 2035-2000 cm~! (4.91-5.00 um).

Diazoketones and diazoesters, >C0—C=N+:N‘, have their carbonyl

stretching frequencies slightly decreased from that expected for an ordi-
nary ketone or ester. Similarly, the stretching vibration frequency of
the C=N*T=N~ group for these compounds is increased (probably due
to coupling), indicating that there is an increase in the proportion of
triple-bond character. Monosubstituted diazoketones, —CO—CH=N*T=N"~
absorb at 2100-2080cm™! (4.76-4.81 pum) and disubstituted diazoke-
tones, —CO—C=N*=N", absorb at 2075-2050cm™! (4.82-4.88 um),
the frequency of the carbonyl stretching absorption being lowered
to 1650—1645cm™! (6.06-6.08 um) for aliphatic compounds and to
1630—1605cm™! (6.14—6.23 um) for aromatic compounds.
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Table 5.2 X=Y=Z groups (except allenes)

Region Intensity
Functional Groups cm™! um IR Raman Comments
Isocyanates ~-N=C=0 2300-2250 4.35-4.44 Vs w asym NCO str, (see refs 35 and 36) br. Aryl isocyanates
2285-2265¢cm™
14601340 6.85-7.46 w-—m S, p sym NCO str
650-580 15.39-17.24 m, br w def vib
Cyanates 2260-2240 4.42-4.46 S S, p —OCN str
1190-1080 8.40-9.26 S COCN str. (C-O str 1125-1080¢m™)
Cyanate ion. NCO™ 2225-2100 4.49-4.76 S w—m asym NCO str
1335-1290 7.49-17.75 8 m-s, p sym NCO str
1295-1180 7.72-8.47 w Combination band
650-600 15.38-16.67 s w NCO bending vib
Isothiocyanates —-N=C=S§ 2150-1990 4.65-5.03 \& m, p br. asym NCS str, usually a doublet, in range
2125-2085cm™' vs, br
1250-925 8.00-10.81 v S, p sym NCS (see text)
690-650 14.49-15.39 - s
645-575 15.50-17.39 m-w w
Alkyl isothiocyanates 12501080 8.00-9.26 v w sym NCS str
1090-980 9.17-10.20 - S. p
640-600 15.63-16.67 m-s w br, —NCS in-plane def vib
565510 17.70-19.61 m-s w —NCS out-of-plane def vib
470-440 21.28-22.73 m-s
Aryl isothiocyanates 940-925 10.64-10.81 m-s w sym NCS str
Thiocyanates, —-SC=N 2175-2135 4.60-4.68 m-s m-s, p asym str. Aryl at upper end of frequency range 2175-
2160cm™!, alkyl at lower end 2160-2135cm™!
1090-925 9.17-10.81 w m-s, p sym str
700-670 14.29-14.93 w S, p C-S-C asym str
660-610 15.15-16.39 m-s C-S-C sym str
515-450 19.42-22.22 w-m SCN bending vib
420-400 23.81-25.00 w-m In-plane def vib
Alkyl thiocyanates 405-400 24.69-25.00 S SCN group in-plane def vib
Primary aliphatic thiocyanates 650-640 15.38—-15.63 w-m S S—CN str
~620 ~16.13 m-s S CS-S str (absent for MeSCN)
~405 ~24.69 S
Secondary aliphatic thiocyanates ~655 ~15.27 w S Co—S str
640-630 15.63-15.87 w s C,-S str
610-600 16.39-16.00 v S C-SN str
~575 ~17.39 m S C,-S str
~405 ~24.69 s
Thiocyanate ion 2190-2020 4.57-4.95 s m-s asym N=C=S str
~950 ~10.53 w Bending vib overtone
~750 ~13.33 w m sym str
~470 ~21.28 S w Bending vib
Coordinated thiocyanate ions, 730-690 13.70-14.49 m-s m-s See refs 15, 16 and 34, and Chapter 22
NCS-metal
Coordinated isothiocyanate ions, 860-780 11.63-12.82 m-s$ m-s See Chapter 22
SCN-metal

(continued overleaf)
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Table 5.2 (continued)

Infrared and Raman Characteristic Group Frequencies

Region Intensity
Functional Groups cm™! um IR Raman Comments
Alkyl selenocyanates, —SeCN ~2150 ~4.65 S S, p
545-520 18.35-19.23 m-s s Se—CN str
420-400 23.81-25.00 w
365-360 27.39-27.78 w
Aromatic selenocyanates, —SeCN ~2160 ~4.63 $ S, p sh
420-400 23.81-25.00 w
~350 ~28.57 w SeCN bending vib
Alkyl isoselenocyanates 2185-2100 4.58-4.76 S ]
560-500 17.86-20.00 m-s $
Aromatic isoselenocyanates 2200-2000 4.55-5.00 S s br, doublet
Azides —-N=N=N 2170-2080 4.61-4.81 vVS—$ m-s, p asym str (sometimes a doublet)(—CO-N;--,
~2150cm™t)
1345-1175 7.43-8.51 m-w S, p sym str
Metal azides and azide ion 680-410 14.71-24.39 w N=N=N bending vib
Acid azides and nitro-aromatic azides 2240-2170 4.46-4.61 s m-s asym N=N=N str
2155-2140 4.64-4.67 S S asym N=N==N str
1710-1690 5.85-5.92 s w—m C=0 str for acid azides
1260-1235 7.94-8.10 m s sym N=N=N str
Diazo compounds \  _ . 2050-2000 4.88-5.00 Vs v br, asym str CNN
/C—N =N
1390-1330 7.19-7.52 m— sym str CNN
Diazoketones and diazoesters, 2075-2050 4.82-4.88 m-— (Ketones: C=0 str, 1650—1600cm™' and strong band,
-CO-C=N*t=N"~ 1390-1330cm™" — may be doublet; alkylketones:
C=0 str, ~1645cm™")
Diazonium salt, Ar—-N=N*tX— 2300-2230 4.35-4.69 m-s m-s N=N str, see refs; 31 and 32
Ketenes, \ 2200-2080 4.45-4.81 m-s v often found near 2150 cm™
/C=C=O
~1130 ~8.85 v m-s, p sym C=C=0 str. Range 1420-1120cm~! usually s—m
(Aromatics: IR intensity w, Raman s, p).
R3SiCH=C=0 2115-2085 4.73-4.80 ] w asym C=C=0 str
1295-1265 7.72-7.90 w $ sym C=C=0 str
Ketenimines, \ 2170-2000 4.61-5.00 s v asym C=C=N str
/C=C=N—
~1235 ~8.10 m S sym C=C=N str
1190-1080 8.40-9.26 s COCN str
Aliphatic Carbodi-imines 2155-2130 4.64-4.70 Vs w asym N=C=N str, see ref. 33
R-N=C=N-R
~1460 ~6.85 w s, p sym N=C=N sir
Aryl carbodi-imines Ar—-N=C=N-Ar 2145-2135 4.66-4.68 Vs m-s, p C=N str doublet due to Fermi resonance band at
} ~2110cm™! usually being the stronger
2115-2105 4.73-4.75 Vs m-s, p
Thionylamines -N=8=0 1300-1230 7.69-8.13 v S, p NSO asym str
1180-1100 8.48-9.09 v NSO sym str
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Cumulated Double-bond Compounds: X=Y=Z Group
Carbodi-imides, -N=C=N-

Aliphatic compounds have a very intense band in the region 2155-2130
(4.64-4.70pum) and a weaker band at 1580-1340cm™" (6.33—7.46um).
Aromatic compounds have a very intense band near 1240cm™' (8.07 um)
and near 1210cm~' (8.26um) and a weaker band being observed at
1680-1380 cm™! (5.95-7.25um). The symmetrical stretching band is weak and
occurs near 1460 cm ™! (6.85 um) but in Raman spectra this is a strong band.
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6 Hydroxyl Group Compounds:

O-H Group

Alcohols, R-OH

Bands due to O-H stretching and bending vibrations and C-O stretching
vibrations are observed.

Alcohol O—H Stretching Vibrations

In the infrared, the O—H stretching band' 2 is of medium-to-strong
intensity,® although it may be broad (see below). However, in Raman spectra,
the band is generally weak.

Unassociated hydroxyl groups absorb strongly in the region 3670-3580 cm ™!
(2.73-2.80 um)."227-29 However, free hydroxyl groups only occur in the vap-
our phase or in very dilute solutions in non-polar solvents. The band due to
the free hydroxyl group? is sharp and its relative intensity increases in the
following order:

aromatic alcohols < tertiary alcohols < secondary alcohols
< primary alcohols
In very dilute solution in non-polar solvents, the normal O-H absorptions of
alcohols are:

3645-3630cm™' (2.74-2.75 um)
3640-3620cm™' (2.75-2.76 um)
3625-3610cm™! (2.76-2.77 um)
3600-3450cm™! (2.78-2.90 um)

primary aliphatic alcohols
secondary aliphatic alcohols
tertiary aliphatic alcohols

_O — 7
R—OH-0=C_

The relative intensity of the band due to the hydroxyl stretching vibra-
tion decreases with increase in concentration, with additional broader bands
appearing at lower frequencies 3580—3200 cm™' (2.73—3.13 um). These bands
are the result of the presence of intermolecular bonding, the amount of which

increases with concentration. The precise position of the O—H band is depen-
dent on the strength of the hydrogen bond.* In some samples, intramolecular
hydrogen bonding*~® may occur, the resulting hydroxyl group band which
appears at 3590-3400cm™' (2.79-2.94 um) being sharp and unaffected by
concentration changes.

For solids, liquids, and concentrated solutions, a broad band is normally
observed at about 3300cm™! (3.00um). Polyhydric alcohols in dilute solu-
tion in non-polar solvents normally have a sharp band at about 3600 cm™!
(2.78 um) and a broader band at 3550-3450 cm ™" (2.82-2.90 um). Hydroxyl
groups which are hydrogen-bonded to aromatic ring -electron systems absorb
at 3580-3480 cm™! (2.79-2.87 um).**

Overtone bands of carbonyl stretching vibrations also occur in the region
3600-3200cm™' (2.78-3.13 um) but are, of course, of weak intensity. Bands
due to N—H stretching vibrations may also cause confusion. However, these
bands are normally sharper than those due to intermolecularly hydrogen
bonded O—H groups.’®3!

Alcohol C—O Stretching Vibrations

The absorption region for the alcohol C—O group due to its stretching vibra-
tion is 1200—1000cm™" (8.33—10.00 um). Hydrogen bonding has the effect
of decreasing the frequency of this band slightly: saturated primary alcohols
absorb strongly in the region 1090—1000cm™! (9.17-10.00 um); secondary
alcohols absorb at 1125-1085cm™" (8.90—9.22 um); tertiary alcohols absorb
strongly at 1205-1125cm™" (8.30-8.90um). The COC stretching band at
1090—-1000 cm™! (9.17—10.00 um) is characteristic of primary alcohols. These
ranges, which are given for pure liquids, should be extended slightly for solu-
tion spectra. In general, the presence of unsaturation and chain branching both
lower the C—O stretching vibration frequency. Care must be taken since esters,
carboxylic acids, acid anhydrides, and ethers all absorb strongly in the general
range 1300-1000cm™' (7.69—-10.00 um) due to the C—O stretching vibration.
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Table 6.1 Hydroxyl group O—H stretching vibrations

Region Intensity

Functional Groups cm™! pm IR Raman Comments

Free O-H 3670-3580 2.73-2.80 v w sh, OH str

Hydrogen—bonded O—-H (intermolecular), 3550-3230 2.82-3.10 m-s w Usually broad but may be sharp, frequency is

—O—H H__ _.H_ _H_ concentration-dependent
(@] (@] (0]
w—o— || ]
[dimer] [polymer}
Hydrogen-bonded O-H 3590-3400 2.79-2.94 v w Usually sharp, frequency is concentration-independent
(intramolecular), H . H__
O (@]
N
Chelated O—-H, O,,H\O 3200-2500 3.13-4.00 v w Usually broad, frequency concentration-independent
[l I
/C\C/C\

-0D 2780-2400 3.60-4.17 v w O-D str

OH of enol form of B-diketones 2700-2500 3.71-4.00 v w br, chelated OH

Intramolecular-bonded ortho-phenols 3200-2500 3.13-4.00 m w Free phenols ~3610cm™'

Carboxylic acids, —-COOH 3300-2500 3.03-4.00 w—m w br, O-H str, hydrogen-bonded, sometimes number of
weak bands in region 2700-2500cm~". Band is
concentration-dependent

OH of water of crystallization 3600-3100 2.78-3.23 w w In solid-state spectra

1630-1600 6.13-6.25 m w def
OH of water in dilute solution ~3760 ~2.66 w-m w In non-polar solvents
Free oximes, \\ 3600-3570 2.78-2.79 w—m w sh
/C=N—OH

Oximes, hydrogen-bonded 3300-3150 3.03-3.17 m w br

Free hydroperoxides, -O-O-H 3560-3530 2.82-2.83 m w

Peracids, —-CO-0O-OH ~3280 ~3.05 m w

Tropolones ~3100 ~3.23 w—m w

Phosphorus acids, \P//O 2700-2560 3.70-3.91 m w br

AN
7 “oH
Primary and secondary alcohols have a band of medium intensity in their solutions, this band is very broad, extending over approximately

infrared spectra at 900-800cm ™' (11.11-12.50 um) due to C-C-0 stretching
vibration. In Raman spectra, this is a strong band. For tertiary alcohols, this
band occurs at 800—750cm™! (12.50—13.33 um) and is of strong intensity in
Raman spectra.

Alcohol O—H Deformation Vibrations

The in-plane O-H deformation vibration gives rise to a medium-to-
strong band in the region 1440—1260cm™" (6.94-7.93 um). In concentrated

1500-1300cm™! (6.67-7.69 um). On dilution, the band becomes weaker and
is eventually replaced by a sharp, narrow band at about 1260cm ™! (7.93 um).
In the presence of hydrogen bonding, the O-H deformation vibration is
lowered in frequency. (Bands due to CH, deformation vibrations may also
be present in this region.) In Raman spectra, the COH bending vibration band
is generally of weak-to-medium intensity. This can be used to advantage, since
other bands which would otherwise be difficult to observe may be seen by the
use of Raman spectroscopy.



Infrared and Raman Characteristic Group Frequencies

Table 6.2 Hydroxyl group O—H deformation vibrations

Region Intensity
Functional Groups cm! um IR Raman Comments
Primary and secondary alcohols 1440-1260 7.41-7.94 m-s m-w In-plane O-H def vib , br
Secondary alcohols, \ 1430-1370 6.99-7.30 m-s m-w In-plane O-H def vib coupled with CH wagging vib , br. In
,CHOH dilute soln., moves to 1310-1250 cm™!
Tertiary alcohols 1410-1310 7.09-7.63 m m-w In-plane O—H def vib , br. Hydrogen-bonded: near 1410cm™",
dilute soln:, 1320cm™".
Alcohols 710-570 14.08-17.54 m, br w O-H out-of-plane def vib
Phenols 1410-1310 7.09-7.63 s m-w O-H def vib and C-O str combination
Carboxylic acids 960-875 10.41-11.42 m m-w O-H out-of-plane def vib , br diffuse
Deuterated carboxylic acids ~675 ~14.81 S m-w O-D in-plane def vib
Table 6.3 Alcohol C-O stretching vibrations, deformation and other bands
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Primary alcohols, ~CH,—-OH 2990-2900 3.34-345 w-m m-s asym CH, str
2935-2840 3.41-3.52 w—m m-s sym CHj str
1480-1410 6.76-7.09 w-m m CH, def vib
1390-1280 7.19-7.81 w—m m-w CH, wagging — alcohol OH def vib may obscure
1300-1280 7.69-7.81 w-m m CH, twisting vib, may be obscured by OH def vib
1090-1000 9.17-10.00 S s—m CCO str, characteristic band
900-800 11.11-12.50 m s CCO str
960-800 10.42-12.50 w—m m CH, twisting vib
710-570 14.08-17.54 w-m w br, OH out-of-plane def vib
555-395 18.01-25.32 w-m m-w C-0 def vib
RCH,CH,0OH ~1050 ~9.52 s m-s Ethanol ~1065 cm~'. CCO str
R;R,CHCH,0H ~1035 ~9.66 S m-s CCO str
R,R,;R3CCH,0H ~1020 ~9.80 s m-s CCO def vib
(Unsat group) —CH,CH,0OH ~1015 ~9.85 s m-s vinyl or aryl substituted
Secondary alcohols, 1400-1330 7.14-7.52 w m-w CH wagging vib
\
/CH—OH
1350-1290 7.41-7.75 w m CH def vib
1150-1075 8.70-9.30 S m-s C-O0 str, often shows multiple bands due to coupling
900-800 11.11-12.50 m S, p CCO str
660-600 15.15-16.67 m, br W OH out-of-plane def vib
500-440 20.00-22.73 w m-w CO in-plane def vib
390-330 25.64-30.30 m w CO out-of-plane def vib
RH,C ~1085 ~9.22 s m-s (IsoPropyl alcohol ~1100cm~!) Each additional alkyl group
,CHOH increases wavenumber by ~15cm™!
HyC
(Unsat group) ~1070 ~9.35 s m-s

~CH,CH(OH)CH;




Hydroxyl Group Compounds: O—H Group

97

Table 6.3 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
[(Unsat group) CH,],-CHOH ~1010 ~9.90 s m-s
R(Aryl)CHOH 1350-1260 7.41-7.94 m-s m-w OH def vib
1075-1000 9.30-10.00 s w CO str
(Aryl-CH,),CHOH ~1050 ~9.52 s m-s
Aromatic and «,B-unsaturated 1085-1030 9.22-9.71 S m-—s
secondary alcohols
N 1080-1020 9.26-9.80 S m-s CCO str
C=CH—CHOH
7 |
Tertiary alcohols '\ 1210-1100 8.26-9.09 S m-—s CC-O str
7C—OH
800-750 12.50-13.33 m S, p C-0 def vib
~360 ~27.78 m-w CCO bending vib
Saturated tertiary alcohols 1210-1100 8.26-9.09 S m-s
N\
/C OH
RCH,(CH;),COH ~1135 ~8.81 3 m-s (t-Butyl alcohol ~1150cm™")
CH;(R,CH,)(R,CH,)COH ~1120 ~8.93 S m-s Each additic}mal alkyl group increases the wavenumber by
~15cm~
(Unsat group) ~1120 ~8.93 s m-—s
—CH,(CH3;),COH
[(Unsat group) ~1060 ~9.43 s m-s
-CH,},CH;COH
[(Unsat group) —CH,];COH ~1010 ~9.90 S m-s
a-Unsaturated and cyclic 1125-1085 8.90-9.22 s m-s see refs 9 and 10
tertiary alcohols
1060-1020 9.43-9.80 ] m-s
Alicyclic secondary alcohols 1060-1020 9.43-9.80 S m-s
(three- or four-membered
rings)
Alicyclic secondary alcohols 1085-1030 9.22-9.71 s m-s
(five- or six-membered rings)
Phenols 1260-1180 7.94-8.48 s m-w O-H def vib and C-O str combination

The O-H out-of-plane vibration gives a broad band in the region
710-570cm~! (14.08—17.54pm). The position of this band is dependent
on the strength of the hydrogen bond — the stronger the hydrogen bond, the
higher the wavenumber. Bonded primary and secondary alcohols have two
bands: one near 1420 cm™' (7.04 um) and the other near 1330 cm™" (7.52 um).
As mentioned, in dilute solution, these bands shift to lower frequencies
~1385cm™! (7.22pm) and ~1250cm™" (8.00 um). Bonded tertiary alcohols

absorb near 1410cm~! (7.04pum) and in dilute solution near 1320cm™!
(7.58 um). In Raman spectra, the CCO and CCC skeletal vibration bands are
in general of medium-to-strong intensity.

In the far infrared spectroscopic region,
cyclohexane solvent exhibit a characteristic strong band at 220-200cm
(45.45-50.00 um) due to the torsional motion of the O—H group.!® This band
is insensitive to steric effects but becomes broad with increase in concentration,

=13 aliphatic alcohols in a

-1
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Table 6.4 Phenols: O—H stretching vibrations

Infrared and Raman Characteristic Group Frequencies

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Unassociated 3620-3590 2.76-2.79 m w (In dilute solution) sh
Associated 3250-3000 3.08-3.33 v w (In solution) br, concentration and solvent
dependent
Ortho-substituted, OH 3200-2500 3.13-4.00 m w Intramolecular hydrogen bonded
X
where X=C=0
X=F 3635-3630 ~2.75 m w Dilute solution
X=Cl 3600-3550 2.78-2.82 m w Dilute solution
X=Br 3550-3540 ~2.82 m w Dilute solution
X=I 3540-3525 2.82-2.84 m w Dilute solution
X=NO, 3275-3235 3.05-3.09 m w
X=0R 3595-3470 2.78-2.88 m w
X=alkene 3600-3585 2.78-2.79 m w
X=NH, ~3660 ~2.73 m w
X=SMe ~3445 ~2.90 m w
Ortho-t-butyl phenols (dilute 3650-3640 2.74-2.75 m w
solutions)
3615-3605 ~2.77 m w

Table 6.5 Phenols: interaction of O—H deformation and C-O stretching vibrations

Region Intensity
Functional Groups cm™! um IR Raman Comments
Associated 1410-1310 7.09-7.63 m m-w COH bending vib
12601180 7.94-8.48 S w CO str
Unassociated (dilute solution) 1360-1300 7.35-7.69 m m-w COH bending
1225-1150 8.17-8.70 s w CO str
o-Alkyl phenols (solution) ~1320 ~7.58 m m-w COH bending vib
1255-1240 7.97-8.07 S w CO str
1175-1160 8.51-8.62 ] w
~750 ~13.33 m w
m-Alkyl phenols (solution) 1285-1270 7.78-7.87 S m—-w
11901180 8.40-8.48 s w
1160-1150 8.62-8.70 ] w
820-770 12.20-12.99 m-s -
p-Alkyl phenols (solution) 1260—1245 7.94-8.03 s m-w
1175-1165 8.51-8.58 s w
835-815 11.98-12.97 m w
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Table 6.6 Phenols: other bands

Region Intensity
Functional Groups cm™! um IR Raman Comments
Phenols ~1660 ~6.02 s m-s usually a doublet, aromatic ring C=C str
~1110 ~9.01 v w aromatic C-H def vib
720600 13.89-16.67 $ w br, O—H out-of-plane bending vib (hydrogen
bonding), see ref. 26
450-375 22.22-26.67 w m-w in-plane bending vib of aromatic C~OH bond

eventually disappearing. In benzene solution, a band is observed at about
300cm~' (33.33um) which is believed to be due to an alcohol-benzene
complex which is formed.

Phenols

In the absence of intramolecular hydrogen bonding and in the case of a dilute
solution in a non-polar solvent'#~1° (i.e. in the additional absence of intermolec-
ular hydrogen bonding), phenols have an absorption band at 3620—3590 cm ™'
(2.76=2.79 um) due to the O—H stretching vibration.!”-!8

If strong intramolecular hydrogen bonding does occur, for example, to a
carbonyl group, then a relatively sharp band is found at about 1200cm™"
(3.13 um). If, on the other hand, hydrogen bonding is inhibited by the presence
of large groups in the ortho positions,'”~2! the absorption occurs in the
region 3650-3600cm™} (2.74—2.78 um). Phenols without bulky ortho groups,
whether in concentrated solutions or as solids or in the pure liquid phase, have
a broad absorption at 3400—-3230cm™' (2.94-3.10um).

Medium-to-strong bands are observed at 1255-1240 em™! (7.97-8.07 um),
1175-1150cm™! (8.51-8.70 um), and 835-745c¢m™" (11.98—13.42 um) for
alkyl phenols.?>?* In addition, o-phenols usually have a band near 1320cm ™!
(7.58 um) and m-alkyl phenols one at 1185cm™" (8.44 um).>* The three main
bands may be attributed to the C—O stretching and the O—H in-plane and
out-of-plane deformation vibrations.

The C-O stretching vibration for p-monosubstituted phenols,?* i.e. the
strongest band in the region 1300—1200cm™~' (7.69-8.33 um), increases in
frequency with the electron-withdrawing ability of the substituent.

In the solid phase, or in cases where strong hydrogen bonding may occur,
a broad absorption at 720-600cm~" (13.89-16.67 um) is observed due to
the out-of-plane deformation of the O-H group. In dilute solution, i.e. in
the unassociated state, this absorption occurs near 300 em™! (33.33um). In

the presence of hydrogen bonding, a characteristic weak absorption, due to
the in-plane bending of the ring C—OH bond, is observed at 450-375cm™!
(22.22-26.67um).>>? In the absence of hydrogen bonding, this band
may be shifted by about 20-40cm™" (1.00—2.20 um). For monosubstituted
phenols,” the position of this weak band is influenced by the nature of
the substituent. In the case of electron-accepting or almost neutral groups,
such as alkyl groups,”® the band is found above 400cm™" (below 25.00 um)
whereas with electron-donating substituents the band occurs below 400 cm™!
for solid samples.
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7 Ethers: Gi—0-G, Group

The mass and bond strength for the C—O group is similar to that of C-C
and therefore, as expected, there is a close similarity in their band positions.
However, the change in dipole moment of the C—O group is much larger and
therefore the intensity band due to the C—O stretching vibration is considerably
greater.

Ethers have characteristic, strong absorption bands in the range
1270-1060 cm ! (7.94-9.43 um) which may be associated with the C-O-C
asymmetric stretching vibration.! Carboxylic esters and lactones also absorb
strongly in this region. For saturated aliphatic ethers, this band may be found at
1150-1060cm™! (8.70-9.43 um), usually within the range 1140-1110cm™"
(8.77-9.01 um). In the case of branched-chain aliphatic ethers, two peaks
may be observed. Benzyl ethers absorb at about 1090cm™! (9.17um) and
cyclic ethers absorb at 1270-1030cm ™! (7.87—9.71 um). Aryl ethers absorb
strongly in the region 1270-1230cm~"' (7.87-8.13um). Alkyl aryl ethers
have two strong absorptions, the most intense of which is at 1310-1210em™!
(7.63-8.26 um), the other being at 1120-1020cm™! (8.93-9.80 um), these
bands being due to the asymmetric and symmetric vibrations of the group
C-0O-C respectively.

The asymmetric C—O-C stretching vibration frequency depends on the
group directly bonded to the oxygen atoms and decreases in the following
order:

C6H5— > CH2:CH— > R3C— > RCH3CH— > RCHQ— > C6H5CH2—

For aliphatic ethers, a weak band is observed, usually in the region
930-900cm™! (10.75-11.11 um) but sometimes found as high as 1140 ¢cm™!
(8.77um) when it is usually strong. This band is due to the symmetric
stretching vibration of the C—O-C group and may be absent for symmetric
ethers due to symmetry factors (see below).

Vinyl ethers usually absorb very close to 1205 ¢cm™! (8.30 um) in the range
1225-1200cm™! (8.16-8.33 um) due to the asymmetric =C-0O stretching
vibration. The C=C stretching vibration results in a band which appears as a
strong doublet, the stronger portion being at 1620—-1610cm™! (6.17-6.21 um),
the other peak being near 1640cm™! (6.10um). The doubling is due to the

presence of rotational isomerism which is the result of rotation being restricted
about the =C-0O bond. The stronger band is due to the more stable, planar,
trans- form and the weaker band is due to the gauche- form, the cis- form
being sterically inhibited.

As a rough approximation, the asymmetric stretching vibration of the C-O
bond occurs at about 1130cm™' (8.85um) when the carbon is fully saturated
and at about 1200cm~! (8.33 um) when it is unsaturated. This may be either
aromatic or olefinic unsaturation.

Often the symmetric and asymmetric C—O-C absorption bands are well
separated, by about 200cm™! (1.7um). On simple theoretical grounds these
bands would be expected to occur closer together. The large difference is due
to coupling. When a central atom is attached to two groups of similar mass
by bonds of similar order, coupling of vibrations may occur, e.g. coupling
occurs for CH3;0OCH; whereas there is no coupling for CH3;0H. In general,
it has been found that the separation of coupled frequencies is a maximum
if the bond angle between the central atom and the two attached groups is
180° and a minimum if it is 90°. For symmetrical ethers, e.g. diethyl ether,
due to the presence of coupling, the C—O-C asymmetric stretching vibration
band, which is of strong intensity, occurs at about 1110 cm™! (9.01 um) and
the symmetric stretching vibration band is weak or absent.

In general, the asymmetric stretching frequency is lowered for molecules
with electron-withdrawing groups since the electron density of the C—O bond
is reduced. The opposite is true of electron-donating groups. Any group which
increases the double-bond character of the C-O group tends to increase the
stretching vibration frequency of this bond and this may be the result of either
electronic induction or resonance.

As a result of resonance, aromatic ethers have a contribution from

=0%—, eg.
. _
-6<_)

which tends to increase the force constant of the C-O (aromatic
carbon—oxygen bond) and hence increases the C—O stretching vibration
frequency as compared with aliphatic compounds. Electron-donating groups
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Table 7.1 Ether C-O stretching vibrations

Region Intensity
Functional Groups em™! pm IR Raman Comments
Saturated aliphatic ethers, C-O-C 1150-1060 8.70-9.43 vs w asym C-O-C str
1140-820 8.77-12.20 v S, p sym C-0O-C str, usually weak. Raman band usually
890-820cm ™! and also strong band at
500-400cm™".
Alkyl-aryl ethers, =C-0-C 1310-1210 7.63-8.26 ' w asym =C-0-C str
1120-1020 8.93-9.80 s S, p sym C—O-C str
Vinyl ethers, CH,=CH-0- 1225-1200 8.16-8.33 S w asym C-O-C str, usually ~1205¢m™'
850-810 11.76-12.35 w S sym COC str
—-CH,-0-CH,- 1140-1085 8.77-9.22 S S usually ~1120cm™!
CH;-CO-CH,-X, X=halogen 1180-1040 8.47-9.62 Vs s asym COC str
970-890 1031-11.24 v m-s sym COC str
Ar-0O-CH,-O-Ar 12651225 791-8.17 s w =C-0 str, may be as high as ~1205¢cm™!
1050-1025 9.52-9.76 $ s
Cyclic ethers 12701030 7.87-9.71 s S sym C—0O-C str, frequency decreases with increase
in ring size.
Trimethylene oxides (four-membered ring) 1035-1020 9.66-9.80 s—m Vs sym C—O—C str. Raman vs band ~1030cm™' due to
ring vib, also m at ~1140 and 930cm™",
990-930 10.10-10.75 s m sym COC str
Cyclic ethers (five-membered ring) 10801060 9.26-943 S m asym COC str
920--905 10.87-11.05 m s sym COC str
Cyclic ethers (six-membered ring) 1110-1090 9.01-9.17 S m asym COC str
820-805 12.20-12.42 m s sym COC str
Acyclic diaryl ethers, =C-0-C= 1250-1170 8.00-8.55 S w sym COC str
Ring =C-0-C= 1200-1120 8.33-8.93 $ m ring vib
1100-1050 9.09-8.70 s s ring vib
Oxirane compounds:
Epoxides, \ —C/ 1280-1230 7.81-8.13 m-s vs C-Ostr
N/ N\
(¢]
950-815 10.53-12.27 v m-w ring vib
880-750 11.36-13.33 m-s m-s ring vib
Monosubstituted epoxides, —C}{-/CHz 880-775 11.36-12.90 m—s m-s ring vib
(6]
Trans-epoxides 950-860 10.53-11.63 v m-s ring vib
Cis-epoxides 865-785 11.56-12.74 m-s -$ ring vib
Trisubstituted epoxides 770-750 12.99-13.33 m-s - ring vib
Ketals and acetals, 1190-1140 8.40-8.77 S v C-0-C-0-C vib (see ref. 5),
1145-1125 8.73-8.89 s v C-0-C-0-C vib
N /O_C 1100-1060 9.09-9.43 S m, p C-0O-C-0-C vib, strongest band
/C\
0—C
10601035 9.43-9.65 s v C-0-C-0-C vib, sometimes observed
Acetals 1115-1105 8.96-9.02 s m, p C~H def vib (perturbed by C-O group), as for ketals
870-850 11.49-11.76 s m-s sym C—0-C-0 str
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Table 7.1 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
Phthalans 915-895 10.93-11.17 S m
Aromatic methylene dioxy compounds, 1265-1235 7.90-8.10 S w-m C-0 str
o
O
Pyranose compounds 1200-1030 8.33-9.70 s w—m C-O str
Table 7.2 Ethers: other bands
Region Intensity
Functional Groups cm™! um IR Raman Comments
Aliphatic ethers, -OCHj; 2995-2955 3.34-3.38 m m-s asym —CH; str
2900-2840 3.45-3.52 m m-s sym —CHj str
2835-2815 3.53-3.55 m-w m-s
14701435 6.80-6.97 m m asym and sym -CHj def vib
[200-1185 8.33-8.45 m-—w w Rocking vib.
—-OCH, - 2955-2920 3.38-343 m m-s asym CHj str
28802835 3.47-3.53 m m-s$ sym CH, str (almost equal in intensity to asym str)
1475-1445 6.78-6.92 m m-w CH, def vib
1400-1360 7.14-7.35 m m-w Wagging vib.
-0-CH:-0 ~2780 ~3.60 m m CH str (range 2820-2710 em™h)
Aliphatic ethers ~430 ~23.26 w s, p C—0O-C def vib
R-O-Ar 1310-1210 7.63-8.26 m w
1050-1010 9.52-9.90 m m
Methyl aromatic ethers, =C-0O-CH; 2830-2815 3.53-3.55 m m CH3 str
580-505 17.24-19.80 m-s m-w C-0-C def vib
Ar-O-CH;-0O-Ar 1375-1350 7.27-741 v m C—H def vib
940-920 10.64-10.87 v
Vinyl ethers 3150-3000 3.18-3.33 w m C—H str, a number of bands
16601635 6.02-6.12 m s C=C str, gauche- form
1620-1610 6.17-6.21 S S C=C str, trans- form
~1320 ~7.58 v m-w =CH rocking vib
970-960 10.31-10.42 m w =CH wagging vib, rrans- form
820-810 12.20-12.35 S w =CH, wagging vib
Epoxides 3075-3030 3.25-3.30 W S C—H str, one or two bands, see ref. 6
~370 ~27.03 w-—m m-—s Ring def vib
Monosubstituted epoxides /0 3075-3040 3.25-3.29 m S asym CH str
—CH—CH,
3035-2975 3.29-3.36 m m-—s CH str
3010-2970 3.32-3.37 m m-s sym CH str
1500-1430 6.67-6.99 m-w m-w CH, def vib
14451375 6.92-17.27 m m-—s CH def vib
12651245 7.91-8.03 m m-—s Ring str
1210-1140 8.26-8.77 m m-w CH,; twisting def vib

(continued overleaf’)
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Table 7.2 (continued)
Region Intensity

Functional Groups cm™! pm IR Raman Comments
1140-1120 8.77-88.93 m m CH, wagging vib
1110-1040 9.01-9.62 m m-w CH wagging vib
965-875 10.36-11.43 S m-s asym ring def vib
880-810 11.36-12.34 $ S sym ring def vib
800-750 12.50-13.33 w w CHo- rocking def vib

Aromatic ethers 1310-1230 7.63-8.13 S w X-sensitive band

Phenoxy, Ph-O- 765-750 13.10-13.33 $ w C—H out-of-plane def vib, ring def vib
695-690 14.39-14.49 J w C-H out-of-plane def vib, ring det vib

Benzyloxy, Ph—CH,-0O- 745-730 13.42-13.70 S w C-H out-of-plane def vib, ring def vib
700-695 14.29-14.39 $ w

Acetals 2830-2820 3.53-3.55 w m-w
660-600 15.15-16.67 s m COCO def vib
540-450 18.52-22.22 S m-s COCO def vib
400-320 25.00-31.25 $ m-s COCO def vib

Aromatic methylene dioxy compounds, 2950-2750 3.40-3.64 m m-s, p C-H str, two bands

(6]
CH,
(6]

1485-1350 6.73-7.60 v m Several bands
940-915 10.58-10.93 s

at ortho or para positions on the ring tend to reduce this frequency relative to
a similar meta-substituted compound. The reverse is true of electron-attracting
groups.

The CH3;—O group for aliphatic ethers may be distinguished from the
group CH;—C since the former absorbs at 1470—1440cm™" (6.80-6.94 um)
due to both the CH3; symmetric and asymmetric deformation vibrations,
whereas the latter group absorbs at 1385-1370cm™! (7.22-7.30um) due
to the symmetric deformation vibration of the CH: group. The OCH;
group can usually be distinguished by its CHj symmetric stretching
vibration band which occurs in the region 2830-2815cm™! (3.53-3.55 um).
Aromatic compounds with methoxy groups have an absorption in the region
580-505cm™! (17.24—19.80um), of medium-to-strong intensity, due to the
in-plane deformation vibration of the C—O-C groups.

Cyclic ethers (five membered ring) often have several bands of medium
intensity in the region 1080-800cm™' (9.26—12.50 um).

Epoxides®™7 absorb near 1250cm™! (8.00 um) due to the C-O stretching
vibration and near 370 cm™! (27.03um) due to their ring deformations. The
CH; and CH of epoxy rings have their stretching bands in the regions
3005-2990 cm™! (3.33-3.34 um) and 3050-3025cm~' (3.28-3.31um).

In the case of acetals and ketals, the C-O stretching vibration band
is split into three: 1190-1140cm™' (8.40-8.77um), 1145-1125cm™"

(8.73-8.89um), and 1100-1060cm™! (9.09-9.43 um). The vibration modes
may be considered as similar to the asymmetric C-O stretching vibration of
ethers. A fourth band at 1060-1035cm™" (9.43-9.65 um) which is due to the
symmelric vibration may sometimes be observed. In addition, acetals have a
characteristic, strong band in the region 1115—-1105cm™" (8.96—9.02 um) due
to a C—H deformation vibration being perturbed by the neighbouring C-O
groups. This band may be used to distinguish between acetals and ketals.
Acetals have three characteristic deformation bands in their Raman spectra
al 600-550cm™" (16.67-18.18 um), 540—450cm~" (18.52-22.22 ym) and
400-320cm~! (25.00-31.25 um).
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8 Peroxides and Hydroperoxides:

—0-0-Group

Peroxides' ~3 and hydroperoxides*~* have two main structural units, the C-O

and O-O groups. The band due to the C-O stretching vibration occurs in the
region 1300-1000 cm™! (7.69-10.00 um). Electron-withdrawing substituents
attached to the C—O group tend to reduce the frequency of this absorption band.

All peroxides have a band at 900—800cm~! (11.11-12.50 um) due to their
O-0 stretching vibration. The Raman band is of strong intensity and easily
identified, whereas it is usually weak and often difficult to observe in infrared.
For symmetrical peroxides this O—O stretching vibration is infrared inactive,
although as a result of environmental interaction it may still be observed.
Tertiary peroxides and tertiary hydroperoxides have a strong band in the region
920-800cm™! (10.87-12.50 um) which is believed to be due to the skeletal
vibration of the group

C

|
C—('Z—O
C

For organic peroxides, the range of the O-O stretching vibration, determined
by Raman studies®, was originally quoted as 950-700cm ™! (10.52—14.29 um).
However, in recent studies’, the range has been given as 875-845cm™!
(11.43-11.83 um), which is clearly much smaller.

Symmetrical aliphatic diacyl peroxides, —-CO-0O-0O-CO-, have two strong
infrared bands in the region 1820-1780cm™' (5.49-5.62um) due to the
stretching vibrations of the C=O groups. Similarly, symmetrical aromatic
diacyl peroxides have two strong bands in the region 1820—1760cm™'
(5.50-5.88 um), the position of these bands being dependent on the nature
and position of the aromatic substituents.

Metal peroxide compounds absorb in the region 900-800cm™!
(11.11-12.50 pm) due to the O—O stretching vibration.

Ozonides have a medium-intensity absorption at 1065-1040cm™!
(9.39-9.62 um) due to the stretching vibration of the C—O bond. This band is

Table 8.1 Peroxides and hydroperoxides

Region Intensity
Functional Groups cm™! wm IR Raman Comments
Peroxides 900-800 11.11-1250 w S, p 0-0 str
Alkyl peroxides 1150-1030 8.70-9.71 m-s m-w C-O str
Aryl peroxides ~1000 ~10.00 m m-w C-O str
Peracids, ~3450 ~2.90 m m-w O-H str
peroxides of the
type
G-CO-O0-H
1785--1755  5.60-5.70 vs w C=0 str
~1175 ~8.51 m-s  w-m C-0O str
Aliphatic diacyl 1820-1810  5.50-5.52 Vs w C=Ostr
peroxides,
-CO-00-CO-
18051780  5.54-5.62 vs w C=0 str
1300-1050  7.69-9.52 m-s  w-m C-O str
Aryl and 1805-1780 5.54-5.62 Vs w C=0 str
unsaturated
diacyl peroxides
1785-1735  5.60-5.76 Vs w C=0str
1300-1050  7.69-9.52 m-s  w-m C-0 str
Ozonides, 1065—-1040 9.39-9.62 m w—m C-0O str
0
__'/ \l_
0—0
900-700 11.11-1429 w S O0-0 str
—OCH; 2995-2980  3.34-3.56 m s—m asym CH str
2970-2920 3.37-3.42 m s—m sym CH str
1470-1435  6.80-6.97 m-s m CH def vib
1200-1185 8.33-8.44 m-w W Rocking vib
-OCH, 2955-2920 3.38-3.42 m s~m asym CH str
2880-2835 3.47-3.53 m s sym CH str
1473-1445 6.78-6.92 m-s m CH def vib
1400-1360  7.14-7.35 m-s m Wagging vib
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often not of use for assignment purposes since alcohols and ethers also absorb

in this region.
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9 Amines, Imines, and Their Hydrohalides

Amine Functional Groups

Amine N—H Stretching Vibrations

As solids or liquids, in which hydrogen bonding may occur, primary aliphatic
amines! 18722 absorb in the region 3450-3160cm ™! (2.90-3.16 um). This
is a broad band of medium intensity which may show structure depending
on the hydrogen-bond polymers formed. In dilute solution in non-polar
solvents, two bands are observed for primary amines due to the N-H
asymmetric and symmetric vibrations. In the aliphatic case,"? they are in
the range 3550—-3250cm™' (2.82-3.08 um) whereas in the aromatic case®~’
they are of medium intensity,’> one at 3520-3420cm~! (2.84-2.92 pm)
and the other at 3420-3340cm~! (2.92-2.99 um). In the condensed phase,
for example, as liquids, o-saturated primary amines may exhibit a broad,
symmetrical doublet of weak-to-medium intensity'®-20 at 3200-3160cm™!
(3.13-3.16 um). Various empirical relationships®'® between the bands have
been proposed one of which is Vgym = 345.5 + 0.876v,5y, Where the two N-H
bonds of the primary amine are equivalent. For primary amines in the solid
phase, the two bands are usually observed at approximately 100cm™! lower
{0.09 pm higher) than for dilute non-polar solvent solutions.

Secondary amines®!!!220 have only one N—H stretching band which is
usually weak and occurs in the range 3500-3300cm™' (2.86-3.03 um). In
the solid and liquid phases, a band of medium intensity may be observed
at 3450-3300cm™' (2.90-3.03pum) for secondary aromatic amines.!? As a
result of hydrogen bonding, bands due to the N~H stretching vibrations may,
in some solvents, be found as low as 3100cm™! (3.23 um). In general, bands
due to the N—H stretching vibration are sharper and weaker than, and do not
occur in as wide a range as, those due to the O—H stretching vibration.

It is sometimes useful to convert tertiary amines into their hydrochlorides
and then examine the resulting spectra for the presence of a band due to the
N-H stretching vibration,'>!* a technique which may also be found useful
for distinguishing between imines and amines.

N-H stretching vibrations result in bands of weak-to-medium intensity in
the Raman spectra of amines.?? (For peptides!” see Chapter 23.)

Amine N—H Deformation Vibrations

Primary amines®~>* have a medium-to-strong absorption band in the
1650-1580cm~! (6.06-6.33um) region and secondary amines have a
weaker band at 1580—1490cm ™! (6.33—6.71 pum). Primary aromatic amines®®
normally absorb at 1615-1580cm™! (6.19-6.33um). Care must be taken
since aromatic ring absorptions also occur in this general region.

Amines often exhibit a number of peaks when examined as pressed discs,
due to a reaction with the dispersing agent and the formation of amine hydro-
halides. Hydrogen bonding has the effect of moving the N-H deformation
band to higher frequencies. This shift is dependent on the strength of the
hydrogen bond. Primary amines have a broad absorption of weak-to-medium
intensity at 895-650cm™! (11.17-15.40 um) which alters in shape and posi-
tion depending on the amount of hydrogen bonding present.

Secondary aliphatic amines have an absorption in the range 750-700 cm™!
(13.33-14.29 um).

Amine C-N Stretching Vibrations

The C—N stretching absorption of primary aliphatic amines is weak and occurs
in the region 1090-1020cm™" (9.17-9.77um). Secondary aliphatic amines
have two bands of medium intensity at 1190—1170cm™! (8.40—8.55 um) and
1145-1130cm™! (8.73-8.85 um).

For aromatic and unsaturated amines =C-N, two bands are observed at
1360-1250cm™! (7.36—8.00 um) and 1280—1180cm™' (7.81-8.48 um) due
to conjugation of the electron pair of the nitrogen with the ring imparting
double-bond character to the C—N bond, primary and secondary aromatic
amines absorbing strongly in the first region. The C—N band for tertiary
aromatic amines is found at 1380—1265cm™! (7.25-7.91 um).



108

Infrared and Raman Characteristic Group Frequencies

Imines with aliphatic groups attached to the nitrogen atom have a band
near 1670cm™' (5.99um), with aromatic groups attached, this band is
near 1640cm~! (6.10um) and, with extended conjugated groups, it is near
1620cm™! (6.17 um).

\
Amine _N—CH; and :N_CHz" Absorptions

A band of medium-to-strong intensity due to the stretching vibration of the
C-H bond of the N-C—H group occurs near 2820 cm~! (3.55 um). This band
is lower in frequency and more intense than ordinary alkyl bands and is
therefore easily identified. Aliphatic amines with —N(CH3); have two bands,
one near 2820cm™" (3.55 um) and the other near 2770cm™! (3.61 um).

Other Amine Bands

Primary aromatic amines (e.g. anilines) have a weak-to-medium intensity band
at 445-345cm™! (22.47-28.99 um) which is probably due to the in-plane

Table 9.1 Amine N-H stretching vibrations

deformation vibration of the aromatic ring-amine bond. For monosubstituted
aminobenzenes with electron-donating substituents, this band is observed
below 400 cm™! (above 25.00 um), whereas with electron-accepting or alkyl
substituents in the ring, this band is above 400cm™1.

Primary alkyl amines have a strong absorption in the vicinity of 200 cm™!
(50.00 um). It has been suggested that this band is due to torsional oscilla-
tions about the C—N bond and that the band which occurs at 495-445 cm™!
(20.20-22.47 um) is an overtone of this band.

Amine Hydrohalides,*'* ~NHy*, "NH,", “NH* and Imine

Hydrohalides, >C:NH+—

Amine Hydrohalide N-H" Stretching Vibrations

In the solid phase, amine hydrohalides containing —NH;* have an absorption
of medium intensity at 3350-3100cm™! (2.99-3.23um) due to stretching

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Primary amines, —NH, (dilute solution 3550-3330 2.82-3.00 w-m w, dp asym NH; str
spectra)
3450-3250 2.90-3.08 w-m w-m, dp sym NH, str
Primary amines (condensed phase spectra) 3450-3160 2.90-3.16 w-m w—m br.
Primary aromatic amines (dil. soln.) 3520-3420 2.84-292 m m-w asym NH; str
3420-3340 2.92-2.99 m m-w sym NH, str
Secondary aliphatic amines, \ 3500-3300 2.86-3.03 w w
/
Secondary aromatic amines 3450-3400 2.90-2.94 m w Greater intensity than aliphatic
compounds
N-D (free) 2600-2400 3.85-4.15 w w-m
—NH-CHj; (condensed phase) 3315-3215 3.02-3.11 w-m w-m br, NH str
~NH-CH; (dilute solutions) 3440-3350 2.91-2.99 w—m w—m Much narrower band than for condensed
phase
{a-unsat or Ar)-NH-CHj; (condensed phase) 3440-3360 2.91-2.98 m-s w—m NH str
(a-unsat or Ar)-NH-CHj; (dilute solutions) 3480--3420 2.87-2.92 m-s w~m NH str
Diamines (condensed phase) (see ref. 16) 3360-3340 2.98-2.99 w-m w-m asym N-H str
3280-3270 3.05-3.06 w-—m w-m sym N-H str
Imines, C=NH (see ref. 17) 3400-3300 2.94-3.03 m w
o0-Alkyl hydroxylamines RONH, 3255-3235 3.07-3.10 m w-m NH; str
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Table 9.2 Amine N—H deformation vibrations

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Saturated primary amines 1650—1580 6.06-6.33 m-s w br, scissor vib. Aromatic amines at lower end of frequency range
1640-158¢cm~'. Amides 1640—1580cm™"', thioamides
1650-1590 cm™*, sulphonamides 1575-1550cm™".
12951145 7.72-8.73 w m-w NH, rocking/twisting vib. Aromatic amines 1120-1020cm™', amides
1170-1080cm™!, thioamides 1305—1085cm™', sulphonamides
1190-1130cm™!
895-650 11.17-15.40 m-s w Usvally br. N-H out-of-plane bending vib , usually multiple bands
(for non-hydrogen bonded amines, band may be sharp). Aromatic
amines 720-520cm™!, amides 730-610cm™', thicamides
710-580cm™', sulphonamides 710650 cm™!
Primary aliphatic amines, 850-810 11.76-12.35 m-s w
R—CH2NH2 and R1R2R3CNH2
795-760 12.58-13.10 m w-m
Primary aliphatic amines, 850-750 11.76—13.33 S w br
R
N\
_CHNH,
Ry
~795 ~12.58 S w-m
Secondary amines 1580-1490 6.33-6.71 w-—m w May be masked by an aromatic band at 1580 cm™'
750-700 13.33-14.29 S w br, N-H wagging vib
Secondary aliphatic amines: 750-710 13.33-14.08 $ w
Rl—CHQ—NH—Cﬂz—RQ and
Ri
R3 R6
R;R,CH-NH-RHR;R, 735-700 13.61-14.29 s w
(o-Sat.)NH-CH; 15801480 6.33-6.76 w-m w NH def vib. ~CO-NH-CH;3 16001500 cm™', —SO,-NH-CH3
1575-1550cm™', ~CS-NH-CH; 1570-1500c¢m™!
Imines, \C—N~H 15901500 6.29-6.67 m w N-H bending vib
Jc=
o-Alkyl hydroxylamines RONH, 1595-1585 6.27-6.31 m w

vibrations. Depending on the amount of hydrogen bonding, a number of
bands may appear in this region. Also in the solid phase, amines with

AN AN
/NH{', —NH* and C=NHT - have a broad absorption of medium intensity at

2700-2250cm~! (3.70-4.44 um). In dilute solution using non-polar solvents,
the stretching vibrations of —NH;™ result in two bands, one near 3380 cm™!
(2.96um) and the other near 3280 cm™! (3.05um), the stretching vibrations

of :NHz’r result in strong bands at 3000-2700cm™! (3.33-3.70 um), those

AN
of —/NH+ result in a weak-to-medium intensity band at 2200—1800cm™!

(4.55-5.56 um) while for >C:NH+— a strong absorption is the result at

2700-2330cm™! (3.70-4.29 pm). Quaternary salts have no characteristic
absorption bands.

Amine Hydrohalide N~H" Deformation Vibrations

Amine —NH3" groups have medium-to-strong absorptions near 1600cm™!

(6.25um) and 1500 cm™! (6.67 pm) due to asymmetric and symmetric defor-
mation vibrations. Secondary amine hydrohalides have only one band which
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Table 9.3 Amine C-N stretching vibrations

Region Intensity
Functional Groups em™! um IR Raman Comments
Primary aliphatic amines 1240-1020 8.06-9.80 w—m m-s, dp General range
Primary aliphatic amines, 1100-1050 9.09-9.52 m m-s, dp
—CH, -NH:
Primary aliphatic amines, 1140-1080 8.77-9.26 w-—m m. dp
AN
/CH—NHg
1045-1035 9.57-9.66 w m, dp
Primary aliphatic amines, 1240-1170 8.07-8.55 w—m m-—w
N\
—/CNH2
1040-1020 9.62-9.80 w m
Secondary aliphatic amines 1190-1170 8.40-8.55 m m General range. Asym CNC str
1145-1130 8.73-8.85 m m-w, p General range. Sym CNC str
Secondary aliphatic amines, 1145-1130 8.73-8.85 m-s m
~CH,-NH-CH,~
Secondary aliphatic amines, 1190-1170 8.40-8.55 m m
N\ s/
—CH—NH—CH
/ N
Tertiary aliphatic amines 1240-1030 8.06-9.71 m m-s General range, doublet. Also Raman asym
C—N str band at 835-750cm™~!
1040-1020 9.62-9.80 w m CN str
Tertiary aliphatic amines, 1210-1150 8.25-8.70 m m-w
—CH2
—CHZ_N
_CH2
Tertiary dimethyl amines, ~1270 ~7.87 m m-w
(CH3),N-CH;-
~1190 ~8.40 m m
~1040 ~9.62 m-w m
Tertiary diethyl amines, ~1205 ~8.30 m m-w
/
(C2H5)2N"C<‘
~1070 ~9.35 m
Primary and secondary 1360-1250 7.36-8.00 S m-w X-sensitive band
aromatic amines
ArNHR 1360-1250 7.35-8.00 s—m m-w Car—N str
1280-1180 7.81-8.48 m m-w Cr—-N str
Tertiary aromatic amines, N/_ 1380-1265 7.25-7.01 S—m m-w
N
Imines, \ 1690-1630 592-6.14 v m-s C=N str
/C=N—
R-CH=N-R 1675-1660 5.97-6.02 m-w m-s C=N str
Ar—-CH=N-Ar 16501645 6.06-6.08 m-s m-s C=N str
R-CH=N-Ar 16601630 6.02-6.14 m-s m-s C=N str
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Table 9.4 Amines: other vibrations

Region Intensity
Functional Groups em™! pm IR Raman Comments
—CH,NH- 2945-2915 3.40-3.43 m m-s CH; asym str
2890-2850 3.46-3.51 m m-s CH; sym str
14701430 6.80-6.99 m m-w CH: def vib
1385-1335 7.22-7.49 m-w m-w CH> wagging vib
1335-1245 7.49-8.03 m-w m-w CHs: twisting vib
1285-1145 7.78-8.73 m-w m CH>/NH; twisting vib
945-835 10.58-11.98 w w CH; rocking vib
895-795 11.17-12.58 s—m w—m br, NH, wagging vib. When unassociated becomes sharp at
800-740cm™', also affected by temperature.
465-315 21.51-31.75 w w-—m CN def vib
Primary aliphatic amines 495-445 20.20-22.47 m-s broad
350-210 28.57-47.62 s broad
Primary aromatic amines 445-345 22.47-28.99 w in-plane bending vib of aromatic —NH, bond
300-160 33.33-62.50 torsional vib
Secondary aliphatic amines 455-405 21.98-24.69 w—m m-w C-N-C def vib
(Sat.)NH-CH, 2990-2940 3.34-3.40 w—m m asym CHj str
2975-2925 3.36-3.42 w-m m * asym CH; str
2925-2785 3.42-3.59 m-s m sym CH; str
15801480 6.33-6.76 w w NH in-plane def vib
14851455 6.73-6.87 w-—m m-w asym CHj; def vib
1475-1445 6.78-6.92 w-m m-w asym CH; def vib
1445-1375 6.92-7.27 w-m m-w sym CHj def vib
1180-1100 8.47-9.09 w-—m m CHj; rocking vib and CN str. Ar-NH-CH; 1155-1125¢cm ™.
1150-1020 8.70-9.80 w-—m w—m CH; rocking vib and CN str. Ar-NH-CH; 1080-1030¢cm™" and
—-S0O,-NH-CH; 1085-1055cm™".
1070-920 9.35-10.87 w-—m w CH; rocking vib and CN str. Ar-NH-CH; 1050-920cm™'.
750-700 13.33-14.29 m s, p very br. Ar-NH-CH; and -SO,-NH-CH; 670-600 cm™!,
—CO-NH-CH; 795-675cm~', —~CS-NH-CH; 720-610cm™!
410-310 24.39-32.26 m-w CNC skeletal vib. Ar-NH-CH; and —SO;-NH-CH; 410-310cm ™!,
—CO-NH.CH; 370-260cm™', ~CS-NH-CH; 330-200cm™
260-200 38.46-50.00 CH; torsional vib
130-70 76.92-142.86 NH-CHj; torsional vib
Tertiary dimethyl amines, —N(CH3), 3020-2960 3.31-3.38 m-s w—m asym CH; str
3020-2960 3.31-3.38 m-s w-m asym CH; str
2975-2925 3.36-3.42 m-s w—m asym CH; str
2975-2925 3.36-3.42 m-s w—m asym CH; sir
2925-2785 3.42-3.59 m-s m-s sym CH; sir
2900-2770 3.45-3.61 m-s m-s sym CHj; str
14901440 6.71-6.94 m-s w-—m asym CHj def vib
1490-1440 6.71-6.94 m-s w—m asym CHa def vib
14701420 6.80-7.04 m-s w-m asym CH; def vib
14701420 6.80-7.04 m-s w—m asym CHj; def vib
1445-1375 6.92-7.27 m-s w—m sym CH; def vib
1415-1355 7.07-7.38 m-s w—m sym CHs def vib

(continued overleaf’)
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Table 9.4 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
1300-1200 7.69-8.33 w m-w CHj; rocking vib and asym CCN str.
1200-1130 8.33-8.84 w m-w asym CCN str and CH; rocking vib
1180-1050 8.47-9.52 w w—m CHj; rocking vib
1100-1020 9.09-9.80 w w-m CHj; rocking vib
1070-940 9.35-10.64 w w—m CHj; rocking vib
980-820 10.20-12.20 sym CCN str
525-395 19.05-25.32 CCN def vib
410-310 24.39-32.26 m-w CCN wagging vib
375-225 26.67-44.44 CCN rocking vib
205-195 33.90-51.28 CH; torsional vib
240-130 41.67-76.92 CH; torsional vib
170-70 58.82-142.86 CCN torsional vib
Tertiary aliphatic amines 510-480 19.61-20.83 s
N v 1680-1630 5.95-6.14 m—s§ S C=C str usually more intense than normal C=C str band
C=C—N
/ AN
o-Alkyl hydroxylamines, RONH, 855-840 11.70-11.90 m s C-0O-N str. In aqueous solution. band moves to higher
wavenumbers
Table 9.5 Amine and imine hydrohalide N-H" stretching vibrations
Region Intensity
Functional Groups cm™! um IR Raman Comments
-NH;* 3350-3100 2.99-3.23 m m br, solid phase spectra
Nt S N 2700-2250 3.70-4.44 m m br, sometimes a group of sharp bands, solid
/NH2 »NH", /NC_NHL_ phase spectra
-NH;* ~3380 ~2.96 m m asym str, dilute solution spectra
~3280 ~3.05 m m sym str, dilute solution spectra
—CH,NH;+ 3235-3030 3.09-3.30 m, br m asym NHj str
3115-2985 321-3.35 m, br m asym NHj str
3010-2910 3.32-344 m m sym NHj str
\\IH+ 3000-2700 3.33-3.70 m-s m Dilute solution spectra, two bands
NH3
/
_\NHJr 2200-1800 4.55-5.56 w-m m Dilute solution spectra
s
\C_ i 2700-2330 3.70-4.29 m-s m Dilute solution spectra, overtone bands occur
TNH at 2500-2300cm™!

Ammonium salts, NH,*+ 3300-3030 3.03-3.30 S m br
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Table 9.6 Amine and imine hydrohalide N-H™ deformation and other vibrations

Region Intensity
Functional Groups cm™! um IR Raman Comments
—NH;* ~2500 ~4.00 w Overtone (sometimes absent)
~2000 ~5.00 w Overtone (sometimes absent)
16351585 6.15-6.31 m w asym NH; ™ def vib
1585-1560 6.31-6.41 m w asym NH;* def vib
1530-1480 6.54-6.76 w w sym NH;* def vib
1280-1150 7.81-8.70 w w NH;* rocking vib
1135-1005 8.81-9.95 w-m w NH,* rocking vib /CN str vib
1100-930 9.09-10.75 w-m w NH;* rocking vib /CN str vib
\NH N ~2000 ~5.00 w Overtone (sometimes absent)
,NHz
1620-1560 6.17-6.41 m-s w
~800 ~12.50 w w NH,* rocking vib
—CH,NH;* 2960-2900 3.38-3.45 m m asym CH; str
2920-2800 3.42-3.57 m m sym CH; str
1635-1585 6.12-6.31 m-s m asym NH;* def vib
1615-1560 6.19-6.41 m-s m asym NH;* def vib
1520-1480 6.58-6.76 w m sym NH;* def vib
12801150 7.81-8.70 w w NH;™* rocking vib
1135-1005 8.81-9.95 w—m w NH;* rocking vib /CN str vib
1100-930 9.09-10.75 w-m w NH;* rocking vib /CN str vib
535-425 18.69-23.53 w-m NH;* twisting vib /CCN def vib
370-250 27.02-40.00 CCN twisting vib /NH;* def vib
Imine, \_,_ 2200-1800 4.55-5.56 m w One or more bands
/C—N —H
~1680 ~5.95 m $ C=N* sir
Ammonium salts, NH,* 1430-1390 6.99-7.19 S w N-H def vib

is near to 1600cm ™! (6.25 yum). Unfortunately, aromatic ring C=C stretching
vibrations also give rise to bands in this general region so that care must be
exercised in interpretations.

Amine and Imine Hydrohalides: Other Bands

Other relevant bands have, of course, been discussed in the previous section
dealing with uncharged amines and this should be referred to.

Primary amine hydrohalides have a number of sharp bands in the region
2800-2400cm™! (3.57-4.15um), and a band around 2000cm™! (5.00 pum)
which is believed to be a combination band involving NH3™ deformation
vibrations. Secondary amine hydrohalides have two sharp bands, at about
2500cm™! (4.00 um) and 2400cm™! (4.15pm). Primary amine hydrohalides

also absorb in the region 1280—1005cm™! (7.81-9.95um) due mainly to
the rocking vibration of the NHz™ group. Most amine hydrohalides have in
addition a medium-to-strong band at about 1120cm ™! (8.93 um).

Imine hydrohalides have one or more bands of medium intensity in the
region 2200-1800cm™! (4.55-5.56 um) which may be used to distinguish
them clearly from amine hydrohalides.
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10 The Carbonyl Group: C=0

Introduction

The carbonyl group is contained in a large number of different classes of
compounds, e.g. aldehydes, ketones, carboxylic acid, esters, amides, acid anhy-
drides, acid halides, lactones, urethanes, lactams, etc., for which a strong
absorption band due to the C=O stretching vibration'? is observed in the
region 1850—1550cm™" (5.41-6.45um). Because of its intensity™'® in the
infrared and the relatively interference-free region in which it occurs, this
band is reasonably easy to recognize. In Raman spectra, the CO stretching
band is much less intense than in infrared.

The frequency of this carbonyl stretching vibration is dependent on various
factors:

1. The structural environment of the C=0 group.

(a) The more electronegative an atom or group directly attached to a
carbonyl group,’-? the greater is the frequency.

(b) Unsaturation''~'7 in the ,8- position tends to decrease the frequency,
except for amides which are little influenced, by 15-40cm™" from
that expected without the conjugation, further conjugation having little
effect on the frequency.

(c) Hydrogen bonding'8-2% to the C=0 results in a decrease in the fre-
quency of 40-60cm™!, this being independent of whether the bonding
is inter- or intramolecular.

(d) In situations where ring strain occurs, the greater the strain, i.e. the
smaller the ring, the greater is the frequency.?l-27-34

2. The physical state of the sample. In the solid phase, the frequency of
the vibration is slightly decreased compared with that in dilute non-
polar solutions.** The presence of hydrogen bonding is an important
contributing factor to this decrease in frequency.

In cases where more than one of these influences is present, the net shift in
the position of the band due to the C=0 stretching vibration appears to be
the result of an approximately additive process, although this does not always
hold in cases where hydrogen bonding to the C=0 group is present.

If the double-bond character of the carbonyl group is increased (i.e. the
force constant of the bond is increased) by its neighbouring groups, then
the frequency of the stretching vibration is increased (i.e. the wavelength is
decreased). If the presence of an adjacent group results in resonance hybrids,
such as 1l (below), making a greater contribution, then this will tend to
decrease the double-bond character of the carbonyl group and hence decrease
the frequency of the carbonyl stretching vibration:

R R\
=0 - C—0O

4

X X

On the other hand, an electron-accepting group tends, through the inductive
effect, to increase the double-bond character and hence increases the frequency
of the vibration:

R—/c=’b - R—C=0'X"

X<
Hence, for a particular group, these two opposite effects determine the frequency

of the vibration and it is therefore possible, in general, to give an approximate
order for the C=0 bond stretching vibration frequency for different groups:

RCOO~ < RCONH: < (RCOOH), < RCOR’
dimer

< RCHO < RCOOR’ < RCOOH < RCOOCOR’
monomer

Hydrogen bonding tends to decrease the double-bond character of the carbonyl
group, therefore shifting the absorption band to lower frequency:

O+ 8- 8 -
,LC—0..H=0

For example, the C=0 stretching vibration band of aliphatic carboxylic acids
as monomers appears near 1760cm™' (5.68 um), but as dimers (which are
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predominant in liquid and solid samples) the band occurs near 1700 cm™!

(5.88 um). For this hydrogen-bonded dimer, a characteristic broad band is
observed at about 920cm™! (10.87um) due to its out-of-plane bending
vibration.

Due to hydrogen-bonding in solvents such as chloroform, the band due to
the carbonyl stretching vibration of ketones may be split by about 5-10c¢m™!
(0.02-0.04 um).

If a carbonyl group is part of a conjugated system, then the frequency of
the carbonyl stretching vibration decreases, the reason being that the double-
bond character of the C=0 group is less due to the m-electron system being
delocalized.

For meta- and para-substituted aromatic carbonyl compounds, a linear rela-
tionship exists between the carbonyl absorption frequency and the Hammett
reactivity constant.?>18:37-38 A relationship between the carbonyl stretching
vibration frequency of aromatic carbonyl compound and the pK**4? of the
corresponding aromatic carboxylic acid has been demonstrated. Correlations
with other parameters, such as electronegativities,*! ionization potentials, Taft
o™ values, half-wave potentials, etc., have also been made.*>** For aromatic
compounds with ortho- substituents, a combination of factors may be impor-
tant, such as chelation, steric effects, and field effects (dipole interactions
through space).

In detailed spectral studies of carbonyl compounds in which conjugation
with an olefinic group occurs, geometrical isomerism must be taken into
account.'*1617 o 8-Unsaturated carbonyl compounds have a contribution from

B« B«
the C* — C=C-0O~ form in addition to the form C = C —C=0. Some partial
double-bond character exists between the C=0 and the «,S-unsaturated C=C
bond. Hence, geometrical isomerism about this ‘single’ bond is possible,
resulting in s-trans and s-cis forms, where the s indicates restricted rotation
about a single bond:

R O R R
Rﬁ R R‘g/_\< O
R R

s-trans S-cis

If the R groups are different, then various s-trans and s-cis forms may
exist, e.g.

R O R O
R’ﬁ R Rﬁ R
R R’

Different s-trans forms

In the case of two olefinic groups conjugated to a carbonyl group, various
configurations are possible such as ’

R O R O
R
R / / R R 7 V=
R R R R
R R
s-trans. s-trans s-trans, s-cis
a-Dicarbonyl**#> compounds may exist in two configurations, cisoid and tran-
soid:
Rio. R R 20
7 o o” C\\R2
cisoid transoid

In the cisoid conformation, a degree of interaction between the dipoles of the
two carbonyl groups would be expected which would result in an increase in
the carbonyl character or possibly result in enolization. However, for acyclic a-
dicarbonyl compounds, no such interaction is observed: the carbony! stretching
vibration frequency is virtually the same as for the equivalent monocarbony!
compound. This can be explained if the «-dicarbonyl substances exist in
the more energetically-favoured transoid conformation. For the symmetric
stretching vibration, the dipole interactions of the two carbonyls would be
cancelled. The symmetric stretching mode is infrared inactive since there
would be no net change in the dipole moment during vibration. In the case
of cyclic a-dicarbonyls, the two C=0O groups are held, depending on the
ring size, more-or-less rigidly in the cisoid conformation. This results in these
cyclic compounds with smaller rings having a marked tendency to enolization.

The great difference between the spectra of a carboxylic acid and its salt
may be useful when doubt exists as to whether or not a C=0 band should be
attributed to a carboxyl group.

In general, for the C=O stretching vibration band, acids absorb more
strongly than ketones, aldehydes, or amides. The intensity of the C=0 absorp-
tions of ketones and aldehydes is approximately the same, whereas that of
amides may vary greatly.

A relatively small number of compounds containing only one carbonyl
group has more than one band due to the carbonyl stretching vibration,
examples being benzoyl chloride,*® cyclopentanone,*’=# cyclopent-2-enone,
cthylene carbonate and certain «,B-unsaturated lactones (five- and six-
membered rings)*>*! and lactams. It would seem that Fermi resonance is
responsible for this doubling of the carbonyl band.’% 72170

Fermi resonance occurs if the energy associated with a combination or an
overtone band coincides approximately with that for a fundamental energy
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level of a different vibration. This may be thought of as a to-and-fro transfer
of energy between the two levels. Fermi resonance results in two bands of
similar intensity almost equidistant from the position at which the funda-
mental and combination bands would have occurred. These doublets are, of
course, concentration-independent but may depend on temperature and solvent
polarity.

With the exception of thioacids, the carbonyl stretching vibration frequency
of thiol compounds®>* is found approximately 40cm~! lower (0.15um
higher) than that of the corresponding oxygen compound. Similarly, dithiol
carbonates have bands which are about 80 cm™! (0.35um higher) than for the
corresponding —O—CO-O-compound.

Ketones, >C=O

Ketone C=0 Stretching Vibrations

Ketones and aldehydes have almost identical carbonyl absorption frequencies.
Aldehydes usually absorb at about 10cm™! higher (0.03um lower) than the
corresponding ketone.

Saturated aliphatic ketones and cyclic ketones (six-
membered rings and greater) in the pure liquid and solid phases
absorb strongly in the range 1725-1705c¢cm™' (5.80-5.86um). In dilute
solution in non-polar solvents, the absorption occurs at 1745-1715cm™!
(5.73-5.83 um). Therefore, in general, in the solid phase, the frequency
of the C=O0O stretching vibration is 10-20cm~! lower than that
observed in dilute solutions using non-polar solvents. In non-polar
solvents, aryl ketones*>3 absorb at 1700—1680cm™! (5.88-5.95um),
diaryl ketones at 1670-1600cm™! (5.99-6.25 um), «,B-unsaturated ketones

(\g=8_c=o) at 1700-1660cm™!
/

43,122,172,173.175

(5.88-6.02pm), «-halo-ketones

at 1750-1725cm~! (5.71-5.80um),*%-57 and «,o/,-dihalo-ketones at
17651745 cm™" (5.66-5.73 um).>®~% ¢-Chloro-ketones absorb at the higher
frequencies if the chlorine atom is near the oxygen and at the lower values if
away from it.* In the case of a,B-unsaturation, the C=C stretching vibration
frequency is also reduced. The aromatic band near 1600cm™ (6.25um)
usually appears as a doublet and the band near 1500cm™! (6.67 um) can
be very weak.

a-Diketones have a very strong symmetric C=0 stretch at about 1720 cm™!
(5.81 pm). When the carbonyl groups are fixed in the cis position by a six-
membered ring two bands are observed one at approximately 1760cm™!
(5.68 um) and the other at about 1730 cm™~! (5.78 um). If the cis configuration

is held by a five-membered ring then these strong bands occur at about
1775cm™! (5.63 um) and 1760cm™" (5.68 um).

Enolized B-diketones* %67 have a very strong band in the region of
1610cm™! (6.21 um) (the band due to the C=C stretching vibration being
at 1520-1500cm™"). For a-diketones, a single band is observed at a slightly
higher frequency than that expected for the single ketone.

Unsymmetrical para-substituted benzils have two bands at 1690—1660 cm™!
(5.92-6.02 um). Ortho-hydroxy or ortho-amino-aryl ketones® exhibit a strong
band in the region 1655-1610cm™" (6.04—6.21 um) due to the carbonyl
stretching vibration. The presence of intramolecular hydrogen bonding causes
this frequency to be lower than might otherwise be expected.

As mentioned previously, the band due to the C=0 stretching vibration is
shifted from its expected position by a number of parameters, these influences
being approximately additive in their effect. The approximate magnitude of
these shifts is given in Table 10.1.

Methy! and Methylene Deformation Vibrations in Ketones

For the group —CH;-CO-, the methylene scissoring vibration occurs in
the range 1435-1405c¢m™' (6.97-7.12um).® This is lower than that for
CH, in aliphatic hydrocarbons which occurs in the range 1480-1440cm™!
(6.76-6.94um). For methyl groups adjacent to carbonyl groups, the
symmetrical C—H bending vibration has a lower frequency, 1360-1355cm™!
(7.35-7.38um), than that for aliphatic hydrocarbons, 1390—1370cm™!
(7.19-7.30um). Ketones with the structure —CH;—CO-CH,- have a
medium-intensity band at 1230-1100cm™' (8.13-9.09um) due to the
asymmetric stretching vibration of the backbone. For methyl ketones, this
band is near 1170cm™! (8.55 um).

Ketone Skeletal and Other Vibrations

A band of medium-to-strong intensity due to the C—C stretching vibration
may be found at 1325-1115cm™! (7.55-8.95 um) for aliphatic ketones® and

Table 10.1 Influence on C=O stretching vibration for ketones and
aldehydes

Wavenumber shift (cm™") Wavelength shift (um)

a,B-Unsaturation -30 —0.11
a-Halogen +20 —-0.07
a,o’-Dihalogen +40 —0.15
a,a-Dihalogen +20 —0.07
Solid phase —-20 +0.07
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at 1225-1075¢cm~" (8.16—9.30 um) for aromatic ketones. However, this band
is not normally used for assignment purposes.

Due to the in-plane deformation of the C—CO-C group, aliphatic ketones
have a strong absorption at 630-620cm™' (15.87-16.13um)% which is
shifted to lower frequencies, 580—565cm™' (17.24—17.70 um), if a-branching
occurs.

Infrared and Raman Characteristic Group Frequencies

Aliphatic ketones have an absorption at 540-510cm ™" (18.52-19.61 um)
which is due to C—C=0 deformation. This band is shifted to 560—550cm™"
(17.86—18.18 um) if «-branching occurs. Small-ring cyclic ketones absorb
strongly at 505-480cm ! (19.80-20.83 um).%

With the exception of acetone and «-branched compounds, methyl ketones
have prominent bands at about 1355 em™! (7.38 um) and at about 1170cm™!

Chart 10.1 Infrared — band positions of carbonyl groups including carboxylic acids and their salts etc. All these bands are very strong

1900 1850 1800

1750 1700 1650 1600 1550  cm™!

=

Saturated ketopes
oB-Unsaturated ketones

Aryl ketones

o,B-,0,f’-Unsaturated ketones
a-Halogen ketanes

a,or’-Di-halogen ketones

Tobuf

Cyclopentanongs
Enol form of B{diketones

Oui

Y¢ —

Saturated aldelydes
o,B-Unsaturated aldehydes

o,B-.Y,8-Unsaturated aldehydes

Aryl aldehydes|
Enol form of oijketo aldehydes

Saturated carbpxylic acids

o,B-Unsaturated carboxylic acid
Aryl carboxyliq acids
a-Halo carboxylic acids

Carboxylic acig saits

Saturated carbpxylic actd anhydrides
Aryl or a,B-Ux:J‘aturated carboxylic acid anhydrides ———

Carboxylic acig fluorides —

two bands, onefin
each region, separation ~60 cm™!
—

Carboxylic acid chlorides —

Carboxylic acig bromides ——

5.25 5.50

5.75 6.00 6.25 pm
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Chart 10.1 (continued)

1900 1850 1800 1750 1700 1650 1600 1550 cm™!

Saturated aliphatic acid peroxifes —

two bands gne in each
region, separation ~25 cm™!

Aryl and o.,punsaturated acid peroxides

Formates -
Saturated aliphatic esters |
Aryl and c.fqunsaturated esters

Vinyl and phenyl esters

a-Halo esters) —

Enol form of B-keto-esters ———

Thiol esters

Aliphatic chldroformates -
Aryl chlorofopmates —
y-Lactones —
a f-Unsaturafed y-lactones — Doubdet
IBonded
. . Free |
Primary amides —
Bonded
Secondary amides Free p—
Tertiary amides ——
B-Lactams —
y-Lactams —
| Alkyl carb t

Diarylcarbonptes ———
Ureas ——
Alkyl uretharjes ——

1 1 1 I

5.25 5.50 575 6.00 6.25 tm
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Table 10.2 Ketone C=0 stretching vibrations

Infrared and Raman Characteristic Group Frequencies

Region Intensity

Functional Groups cm™! um IR Raman Comments

Saturated aliphatic ketones 1745-1715 5.73-5.83 Vs m sat. methyl ketones 1730—1700cm™!

Aryl ketones 1700-1680 5.88-S.95 Vs v

Diaryl ketones 1670-1600 5.99-6.25 Vs v see ref. 55

o-Hydroxy diaryl ketones 1655-1635 6.04-6.12 Vs m

a,B-Unsaturated ketones, 1700-1660 5.88-5.02 Vs m-w General range

B a
>C=C—C=O
1690- 1660 5.92-6.02 Vs m s-trans- form (C=C str, 1645-1615cm™")
1700- 1685 5.88-5.93 Vs w s-cis- form (C=C str, 1625-1615cm™')

«,B-Unsaturated, g-amino 1640- 1600 6.10-6.25 5 m Intramolecular hydrogen bonding occurs. Trans- form
ketones, cis- form has no hydrogen bonding and carbonyl band

occurs in normal range

«,B-, o B -Di-unsaturated 1680-1650 5.95-6.06 Vs m-w
ketones,
~ -~
_C=C—CO—C=C_

«-Halo-ketones 1750-1725 5.71-5.80 Vs m

a,o’-Dihalo-ketones 1765-1745 5.66-5.73 'S m

Keto form of g-diketones, 1740-1695 5.75-5.90 vs m-w

|
—CO—CII—CO—

Enol form of S-diketones, 1640-1580 6.10-6.33 Vs m-w br. extremely strong band (other bands at
(I)H""ﬂ ~1500cm™!, ~l|4500m", ~1260cm™'; O—H str,
C=c—C 3000-2700cm™")

Cyclic-ketones, enol form 1630-1610 6.14-6.21 s m

a-Diketones, —-CO-CO- 1730-1705 5.78-5.86 Vs m

-CO-0-CH,CO- 1745-1725 5.73-5.80 Vs m ester CO at 1760-1745cm™!

Cyclopentanone derivatives 1750-1740 5.71-5.75 vs m Fermi resonance doublet

Cyclobutanone derivatives 1790-1765 5.59-5.67 Vs m

Cyclopropenones 1870~1845 5.35-5.42 vs m C=C and C=0 in-phase and out-of-phase str; as

mass of substituents increases, band at
~1475cm™', mainly due to C=C str, disappears
and strong band at 1655-1620cm™! appears
instead

1655-1620 6.04-6.17 s m

Cyclopropanones ~1820 ~5.49 & m Liquid phase (vapour phase, ~1905cm™')

3.4-Dihydroxy, 3-cyclobutene 1820-1785 5.50-5.60 Vs m-w C=O0str
diones, —(C404)-

o-Hydroxy-, and o-amino-aryl 1665-1610 6.01-6.21 Vs m Intramolecular
ketones

B-Diketones, metal chelates 1605-1560 6.23-6.41 s m hydrogen bonding All four bands due to

’ 1550~ 1500 6.45-6.67 m-s m occurs position C-0 and C-C stretching
14501350 6.90-7.41 m-s m dependent on complex vib
~1250 ~8.00 m m stability
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Table 10.2 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Flavones Diagram 1670-1625 5.99-6.15 vs m
94
|
(0]
Cyclopropyl ketones, 1705-1685 5.86-5.94 Vs m
[>—co—
Aliphatic silyl ketones, 1645-1635 6.08-6.12 Vs m
/
R—CO—Si—
N
/ ~ ~
Ar—CO—si= 1620 6.17 Vs m
Benzophenone complexes, ~1525 ~6.56 m-s
—ArCO-AICl; and
Ar,CO-AICl;
Table 10.3 Ketones: other bands
Region Intensity
Functional Groups cm™! um IR Raman Comments
\C=O 3550-3200 2.82-3.13 w - C=0 stretching vibration overtone
/
Aliphatic ketones (straight chain) 1170-1100 8.55-9.09 m-w m-w C.CO-C asym str
800-700 12.50-14.29 w m-s C-CO-C sym str
630-620 15.87-16.13 S s—m C-CO-C in-plane def vib
a-Branched aliphatic ketones 680-650 14.71-15.38 w m-s C-CO-C sym str
580-565 17.24-17.70 m s—m C-CO-C in-plane def vib
Methy! ketones 3045-2965 3.28-3.37 m-w s—m asym CH str
3020-2930 331-3.41 m-w S—m asym CH str
2940-2840 3.40-3.52 m s—m sym CH str
1390-1340 7.19-7.46 m-s m-w CH; def. Often 1360—-1355¢cm™".
1170-700 8.55-14.29 m-w m-w C-CO-C asym str. Ethyl ketones
1130-1100cm™!
Aliphatic methyl ketones 600-580 16.67-17.24 s—m m-s C-CO-C in-plane def vib
540-510 18.52-19.61 m m C-CO in-plane def vib
Aromatic methyl ketones 600-580 16.67-17.24 s—m m-—s C-CO-C in-plane def vib
—-CH,CO- 1435-1405 6.97-7.12 w m-s CH,-CO def vib
Alkyl ketones 1325-1215 7.55-8.23 s m-w
1170-1100 8.55-9.09 m-w m-—w C-CO-C asym str
800-700 12.50-14.29 w m-s C-CO-C sym str
490-460 20.41-21.74 VW Out-of-plane C-CO-C def vib
430-390 23.26-25.64 m In-plane C-CO-C def vib

(continued overleaf )

121
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Table 10.3 (continued)

Region Intensity

Functional Groups cm™! um IR Raman Comments
Aryl ketones 1225-1075 8.16-9.30 S m Phenyl-carbon str

~1300 ~7.69 m m C-C-C bending and C-CO-C
Small-ring cyclic ketones 505-480 19.80-20.83 $ m C-CO in-plane def vib
3,4-Dihydroxy 3-cyclobutene diones, ~1725 ~5.80 S m

—(C404)-

1590-1560 6.29-6.41 v S C=Cstr

1485-1405 6.73-7.12 s m C-0 + C=C str (free acid ~1515¢cm™")

1380-1315 7.25-7.61 m m-—w

1285-1220 7.78-8.20 m-s m-w

12001140 8.33-8.77 m-s m-w

1090-1020 9.17-9.80 w w

990-800 10.10-12.50 m w

800-635 12.50-15.75 m-w w Number of bands

(8.55 um), the former band being due to CH; deformation vibrations.% Methyl
ketones generally (including aromatic methyl ketones) have a strong absorption
at 600-580cm™" (16.67—17.24 um) which is due to the in-plane deformation
vibration of the C—CO-C group. Other aromatic ketones also exhibit this
absorption band.

0 0

and E:/ro

Either one or two carbonyl absorption bands may be observed for para-
quinones, the range being 1690—1655cm™! (5.92-6.04um), even though
only one might be expected from symmetry considerations.®®~7> On the other
hand, ortho-quinones exhibit only one carbonyl band, which is in the same
range although usually at about 1660 cm™" (6.02 um). The carbonyl absorption
frequency of polycyclic quinones increases with the number of fused rings.
Quinones with electronegative substituents absorb at the higher end of the
frequency range given.

In the absence of hydroxyl and amino- groups. anthraquinones’ absorb
strongly in the region 1680—1650cm™! (5.95-6.06 um) due to the carbonyl
group. The presence of hydroxyl and amino- groups results in a lowering of
this frequency. Charge-transfer complexes of benzoquinone and hydroquinone
have been dealt with.™

Quinones

0]

Aldehydes, -CHO

Aldehyde C=O0O Stretching Vibrations

The C=O stretching vibration is influenced in a similar manner to
that observed for ketones™'?? (see earlier). In non-polar solvents,
saturated aliphatic aldehydes absorb strongly in the region 1740-1720cm™"
(5.75-5.82 um),” 7 aryl aldehydes at 1715~1685cm™" (5.83-5.93 um),”’-"®
and «,B-unsaturated aliphatic aldehydes at 17051685 cm~! (5.87-5.93 um),
with additional unsaturation lowering the frequency only slightly
(approximately 5-10cm™"). In the solid or liquid phase, the absorption
frequencies are lowered by 10-20cm~! compared with those for dilute
solution in non-polar solvents. A study has been made of the temperature
dependence of the acetaldehyde C=O stretching vibration.'®

Aldehydic C—H Vibrations

Two characteristic bands are usually observed due to the stretching vibrations
of the aldehydic C—H,” both of which are of weak-to-medium intensity, one
at about 2820 cm™' (3.55um) and the other in the region 2745-2650 cm™'
(3.64-3.77 um). In Raman spectra, the CH stretching band is often of weak
intensity, being a shoulder to the band at ~2720cm~! (3.66 um) which is
normally strong.

Benzaldehydes with bulky ortho- substituents such as nitro-, halogen
or methoxy groups absorb at 2900-2800cm~! (3.45-3.57um) and



The Carbonyl Group: C=0

123

Table 10.4 Quinone C=0 stretching vibrations

Region Intensity
Functional Groups cm™! IR Raman Comments
Quinones 1690-1655 5.92-6.04 vs m One or two bands
Polycyclic quinones 1655-1635 6.04-6.03 Vs m
Anthraquinones (absence of OH and 1680-1650 5.95-6.06 Vs m
NH: groups)

1-Hydroxy! anthraquinones 1675-1645 6.01-6.08 Vs m

1640-1620 6.10-6.17 Vs m
14- or 1,5-dihydroxyl anthraquinones 16451605 6.08-6.23 Vs m
1.8-Dihydroxyl anthraquinones 1680-1660 5.95-6.02 Vs m

1625-1615 6.16-6.19 Vs m
1.4,5-Trihydroxyl anthraquinones 1615-1590 6.19-6.29 Vs m
1.4.5,8-Tetrahydroxyl anthraquinones 1590-1570 6.29-6.37 Vs m
Tropones 1600-1575 6.25-6.35 Vs m
Tropolones, OH 1620-1590 6.17-6.29 V8 m Intramolecular bonding to CO group

2790-2720cm~! (3.58-3.68 um). Otherwise, aryl aldehydes absorb at
2830-2810cm™! (3.53—3.56 um) and 2745-2720cm™! (3.65—3.68 um).

The presence of a sharp band at about 2720cm™' (3.68 um) and a band
due to the carbonyl stretching vibration in the region 1740-1685cm™'
(5.75-5.95pum) may usually be taken as indicating the presence of an
aldehyde.

The CH stretching band, although weak, is useful for characterisation
purposes. However, the overtone of the CH in-plane deformations may disturb
the position of the CH stretching band or result in some confusion. The
presence of two bands in the region 2895-2650cm™! (3.45-3.77 um) is due

Table 10.5 Quinone C—H out-of-plane deformation vibrations

Region Intensity

Functional Groups cm™! pm IR Raman  Comments
Monosubstituted 915-900 1093-11.11 w-m w-m

p-benzonquinones

865-825  11.56-12.12 m-s w-m

2,3-Disubstituted 860-800 11.63-12.50 s w-m

p-benzoquinones
2,5- and 920-895  10.87-11.17 s w—m

2,6-disubstituted
p-benzoquinones

to an interaction between the C—H stretching vibration and the overtone of
the C-H bending vibration near 1390 em™! (7.19um). This involves Fermi
resonance since aldehydes for which the latter band is shifted have only one
band, this being in the region 2895-2805cm ™} (3.45-3.57 um).

A weak-to-medium intensity band due to the aldehydic C—H deformation
vibration is found in the region 975-780cm~! (10.26-12.82 um). However,
because of its variable position and intensity, this band may be difficult to
identify.

Other Aldehyde Bands

Aliphatic aldehydes absorb weakly in the region 1440-1325cm™!
(6.94-7.55um) and aromatic aldehydes absorb weakly at 1415-1350 cem™!
(7.07-7.41um), 1320-1260cm™" (7.58-7.94um), and 1230-1160cm™!
(8.13-8.62um), the last band being due to the C-C stretching vibration.
These bands are not normally useful for assignment purposes in infrared
spectra. In Raman spectra, the C—C stretching band for n-alkyl compounds is
of medium-to-strong intensity, occurring at 1120—-1090cm™! (8.23-9.17 um)
with a weak-to-medium intensity band, due to C—C=0 in-plane deformation,
at 565-520cm~! (17.70—19.23 um). For dialky! aldehydes, this latter band
occurs at 665-580cm™' (15.04—17.24um). For aliphatic aldehydes with
branching occurring adjacent to the a-carbon atom, a medium-to-strong band
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Table 10.6 Aldehyde C=0 stretching vibrations

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Saturated aliphatic aldehydes 1740-1720 5.75-5.81 vs w—m General range for saturated compounds (not
aliphatic) 1790-1710cm™".
«.B-Unsaturated aliphatic aldehydes 17051685 5.87-5.93 Vs w—m
a,B-y,6-Conjugated aliphatic 1690-1650 5.91-6.06 vs w—m Further conjugation has little effect
aldehydes
Aryl aldehydes 1715-1685 5.83-5.93 Vs v Most benzaldehydes ~1700 cm~'
o-Hydroxy- and o-amino-aryl 1665-1625 6.01-6.16 Vs w—m Frequency lowered due to hydrogen
aldehydes bonding
a-Keto aldehydes in enol form, 1670—1645 6.17-6.25 vs w—m Frequency lowered due to hydrogen
| bonding
—C(OH)=C—CHO
a-Di- and trichloroaldehydes 1770-1740 5.65-5.75 \& v
-CF,CHO 17901755 5.59-5.70 v§ w-m
Table 10.7 Aldehydes: other bands
Region Intensity
Functional Groups cm™! um IR Raman Comments
Aldehydes, ~-CHO 2900-2800 3.45-3.57 w-m w C-H str
2745-2650 3.64-3.77 w-m s—m C—H str, usually ~2720cm™'. Fermi
resonance with band near 1390cm™".
1450-1325 6.90-7.55 m-s s—m In-plane C—H rocking vib. Most aldehydes:
1375-1350cm™
975-780 10.26-12.82 w-m m C-H def vib
Aliphatic aldehydes 2870-2800 3.48-3.57 w-m w CH str
2740-2700 3.65-3.70 w—m s—m Overtone CH in-plane def vib
1440-1325 6.94-7.55 m-$ $—m In-plane C—H rocking vib
695-635 14.39-15.75 m-s m-w C-C-CO in-plane def vib
565-520 17.70-19.23 m-s m-w C-CO in-plane def vib
Aryl aldehydes 2900-2800 3.45-3.57 w—m w CH str
2790-2720 3.58-3.68 w-m s—m Overtone CH in-plane def vib
1415-1350 7.07-7.41 m-w s—m In-plane C—H rocking vib
1320-1260 7.58-7.94 m m Due to aromatic ring
850-720 11.76-13.89 w m CH/CO wagging vib, but has been assigned to
band ~1000cm™! for some benzaldehydes
1230-1160 8.13-8.62 m m Possibly ring C-CHO str
700-580 14.29-17.24 m-s m =C-CHO in-plane def vib
a-Branched aliphatic aldehydes 665-635 15.04-15.75 s—m m-w C-C-CO in-plane def vib vib
565-520 17.70-19.23 s-m m-w C-CO in-plane def vib
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is observed at 800-700cm ™' (12.50~14.29 um) due to the symmetric skeletal
stretching vibration of the quaternary carbon group.

In general, aromatic aldehydes have a strong absorption at 700-580cm™~
(14.29-17.24um) due to in-plane deformation vibrations of the C-CHO
group.®

Aliphatic aldehydes have a medium-to-strong band at 695-635cm™’
(14.39-15.75um) and 565-520cm~"! (17.70-19.23 pm) due to C—-C-C=0
and C—C=0 deformations respectively.

1

Carboxylic Acids, -COOH

Due to the presence of strong intermolecular hydrogen bonding, carboxylic
acids normally exist as dimers. Their spectra exhibit a broad band due to
the O—H stretching vibration and a strong band due to the C=O0 stretching
vibration. The marked spectral changes which occur when a carboxylic acid is
converted to its salt may be used to distinguish it from other C=0 containing
compounds.

Carboxylic Acid O—H Stretching Vibrations

As a result of the presence of hydrogen bonding, carboxylic acids in the liquid
and solid phases exhibit a broad band at 3300-2500 em™1 (3.30-4.00 um), due
to the O-H stretching vibration,8!-82 which sometimes, in the lower half of
the frequency range, has two or three weak bands superimposed on it. In the
main, it is only chelated O—H groups, e.g. the OH group of the enol form of
B-diketones, and carboxylic acids which absorb in the region 2700—2500 cm™!
(3.70—-4.00 um), and these two structural groups may be distinguished by
their C=0 stretching vibrations. Although other groups absorb in the region
3300-2500cm™! (3.04—-4.00um), e.g. C-H, P-H, S—H, Si—H, their bands
are all sharp. The O—H deformation band may also be useful for distinguishing
between groups.

Carboxylic acid monomers have a weak, sharp band at 3580-3500cm™
(2.79-2.86 um). Usually, monomers only exist in the vapour phase, but of
course some dimeric structure may also be present in this phase too.

1

Carboxylic Acid C=0 Stretching Vibrations

In general, the C=0 stretching vibration for carboxylic acids gives rise to a
band which is stronger than that for ketones or aldehydes. In the solid or liquid
phases, the C=0 group of saturated aliphatic carboxylic acids®®'7> absorbs
very strongly in the region 1740—-1700cm™! (5.75-5.88 um). In the Raman
spectra of aliphatic compounds, the symmetric‘C=0 stretching band occurs
at 1685-1640cm™! (5.93-6.10 um).

As mentioned above, most carboxylic acids exist as dimers. However,
in very dilute solution in non-polar solvents, or in the vapour phase, when
the acid may exist as a monomer, the C=O stretching vibration band is at
about 1760 cm~" (5.68 um). In aqueous solution, polycarboxylic acids exhibit
a strong band in their Raman spectra at 1750—1710 em~! (5.71-5.85um).

The frequency of the C=O stretching vibration for saturated n-aliphatic
acids usually decreases with increase in chain-length. Electronegative atoms
or groups adjacent to carboxylic acid groups have the effect of increasing
the C=O0 stretching vibration frequency, while hydrogen bonding tends to
decrease it.¥8 For example. a-halo-carboxylic acids’%® absorb strongly in
the region 1740-1715cm~! (5.75-5.83 um) and intramolecularly hydrogen-
bonded acids absorb at 1680—1650cm~! (5.95-6.06 um). Sometimes, a-halo-
carboxylic acids exhibit two bands due to the C=0 stretching vibration, this
being the result of partially restricted rotation.

Aryl and o.B-unsaturated carboxylic acids absorb in the region
1715-1660 cm™' (5.83—6.02 um). Further conjugation has little effect on the
C=0 stretching vibration. Aryl carboxylic acids with a hydroxyl group in the
ortho- position absorb at about 50cm~! lower (0.18 um higher) and with an
ortho-amino-group the frequency lowering is about 30cm~! (0.09 um). Aryl
carboxylic acid monomers absorb at 1755-1735 em~! (5.70-5.76 um).

Some saturated dicarboxylic acids have a doublet structure for this C=0
band in solid-phase spectra, even though both acid groups are chemically
equivalent. This structure may be used to distinguish between optical isomers.

Association of the acid with a solvent such as pyridine, dioxane, etc., gener-
ally lowers the C=0 stretching vibration frequency.

Other Vibrations of Carboxylic Acids

C-H stretching vibration bands in the region 3100-2800cm ™' (3.23-3.57 um)
sometimes have broad wings due to overlap with the bands due to the O-H
stretching vibration. A band at about 1440—1395cm™! (6.95-7.17 pm), which
may be overlooked because of its weak nature, is due to the combination of the
C-0O stretching and O—H deformation vibrations. A —CH,CO- deformation
vibration may further complicate matters since it gives rise to a medium-
intensity band at 1410-1405 cm~! (7.09-7.12 um) which is characteristic of
the group.

A medium-to-strong band at 1320-1210cm™" (7.58-8.28 um) is observed
but this band is not usually much help in identification as other compounds
containing the carbonyl group have bands in this region. Carboxylic acid
dimers absorb in the narrower range 1320-1280cm~! (7.58—7.81 um) and
also have a broad, usually asymmetric, band of medium-to-strong intensity in
the region 955-915cm™! (10.47—10.93 um) due to the out-of-plane deforma-
tion of the carboxylic acid OH---O group. This latter band is uvsually very
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Table 10.8 Carboxylic acid C=0 stretching vibrations

Region Intensity
Functional Groups em™! pm IR Raman Comments
Saturated aliphatic carboxylic acids 1740- 1700 5.75-5.88 vs w—m May be found 1785-1685cm~'. For Raman, C=0 sym
(hydrogen-bonded or as dimer) str occurs at 16851640 cm™!
Saturated aliphatic carboxylic acid (as 1800-1740 5.16-5.75 Vs w—m In very dilute solution or as vapour
monoimer)
Aryl carboxylic acids (as dimers) 1710-1660 5.85-6.02 Vs w—m For Raman, the C=0 sym str usually occurs at
1710-1625cm™!
o,B-Unsaturated aliphatic carboxylic acids (as 1715-1690 5.83-5.92 A w-m Band for triple bond compounds usually at
dimer) 1690—-1680cm™!
a-Halo-carboxylic acids (as dimer) 1740-1715 5.75-5.83 Vs w-—m (Band for —CF,COOH is at 1785-1750cm™")
Intramolecular hydrogen-bonded carboxylic 1680-1650 5.95-6.06 vs w—m Sharp—medium width band. For amino acids see refs:
acid 164-168 and Chapter 23
Saturated dicarboxylic acids 17401700 5.75-5.88 Vs w-m Sometimes broad
a-Unsaturated dicarboxylic acids 1700-1685 5.88-5.94 Vs w-m Sometimes broad
Peroxy acids, —-CO-OOH 1760-1730 5.68-5.77 Vs w-m
y-Ketocarboxylic acids 1750-1700 5.71-5.88 Vs w—m Compounds exist in keto—lactol equilibrium, 2 or
| band(s)
Thiol acids, ~-COSH 1700-1690 5.88-5.92 S w—im Also see ref. 99 (band due to C-S stretching vibration
at 990-945cm™")
R,N-CH,-COOH 1730-1700 5.78-5.88 Vs w-—m

weak or absent for hydroxy aliphatic acids, but is often more prominent and
narrow for aromatic acids.

In the solid phase, the spectra of aliphatic long-chain carboxylic acids
exhibit band patterns in the range 1345-1180cm™' (7.43-8.47um). The
number of these almost equally-spaced weak bands is related to the length
of the aliphatic chain.®”-#® For acids with an even number of carbon atoms,
the number of bands observed equals half the number of carbon atoms. For
acids with an odd number of carbon atoms, the number of bands is half (the
number of carbon atoms plus one). Unfortunately, the band due to the C-O
stretching vibration also occurs in this region so that these weak bands may
appear as shoulders.

Carboxylic acids have an out-of-plane deformation band in the region
970-875cm™! (10.42-11.43um) which is of medium intensity. Most
carboxylic acids have a medium-to-weak band in the region 680—480cm™!
(14.70-20.83 ym) due to the CO out-of-plane deformation.

Normal-aliphatic monocarboxylic acids,®® except those smaller than n-
butyric acid, exhibit, in liquid-phase spectra, three strong bands that are
not usually well-resolved in the region 675-590cm~! (14.81-16.95um)
due to the in-plane vibration of the O—-CO group. In addition, a strong
band is found at 495-465cm~' (20.20-21.51 pm) which is attributed to
the in-plane vibration of the C—-C=0 group. This may be coalesced with

a sharp, strong band observed at about 500cm™' (20.00pum). If branching
occurs, it affects the position of these bands, as does the physical state
of the sample. For example, the in-plane vibrations mentioned occur, in
the solid phase, at 680-625cm™' (14.71-16.00um) and 550-525¢m™!
(18.18—19.05 um). «-Branched aliphatic carboxylic acids have three strong
bands in the region 665-610cm ™! (15.04-16.39 um) and a strong band in
the region 555-520cm™~" (18.02—19.32 um). Other branched monocarboxylic
acids have three medium-to-strong bands in the region 700—600cm™!
(14.29-16.67 pm).

In the far infrared spectra of acetic acid derivatives, a band due
to the deformation of the OH---O group is observed at 185-100cm™!
(67.14-100.00um) for monosubstituted compounds, at 125-95 cm™!
(80.00-105.26 ym) for disubstituted compounds and at 105-80 cem!
(95.24—125.00 um) for trisubstituted compounds. A study of halogenated acids
has been published.”

Aromatic acids and esters have a medium-to-strong band at 570—-495cm™!
(17.54-20.20 pm) which is due to the rocking vibration of the CO; group.
They also have a band of medium-to-strong intensity which is usually
broad for acids and is observed at 370-270cm™' (27.03-37.04 pm). For
para-substituted aromatic acids, the bending vibration of the CO; group results
in a band at 620-610cm™! (16.13-16.39 um).

90-92
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Table 10.9 Carboxylic acids: other vibrations

Region
Functional Groups cm™! pum Comments
—OH (associated carboxylic acids) 3300-2500 3.00-4.00 br. —OH str, hydrogen bonding present
multiple structure
—OH (free carboxylic acid) 3580-3500 2.79-2.86 sh, as monomer
—0D (deuterated carboxylic acids) 690-650 14.49-15.38 O-D out-of-plane def vib, usually broad
Carboxylic acids, —~COOH (dimer) 1440-1395 6.95-7.17 Combination band due to C-O str and O-H
def
1320-1210 7.58-8.26 C-0 str, sometimes a doublet
970-875 10.31-11.43 O-H- - -O out-of-plane def vib, usually broad
800-630 12.50-15.87 CO def vib
680-480 14.70-20.83 Out-of-plane CO def vib
545-385 18.35-25.97 Rocking vib
Carboxylic acids, ~-COOH 13801280 7.25-7.81 O-H def vib.
(monomer)
1190-1075 8.40-9.39 C-O str
960-875 1042-11.43 O-H- - -0 out-of-plane def vib, usually broad
Long-chain aliphatic carboxylic acids 1345-1180 7.43-8.48 CH; def vib, number of bands determined by
aliphatic chain length
Peracids, ~-CO-OOH ~3280 ~3.05 m O—H str
~950 ~10.53 O-H out-of-plane bending vib
900-700 11.11-14.29 w 0-0 str
Thiol acids, —-CO-SH 2595-2560 3.81-3.91 w S—H str
~950 ~10.53 s CS sir
910-825 10.99-12.12 s In-plane CSH def vib
750-500 13.33-20.00
465-430 21.50-23.26 def vib
n-Aliphatic monocarboxylic acids 675-590 14.81-16.95 0O-CO in-plane def vib, three bands usually at
~665, ~630, and ~600 cm™'
~500 ~20-00 sh
495-465 20.20-21.51 C-C=0 in-plane def vib
a-Branched aliphatic monocarboxylic 665-610 15.04-16.39 O-CO in-plane def vib, three bands usually at
acids ~655, ~635, and ~620cm™!
555-520 18.18-19.23 s C-CO in-plane def vib
B- and y-branched aliphatic 700-600 14.29-16.67 s Three bands
monocarboxylic acids
495-465 20.20-21.51
Aromatic carboxylic acids WOT)OEGO/) 10.00-11.11
1820-720 12.20-13.89 OH def vib, br
715-605 ' 13.99-16.53 CO, in-plane def vib
570-495 17.54-20.20 CO; out-of-plane rocking def vib
370-270 27.03-37.04 br, esters also absorb in this region but band

usually narrower




128 Infrared and Raman Characteristic Group Frequencies

Table 10.10 Carboxylic acid salts (solid-phase spectra)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Carboxylic acid salts, —CO,~ 1695-1540 5.90-6.49 S w asym CO;~ stretching. Excludes CX;CO,~ where
X = halogen
1440—-1335 6.94-7.49 m-s m-S, p br, sym CO," stretching, usually two or three peaks
860-615 11.63--16.26 m CO,~ scissor vib
700-450 14.29-22.22 v CO,~ wagging vib
590-350 16.95-28.57 w-m Rocking vib
Acetate salts 1600—-1550 6.25-6.45 s, br w asym CO,~ str
14401400 6.94-7.14 m m-s, p sym CO;™ str
~1050 ~9.52 w w
~1020 ~9.80 w w
~925 ~10.81 w 8
—CF,CO,~ 1695-1615 5.90-6.19 s w
14501335 6.90-7.49 m m-s, p
Thiol acid salts, —-CO-S~ ~1525 ~6.56 s, br COS™ sir
Monothiol carbonic acid salts, R—-O-CO-S§~ ~1580 ~6.33 s COS™ str, see ref. 100
(Sat)-carboxylic acid salts 1610-1550 6.21-6.45 s, br w asym CO;™ str
1440-1355 6.94-7.38 m-s m-s, p br, sym CO,~ str
750-610 12.66-16.39 m CO, ™ def vib
625-505 16.00-19.80 v CO,~ wagging vib
490-370 20.41-27.03 w-m CO,™~ rocking vib
200-80 50.00-125.00 Torsional vib
«-Halo-carboxylic acid salts ' 1675-1580 597-6.33 s, br w-—m Fluoro compounds at higher end of frequency range
~CCLCO,~ 16801640 5.95-6.10 s, br w
Aromatic acid salts, ArCO,~ 16051525 6.23-6.56 s, br w asym CO,~ str. («,B-unsat.compds,
1620-1550cm™")
1445-1375 6.92-7.27 m-§ m-s br, sym CO,~ str.
860-730 11.63-13.70 m def vib. (a,B-unsat.compds, 855-625 cm™!)
700-640 14.29-15.63 v Wagging vib. (a,8-unsat.compds 590-440cm™")
580-450 17.24-22.22 w-m Rocking vib. («,8-unsat.compds 550-410cm™")
245-145 40.82-68.97 Torsional vib
Ammonium carboxylates 1630~-1620 6.14-6.17 s, br Solution
«-Amino carboxylates, R;N-CH,-COO™ 1595-1575 6.27-6.17 s Solution. For amino acids, proteins and peptides see
refs: 164—168 and 179 respectively plus
Chapter 23
3,4-dihydroxy-3-cyclobutene-1,2-dione ion, ~1530 ~6.54 Vs w-m br. C-0O str
C4O42¥
~1090 ~9.17 $ m C-C str
~660 ~15.15 vw C-0 def vib
~360 ~27.78 m C-0O def vib
~260 ~38.46 S C-0 def vib
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The C=C stretching vibration band of «,B-unsaturated acids occurs
at 1660-1630cm™' (6.02—6.14 um), trans isomers absorbing 10-20cm™!
higher than cis isomers.

Carboxylic Acid Salts

Carboxylic acid salts”~°7 have a very strong, characteristic band in the region

1695-1540cm ! (5.90-6.49 um) due to the asymmetric stretching vibration
of CO,~. The symmetric stretching vibration of this group gives rise to a band
in the range 1440—1335cm™! (6.94—7.49 um) and is of medium intensity,

Table 10.11 Carboxylic acid anhydride C=O stretching vibrations

broad, and generally has two or three peaks. Unfortunately, water, which may
be present in the sample, has an absorption at around 1640cm™! (6.10 um)
and may cause difficulties in identification, as might also the presence of
primary or secondary amides due to their amide II band which also occurs
in this region. However, Raman spectroscopy does not suffer from these
problems.

The asymmetric and symmetric stretching bands for the acetate ion occur at
about 1580cm™! (6.33pum) and 1425cm™! (7.02 um) respectively and weak
bands are also observed near 1050cm™' (9.52um), 1020cm~! (9.80 um)
and 925¢m™! (10.81 um). Formate salts absorb near 2830cm~! (3.53 um),
1600cm ™! (6.25um), 1360 cm™! (7.35um) and 775em~" (12.90 um).

Region Intensity
Functional Groups cm™! pm 1R Raman Comments
Saturated aliphatic acid anhydrides 1850-1800 5.41-5.56 Vs m-w Asymmetric stretching
1790-1740 5.59-5.75 $ m-w Symmetric stretching
Aryl and o, 8-unsaturated acid 1830-1780 5.46-5.62 Vs m-w
anhydrides
1755-1710 5.70-5.85 S m-w
Saturated five-membered ring acid 1870-1820 5.35-5.50 s m-w
anhydrides P
C\
[ 0 Separation ~70cm™! except for aromatic
Cy compounds for which it is ~50cm™"
(6}
1800-1775 5.56-5.63 Vs m-w
o, B-unsaturated five-membered ring 18601850 5.38-5.41 S m-—w asym C=0 str (Raman: strong ring vib band
acid anhydrides 655-640cm™")
1780-1760 5.62-5.68 Vs m-w sym C=0 str
Saturated six-membered ring acid 1820-1780 5.49-5.62 s m-w
anhydrides
1780-1740 5.62-5.75 Vs m-w Separation ~40cm™!
Table 10.12 Carboxylic acid anhydrides: other bands
Region Intensity
Functional Groups cm™ pm IR Raman Comments
Acyclic aliphatic and cyclic 1135-980 8.81-10.20 s v C-0-C str (good negative indicator), often a
six-membered ring acid anhydrides doublet at ~1050 cm™!
Cyclic five-membered ring acid 1310-1210 7.63-8.26 s m-s C-0-C str (Raman ring vib at 660-625cm™')
anhydrides
955-895 10.47-11.17 s m C-0-Cstr
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For acid salts with a strongly electron-withdrawing group, such as CF3, the
asymmetric stretching vibration band may be found outside the normal range
quoted and as high as 1690cm™' (5.92um). The symmetric vibration band
for CF:COO~Na* occurs at about 1450cm™! (6.90 um), for CBr;COO~Na*
at about 1340cm™' (7.46 um) and 1355cm™! (7.38 um) (two bands) and for
acetic acid salts at about 1425cm~" (7.02 um).

The asymmetric CO,~ stretching frequency increases with the electron-
withdrawing ability of directly attached groups but is not greatly affected by
the mass of the group, whereas the symmetric CO,~ stretching vibration is
affected by mass (increasing the mass results in the frequency decreasing) and
is not greatly affected by polar effects. The stretching vibration of the —CO,~
group depends on both the metal ion and the organic portion of the salt.

Due to the rocking in-plane and out-of-plane deformation vibrations of
the carboxylic ion, medium-to-strong bands are observed in the region
760—-400cm ™! (13.16-25.00 um).

The salts of complexes of carboxylic acids and their derivatives are reviewed
elsewhere.”®

Carboxylic Acid Anhydrides, —-CO-0-CO-

Due to the asymmetric and symmetric stretching vibrations of the two
C=0 groups, saturated aliphatic anhydrides®!:3! absorb at 1850—1800cm™'
(5.41-5.56um) and at 1790-1740cm™! (5.59—5.75 um) respectively, both
bands being sharp and strong. In most cases, these two bands are
separated by about 60cm™' (0.18um). For acyclic anhydrides, the higher
frequency band is usually the more intense.® The presence of conjugation
results in a shift of about 20cm™! downward (0.05 um upward) for both
bands. «,B-Unsaturated acid anhydrides and aryl anhydrides absorb at
1830-1780cm™! (5.46-5.62um) and at 1755-1710cm~" (5.70—5.85um).
All these frequencies are increased in strained-ring situations and also by
electronegative atoms on the ¢-carbon atom.

Acid anhydrides also have a strong band in the range 1135-980cm™
(8.81-10.20pm) due to the C-O-C stretching vibration which appears
at 1310-1210cm™' (7.63-8.26um) for strained-ring compounds (five-
membered ring anhydrides). Straight-chain alkyl anhydrides absorb in the
narrow range 1050—1040 cm ! (9.52—-9.62 um). the band usually being broad,
an exception to this being acetic anhydride which absorbs at about 1135cm™!
(8.81 um). Acyclic anhydrides absorb at about 1050cm™! (9.52pum), but
branching at the «-carbon atom tends to decrease the frequency of this
vibration. Cyclic anhydrides'**" (five-membered ring) have a strong band
at 955-895cm™! (10.47—11.17 pm) and often a weak band near 1060 cm™!
(9.44 um) is observed also. Unconjugated cyclic anhydrides absorb strongly at
1130-1000cm ! (8.85—10.00 um). Aromatic anhydrides absorb in the region

1150—1050cm ™! (8.70-9.52um). All these bands are believed to involve the
stretching vibration of the C—O-C group.

Carboxylic Acid Halides, -CO-X

Due to the C=O stretching vibration, aliphatic acid chlorides!0!-174.182.183

absorb strongly in the region 1830—1770cm™' (5.46—5.65 um). Acid bromides
and iodides absorb in the same region or at very slightly lower wavenumbers
than acid chlorides, whereas the fluorides absorb at about S0cm™' higher
(0.16 um lower). Some o-methyl substituted acid halides exhibit a doublet.

Aryl#-102103 and o, B-unsaturated acid halides'' (of Cl, Br, I) absorb in
the range 1795-1735cm™! (5.57—5.76 um) with fluorides absorbing at higher
wavenumbers. In non-polar solvents, a double peak is often observed for aryl
acid halides. The second band is probably an overtone band of the strong band
which occurs at about 850cm™! (11.76 pm). Fluorides exhibit a single band.
The carbony! stretching vibration frequency for «,B-unsaturated acid halides
has been observed to decrease in the order

fluoride > bromide > chloride.

Compounds with one or more halogen atoms directly bonded to a carbonyl
group absorb strongly, due to the carbonyl stretching vibration. in the region
1900-1790cm=" (5.26-5.59 um), F,-CO absorbing outside this range at
about 1930cm ™! (5.18 um). For saturated aliphatic acid chlorides, a strong
C—Cl stretching band is observed at 780-560 cm™! (12.82—17.86 um) and
the in-plane deformation bands, which are of medium-to-strong intensity,
are observed at 490-230cm™' (20.41-43.48 um). Benzoyl chlorides have a
strong band at 900—800cm ™! (11.11-12.50 um) due to the C—Cl and phenyl-
C stretching vibrations. Most acid chlorides exhibit a strong band due to the
C—Cl stretching vibration at 900—-600cm~! (11.11-16.67 um).

Diacyl Peroxides, R—-CO-0-0-CO-R, (Acid Peroxides),
and Peroxy Acids, -CO-0O0-H

All acid peroxides®! have a weak absorption band in the region 900—800 cm™!
(11.11-12.50 um) due to the —O-O-stretching vibration. Acid peroxides
also have strong bands due to their C=O stretching vibration. For
saturated aliphatics, two bands are usually observed, one at 1820-1810cm™!
(5.50-5.53 um) and the other at 1800-1780cm™' (5.56~5.62 um), this latter
band being more intense. For aryl and o,B-unsaturated acid peroxides,
these bands occur at 1805—1780cm ™! (5.54-5.62 um) and 1785-1755cm™"
(5.60-5.70 pum). The nature and position of the substituent(s) in the aromatic
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Table 10.13 Carboxylic acid halide C=0 stretching vibrations

Region Intensity
Functional Groups cm™ pum IR Raman Comments
Saturated aliphatic acid chlorides 1830-1770 5.46-5.65 Vs m-w, p Mostly 1815-1785cm™'. Generally, fluorides at higher
wavenumbers, bromides and iodides slightly lower
Aryl and «,B-unsaturated acid chlorides 1795-1765 5.57-5.66 VS m, p
1750-1735 5.71-5.76 m m Involves overtone of band at 890-850cm™!
(Sat)-COF 1900-1790 5.26-5.59 s m
—-CF,COF 1900-1870 5.26-5.35 S m-w See ref. 104
-CF,COCl 1820-1795 5.50-5.57 $ m-w
—CO-COF 19001850 5.26-5.41 S m-w
-CO-COCl 1845-17175 5.42-5.63 S m-w
~COBr 1830-1730 5.46-5.78 S m
Aliphatic (saturated)-CO-Br 1830-1770 5.46-5.65 S m
(o, B-Unsaturated)-CO-Br 1795-1735 5.57-5.76 S m See ref. 182
Acetyl chloride complexes, e.g. ~1635 ~6.12 S Also strong bands ~23035 and ~2205c¢m™~". 2305 cm™'
CH;COCI-AICI, band possibly due to CH;COCI™ ion, (possibly
+C=0 contribution)
Acid halide complexes, CH;CO*A™, ~1620 ~6.17 m-w Very strong band at 2230-2300cm™' due 10 CH;CO*
A = BF,, SbF,, AsF;
~1555 ~6.43 v
—ArCOYTA™, A = SbF, AsF, ~1540 ~6.49 m Very strong band ~2225cm™! due to ArCO™"
Table 10.14 Carboxylic acid halides: other bands
Region Intensity
Functional Groups cm™! pum IR Raman Comments
Saturated aliphatic acid chlorides 965-920 10.36-10.87 m C-C=str
780-560 12.82-17.86 s m, p C-Cl str
670-480 14.93-20.83 w-m m CO/CCI def vib
520-410 19.23-24.39 w—m CO/CCI def vib
450-230 22.22-43.48 s—m 5.p Cl-C=0 in-plane def vib
Unsaturated acid chlorides 800-600 12.50-16.67 s m-s, p C-Cl str
760-620 13.16-16.13 S m-s, p C-Cl str
Aryl acid chlorides ~1200 ~8.33 m m C-C str
930-800 10.75-12.50 S m-s§, p C-Cl str. Benzoyl chlorides 900—800cm~",
670-570 14.93-17.54 w-m
540-420 18.52-23.81 w—m
380-280 26.32-35.71
Acid fluorides 1290-1010 7.75-9.90 s m-w, p C-F str
770-570 12.99-17.54 m m CO. CF bending vib
600-420 16.67-23.81 CO, CF wagging vib
500-340 20.00-29.41 S, p CO, CF rocking vib
Acid bromides 850--520 11.76-19.23 s, br S, p C—Br str, usually 745-565cm ™!
680-360 14.71-27.78 w—m CO/C-Br out-of-plane def vib, usually 560-440cm™"'
490-310 20.41-32.26 w-m CO/C-Br in-plane def vib
Saturated acid bromides 700-535 14.29-18.69 8 S, p C-Br str
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Table 10.15 Diacyl peroxide and peroxy acid C=0 stretching vibrations
Region Intensity
Functional Groups cm™’ pm IR Raman Comments
Saturated aliphatic acid peroxides, 1820-1810 5.50-5.53 s m-w Separation ~25cm™!, see ref. 21
-CO-0-0-CO-
18001780 5.56-5.62 \& m-w
Aryl and «,B-unsaturated acid 1805--1780 5.54-5.62 s m-—w
peroxides
1785-1755 5.60-5.70 Vs m-w

Peroxy acids, —-CO-OOH 1760-1730 5.68-5.77 Vs m-w Intramolecular hydrogen bonding

Table 10.16 Diacyl peroxides and peroxy acids: other bands
Region Intensity
Functional Groups cm™! um IR Raman Comments
Peroxides, —-0-0O- 900-800 11.11-12.50 w S All peroxides, O—O str at ~865cm™" for
peroxy acids
Peroxy acids, -CO-OOH ~3280 ~3.05 m—s w Associated intramolecularly, due to O—H str
1460-1430 6.85-7.00 m w—m O-H bending vib near 1430cm™' for
long-chain linear acids
1300~ 1050 7.69-9.52 m-s w-m C-O str, often near 1175cm™!

portion of acid peroxides may significantly influence the position of
these bands.

The C—-O stretching vibrations are not very useful in the characterization of
acid peroxides. They are found in the region 1300-1050cm ™" (7.69-9.52 um).

Esters, —-CO-0-, Carbonates, -O-CO-0-, and
Haloformates, -0O-CO-X

All esters have two strong characteristic bands,'® one due to the C=0
stretching vibration and the other due to the C-O stretching vibration. The
frequency of the C=O stretching vibration for esters is influenced in a
very similar way to that observed for ketones, except that the decrease in
wavenumber for aliphatic esters due to the presence of o,B-unsaturation'® is
less, being approximately 10-20cm™!.

Ester C=0 Stretching Vibrations

With the exception of formates,!'> which absorb in

1730-1715cm™!  (5.78-5.83um), saturated aliphatic esters

the region
absorb at

1750-1725cm™! (5.71-5.80um).>%%11* Electronegative groups or atoms
directly bonded to the alcoholic oxygen atom of the ester group tend to increase
the frequency of the C=0 stretching vibration. Aryl and «,8-unsaturated esters

112,175,
Ce=C—co—0-) 1215178 bsorb at 17401705 em™ (5.75-5.83 um).

Further conjugation has almost no effect on the C=0 stretching vibration

frequency. Strongly polar groups substituted on the benzene ring of aryl esters
tend to increase the frequency of the C=O stretching vibration.

N
Esters with electronegative «-substituents (§C~CO—O—), e.g. a-

halo-esters,” 100197 absorb at 1770-1730cm™! (5.65-5.78 um), i.e. about
10-20cm™! higher than for the normal aliphatic ester. o,o’-Dihalo-esters!®’
also absorb in the same region but, in general, two closely-spaced bands

/
are observed. Vinyl and phenyl esters (—CO—O—C=C\) absorb at about

1770cm™! (5.65 um), e.g. vinyl acetate absorbs at 1760cm™" (5.63 um).

No change is observed in the position of the band due to the C=0O
stretching vibration when a carbonyl group is present in the a-position of
an ester, ~-CO-CO-0-, e.g. a-keto-esters and «-diesters both absorb in the
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range 1760-1740 em™! (5.68-5.75um). In general, for esters of saturated
dicarboxylic acids, the C=0O band occurs in approximately the same range,
1760—1735cm !, (5.68-5.76 um), as for monoesters and the same influences
on the position of this band are observed. If the two ester groups®* 12 are close
together in the molecule then a doublet is observed, otherwise a single band is
observed. Geminal diesters may absorb at slightly higher wavenumbers than
those given above. A study of glycidic esters has been published.'??

|
With B-keto-esters, —CO—CH—CO—O—, keto—enol tautomerism is
possible:

(l)H
CO—|CH—CO—O— - —C=|C—CO—O—

In this case, a strong band at about 1650 cm ™! (6.07 um) is observed due to
the C=0 stretching vibration of the hydrogen-bonded C=0O group, i.e.

The C=0 stretching vibration frequency is lowered due to the presence of the
hydrogen bonding. There is also a band due to the C=C stretching vibration
at about 1630cm~! (6.14um) and a sharp band due to the O—H stretching
vibration at 3590-3420cm~! (2.79-2.92 um). In addition, other bands due
to the carbonyl stretching vibration, etc., may be observed, these being due
to the keto- form of the ester. The relative intensities of these bands of the
B-keto-esters depend on the relative amounts of each tautomer.

Due to intramolecular hydrogen bonding, o-hydroxyl (or o¢-amino-)
benzoates absorb at 1690-1670cm ™! (5.92-5.99 um).

The effect of converting a methyl ester to a phenyl ester is normally to
increase the wavenumber of the band due to the carbonyl stretching vibration
by 10-20 cm~! (a decrease of 0.03-0.07 um).

Intensity correlations for the carbonyl band of esters have been studied
extensively.610,15,109

The carbonyl band for aliphatic chloroformates (—CO-Cl1)33105.120.121 g
observed at higher wavenumbers than that for esters, at about 1780cm™!
(5.62um), and for aryl chloroformates at about 1785 cm~! (5.60 um).

Most noncyclic carbonates®>!%-110 absorb strongly in the region
1790-1740cm™" (5.59-5.75um) whilst five-membered-ring cyclic carbon-
ates?”-3% absorb at 1850—1790cm™" (5.41-5.59 um).

The carbonyl band of thiol carbonyl esters —S—~CO->*!! occurs at lower
frequencies than that of normal esters.

A weak band due to the overtone of the C=O stretching vibration of
esters occurs at about 3450cm ! (2.90 um) and may sometimes be used in
confirming the presence of a C=0 group.

Ester C—0O-C Stretching Vibrations

The bands due to the ester C—O stretching vibration are strong, partly due to
an interaction with the C—C vibration, and occur in the range 1300—-1100c¢m™!
(7.69-9.09 um). Often a series of strong overlapping bands is observed.
Caution is required when using these bands in making assignments since the
C-0 stretching vibrations of alcohols and acids, and possibly ketones also,
occur in this region.

The band due to the C—O-C asymmetric stretching vibration for aliphatic
esters occurs at 1275-1185cm™! (7.85-8.44um) and that due to the
symmetric stretching vibration occurs at 1160—-1050cm ™! (8.62—8.70 um).
Both these bands are strong, the former band being usually more intense than
that due to the C=0 stretching vibration.

Esters of aromatic acids and ¢, 8-unsaturated aliphatic acids have two strong
absorption bands, one at 1310—1250cm™! (7.63—8.00um) and the other at
1200-1100cm™" (8.33-9.09 um). For esters G—CO-OG’, where G’ is an
aromatic or «,B-unsaturated group, a very strong absorption near 1210cm™!
(8.26 um) is observed. If, in addition, the other group G is aromatic in
nature, then the band due to the asymmetric stretching vibration occurs at
1310-1250cm™" (7.64-8.00um) and that due to the symmetric stretching
vibration at 1150-1080cm™" (8.70-9.26 um). The C-O stretching vibration
frequencies do not appear to vary as much as in alcohols, ethers, and acids.
Some of the C—O asymmetric stretching vibration band positions are given in
Table 10.17. Although it is not possible to distinguish between neighbouring
esters in a homologous series, Table 10.17 is still useful in a more general
sense.

Table 10.17 Some C-0O asymmetric stretching vibration band positions

Approximate position Approximate position
]

Ester cm™! pm Ester cm pm

Formates 1190 8.40 Acetates 1245 8.03
Propionates 1190 8.40 n-Butyrates 1200 8.33
Isobutyrates 1200 8.33 Isovalerates 1195 8.33
Adipates 1175 8.51 Oleates 1170 8.54
Stearates 1175 8.51 Citrates 1180 8.46
Sebacates 1170 8.53 Laurates 1165 8.59
Benzoates 1280 7.81 Phthalates 1120 8.93

(sym) 1120 8.91 (sym) 1070 9.35
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The position of the band due to the C-O stretching vibration is dependent
on the nature of both the acidic and the alcoholic components, although the
latter is less important. Alkyl chloroformates have a very strong band due to
the asymmetric COC stretching vibration at 1200—1130cm ™' (8.33-8.85 um),
a strong band is also observed at 850-770cm ™" (11.76-2.99 um).

Methy] esters of long-chain aliphatic acids normally exhibit three bands, the
strongest of which is at 1175cm™' (8.50 um), the others being near 1250 cm™!
(8.00pum) and 1205 cm " (8.30 um).

Acetates of primary alcohols have a medium-intensity band at
1060-1035cm™! (9.39-9.64um) due to the asymmetric stretching of the
O-CH;-C group. For acetates of other than primary alcohols, this band is
shifted to higher wavenumbers.

Other Ester Bands

Acetates” have a medium-to-strong band near 1375cm™! (7.30um), due to
the CH3 symmetric deformation, and medium-to-weak bands near 1430cm™'
(6.99 um) and 2990cm™' (3.34um), due to the asymmetric deformation and
stretching vibrations respectively of this group. For other saturated esters
containing the —CH,CO-O- group, the CH> deformation band occurs near
1420cm™" (7.04 pm).

Most aliphatic esters have bands in the regions 645-585cm™
(15.50-17.09 pm) and 350-300cm~' (28.57—33.33 um).

All acetates absorb strongly at 665-635cm~! (15.04—15.75um) due to
the bending of the O-C-O group and at 615-580cm™! (16.29-17.24 um)

66,114

due to the out-of-plane deformation vibration of the acetate group. A band
at 325-305cm~! (30.77-32.79um) is also often observed. This last band
decreases in intensity with increase in molecular weight.

Branched alkyl formates absorb at 520-485cm™! (19.23-20.62um) and
340-285cm™! (29.41-35.09 pm), whereas n-alkyl formates (ethyl to amyl)
have three bands: near 620cm=! (16.13um), in the region 475-460cm™!
(21.05-21.74 um), and near 340cm~' (29.41 um). This last band is always
strong and the first, weak. The first two (higher-frequency) bands decrease in
intensity as the molecular weight of the formate increases.

Methyl esters®® have bands near 2960cm~' (3.38um) and 1440cm™'
(6.94 um) due to the CH3 asymmetric stretching and deformation vibrations
and weak bands near 1425cm™' (7.02pm) and 1360cm™" (7.35um). In
addition, with the exception of the formate and isobutyrate, methyl esters
have a band of medium intensity at 450—430cm™' (22.22-23.26 um). The
characteristic absorptions of methyl and ethyl esters are given in Table 10.18.

R
For the |

—O—CH—CH;4

1380cm™! (7.25 pm).

n-Propyl esters have a band near 1390cm~' (7.19um) and bands of
variable intensities at 605-585cm™! (16.53-17.09 pm), near 495cm™!
(2020pm) and at 350-340cm~! (28.57-29.41pm). The band near
600cm™! is not present for the formate. Isopropyl esters have bands of
variable intensity at 605-585cm™' (16.53-17.09 um) and 505-480 cm™!
(19.80-20.83 um) and strong bands near 435cm™! (22.99pm) and at

group, a medium intensity band is observed near

Table 10.18 Characteristic absorptions of formates, acetates, methy] and ethyl esters (excluding C=0 stretching vibrations)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Formates 2970-2890 3.37-3.46 w-m w CH str
1385-1350 7.22-7.41 w—m m, p CH def vib
1210-1120 8.26-8.93 s w CH in-plane def vib
1070-1010 9.35-9.90 S—m m CO-O str
775-620 12.90-16.13 m m, p CH out-of-plane def vib/O—C=0O in-plane def vib
410-230 24.39-43.48 m, p C-0O-R in-plane def vib
145-65 68.97-153.85 Torsional vib
Acetates 3040-2980 3.29-3.36 w m-s asym CHj str
3030-2940 3.30-3.40 w m-s asym CHj str
2960-2860 3.38-3.50 w m-s sym CH; str
14651415 6.83-7.08 m-w m-w sym CHj def vib
1460-1400 6.85-7.14 m-w m-w asym CHj def vib
13901340 7.19-7.46 m-s m sym CH; def vib
1265-1205 7.91-8.30 vs m-s CO-O str
1080-1020 9.26-9.80 w-m w CH; rocking vib
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Table 10.18 (continued)

Region Intensity

Functional Groups cm™! um IR Raman Comments
1025-930 9.76—-10.75 w w CH; rocking vib
910-810 10.99-12.35 w m-s CC str
665-590 15.04-16.95 v w C=0 def vib
620-580 16.13-17.24 v w C=0 def vib
465-365 21.50-27.40 w CCO def vib
325-230 30.77-43.48 v COR def vib
210-110 47.62-90.91 Torsional vib

Methyl esters. (sat.)-CO-OCHj; 3050-2980 3.28-3.36 w—m m-s asym CHj str
3030-2950 3.30-3.39 w-m m-§ asym CHj str
3000-2860 3.33-3.50 m m-s sym CHj str
1485-1435 6.73-6.97 m m-w asym CHj def vib
1465-1420 6.83-7.04 m-s m-w asym CH; def vib
1460-1420 6.85-7.04 w-m m-w sym CHj; def vib
1220-1150 8.20-8.70 v w Rocking vib, generally w—m
1190-1120 8.40-8.93 v w Rocking vib, generally w—m
290-160 34.48-62.50

Methyl esters, (unsat.)-CO-OCH; 3020-3055 331-3.27 w-—m m-s asym CHj str
2975-2925 3.36-3.42 w—m m—§ asym CHj str
2880-2820 3.47-3.55 w—m m-s sym CHj str
1475-1445 6.78-6.92 m-s m-w asym CHj det vib
1235-1145 8.10-8.73 w—m w Rocking CHj3 vib
1180-1120 8.47-8.93 w—m w Rocking vib

Ethyl esters, —-O-CH,CHj; 2995-2930 3.34-3.41 m m-s asym CH; & CHj, str
2930-2890 3.41-3.46 w m-s sym CHj str
2920-2860 3.42-3.50 w m-s CH; str
1490-1460 6.71-6.85 m-w m-w OCH; def vib
1480-1435 6.76-6.97 m m-w asym CH; def vib
1390-1360 7.19-7.35 m-s w—m sym CHj def vib
1385-1335 7.22-7.49 m-w m-w CH, wagging vib
1325-1340 7.55-7.46 m-w m-w CH, twisting vib
1195-1135 8.37-8.81 w w CHj rocking vib
1150-1080 8.70-9.26 w w CHj rocking vib
940-850 10.64-11.76 w m C-Cstr
825-775 12.12-12.90 w w CH; rocking vib
755-625 13.25-16.00 w CO in-plane def vib
700-550 14.29-18.18 w w CO out-of-plane def vib
485-365 20.62-27.40 w—m CO-0 rocking vib
395-305 25.32-32.79 w-m C-0-0 def vib
370-250 27.03-40.00 w-m C-0-0 def vib

425-410cm™" (23.53-24.39 um), but isopropyl formate exhibits only the

band near 435cm™!.

n-Butyl

esters

have medium-to-strong absorptions near

505 cm™!

(19.80pm) and 435cm~! (22.99m) and a weak band at 350-335c¢m™!
(28.57-29.85 um). Isobutyl esters have a band of medium intensity near

505cm~! (19.80um), a strong band near 430cm™' (23.26 um), and a band
of variable intensity near 385cm~! (25.97 um), the formate and isobutyrate
not exhibiting the band near 505 cm™'.

a,B-Unsaturated esters (e.g. acrylates, methacrylates, fumarates) have a

band at 695-645cm~! (14.39-15.50um) due to the wagging vibration of
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Table 10.19 Ester, haloformate, and carbonate C=0O stretching vibrations
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Formates 1730-1715 5.78-5.83 Vs m Usual range, but may be 1760—1690 cm™"
Acetates 1750-1740 5.70-5.75 \& m Usual range, but may be 1770—1730cm™!
Saturated aliphatic esters 1750-1725 5.71-5.80 vs m Except for formates
Aryl and «,8-unsaturated aliphatic esters (esters of 1740-1705 5.75-5.87 \& m, p Usually at lower end of frequency range in cases of olefinic
aromatic acids, etc.), \ﬂ o conjugation
/C=C—CO—O—
Acrylates, CH,=CHCOOR and methacrylates 1725-1710 5.80-5.85 \& m C=C str at 1640—-1630cm™!
CH,=CCH;COOR
H-C=CCOOR 1720-1705 5.81-5.87 Vs m-s
Dialkyl phthalates 1740-1725 5.75-5.80 vs S, p
Vinyl and phenyl esters, | VY 1800-1750 5.56-5.71 vs m-s Phenyl acetates at ~1775cm™'
R—CO—O—C=C\
a-Halo- and a-cyano-esters 1770-1730 5.65-5.78 Vs m
CH,CI-COOR 1750-1735 5.71-5.76 Vs m
CH;Br-COOR 1740-1730 5.75-5.78 Vs m
CHCl,-COOR 1760-1745 5.68-5.73 vs m
CCl5-COOR 1770-1760 5.65-5.68 Vs m
«,x-Difluoro esters, —CF,CO-O— 1800-1775 5.56-5.63 Vs m See ref. 106
«-Keto-esters and «-diesters, —CO-COOR 17601740 5.68-5.75 Vs m
B-Keto-ester, enol form, | 1655-1635 6.04-6.12 \& Sometimes broad, usually ~1650cm™" (intramolecular hydrogen
_ﬁ::C_ﬁ_OR bonding), strong band near 1630cm™! due to C=C str
OH O
o-Hydroxyl (or o-amino-) benzoates 1690-1670 5.92-5.99 vs m sh, intramolecular hydrogen bonding
Esters, CH;COOX (X # carbon atom) 1810-1710 5.53-5.85 vs m
Aliphatic chloroformates, R—O-CO-Cl 1780-1775 5.62-5.63 \& m-w, p Unsaturation tends to increase frequency, strong band near 690 cm™!
due to C-Cl str
Aryl chloroformates 1810-1780 5.52-5.62 vs m-w, p
Fluoroformates, —-O-~CO-F 1900-1790 5.26-5.50 Vs m (C-F str 1290-1010cm™', m—s)
Dialkyl oxalates, R—-O-CO-CO-0O-R’ ~1765 ~5.67 Vs m
~1740 ~5.75 Vs m Absenl for trans isomers
Diaryl oxalates, Ar-O-CO-CO-O-Ar ~1795 ~5.57 Vs m See ref. 62
~1770 ~5.65 vs m Absent for trans isomers
Carbamoyl chlorides, NR,COCl 17451735 5.73-5.76 Vs m C-Cl str at 680-600cm™"
Alkyl and aryl thiol chloroformates, —S~COCI 1775-1765 5.63-5.67 Vs m
Thiol fluroformates, —S—COF 1850-1790 5.41-5.59 Vs m
Peresters, -CO-0-0- 1785-1750 5.60-5.71 Vs m
Dialky! thiolesters, R—-S—CO-R’ 1700-1680 5.88-5.62 \& m
Alkyl aryl thiolesters:
Ar-S-CO-R 1710-1690 5.85-5.92 Vs m
R-S§-CO-Ar 16801665 5.88-6.01 \& m Ortho-halogen-substituted compounds absorb at higher frequencies
Diaryl thiolesters 1700-1650 5.88-6.06 \& m Ortho-halogen-substituted compounds absorb at higher frequencies
Thiol acetates 1770-1680 5.65-5.62 Vs m Usually 1710-1680cm™".
HCO-S-R ~1675 ~5.97 Vs m
HCO-S—-Ar ~1700 ~5.88 Vs m
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Table 10.19 (continued)

Region Intensity
Functional Groups cem™! pm IR Raman Comments
Alkyl carbonates, -O-CO-0- 1760—1740 5.68-5.75 Vs m
Alkyl aryl carbonates 1790-1755 5.59-5.70 Vs m
Diaryl carbonates 1820-1775 5.50-5.63 Vs m See ref. 170
Cyclic carbonates (five-membered ring) 1860—-1750 5.38-5.71 Vs m Halogen substitution of ring increases frequency
Cyclic carbohydrate carbonates 1845-1800 5.42-5.56 Vs m
Dialky! thiolcarbonates, R—-S-CO-0O-R 1720—1700 5.81-5.88 Vs m See ref. 111 [cyclic compounds (five-membered ring) at
1760-1735cm™']
Alkyl aryl thiolcarbonates:
Ar-S-CO-0O-R 1730-1715 5.78-5.83 Vs m
R-S-CO-0O-Ar 1740-1730 5.75-5.78 Vs m
Dialkyl dithiolcarbonates, R-S—-CO-S—-R 1655-1640 6.04-6.10 Vs m
Diaryl dithiolcarbonates, Ar—S—CO-S—Ar 1720-1715 5.81-5.83 Vs m
1730-1715 5.78-5.83 Vs m
R-0-CO-NH-R 1740-1730 5.75-5.78 s w—m See ref. 117
R-S-CO-NH-R ~1695 ~5.90 Vs m-w
G-S-CO-NH-Ar 1665—-1650 6.01-6.06 Vs m-w
R-S-CO-NH; ~1700 ~5.88 vs§ m-w
Silyl esters, R-CO-SiR; ~1620 ~6.17 Vs m
Table 10.20 Ester, haloformate, and carbonate C—O-C stretching vibrations
Region Intensity
Functional Groups cm™! um IR Raman Comments
R-CO-OR 1275-1185 7.85-8.44 Vs m-s asym str
1160-1050 8.62-8.70 s w sym str
Formates, H-CO-OR 1215-1180 8.23-8.47 Vs m-s Also a strong band at 1165—1150cm™!
Acetates CH;COOR 1265-1205 7.91-8.30 Vs m-s Often split
Propionates and higher 1200-1150 8.33-8.70 Vs m-s Two bands in region 1275—1050cm~' due to asym and sym
C-0O-C str. Band at higher wavenumbers (asym) usually
the more intense
Esters of aromatic acids (e.g. benzoates, 1310-1250 7.63-8.00 Vs m-s, p asym C—O-C str
phthalates, etc.)
1150-1100 8.70-9.09 ] w sym C-O-C str
Unsubstituted benzoates, 1280-1270 7.81-7.87 Vs m-—s Weak shoulder at ~1315¢m™!
~1110 ~9.01 s w Weak shoulder at ~1175cm™!
Ortho-substituted benzoates, 12651250 7.91-8.00 Vs m—s Shoulder at ~1300cm™!
R
CO-OR
1120-1070 8.93-9.35 s w

(continued overleaf )
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Table 10.20 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Meta-substituted benzoates 1295-1280 7.72-7.81 Vs m-s Shoulder at ~1305cm™!
"
CO-OR
1135-1105 8.81-9.05 S w
Para-substituted benzoates, ~1310 ~7.63 S m-s Very strong doublet
R’—<: :>—CO~OR
~1275 ~7.84 Vs m-s
~1180 ~8.48 s w
1120-1100 8.93-9.09 ] w
Dialkyl phthalates 1295-1275 7.72-17.84 Vs S, p asym COC str
11701115 8.55-8.97 s w—m, p sym COC str
o,fB-Unsaturated aliphatic esters (e.g. etc. 1310-1250 7.63-8.00 Vs m-s asym C-O-C stir
acrylates fumarates
N
/C=C—CO—OR
1200-1130 8.33-8.85 s w sym C-O-C str
Acrylates CH,=CH-CO-0-R 1290-1280 7.75-7.81 Vs m-s Shoulder at ~1300cm™!
1200-1195 8.33-8.36 S w
Methacrylates CH,=C(CH;3)CO-OR 1305-1295 7.66-7.72 v$ m-s Shoulder at ~1330cm™
1180-1165 8.48-8.58 s w
Crotonates CH;CH=CH-CO-0OR 1290-1275 7.75-7.84 Vs m-s Usually two shoulders
1195-1180 8.36-8.48 s w
Cinnamates, 12901210 7.75-8.00 Vs m-—s Usually two shoulders
@-CH=CH—CO~OR
1185-1165 8.44-8.58 ] w
R-CO-OG' (G vinyl or aromatic) ~1210 ~8.26 Vs m-s asym str. Vinyl C=C str 1690-1650cm™" of greater intensity
than usual
Ar—CO-OAr 1310-1250 7.64-8.00 Vs m-s asym str
1150-1080 8.70-9.26 s w sym Sir
Methyl ester, R—CO-OCHj; ~1245 ~8.03 S m-s O-CHj str. General range 1315-1195 cm™!
1175-1155 8.51-8.66 s w O-C str. General range 1200-850cm™~' but mostly
1060-900cm™', with variable intensity
530-340 18.87-29.41 w CO-0 rocking vib
390--250 25.64-40.00 COC def vib
Aliphatic chloroformates 1205-1115 8.30-8.97 Vs m-s br, asym C-O-C sir
1170-1140 8.55-8.77 s w br, sym C-0O-C sir
850-770 11.76-12.99 s w C-0-C str. (C—O-R in-plane def vib, 300-250cm~!, weak

band)
Aromatic chloroformates 11751130 8.51-8.85 S w br, asym C—O-C str, usually difficult to identify
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Region Intensity
Functional Groups cm™! pm IR Raman Comments
Dialkyl carbonates, RO-R'O-CO 1290-1240 7.75-8.06 ] m-s Also weak barlld at ~1000cm~" and medium intensity band at
~1160cm~
R-0-CO-0-Ar 1250-1210 8.00-8.26 s m-s
Diaryl carbonates 1220-1205 8.20-8.30 $ m-—s
Dialkyl thiolcarbonates. R-O-CO-S-R 1165-1140 8.58-8.77 s w
Alkyl aryl thiolcarbonates:
R-0-CO-S-Ar 1140-1125 8.77-8.88 S w
Ar-0-CO-S-R 1105-1055 9.05-9.48 $ w
Table 10.21 Esters, haloformates, and carbonates: other bands
Region Intensity
Functional Groups cm™! um IR Raman Comments
Esters, -CO-0- ~3450 ~2.90 w - C=0 str overtone
Formates 1385-1350 7.22-7.41 m-w m, p CH in-plane rocking vib. See Table 10.18
775-620 12.90-16.13 m m, p O-C=0 in-plane def vib
n-Alkyl formates (ethyl to amyl) ~620 ~16.13 w m-w
475-460 21.05-21.74 v Frequency increases with molecular weight increase
~340 ~29.41 S vib
Branched alkyl formates 520-485 19.23-20.62 v
340-285 29.41-35.09 v
Acetates ~2990 ~3.34 m-w m-s See Table 10.18 and ref. 9
~1430 ~6.99 w—m m-w
~1375 ~7.27 m-—s m CHj; def vib
1080-1020 9.26-9.80 m-w w
1025-930 9.76-10.75 w w
845-835 11.83-11.93 w m-s CH;3—C str, usual range
665-635 15.04-15.75 w-s$ w Weak for tertiary (and sometimes secondary) acetates
620-580 16.13-17.24 v m C=0 wagging vib. Intensity may vary from weak to strong.
325-230 30.77-43.48 v Absent for isopropyl and sec-butyl acetates
Propionates 1085-1080 9.21-9.26 m w OCH,; def vib
~1020 ~9.80 m w OCH, def vib
~810 ~12.35 w m
620-575 16.13-17.39 w-m m-w br. Two bands. (Not isoamyl)
Butyrates ~1095 ~9.13 m m
10501040 9.52-9.62 m m
930-865 10.75-11.56 w m-w
850-830 11.76-12.05 w m
635-625 15.75-16.00 w m
605-580 16.53-17.24 m-s m
a,B-Unsaturated aliphatic esters 845-765 11-83-13-07 m m Mainly C-O-C def vib
695-645 14.39-15.50 m m-w Mainly C-O-C def vib

(continued overleaf')
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Table 10.21 (continued)

Region Intensity

Functional Groups cm™! pm IR Raman Comments
Acrylates ~1640 ~6.10 s—m S C=C str

~1625 ~6.15 m s C=C str, less intense than 1640cm™' band

~1410 ~7.09 m m =CH, def vib

~1280 ~17.81 m m =CH rocking vib

1070-1065 9.35-9.40 m m Skeletal vib

990-980 10.10-10.20 m w CH def vib

970-960 10.30-10.40 S w =CH, wagging vib

810-800 12.35-12.50 m-s m-w =CH, twisting vib

675-660 14.81-15.15 m w Mainly C-O-C def vib
Methacrylates ~1640 ~6.10 m s C=C str

~1410 ~7.09 m m-—s =CH; def vib

~1325 ~7.55 m m =CH rocking vib

~1300 ~7.69 m m

~1010 ~9.90 m m Skeletal vib

~1000 ~10.00 m m Skeletal vib

950-935 10.53-10.70 s w =CH, wagging vib

~815 ~12.27 m-s m-s Skeletal vib

660-645 15.15-15.50 m w Mainly C-O def vib
Crotonates ~1660 ~6.02 m ] C=C str

~1280 ~7.81 m m

1105-1100 9.05-9.09 m m Skeletal vib

970-960 10.31-1042 s w CH=CH twisting vib

920-900 10.87-11.11 m m-s Skeletal vib

840-830 11.90-12.05 m m-s§ Skeletal vib

695-675 14.39-14.81 m w Mainly C-O-C def vib
Methyl esters ~2960 ~3.38 m-w m-s asym CHj str

~1440 ~6.94 m-s m-w CHj; def vib. See Table 10.18

1430-1420 6.99-7.04 w-m m-w

~1360 ~7.53 w m

450-430 22.22-23.26 m-s Not formate or isobutyrate
-CO-0-CH,- ~1475 ~6.78 m m-w ~QOCH, def vib

~1400 ~7.14 m m-w OCH, wagging vib
n-Propyl esters 605-585 16.53-17.09 v

~495 ~20.20 v

350-340 28.57-29.4] v
Isopropy! esters 605-585 16.53-17.09 v Not formate

505-480 19.80-20.83 v Not formate

~435 ~22.09 s m

435-410 22.99-24.39 s m Not formate
n-Butyl esters ~505 ~19.08 m-—s

~435 ~22.99 m-s m

350-335 28.57-29.85 w
Isobutyl esters ~505 ~19.08 m Not formate

~430 ~23.26 s m




The Carbonyl Group: C=0

141

Table 10.21 (continued)

Region Intensity
Functional Groups cm™ um IR Raman Comments
~385 ~25.97 v
Aromatic esters 650585 15.38-17.09 v Rocking vib or in-plane def vib of CO, group
370-270 27.03-37.04 m-s Acids also absorb in this region
Phthalates 3090-3075 3.24-3.25 m m, p CH str
3045-3035 3.28-3.31 w W, p CH str
1610-1600 6.21-6.25 w—m S, p Ring str
15901580 6.29-6.33 w—m m, p Ring str
15001485 6.67-6.73 m w Ring str
1050-1040 9.52-9.62 w—m S.p
~745 ~13.42 s w Out-of-plane CH vib. (Raman: ring vib, strong band ~650 cm™!)
410-400 24.39-25.00 m, p
Benzoates ~T710 ~14.08 s -
Isophthalates ~730 ~13.70 s -
Teraphthalates ~730 ~13.70 s -
a-Hydroxy esters 1300-1260 7.69-7.94 s m-w br, O-H def vib
Acetylated pyranose sugars 670-625 14.93-16.00 S See refs 115, and 116
610-600 16.39-16.67 v
. 405-365 24.69--27.40 v
Fluroformates, —O-CO-F 1290-1010 7.75-9.90 S w— C-F str
790-750 12.66-13.33 m CO, CF def vib
670-630 14.93-15.87 CO, CF def vib
570-510 17.54-19.61 S—m CO, CF rocking vib
Aliphatic chloroformates 850-770 11.76-12.99 S S, p sym COC str. Most alkyl compounds
695-680 14.39-14.71 8 v CCl str
490-470 20.41-21.28 m-s S, p C-Cl def vib
~435 ~22.99 m-s S, p Two bands, COC def vib
-S-CO-F 1100-1040 9.09-9.62 S m C-F str
Thiocarbony! compounds:
R-CO-S-R 1140-1070 8.77-9.35 w m C-C str
1035-930 9.66—10.75 s ] C-S str
R-CO-S-Ar 1110-1160 9.01-9.43 w m C-C str
1020-920 9.80-10.87 s ] C-S str
Ar—-CO-S-R 1210-1190 8.26-8.40 w m C-C str
940-905 10.64-11.05 S s C-S str
H-CO-S-Ar and H-CO-S-R 780-730 12.82-13.70 s s C-S str
R-O-CO-NHR 1250-1210 8.00-8.26 s s—m C-N str. See ref. 117
R-S-CO-NHR 1230-1170 8.13-8.55 s S—m C-N str
Ar—S—-CO-NHAr 1160-1150 8.62-8.70 S S—m C-N str

the C=0 group. These esters, of course, have a band due to the C=C
stretching vibration and also bands due to the =C-H and =CH,; groups,
for instance, acrylates and methacrylates have a medium-to-strong band
at 820-805cm~! (12.20-12.42um) and a strong band at 970-935cm™!
(10.31-10.70 pm) due to the twisting and wagging respectively of the =CHj,
group. For acrylates, the C=C stretching vibration results in a doublet at

1640-1620cm™! (6.10—6.17 um) due to the interaction with the overtone of
the band near 810cm™! (12.35um). Benzoates with an unsubstituted ring
have a strong band near 710cm~' (14.08 um) and other bands, due to ring
vibrations, of medium intensity near 1070cm~! (9.35um) and 1030cm™!
(9.71 um). Disubstituted aromatic esters often do not have the usual band
pattern expected in the region 880-750cm™! (11.36—11.33 pm), which may
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Table 10.22 Lactone C=0 and C-0 stretching vibrations
Region Intensity
Functional Groups cm™' pum IR Raman Comments
B-Lactones (four-membered ring) 1840-1815 5.44-5.51 S w—m C=0 str, halogen substitution results in higher frequencies
y-Lactones (saturated five-membered ring) 1790-1770 5.59-5.65 S w—m C=0 str
«o,B-Unsaturated y—.lactones (unsaturated 17901775 5.59-5.63 S w—m C=0 sir Doublet due to
five-membered ring) Fermi resonance
1765-1740 5.67-5.75 s w—m C=0str ;
B, y-Unsaturated y-lactones (unsaturated 18151785 5.51-5.60 S w-—m C=0str
five-membered ring)
§-Lactones and larger As for open-chain ester
«,B-Unsaturated é-lactones 1745-1730 5.73-5.78 S w—m C=0 str
ﬂ—y., 6—Unsaturateq 8-lactones (unsaturated 1775- 1740 5.63-5.75 s w—m C=0 str Doublet due to Fermi
six-membered ring) resonan
17401715 5.75-5.83 s w-m C=0str ) o0onAnce
2-Benzofuranones, 0.0 1820-1800 5.50-5.56 s w-m C=0 sitr, see ref. 124
I
Ar
R
Phthalides, \/ 1775-1710 5.63-5.85 ] w—m C=0 str
C
0
C
Il
(o)
1290-1280 7.75-7.81 m-s m
1120-1100 8.93-9.01 m-s m Characteristic
1020-1010 9.80-9.90 w-m m phthalide ring
515-490 19.42-20.41 w—m m vibrations
490-470 20.41-21.28 w-m
Lactones 1370-1160 7.30-8.62 s w C-Ostr
be due to an interaction with the CO-O group. Because of their centre of O

symmetry, terephthalates do not have a band near 1600cm™! (6.25 um).

Aromatic acids and esters absorb strongly at 570-545c¢m™' (17.54—
18.35um) due to the rocking of the CO, group and also have a
band of medium-to-strong intensity, which is usually broad for acids, at
370-270cm™! (27.03-37.04 um). Aromatic esters have a band of variable
intensity in the range 650-585cm™' (15.38-17.09 um) which is due to a
deformation vibration of the CO; group. A study of phthalides has also been
published.!?* Thiol formates have medium-intensity bands at 2835-2825 cm™!
(3.53-3.54pm) and near 1340cm™! (7.46um) due to the stretching and
deformation vibrations respectively of the CH group, and a weak band at
2680—2660 cm™! (3.73—-3.76 um) which is an overtone of the CH deformation
vibration.

Lactones, >Nr_ _
actones /C (C\)n CcO

Lactones have bands due to the stretching of the C=0 and C-O groups. The
C=0 stretching vibration for saturated y-lactones®-!'® (five-membered ring)
is at higher frequencies, 1790-1770cm™! (5.59-5.65um), than for aliphatic
esters. Electronegative substituents on the y-carbon atom tend to increase the
frequency. The absorptions of &-lactones!!® (six-membered ring) and larger
lactones are similar to those of open-chain esters. «,8-Unsaturated y-lactones
have two bands due to the carbonyl stretching vibration, at 17901775 cm™!
(5.59-5.63um) and 1765—1740cm~! (5.67-5.75 um), even though only one
carbonyl group is present. This is probably due to Fermi resonance.'* o, 8-y.,5-
Unsaturated §-lactones similarly have two carbonyl absorption bands which are
at 1775-1740cm™" (5.63-5.75 um) and 1740-1715cm™! (5.63-5.83 pm).
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The band due to the C-O stretching vibration of lactones occurs in the
region 1370—1160cm™' (7.29-8.62 um). usually being at 12401220 cm™"
(8.07-8.12um) for é-lactones.

Amides, —CO—Ni

All amides exhibit a band due to the C=0 stretching vibration,'”>7517¢ with

primary and secondary amides also having bands due to the N-H stretching
and deformation vibrations. The positions of the carbonyl band and the N-H
bands (if present) are dependent on the amount of hydrogen bonding occurring.
The position of the carbonyl band depends also on the substituents on the
nitrogen atom. Overtones of the bands due to the N—H stretching vibration
for primary and secondary amides occur in the near infrared region.'?

The absorption bands of even quite small molecules cannot strictly be
considered as arising from a single vibration source. In other words, a given
absorption band is never due solely to, say, the stretching vibration of the A—B
group since in reality the whole molecule is involved. However, because of
the complexity of the actual situation, the tendency is to simplify (in some
cases, to oversimplify) mainly because it is useful to identify the major cause
of any given band. In fact, all statements as to the vibration source of any
band should always be interpreted as meaning that the stated type of vibration
is the major, not the sole, contribution to that band. In the case of amides, in
acknowledgement of the complexity of the situation, the bands observed are
given names such as amide I, amide I, etc., rather than C=O0 stretching, etc.

For example, for primary amides the names given are as follows:

Amide Band Major Contribution to Vibration
Amide 1 C=Z stretching, Z=0, S, Se, etc
Amide 11 NH, deformation

Amide IIT C—N stretching

Amide IV C=Z deformation

Amide V NH,/CZ wagging

Amide VI C=Z out-of-plane deformation
Amide VII NH,/CZ twisting

Amide N—H Stretching Vibrations

For primary amides, two sharp bands of medium intensity are observed due
to the asymmetric and symmetric stretching vibrations. In dilute, non-polar

solvents, i.e. in the absence of hydrogen bonding, these bands occur at about
3500cm™" (2.86um) and 3400cm™" (2.94 um).'2°1?7 In the solid state and in
the presence of hydrogen bonding, these bands are shifted by about 150cm ™!
(0.16um) to about 3350cm™' (2.99pm) and 3200cm~! (3.13um). Both
primary and secondary amides may exhibit a number of bands due to different
hydrogen-bond states, e.g. dimers, trimers, etc. The bands are concentration-
and solvent-dependent. Free (unassociated) secondary amides have a sharp,
strong band at 3460-3300cm ' (2.89-3.03 um)."*® This band may appear
as a doublet due to the presence of cis—trans isomerism.'””!4* In the solid
or liquid phases, secondary amides generally exhibit a strong band at about
3270cem™! (3.06 um) and a weak band at 3100-3070cm™! (3.23-3.26 um).
The cis- and trans- forms of secondary amides may be distinguished by
examination of their N—H vibration bands. as indicated in Table 10.23.

Amide C=0 Stretching Vibrations: Amide |1 Band

The amide band due to the C=0O stretching vibration is often referred to as
the amide I band.'* Primary amides® have a very strong band due to the
C=O0 stretching vibration at 1670-1650cm™! (5.99-6.06um) in the solid
phase, the band appearing at 1690—1670cm ™! (5.92-5.99 pm) for a dilute
solution using a non-polar solvent. In the solid phase, secondary amides
absorb strongly at 1680—1630cm™! (5.95-6.14um), and in dilute solution
at 1700-1665cm™' (5.88—6.01 um).!31-133.145 The carbonyl absorption band
of tertiary amides'** '3 is independent of physical state, since hydrogen
bonding to another amide molecule is not possible, and occurs in the region
1670—-1630cm ™! (5.99-6.14 pm). If the substituent on the nitrogen is an
aromatic for either secondary or tertiary amides then the carbonyl absorption
occurs at the higher end of the frequency ranges given,'*¢~1*® whereas
aliphatic secondary amides absorb at 1650—1630cm™" (6.06—6.14 um). The
carbonyl absorption band is obviously greatly influenced by solvents with
which hydrogen bonds may be formed.

Primary o-halogenated amides'® absorb at higher frequencies than the corre-
sponding alkyl compound, up to about 1750 cm=" (5.71 um), and may, in fact,
have two carbonyl bands due to the presence of rotational isomerism. The
carbonyl band of N-halogen secondary amides also occurs at higher frequen-
cies than that of the corresponding N-alkyl compound.!?!¢-132

In dilute solution in non-polar solvents, acetanilides and benzanilides
absorb in the region 1710-1695cm™! (5.85-5.90 um)."'31¢13137 Ortho-nitro-
substituted anilides, in the solid phase, exhibit two carbonyl bands, one near
1700cm™" (5.88 um) and the other at about 1670 em™! (6.00 pm). Compounds
of the type CH3(Ar)NCOCH,; absorb in the region 1685-1650cm™!
(5.93-6.06 um).
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Table 10.23 The N-H vibration bands of secondary amides

Region Intensity
Type of secondary amide cm™! pum IR Raman Comments
Hydrogen-bonded trans- torm (solid 3370-3270 2.97-3.06 m m-w N-H str
or liquid phase)
3100-3070 3.23-3.26 w - Overtone of amide II band
1570-1515 6.37-6.60 s m Amide II band
Hydrogen-bonded cis- form (solid or 3180-3140 3.15-3.19 m m-w N-H str
liquid phase) (may be as dimers)
~3080 ~3.25 w -
1450-1440 6.90-6.94 $ w N-H def vib
Trans- form (in dilute solution) 3460-3420 2.89-2.92 m m—w N-H str
1550-1510 6.45-6.62 S m Amide II band
Cis- form (in dilute solution) 3440-3300 2.91-3.03 m m-w N-H str, cis- form remains mainly association
even in very dilute solution whereas trans-
form does not
Table 10.24 Amide N-H stretching vibrations (and other bands in same region)
Region Intensity
Functional Groups cm™! um IR Raman Comments
(Free) primary amides, ~CO-NH, 3540-3480 2.83-2.88 m-s m-w asym N—H str
3420-3380 2.92-2.96 m-s m-w asym N-H str
(Associated) primary amides 3375-3320 2.96-3.01 m-s m-w asym N—H str
3205-3155 3.12-3.17 m-s m-w sym N-H str
(Free) secondary amides, —-CO-NH- 3460-3420 2.89-2.93 m-s m-w Doublet if cis—trans isomerism present, N—H str
(Associated) secondary amides:
trans- form 3370-3270 2.97-3.06 m m-w N-H str
cis- form 3180-3140 3.15-3.19 m m-w N-H sir
trans- form 3100-3070 3.23-3.26 w - Overtone of amide II band near 1550 cm™!
Hydroxamic acids (solid phase), 3300-2800 3.03-3.57 w-—m m-w Three bands, N-H str and O-H str
—-CO-NHOH
—CO-NH-CH; 3360-3270 2.98-3.06 s, br m-w Also weak band near 3080cm™! due to overtone
of amide II band
—-NH-CO-CH; 3340-3220 2.99-3.10 s, br m-w Dilute solutions: 3480-3340cm™!

The carbonyl stretching vibration frequency of N-acetyl and N-benzoyl
groups in compounds where the nitrogen atom forms part of a heterocyclic ring
increases as the resonance energy is increased, e.g. by increasing the number
of nitrogen atoms in the ring.!> For example, in the case of pyrroles, the
carbonyl band occurs near 1730 cm~! (5.78um) and in the case of tetrazoles,
at about 1780cm™! (5.62 um).

Oxamides, 6 thioamides, '46-14°
phosphonamides,'*"* polyglycines,
have been studied.

amides of n-fatty acids,'> polyamides,'*?
141 and numerous other related compounds

Amide N—H Deformation and C—N Stretching Vibrations:
Amide 1l Band

In the solid phase, primary amides have a weak-to-medium intensity band
at 1650-1620cm™' (6.06—6.17um) which is generally too close to the
strong carbonyl band to be resolved. In dilute solution, this band occurs at
1620-1590cm™" (6.17-6.31 um). The position of this band is not greatly
influenced by the nature of the primary amide, e.g. aliphatic or aromatic. This
band is known as the amide Il band and is due to a motion combining both the
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N-H bending and the C-N stretching vibrations of the group —CO-NH-in
its trans- form. The amide II band appears to be mainly due to the N-H
bending motion. Secondary amides in the solid phase have a characteristic,
strong absorption at 1570-1515 em™! (6.37-6.60 um) and in dilute solution,
at 1550—1510cm ™! (6.45-6.62 um). In general, the amide I band of primary
amides is more intense than that of secondary amides. In fact, it has been
observed that the amide II band is absent in trans-N-halogen secondary amides
although it is present for N-iodo-amides in the solid phase.!31##:132.140.143
Secondary aliphatic amides usually have a strong, polarised band in their
Raman spectra at 900—-800 em™! (11.11-12.50pm) due to the symmetrical
CNC stretching vibration, the band being of weak intensity in the infrared.
For tertiary amides, this band is normally at 870-700cm ™" (11.49—14.29 pm).

Other Amide Bands

Primary amides absorb at 1420-1400cm™! (7.04-7.14 um) and secondary
amides at 1305-1200cm ™! (7.67~8.33 um) and at about 700cm™! (14.3 um).
This last band may not be observed in that position in the spectra of dilute
solutions.

In general, all amides have one or more bands of medium-to-strong intensity,
which may be broad, in the region 695-550cm™! (14.39-18.18 um) which

Table 10.25 Amide C=0 stretching vibrations: amide I bands

are probably due to the bending motion of the O=C-N group.'*!"!*? Primary

aliphatic amides absorb at 635-570cm™! (15.75-17.54um), probably due
to the out-of-plane bending of the C=O group, whereas «-branched
primary amides absorb at 665-580cm~! (15.04-17.24pum). Secondary
aliphatic amides absorb at 610-590cm~! (16.39—16.95um) and in the case
of a-branching, at 670-625cm™' (14.93-16.00um). With the exception
of formamides, anilides, and diamides, amides have a medium-to-strong
absorption at 520-430cm~! (19.23-23.26 um) and, with the exception of
N-methyl secondary amides, N-substituted anilides, lactams, and diamides
(also acetamide and propionamide), a band which is usually observed at
390-305 cm™' (25.64-32.79 um). This last band is sensitive to conformational
changes and has been observed as low as 215cm™! (46.51 pm). Formamide
has a strong, broad absorption in the range 700-500cm~! (14.29-20.00 um).

Hydroxamic Acids, -CO-NHOH

Hydroxamic acids have a strong carbonyl absorption at about 1640cm™!
(6.10um). In the solid phase, three medium-intensity bands are observed at
3300-2800cm ™! (3.03-3.57 um), a strong amide II band is observed near

Region Intensity
Functional Groups cm™! um IR Raman Comments
Primary amides (solid phase) 16701650 5.99-6.06 s w-m Usually a doublet involving NH, def at ~1620cm™!
Primary amides (dilute solution) 1690-1670 5.92-5.99 S w-—m
Secondary amides (solid phase) 1680-1630 5.95-6.14 s w-m
Secondary amides (dilute solution) 1700-1665 5.88-6.01 s w—m Strongly electron-accepting groups on nitrogen increase
frequency
Acetylamides, -NH-CO-CH; 1735-1645 5.76-6.08 s w-m
Acetanilides (dilute solution), ArtNH-CO-CH; 1710-1695 5.85-5.90 S w—1m
Secondary amides of the type ArCO-NH-(dilute ~1660 ~6.02 s w-m
solution)
Tertiary amides (dilute solution or solid phase) 1670-1630 5.99-6.14 s m Strongly electron-accepting groups on nitrogen increase
frequency
Amides containing 1790-1720 5.59-5.81 S w Doublel, separation usually small, but larger for ring amides
—CO-NH-CO-(diacylamines)
1720-1670 5.81-5.99 s w-m
Monosubstituted hydrazides, ~-CONHNH 1700-1640 5.88-6.10 s w—m Acid hydrazides, see ref. 138
Disubstituted hydrazides, ~-CONH-NHCO- 1745-1700 5.73-5.88 ] w—m Doublet, usually marked difference between phase and solution

spectra, amide 11 band for aliphatic compounds at
1500-1480cm™" (6.67-6.76 um)

(continued overleaf’)



146 Infrared and Raman Characteristic Group Frequencies

Table 10.25 (continued)

Region [ntensity
Functional Groups cm™! um IR Raman Comments
17101680 5.85-5.95 S w—m
Alkyl hydroxamic acids, R-CO-NH-OH, (solid ~1640 ~6.10 S w—m
phase)
Amides of the type Ar—SO,-NHCOCH; (solid 1720-1685 5.81-5.93 s w-m
phase)
Aromatic isocyanates (dimers) 1785-1775 5.60--5.64 S w-m
Aliphatic isocyanurates (isocyanate trimers) 17001680 5.88-5.95 S w-m Shoulder at ~1755¢m™
Aromatic isocyanurates 1715-1710 5.83-5.85 s w—m Shoulder at ~ 1780 c¢m™'
—CF,CONH, 1730-1700 5.78-5.88 s w-m
CF;CONH- 1740-1695 5.75-5.90 s w-m
Methyl carbamoyls, —-CO-NH-CHj 1740-1620 5.75-6.17 S w-m
4 p o) = B .
Carbamoyl chlorides, Cl-CO~N\ 1740 5.75 $ w—m See ref. 170
Polypeptides ~1650 ~6.06 . s w—m Mainly C=O0 str but coupled with C=N also (due to group
-CO-NH-)
CHCI,CONH- 1715-1700 5.83-5.88 s w-m
CCI;CONH- ~1730 ~5.78 s w-m
0L 1770-1740 5.65-5.75 $ w—m May be doublet. Also strong band at ~1300cm™'
RN NR’
AN C O/
R—0—C0—N_ 1750~ 1730 5.71-5.75 s w-m
R—S—CO—N: 1700-1680 5.88-5.95 s w—m
R-S-CO-NAr- 1670-1650 5.99-6.06 s w-m
Table 10.26 Amide N-H deformation and C-N stretching vibrations: amide II band
Region Intensity
Functional Groups cm™! um IR Raman Comments
Primary amides (solid phase) 1650-1620 6.06-6.17 w—m w—m Exception is o-cyanobenzamide at 1667 cm™!
Primary amides (dilute solution) 1620-1590 6.17-6.31 w-m w—m n-alkylamides ~1590¢cm™!
Secondary amides (trans- form) (solid phase) 1570-1515 6.37-6.60 S w
Secondary amides (trans- form) (dilute solution) 1550-1510 6.45-6.62 S w
—NH-CO-CH; (trans- form) 1600—1480 6.25-6.76 S w Most acetylamides absorb in range 1580~ 1520 cm™!
Aliphatic disubstituted hydrazides, 15001480 6.67-6.76 $ w
—CONH-NHCO-
—-CF,CONH- 1630—-1610 6.14-6.21 m w
Hydroxamic acids, R—-CO-NHOH ~1550 ~6.45 m-s w
Hydrazides, -CO-NHNH 1545-1520 6.47-6.58 m-s w—m
Methyl carbamoyls, —CO-NH-CH; 1600-1500 6.25-6.67 m w
HCONR, 870820 11.49-12.20 w-m w-m CN str. (Also band ~650cm™')
R'CONR|R; 750-700 13.33-14.29 w-m w-m CN str. (Also band at 620-590cm™")
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Table 10.27 Amides: other bands

Region Intensity
Functional Groups cm™! um IR Raman Comments
Primary amides 1420-1400 7.04-7.14 m m C—N str, known as amide III band
~1150 ~8.70 w w NH; in-plane rocking vib, not always seen
750-600 13.33-16.67 m w br, NH; def vib
600-550 16.67-18.18 m-s m N-C=0 def vib
500-450 20.00-22.22 m-s m-w C-C=0 def vib
Secondary amides (trans- form) 1305-1200 7.67-8.33 w—m S Amide 111 band, usually at ~1260cm™!
770-620 13.00-16.13 m w br, out-of-plane N—H def vib, for hydrogen-bonded amides
usvally at ~700 cm™!
Secondary amides (cis- form) 1450-1440 6.90-6.94 m w N-H bending vib
1350-1310 7.41-7.63 w-m S C-N str (amide 111 band)
~800 ~12.50 m-s m-s br, N—H wagging vib
Methyl carbamoyls, —CO-NH-CH; 1330-1215 7.51-8.23 m-s s Amide 111 band
860675 11.63-14.81 m, br m Amide V band
770-525 12.99-19.05 m-—s m-s Amide IV band
695-530 14.39-18.87 m m-s Amide IV band
530-350 18.87-28.57 w-m
Monosubstituted hydrazides 1150-950 8.70-10.53 m-s m—s Two bands, NH; def vib
Primary aliphatic amides, R—CH,-CONH; 635-570 15.75-17.54 s m N-C=0 def vib
480-450 20.83-22.22 m-—s m C-C=0 in-plane def vib } Not formamides or anilides
360-320 27.78-31.25 s C--CO-N def vib
Primary a-branched aliphatic amides, 665-580 15.04-17.24 S m
~C—CO~NH,
520-495 19.23-20.20 m-s m NCO in-plane bending vib
320-305 31.25-32.79 s
n-Aliphatic secondary amides and N-methyl 610-590 16.39-16.95 m-s m NCO in-plane bending vib
aliphatic amides, R; ~CH,-CO-NHR;
480-430 20.83-23.26 s
380-330 26.32-30.30 m-s Absent for N-methyl aliphatic amides
a-Branched aliphatic secondary amides, 670-625 14.93-16.00 m m NCO in-plane bending vib
R
"“cH—co—N7
s \
R, H
520-510 19.23-19.61 s m
350-330 28.57-30.30 $
—CO:NH-CH;3 3010-2970 3.32-3.37 w m asym CHj str
3000-2930 3.33-3.41 w m asym CHj str
2945-2855 3.40-3.50 w—m m sym CHj str
14801420 6.76-7.04 w—m m-w asym CHj; def vib
1440-1400 6.94-14.29 w—m m-w asym CHj; def vib
1375-1355 7.27-7.38 w m sym CHj def vib
1330-1220 7.52-8.20 m-s S Amide III band
1130-1050 8.85-9.52 w—m w CHj; rocking vib
1050-980 9.52-10.20 w-m w CHj; rocking vib
975-850 10.26—11.76 w m-s CC str
860-675 11.63-14.81 m, br m Amide V band

(continued overleaf )
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Table 10.27 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
695-530 14.39-18.87 m-s m-s Amide TV band
475-365 21.05-27.40 Skeletal vib
375-255 26.67-39.22 Torsional vib
290-160 34.48-62.50 Torsional vib
265-135 37.74-74.07 CH; torsional vib
140-60 71.43-166.67 CO-CH; torsional vib
Tertiary amides, /Rl 870-700 11.49-14.29 w S, p asym CNC str
/C CON\
R,
620-570 16.13-17.54 S m Absent for formamides, NCO bending vib
480-440 20.83-22.73 m-s Absent for formamides
390-320 25.64-31.25 m
Tertiary formamides, H-CO-NR R, 750-700 13.33-14.29 w S, p asym CNC str
700-645 14.29-15.50 s m Usually broad
620-590 16.13-16.95 m-—s m N-C=0 bending vib
390-340 25.64-29.41 m-s
N-Substituted anilides, R 630-610 15.87-16.39 m m
—CO—N—Ar
~445 ~22.47 m
~405 ~24.69 $
Primary aromatic amides 645-590 15.50-16.95 S m N-C=0 bending vib
Lactams, s 695-655 14.39-15.27 m-s m
E— (€ i CO—N—
L~ |
500-470 20.00-21.28 m
Diamides. (”) | (") 675-600 14.81-16.67 m
~ e
/N—C—|C—C—N\
595-540 16.81-18.52 m-s m
Hydroxamic acids R—-CO-NHOH 1440-1360 6.94-7.35 v m
~900 ~11.11 s s

1550cm™! (6.45pm), a strong band at about 900cm™! (11.11pum), and a
band of variable intensity at 1440—1360cm™! (6.94-7.35 um).

Hydrazides, -CO-NH-NH, and ~-CO-NH-NH-CO-

Amides of the type —-CO-NH-NH,'*® have a number of medium-intensity
bands in the region 3350-3180cm™! (2.99-3.15um) due to the NH
and NH, stretching vibrations. The band due to the carbonyl stretching
vibration, which is very strong, occurs at 1700-1640cm™~! (5.88—6.10 um).

A mediuvm-intensity band due to the deformation of the NH; group occurs
at 1635-1600cm™! (6.12-6.25um). The amide II band, which is strong,
occurs at 1545-1520cm™! (6.47—6.58 um) and a weak-to-medium intensity
band, due to the C-N stretching vibration, occurs at 1150-1050 cm™!
(8.70-9.52 um).

For solid-phase spectra, aliphatic amides with the

-~CO-NH-NH-CO-

group usually have only one very strong absorption due to the carbonyl groups,
at 1625-1580cm™! (6.16—6.33 um), whereas aromatic compounds usually
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Table 10.28 Hydrazides

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Amides with —-CO-NH-NH, group 3350-3180 2.99-3.15 m m-w N-H str
1700-1640 5.88-6.10 Vs w C=0 str
1635-1600 6.12-6.25 m w NH, def vib
1545-1520 6.47-6.58 ] w Amide II band
1150-1050 8.70-9.52 w—m m-s C—N str
Aliphatic and aryl amides with 3330-3280 3.00-3.05 m m-w N-H str
—CO-NH-NH-CO-group (in solution)
1745-1700 5.73-5.88 Vs w C=0 str
1710-1680 5.85-5.95 Vs w C=0 str
1535-1480 6.52-6.64 m w Amide II band, aliphatics at 1500—1480cm™!
Aliphatic amides with 3210-3100 3.12-3.23 m m-w N-H str
-CO-NH-NH-CO-group (solid phase)
3060-3020 3.27-3.31 m m-w N-H str
1625-1580 6.15-6.33 vs w C=0 str
1505-1480 6.65-6.76 $ w Amide II band
1260-1200 7.94-8.33 m m-w C-N str
Aromatic amides with 3280-2980 3.05-3.36 m m-w N-H str
—CO-NH-NH-CO-group (solid phase)
1730-1670 5.78-5.99 Vs w C=0 str
16601635 6.02-6.12 Vs w C=0 str
1535-1525 6.52-6.56 s w Amide II band
1285-1245 7.78-8.03 m m-w C-N str
Phthalhydrazides, CO, NH ~3000 ~3.33 m m-w Very br, N-H str
!
@E . NH
CcO
16701635 5.99-6.12 Vs m-w C=0 str

have two strong bands, one at 1730-1670cm™! (5.78-5.99 um) and the other
at 1660—1635cm™! (6.02-6.12 um). There are usually marked differences in
the carbonyl band positions between the solution and solid-phase spectra of

hydrazides.

NH—

Lactams —E(C),I—CO (Cyclic Amides)

The N-H and C=0 stretching vibrations of lactams3* give rise to bands
in the same regions as those for secondary amides. Where ring strain
occurs, as for B-lactams (four-membered ring) and y-lactams (five-membered
ring), the carbonyl stretching frequency is increased, the band regions
being 1760-1730cm ™! (5.68—5.78 um) and 1720-1700 cm™! (5.81-5.88 um)
respectively. The amide II band is not exhibited by lactams unless the ring

consists of nine or more members, this band being associated with the group
—CO-NH-in the trans- form. The N-H out-of-plane deformation band occurs
at about 700cm ! (14.3um) and is generally broad as for secondary amides.

a,f-Unsaturation results in an increase in the carbonyl streiching vibra-
tion frequency by about 15cm™! (0.05um). Fused ring 8- and p-lactams
have the frequency of their carbonyl stretching vibration increased by about
20-30cm™! (0.06-0.07 um) compared with that of simple 8- and y-lactams.
B-Lactams fused to unoxidized thiazolidine rings absorb at 1780—1770 cm™!
(5.62-5.65 pm).'#

Imides, -CO-NH-CO-

Imides’S! may exist in two forms: (a) the two carbonyl groups both trans-
to the NH group, (b) one carbonyl group being cis- and the other trans-
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Table 10.29 Lactam C=0 stretching vibrations: amide I band

Region Intensity
Functional Groups cm™! pum IR Raman Comments
B-Lactams (four-membered ring) (dilute 1760-1730 5.68-5.78 S W
solution)
y-Lactams (five-membered ring)(dilute 1720-1700 5.81-5.88 S w
solution)
8-Lactams (six-membered ring)(dilute solution) 1690-1670 5.92-5.99 S w
B-Lactams (ring fused)(dilute solution) 1780- 1770 5.62-5.65 S w
y-Lactams (ring fused) (dilute solution) 1750~ 1700 5.71-5.88 S w
Table 10.30 Lactams: other bands
Region Intensity
Functional Groups cm™! um IR Raman Comments
Lactams 1315-1250 7.60—-8.00 w m-s Amide III band, C-N str
695-655 14.39-5.27 m-s m
500-470 20.00-21.28 S m
Table 10.31 Imides
Region Intensity
Functional Groups cm™! pum IR Raman Comments
Imides (solid phase) 3280-3200 3.05-3.13 m m-—w N-H str
1740-1670 5.75-5.96 Vs w C=0 str, amide I band
1510-1500 6.62-6.67 Vs w br, amide II band
12351165 8.10-8.58 $ m-s Amide 111 band
740-730 13.51-13.70 m-s w br, N-H wagging (N-D wagging ~540cm™")
Cyclic imides (five-membered ring), ~1770 ~5.65 s w Unsaturation results in an increase in
?O—NH—lCO wavenumber of about 15¢m™!
~1700 ~5.88 $ w
Cyclic imides (six-membered ring), ~1710 ~5.85 ] w
?O—NH—ICO
-
C C C\
~1700 ~5.88 S w Usually of greater intensity than the other band
aleimides H B B —
Maleimides, N o 1805-1745 5.54-5.73 S w C=0 sir Doublet, see refs 152, 153
T T 1730-1685 5.78-5.93 s w C=0 str
=. 1550-1450 6.45-6.90 ] s C=C str
1365-1340 7.33-7.46 $ m-s C-N str
1080-1040 9.26-9.62 m m
780-730 12.82-13.70 s m-w
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Table 10.31 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Phthalimides, 1790-1735 5.59-5.76 $ w—m See ref. 154
NH
(0]
1745-1670 5.73-5.99 s w—m
1235-1165 8.10-8.58 w—m m-s Amide IIT band
a-Pyridones, NH 1690-1650 5.92-6.06 S w-m C=0 sir
(o
1650- 1630 6.06-6.14 s w—m C=0 str

y-Pyridones, —
oD

to the NH group. The trans—trans type has, in its solid-phase spectra,
a medium intensity absorption at 3280-3200cm~' (3.05-3.13um), due
to the N—H stretching vibration, and strong bands at 1740—1730cm™"
(5.75-5.78 um) (the carbonyl band), at 1510-1500 cm™! (6.62-6.67 um) (the
amide II band), at 1235-1165cm™! (8.10—8.58 um) (the amide III band). and
at 740-730cm™! (13.51-13.70pm) (due to the N—H wagging vibration).
The spectra of the cis—trans forms differ from the above in that the carbonyl
band occurs near 1700cm~! (5.88um) with weaker bands near 1630cm™!
(6.14um) and 1650cm™' (6.06 um). The band due to the N-H stretching
vibration occurs at 3250cm~! (3.08 um) with weak bands on either side
and the band due to the N—H wagging vibration occurs at 835-815c¢m™!
(11.98-12.27 um).

The carbonyl band of cyclic imides is shifted to higher frequencies if the
ring is strained. Cyclic imides do not have an amide II band near 1510cm™!
(6.62 pm).

In general, acyclic imides exhibit two amide I bands and weak amide IV
bands have also been observed near 610cm™! (16.39 um) and 560cm™!
(17.86 um).

Ureas, :N_CO—Ni (Carbamides)

The band due to the stretching vibration of the carbonyl group of
ureas?133-157 occurs at 1705-1635cm™! (5.82-6.12pum). The presence of

ring strain tends to increase the frequency of this vibration. Strongly electron-
accepting groups on the nitrogen also raise this frequency (amides behave in
a similar manner).

In dilute carbon tetrachloride solution, N-monoalkyl ureas have three
bands due to the N-H stretching vibrations, the bands due to the NH;
asymmetric and symmetric vibrations are at about 3515 em~! (2.85um) and
3415cm™! (2.93 um) respectively and that due to the N—H stretching vibration,
which varies according to the alkyl substituent, occurs at 3465-3440 cm™!
(2.89-2.91 um). The carbonyl stretching vibration gives rise to a band near
1705cm™! (5.86 pm).

In dilute solution (non-polar solvent), sym-N,N’-dialkylureas have,
essentially, a single band due to the N-H stretching vibration in the
region 3465-3435cm™' (2.89-2.91 um) and a strong band due to the C=0
stretching vibration at about 1695 cm™! (5.90pm). Also in dilute solution
(non-polar solvent), unsym-N.N'-dialkylureas may exhibit one or two bands
due to the N—H stretching vibration.

The amide II band of ureas is usually found at 1560-1515cm™!
(6.41-6.60 um), for N,N’-dialkyl substituted ureas two weak bands are
observed near 1585cm™! (6.31 um) and 1535cm~! (6.51 um). For associated
(hydrogen-bonded) ureas, the band due to the N—H stretching vibration occurs
at 3400-3360cm™' (2.94-2.98um) and that due to the C=O stretching
vibration at about 1635cm™! (6.11 pm). For the monomer, this last band is
round at about 1690cm™! (5.92 um).

Ureas have a strong, characteristic band at 1360—1300 em™! (7.35-7.69 pm)
due to the asymmetric stretching vibration of the N-C-N group, the band
due to the symmetric vibration being of medium intensity and occurring at
1190—1140cm™! (8.40—8.77 um).
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Table 10.32 Urea C=O0 stretching vibrations: amide | band

Infrared and Raman Characteristic Group Frequencies

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Ureas (solid phase) 1680-1635 6.33-6.12 s w—m br, primary ureas, i.e. with NH, group
Ureas (in solution) 1705-1660 5.86-6.02 s w—m
Cyclic ureas (five-membered ring) (in solution) 1735-1685 5.76-5.93 s w—m Ketone groups in ring increase frequency
-HNCONH,; and \ (solid phase) 1680-1635 6.33-6.12 S w-m br
/NCONH2
—~HNCONH —(solid phase) 1670-1615 5.99-6.19 s w-m
AN / 1660-1625 6.02-6.15 S w-m
NCON
/ N\
(solid phase)
Cyclic ureas (solid phase) [ | 1690-1660 5.92-6.02 s w-m
HN NH
N
CcO
Diaryl ureas, AtNH-CO-NHAr (solid phase) ~1640 ~6.10 S w-—m
N-Chloro diaryl ureas, AINC1-CO-NCIAr 1735-1710 5.76-5.85 S w-m
(solid phase)
Table 10.33 Ureas: other bands
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Ureas 3440-3200 291-3.13 m m-w NH str
1605-1515 6.23.6.60 m w Amide II band
1360-1300 7.35-7.69 s—-m m asym N-C-N str
1190-1140 8.40-8.77 m m sym N-C-N str
—NHCONH, 3440-3400 2.91-2.94 m m-w asym NH; str
3360-3320 2.98-3.01 m m-w NH str
3240-3200 3.09-3.13 m m-w sym NH; str
1605-1515 6.23-6.60 s w NH, def vib
1360-1300 7.35-7.69 s—m m asym N-C-N str
1190-1140 8.40-8.77 m m sym N-C-N str
620-530 16.13-18.87 v NH, def vib
N - - —
/NCONHz 3440-3400 291-2.94 m m-w asym NH, str
3240-3200 3.09-3.13 m m-w sym NH, sir
1605-1515 6.23-6.60 S w NH; def vib
1360-1300 7.35-7.69 s—m m asym N-C-N sir
1190-1140 8.40-8.77 m m sym N-C-N str
620-530 16.13-18.87 v NH, def vib
-~NHCONH- 3360-3320 2.98-3.01 m m-w NH str
1585-1515 6.31-6.60 v w NH def vib
1360-1300 7.35-7.69 s—m m asym N-C-N str
1190-1140 8.40-8.77 m m sym N-C-N str
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Table 10.33 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
AN / — - — —_C-—
/NCON\ 1360-1300 7.35-7.69 s—m m asym N-C-N str
1190-1140 8.40-8.77 m m sym N-C—N str
Cyclic ureas 3315-3200 3.02-3.13 m m-w
HN_~ NH
A4
Cco
1450-1440 6.90-9.94 v m
1275-1250 7.84-8.00 m m
Table 10.34 Urethane N—H stretching vibrations
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Primary urethanes, HaN-CO-0O- 3450-3400 2.90-2.94 m m—-w NH; asym str
3240--3200 3.09-3.13 m m-w NH; sym str
(Associated) secondary urethanes, 3340--3250 2.99-3.08 m m-w Hydrogen- bonded
-HN-CO-0-
(Unassociated) secondary urethanes 3410-3390 2.92-2.95 m m-w
N-Aryl urethanes (associated), 3460-3295 2.89-3.03 m m-w
Ar-NH-CO-OR
N-Aryl urethanes (unassociated) 3460-3410 2.89-2.93 m m-w

Table 10.35 Urethane C=0 stretching vibrations: amide I band

Region Intensity
Functional Groups cm! um IR Raman Comments
Alkyl urethanes, :NCO—O— 1740-1680 5.75-5.95 s w—m
NH.CO-OR 1695-1680 5.90-5.95 S w—m
RO-CO-NHR 1740-1730 5.75-5.78 s w-m
N-Aryl urethanes, Ar—-NH-CO-OR 1735-1705 5.75-5.87 Vs w—m One or two peaks, strong hydrogen bonding may resull in
(associated) (solid phase) band as low as 1690cm™"
N-Aryl urethanes (unassociated) 1760-1730 5.68-5.78 Vs w—m See ref. 163
Alkyl thiocarbamates, -NH-CO-S— ~1695 ~5.90 s w-m See ref. 53
N-Aryl thiocarbamates 1700-1660 5.88-6.02 S w—m
Alkyl carbamoyl chlorides, NR,-COCl 1745-1735 5.73-5.75 ' w—m
Cyclic urethanes (five-membered ring), 1785-1745 5.60-5.73 Vs w—m Ring carbonyl groups increase frequency
CO (N-acetyloxazolidones have bands: at ~1795cm™
2N ~1710¢m™"
N O

153
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Table 10.36 Urethane combination N—H deformation and C-N stretching vibrations (amide II band) and other bands
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Primary urethanes 1630-1610 6.13-6.21 m-s m NH, def
Secondary urethanes (dilute solution) 1530-1500 6.54-6.67 s m } Absorption due to CHN group 1540—1530 cm~"!
Secondary urethanes (associated or in 1600-1500 6.25-6.67 S m
solid phase)
Urethanes 1265-1200 7.90-8.33 m m-s Amide 1V band (coupled C—-N and C-O stretching
vibrations)
N-Aryl urethanes (unassociated) 15501500 6.45-6.67 s m In-plane N-H bending vib
1285-1235 7.78-8.10 m m-s Ar-N str, does not alter significantly on phase change
1225-1195 8.14-8.36 vs m Amide V band, stronger than C=0 band in solution
spectra, in solid-phase band occurs a1 1260—1200cm ™!
(7.94-8.33 um)
1090-1040 9.17-9.62 m-s m-w C-0 str
570-500 17.54-20.00 w—m Out-of-plane N—H def vib, in solid phase band occurs at
680-625cm™' (14.71-16.00 um)
ortho-halogen — substituted compounds absorb in range
570-550cm™! (17.54-18.18 um)
References
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Primary urethanes have a number of absorptions in the region
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11 Aromatic Compounds

For simplicity and convenience, the modes of vibration of aromatic compounds
are considered as separate C—H or ring C=C vibrations. However, as with
any ‘complex’ molecule, vibrational interactions occur and these labels really
only indicate the predominant vibration. Substituted benzenes have a number
of substituent sensitive bands, that is, bands whose position is significantly
affected by the mass and electronic properties (inductive or mesomeric prop-
erties) of the substituents. These bands are sometimes referred to as X-sensitive
bands. For example, mono-substituted benzenes have six X-sensitive bands,
where X represents a substituent. Obviously. the region in which an X-sensitive
band may be found is quite large.

In their infrared spectra, the strongest absorptions for aromatic
compounds’-? occur in the region 900-650cm~! (11.11-15.27 um) and are
due to the C—H vibrations out of the plane of the aromatic ring (Figure 11.1).
These bands are generally weak in Raman spectra. In infrared spectra,
most mononuclear and polynuclear aromatic compounds have three or four
peaks in the region 3080—3010cm™! (3.25-3.32 um), these being due to the
stretching vibrations of the ring CH bonds. In Raman spectra, these bands
may be strong, but skeletal vibration bands may be even stronger. Ring
carbon-carbon stretching vibrations occur in the region 1625-1430cm™’
(6.16—6.99 um). A number of weak combination and overtone bands occur
in the region 2000-1650cm™! (5.00-6.06 um). These bands are highly
characteristic (Figure 11.2) and can be very useful in the evaluation of the
number of substituents on the aromatic ring. Unfortunately, part of this region
may be overlapped by strong absorptions due to carbonyl or alkene groups.

As mentioned earlier, some vibrational modes of the aromatic carbon—X
bond are affected by the mass of the substituent and so these vibrations are
known as X-sensitive modes. The X-sensitive bands normally occur in the
regions 1300-1050 cm™! (7.69-9.52 um), 850—-620cm™" (11.76—16.13 um),
and 580-200cm™! (17.24-50.00 um). These vibrational modes are due to
(a) the ring carbons 1, 3, and 5 moving radially in phase while the substituent
on carbon 1 moves radially out of phase, (b) the in-plane bending of a quadrant
of the ring in which the C-X bond length increases as the distance between
the carbons 1 and 4 decreases, and (c) the distance between carbons 1 and 4

900 700 900 700 900 700 900 700
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Figure 11.1 In infrared spectra, band intensities and positions in the region
900-600cm™" (11.11-15.39 um) are very characteristic of the number of adjacent
hydrogen atoms on the aromatic ring. The patterns above are typical of what is
observed. These are averages of a great many spectra and so should only be used
as a guide to what might be seen
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and the C-X bond-length both increasing simultaneously. In general, due to
their large range, X-sensitive bands are not very useful in characterisation.
For compounds of the type aryl-metal, a band at 1120-1050cm™!
(8.93-9.52um) is observed whose position is dependent on the nature
of the metal. References specific to aromatic compounds are: benzyl
compounds.”>%* bridged aromatic compounds,?* dibenzene oxacyclanes,™ and

phenyl derivatives of Bi, Sb, Si, Ge, Sn, Pb, and py .

Aromatic C-H Stretching Vibrations

As already mentioned, these bands occur in the region 3080-3010cm™!
(3.25-3.32um)’ and are of strong-to-medium intensity. A band with up to five
peaks may be observed in this region. As might be expected, monosubstituted
benzenes usually exhibit more peaks than di- or trisubstituted benzenes. Alkene
C—H stretching vibrations also result in bands in this region, as do both O—-H

Chart 11.1 Infrared - substituted benzenes, absorption ranges and intensities in region 1000-300 cm™
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Chart 11.2 Characteristic bands observed in the Raman spectra of suhstituted benzenes in the region 4000-200cm™
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and N—H stretching vibrations, although the latter bands are much broader
than those due to the aromatic C—H stretching vibration. In general, a strong
band due to C-H stretching vibrations is observed in the Raman spectra of
benzenes at 3070-3030 cm™! (3.26—3.30 um).

Aromatic In-plane C-H Deformation Vibrations

In Raman spectra, the bands due to the C—H in-plane deformation vibra-
tions, which occur in the region 1290-990 cm™! (7.75-10.10 pm), are very
useful for characterisation purposes and may be very strong indeed. For
example, a very strong band in the Raman spectra of mono-, 1,3 di-, and
1,3,5 trisubstituted benzenes is observed near 1000cm™! (10.00 pm) which
may be the strongest band in the spectrum. In the infrared, a number of C—H
in-plane deformation bands (up to six) occur in the region 1290-900cm™!

(7.75-11.11 pm). Although these bands are usually sharp, they are of weak-
to-medium intensity. In infrared, these bands are not normally of importance
for interpretation purposes although they can be used. In fact, a number of
interactions are possible, thus necessitating great care in the interpretation
of bands in this region. Polar ring substituents may result in an increase in
the intensity of these bands. Additional difficulties may also arise due to the
presence of other bands in this region, e.g. due to C—C, C-O stretching
vibrations.

Aromatic Out-of-plane C—H Deformation Vibrations and
Ring Out-of-plane Vibrations in the Region 900-650 cm~!

The frequencies of the C—H out-of-plane deformation vibrations are mainly
determined by the number of adjacent hydrogen atoms on the ring and not very
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much affected by the nature of the substituent(s),*> although strongly electron-

attracting substituent groups, such as nitro-, can result in an increase of about

30cm™! in the frequency of the vibration. In infrared spectra, these bands

give an important means for determining the type of aromatic substitution.

Although normally strong, they are often not the only strong bands in the

region since, for example, the carbon—halogen bond vibration may also give

rise to absorptions in this region. As always, any interpretation should, if
possible, be supported by the presence of more than one band. The patterns

observed in infrared spectra are given in Figure 11.1 and may be used as a

guide to the absorptions in this region.

The C-H out-of-plane deformation bands are as follows:

(a) Monosubstituted benzenes* have two strong absorptions, one at
820-720cm ' (12.20-13.89um) and the other at 710-670cm™"
(14.08-14.93 um). The second of these bands is usually not as intense
as the first.

(b) Ortho-disubstituted benzenes® have a strong absorption at 790-720cm™
(12.66—-13.89 um).

(c) Meta-disubstituted benzenes have two medium-intensity absorptions,
one at 960-900cm™' (10.42—11.11 um), the other at 880-830cm™!
(11.36—12.05um), a weak band at 820—765cm~" (12.20—13.07 um), and
a medium-to-strong band at 710-680 cm™' (14.08—14.71 um).

(d) Para-disubstituted benzenes® absorb strongly at 860—780cm~" (11.63—
12.82 um).

(e) 1,2,3-Trisubstituted benzenes’?® absorb strongly at 800-750 cm™!
(12.50—13.33 um) and at 740-685cm~" (13.51—-14.60 um), the first band
often not being as intense as the second.

(f) 1,2,4-Trisubstituted benzenes’ have a medium absorption at 940—840 cm!
(10.64-11.90 um) and a strong band at 780-760 cm™! (12.82-13.16 um).

(g) 1,3,5-Trisubstituted benzenes’ have a strong absorption at 865-810cm™!
(11.56-12.35um) and a band of lesser intensity at 730—660cm !
(13.70-15.15 pm).

(h) 1,2,3,4-Tetrasubstituted benzenes absorb strongly at 860-800cm™!
(11.63—12.50 um).

(i) 1,2,3,5-Tetrasubstituted benzenes®* absorb strongly at 850-840cm™!
(11.76-11.90 pm).

(j) 1.2,4,5-Tetrasubstituted benzenes absorb strongly at 870-860cm™!
(11.49-11.63 um).

(k) Pentasubstituted benzenes have a band of medium-to-strong intensity at
900-860cm™" (11.11~11.63 um).

|

Mono-, 1,3-di-, and 1,3,5-trisubstituted benzenes have a strong band in the
region 730~660 cm™! (13.70-15.15um). In the same region, 1,2- and 1,4-
disubstituted benzenes absorb weakly or not at all, depending on whether the

two substituent groups are different or not. When the substituents are identical,
symmetry results in this vibration being infrared inactive. Trisubstituted 1,2,3-
and 1,2,4-benzenes also absorb in this range.

It is both useful and convenient to summarize the C—H out-of-plane vibra-
tions in terms of the number of adjacent hydrogen atoms:

1. Six adjacent hydrogen atoms (e.g. benzene), band at 671 cm™!

2. Five adjacent hydrogen atoms (e.g. monosubstituted aromatics), band at
820-720cm™!.

3. Four adjacent hydrogen atoms (e.g. ortho-substituted aromatics), band at
790-720 cm~'.

4. Three adjacent hydrogen atoms (meta- and 1,2 3-trisubstituted aromatics).
band at 830-750cm™".

5. Two adjacent hydrogen atoms (e.g. para- and 1.2,3 4-tetrasubstituted
aromatics). band at 880—-780cm™!.

6. An isolated hydrogen atom (e.g. meta-, 1,2,3,5-tetra-, 1,2.4,5-tetra-, and
pentasubstituted aromatics), band at 935-810 cm™!,

An additional band is observed at 745-690cm™! (13.42—14.49 um) in the
spectra of monosubstituted, 1,3-disubstituted, compounds.

A coupling between adjacent hydrogen atoms is also observed for naph-
thalenes, phenanthrenes, pyridines, quinolines (the nitrogen atom being treated
as a substituted carbon atom of a benzene ring), and other aromatic compounds.

Nitro-substituted benzenes have a band, in addition to that expected,
near 700cm™" which is believed to involve an NO, out-of-plane bending
vibration.*?

In Raman spectra, the out-of-plane deformation bands are usually weak.

Aromatic C=C Stretching Vibrations

The ring carbon—carbon stretching vibrations occur in the region
1625-1430cm™" (6.16—6.99 um).!%~1# For aromatic six-membered rings, e.g.
benzenes and pyridines, there are two or three bands in this region due to
skeletal vibrations, the strongest usually being at about 1500cm™! (6.67 um).
In the case where the ring is conjugated further, a band at about 1580c¢m™!
(6.33 um) is also observed.

In general, the bands are of variable intensity and are observed
at 1625-1590cm™!  (6.15-6.29um). 1590-1575cm™! (6.29-6.35um),
1525-1470cm ™! (6.56-6.80 um), and 1465-1430cm™! (6.83-6.99 um). In
Raman spectra, the band near 1600cm ™' (6.25um) is sharp and strong. A
band at 1380—1250cm™! (7.25-8.00 um) may also be observed but this band
is often overlapped by the CH deformation vibrations of alkyl groups. A weak
band near 1000cm~! may also be observed.



Aromatic Compounds

161

For substituted benzenes with identical atoms or groups on all para- pairs
of ring carbon atoms, the vibrations causing the band at 1625-1590cm™"
(6.15-6.29 pm) (and also the band at 730—-680cm ! (13.70-14.71 um) - see
above) are infrared inactive due to symmetry considerations, the compounds
having a centre of symmetry at the ring centre. Hence, benzenes with a centre
of symmetry i.e. 1,4 di-, 1,2.4,5 tetra- and hexasubstituted benzenes have no
infrared bands near 1600cm ™' (6.25um) and 1580cm™" (6.33um). If the
groups on a para- pair of carbon atoms are different then there is no centre
of symmetry and the vibration(s) are infrared active. With heavy substituents,
the bands near 1600, 1580, 1490 and 1440cm ™' shift to lower wavenumbers.
They also become broader with increase in the number of substituents. If
there is no ring conjugation, the band near 1600cm ™! is stronger than that
near 1580cm™!. For alky] substituents, the band near 1580 cm ™! appears as a
shoulder on that near 1600 cm™".

When a substituent is C=0, C=C, C=N. or NO, and is directly conjugated
to the ring, or is a heavy element such as Cl, Br, 1, S, P, or Si, a doublet is
observed at 1625-1575cm™" (6.15-6.35 um).***7 Substituents resulting in
conjugation, such as C=C and C=0, increase the intensity of this doublet.®

For monosubstituted benzenes with strong electron acceptor or donor
groups, the bands at 1625—1590cm™~! (6.15-6.29 um) and 1590—1575cm™'
(6.29-6.35 um) are of medium intensity, the second band being the weaker,
but for weakly-interacting groups these bands are both weak.

For meta-disubstituted benzenes, the intensity of the band at about
1600 cm ! (6.25 um) is directly dependent on the sum of the electronic effects
of the substituents whereas for para-disubstituted benzenes it is dependent on
the difference of the electronic effects of the substituents. For example, due to
the large dipole changes possible for para-disubstituted compounds in which
one group is ortho—para-directing and the other is mera-directing, the band at
16251590 cm™! (6.15-6.29 um) is quite intense. In general, mono-, meta-,
di-, and 1,3,5-trisubstituted benzenes have strong bands at 1625-1590 cm™!
(6.15-6.29um) and at 730-680cm~! (13.70-14.71 um).

A fairly weak band is observed in the region 1465-
1430 cm™' (6.83-6.99 um) for aromatic compounds, except para-disubstituted
benzenes for which the range is 1420—1400cm™! (7.04-7.14um). A band
in the range 1510-1470cm™ (6.62—6.80 um) is observed for monosubsti-
tuted, ortho- and meta-disubstituted, and 1,2 3-trisubstituted benzenes, whereas
for para-disubstituted and 1,2,4-trisubstituted compounds this band occurs
at 1525-1480cm™! (6.56-6.76 um). (The differences noted for para- com-
pounds are useful in isomer studies.) This last band (at ~1500cm™!) is
relatively strong for electron donor groups but is otherwise weak or absent,
e.g. for the carbonyl group it is very weak. The bands at 1500—1400cm™!
(6.67-7.14um) cannot be misinterpreted as due to olefinic C=C stretching
vibrations since the latter lie outside this range. However, the band near

1450 cm ™! (6.90 um) may be obscured by the band due to the aliphatic C—H
deformation vibration.

Overtone and Combination Bands

Overtone and combination bands due to the C—H out-of-plane deformation
vibrations occur in the region 2000—1660cm™' (5.00-6.02um)."> The
absorption patterns observed are characteristic of different benzene ring
substitutions (see Figure 11.2, which gives a guide as to what may be observed
for a given compound). These bands are weak and it may, therefore, be
necessary in some cases to use cells of longer path length or to use a
more concentrated sample. Interference in this region from olefinic C=C and
carbonyl C=0 absorptions may also occur.

Aromatic Ring Deformation Vibrations Below 700 cm™!

Some bands in this region are quite sensitive to changes in the nature and
position of substituents,'®~2? although other bands (due to certain vibrations of
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Figure 11.2
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aromatic rings) depend mainly on the distribution and number of substituents
rather than on their chemical nature or mass, so that these latter vibrations,
together with the out-of-plane vibrations of the ring hydrogen atoms, are
extremely useful in determining the positions of substituents.

Two bands usually observed are those due to the in-plane and out-of-plane
ring deformation vibrations. The in-plane deformation vibration is at higher
frequencies than the out-of-plane vibration and is generally weak for mono-
and para-substituted benzenes, often also being masked by other stronger
absorptions which may occur due to the substituent group.

For monosubstituted aromatics, the band due to the out-of-plane ring defor-
mation vibration occurs as follows for the stated substituents:

(a) >C=Ci, ~C=C-, or —C=N: near 550cm~"! (18.18 um);
(b) an electron donor such as —OH or —NH,: near 500cm™! (20.00 um);

Table 11.1 Aromatic =C-H and ring C=C stretching vibrations

(c) a halogen or alkyl groups: in the range 500-440cm™' (20.00-22.73 um);
(d) an electron acceptor such as NO, or COOH: below 450cm™' (above
22.22 um).

For meta-disubstituted compounds, this band occurs in the region 460—415 cm ™!
(21.74-24.10 um) except when the substituents are electron-accepting groups
in which case the range is 490—-460cm™' (20.41-21.74um). The band for
para-disubstituted benzenes with electron-donating substituents occurs at 520—
490cm~! (19.23-20.41 um), exceptions being cyano- compounds which abs-
orb at about 545cm™! (18.35um). Phthalides have bands at 520—-490 cm™!
(19.23-20.41 um) and 490-470cm ™! (20.41-21.28 um).

Alkyl-substituted diphenyl compounds exhibit three bands of medium-
to-strong intensity, due to ring deformation vibrations, at 620—605cm™!
(16.13—16.53 um), 490-455cm=" (20.41-21.98 um), and 410-400cm™"
(24.39-25.00 um). A number of 1,2-dialkyl-substituted diphenyls have a band

Region Intensity
Functional Groups cm™! pum IR Raman Comments
=C-H 3105-3000 3.22-333 m s A number of peaks, decreasing in number with
' increase in substitution.
-C=C- 1625-1590 6.16-6.29 v m-s, dp Usually ~1600cm™!
1590-1575 6.29-6.35 v m Strongest band if conjugated, usually
~1580cm™!
1525-1470 6.56-6.80 v w Usually ~1470cm™' for acceptors and
~1510cm™! for electron donors
1470-1430 6.80-6.99 v w

Table 11.2 Aromatic =C-H out-of-plane deformation vibrations and other bands in region 900-675cm™

1

Region Intensity
Functional Groups cm™ pum IR Raman Comments
Monosubstituted benzenes 900-860 11.11-11.63 w—m w Out-of-plane def vib (SH)
820-720 12.20-13.89 S w Out-of-plane def vib (SH)
710-670 14.08-14.93 s w Ring out-of-plane def vib
1,2-Disubstituted benzenes 960-900 10.42-11.05 W W Out-of-plane def vib (4H)
850-810 11.76-12.35 w w Out-of-plane def vib (4H)
790-720 12.66—13.89 s w Out-of-plane def vib (4H)
1,3-Disubstituted benzenes 960-900 10.42—11.11 m w Out-of-plane def vib (1H)
880-830 11.36-12.05 m w Out-of-plane def vib (3H)
820-765 12.20-13.07 m-—s w Out-of-plane def vib (3H)
710-680 14.08-14.71 s w Ring out-of-plane def vib
650-630 15.38-15.87 - m
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Table 11.2 (continued)
Region Intensity
Functional Groups cm™! pm IR Raman Comments
1,4-Disubstituted benzenes 860-780 11.63-12.82 S w Out-of-plane def vib (2H)
710-680 14.08-14.71 w—m w
1.2,3-Trisubstituted benzenes 965-950 10.36-10.53 w w Out-of-plane def vib (3H)
900885 11.11-11.30 w w Out-of-plane def vib (3H)
830-760 12.05-13.10 S w Out-of-ptane def vib (3H)
740-685 13.51-14.60 S w Out-of-plane def vib (3H)
1.2.4-Trisubstituted benzenes 940-885 10.64-11.30 m-—s w Out-of-plane def vib (1H)
860-840 11.63-11.90 m-s w Out-of-plane def vib (2H)
780-760 12.82-13,16 s w Out-of-plane def vib (2H)
740-690 13.51-14.49 w—m w Out-of-plane def vib (2H)
1.3.5-Trisubstituted benzenes 890-830 11.24-12.05 w—m w Out-of-plane def vib (1H)
865-810 11.56-12.35 $—m w Out-of-plane def vib (1H)
730-660 13.70-15.15 m-s w Ring out-of-plane def vib
1,2,3,4-Tetrasubstituted 860780 11.63-12.82 S w Qut-of-plane def vib (2H)
benzenes
1,2.4.5-Tetrasubstituted 870-860 11.49-11.63 s w Out-of-plane def vib (1H)
benzenes
820-790 12.20-12.66 —m w
1,2,3,5-Tetrasubstituted 850-840 11.76-11.90 S W Out-of-plane def vib (1H), see ref. 34
benzenes
Pentasubstituted benzenes 900-860 1L.11-11.63 m-s w Out-of-plane def vib (1H)
Table 11.3 Aromatic ring deformation vibrations
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Monosubstituted benzenes 630-605 15.87-16.53 m-w m, dp In-plane ring def vib
560-415 17.86-24.10 m-s m-w Out-of-plane ring def vib
1,2-Disubstituted benzenes 555-495 18.02-20.20 w—m m In-plane ring def vib
470-415 21.28-24.10 m-s w Qut-of-plane ring def vib
1,3-Disubstituted benzenes 560-505 17.86-19.80 m m In-plane ring def vib. Medium intensity
Raman band at 765-645cm™'
490-415 20.41-24.10 m-s w Out-of-plane ring def vib
1,4-Disubstituted benzenes 650-615 15.38-16.26 w-m m, p In-plane ring def vib
520-445 19.23-22.47 m-s w Qut-of-plane ring def vib (except for
CN-substituted benzenes)
1,2,3-Trisubstituted benzenes 670-500 14.93-20.00 S
570-535 17.54-18.69 S v Out-of-plane ring def vib
~485 ~20.62 w
300-200 33.33-50.00 w Two bands
1,2,4-Trisubstituted benzenes 580-540 17.24-18.52 \%
‘475-425 21.05-23.53 m-s w Out-of-plane ring def vib
1.3,5-Trisubstituted benzenes 580-510 17.24-19.61 m-s

(continued overleaf)
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Table 11.3 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
535-495 18.69-20.20 s m--s Out-of-plane ring def vib
470-450 21.28-22.22 w—-m
280-250 35.71-40.00 m-—s
1,2,3,4-Tetrasubstituted 585-565 17.09-17.70 m-s s
benzenes
1,2,3,5-Tetrasubstituted 580-505 17.24-19.80 m-s v Out-of-plane ring def vib
benzenes
1,2.4,5-Tetrasubstituted 470-420 21.28-23.81 m—s s-m
benzenes
Pentasubstituted benzenes 580-555 17.24-18.02 S Vs
Hexasubstituted benzenes 415-385 24.10-25.97 m-s m-—s
Alkyl-substituted diphenyls 620-605 16.13-16.53 m-s
490-455 20.41-21.98 m-s
410-400 24.39-25.00 m-s

Table 11.4 Aromatic =C-H in-plane deformation vibrations

Region Intensity

Functional Groups cm™! um IR Raman Comments
Monosubstituted benzenes 1250-1230 8.00-8.13 w

1195-1165 8.37-8.58 w-m w

1175-1130 8.51-8.85 w w

1085-1050 9.22-9.52 m w

1040-1000 9.62-10.00 w-m m-s, p

1010-990 9.90-10.10 w S, p sh
1,2-Disubstituted benzenes 1290-1250 7.75-8.00 w w

12301215 8.13-8.23 - m Alkyl benzenes

1170-1150 8.55-8.70 w—m w

1150-1110 8.70-9.01 w—m v

1055-1020 9.48-9.80 m s
1,3-Disubstituted benzenes 1300-1240 7.69-8.06 w w

1170-1150 8.55-8.70 w—m w

1105-1085 9.05-9.22 w w

1085-1065 9.22-9.39 v w

1010-990 9.90-10.10 w S, p sh
1,4-Disubstituted benzenes 1270-1250 7.87-8.00 w—m w

1230-1215 8.13-8.23 - m Alkyl benzenes

1185-1165 8.44-8.58 v m

1130-1110 8.85-9.01 v v

1025-1005 9.76-9.95 w—m w

995-975 10.05-10.26 w
1,2,3-Trisubstituted benzenes 1170-1150 8.55-8.70 w w

1085-1065 9.22-9.39 m w
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Table 11.4 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
1030-1010 9.71-9.90 m-—w §—m
1,2,4-Trisubstituted benzenes 1220-1200 8.20-8.33 w w
1160- 1140 8.62-8.77 m-—w w
1040-1020 9.62-9.80 m-w w
1,3.5-Trisubstituted benzenes 1275-1255 7.84-7.97 m-w W
1180-1160 8.47-8.62 m-w w
1040-995 9.62-10.05 w Vs
1,2,4,5-Tetrasubstituted 1280-1260 7.81-7.94 w w
benzenes
12051185 8.30-8.44 w W

at 560-545cm~' (17.86—18.35um) and 1,3-dialkyl-substituted diphenyls
have a band near 530cm™! (18.87 um).

A band due to ring breathing coupled with C—X stretching occurs in the
region 540-490cm~! (18.52-20.41 um), where X = CHz, CD3, OH, NO,,
NH;, F, CN, CHO. Out-of-plane deformations of the benzene ring occur
in the region 550—440cm™! (18.18-22.73um) C-X (X as above). Ring
deformations also occur in the region 240—140cm™! (41.67-71.43 um).

Polynuclear Aromatic Compounds

Polynuclear, aromatic, condensed-ring compounds absorb in the same general
regions as benzene derivatives?®~3! and therefore the previous section should
be noted carefully. (A study of pyrenes has been published.’!)

Naphthalenes,

Naphthalenes®®~2® have a band of medium intensity in the region

16201580 cm ™! (6.17-6.33 pm) and a band near 1515¢cm™! (6.56 um) and
1395cm™' (7.17 um). As a result of C—H out-of-plane deformation vibrations,
1-substituted naphthalenes absorb at 810-775 cm™! (12.35-12.90um) due
to the presence of three adjacent hydrogen atoms on a ring, and at
780-760cm™! (12.82-13.16 um) due to four adjacent hydrogen atoms. 2-
Substituted naphthalenes absorb at 760-735cm™" (13.16—13.61 pm) due to
four adjacent hydrogen atoms, at 835-800cm™! (11.98—12.50 um) due to two
adjacent hydrogen atoms, and at 895-825cm~! (11.17-12.12um) due to a
single atom. Table 11.2 correlating the C—H out-of-plane bending vibrations

to the number of adjacent hydrogen atoms on the aromatic ring is, of
course, applicable here. There are also a number of bands in the region
1400- 1000 cm™" (7.14-10.00 um).

Mono- and dialkyl-substituted naphthalenes have a strong band at
645-615cm™! (15.50-16.26um) and a band of variable intensity at
490-465cm~! (20.41-21.51 um). Both naphthalenes and anthracenes have
a band at about 475cm™" (21.05 um) due (o the out-of-plane ring vibrations.

As a result of the C—H out-of-plane vibrations of adjacent aromatic
hydrogen atoms, tetrahydronaphthalenes (tetralins), and polynuclear aromatic
compounds in general, have absorption bands as follows:

(12.99-13.51 pm);
(12.27-12.90 um);
(13.10-13.70 um);

four adjacent hydrogen 770-740 cm ™!
three adjacent aromatic 815-775cm™!
hydrogen atoms 760-730cm™!

two adjacent aromatic 850-800cm™! (11.76-12.50 pm);
hydrogen atoms
one isolated aromatic 900-825cm™! (11.11-12.12 um).

hydrogen atom,

Anthracenes, @@@ and Phenanthrenes @8

Anthracenes absorb near 1630cm™! (6.14 um) and near 1550cm ™' (6.45 pm)
whilst phenanthrenes have two bands near 1600 cm™! (6.25 um) and one band
near 1500cm™' (6.67 um). Anthracenes also have one or two strong bands
in the region 900—650cm~" (11.11-15.38 um). The higher frequency band
near 900 cm~' (I11.11um) is associated with the 9,10 hydrogen atoms and
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Table 11.5 Polynuclear aromatic compounds

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Naphthalenes 16201580 6.17-6.33 m s—m C=C str, often a doublet
1550-1505 6.45-6.65 m m C=C str
1400-1370 7.14-7.19 m s—m A strong band is observed for mono- and

di-substituted naphthalenes

645-620 15.50-16.13 m-s m In-plane ring vib
485-465 20.62-21.51 v w-—m Out-of-plane vib
|-Monosubstituted 810-775 12.35-12.90 S w—m C—H out-of-plane def vib (3H)
naphthalenes
780-760 12.82-13.16 s w-m C-H out-of-plane def vib (4H)
2-Monosubstituted 895-825 [1.17-12.12 S w—m Out-of-plane def vib (1H)
naphthalenes
835-800 11.98-12.50 S w—m Out-of-plane def vib (2H)
760-735 13.16-13.61 m-s w—m Out-of-plane def vib (4H)
Mono- and 645-615 15.50-16.25 m—s m
dialkyl-substituted
naphthalenes
490-465 20.41-21.51 v w— Out-of-plane ring def vib
Phenanthrenes ~1600 ~6.25 m m-s Two bands
~1500 ~6.67 m m
750-730 13.33-13.70 $ w
Anthracenes 1640-1620 6.40-6.17 m m
~1550 ~6.45 m m Not present with 9,10 substitution
1415-1380 7.07-7.25 w Vs ring str
900-650 11.11-15.38 s m-—w One or two bands
430-390 23.26-25.64 ]
Mono- and dimethyl - ~680 ~14.71 Possibly skeletal vib
1,2-benzanthracenes
Table 11.6 Substituted naphthalenes: characteristic C—H vibrations
Hydrogen atom positions Region Intensity
on one ring’ cm™! pm IR Raman Comments
1,2,3,4 800-760 12.50-13.10 S w-m Four adjacent hydrogen atoms.
out-of-plane vib
770-725 12.99-13.79 §—Vs w—m Four adjacent hydrogen atoms,
out-of-plane vib
1,23 820-775 12.20-12.90 s w-m Three adjacent hydrogen atoms,
out-of-plane vib
775-730 12.90-13.70 $ w-—m Three adjacent hydrogen atoms,
out-of-plane vib
1,2,4 925-885 10.81-11.30 m w—m
900-835 11.01-11.98 m-s w—m Isolated hydrogen atom, out-of-plane vib
850805 11.76-12.42 Vs w—m Two adjacent hydrogen atoms,

out-of-plane vib
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Table 11.6 (continued)
Hydrogen atom positions Region Intensity
on one ring’ cm™! um IR Raman Comments
1,2 835-800 11.98-12.50 s w-—m Two adjacent hydrogen atoms,
out-of-plane vib
755-720 13.25-13.89 m-s w-m
775-765 12.90-13.07 m-s
525-515 19.05-19.42 w
23 835-810 11.98-12.35 S—Vs w-m Two adjacent hydrogen atoms,
out-of-plane vib
1,3 905-865 11.05-11.56 m-—s w-m Isolated hydrogen atom, out-of-plane vib
875-840 11.43-11.90 S w—m Isolated hydrogen atom, out-of-plane vib
1.4 890-870 11.24-11.49 S w—m Isolated hydrogen atom, out-of-plane vib
lor2 900-855 11.11-11.70 m w—m Isolated hydrogen atom, out-of-plane vib
720-650 13.89-15.38 m-s
535-510 18.69-19.61 w

+ The numbers refer to the substitution pattern of hydrogen atoms so chosen as (o give the lowest possible numbertng.

disappears if these are substituted. Both anthracenes and naphthalenes have a
band at about 475cm™! (21.05 um) due to out-of-plane ring vibrations. Spectra

of
co

anthracene and acridene derivatives are available elsewhere.*® although the
mplete normal infrared range is not covered.

References

. G. Varsdnyi, Vibrational Spectra of Benzene Derivatives, Academic Press, New
York, 1969. .

. T. F. Ardyukova et al., Atlas of Spectra of Aromatic and Heterocyclic Compounds,
Nauka Sib. Otd., Novosibirsk, 1973.

. S. E. Wiberly et al., Anal. Chem., 1960, 32, 217.

S. Higuchi et al., Spectrochim. Acta, 1974, 30A, 463.

D. H. Wiffen, Spectrochim. Acta, 1955, 7, 253.

. A. Stojikjkovic and D. H. Whiffen, Spectrochim. Acta, 1958, 12, 47 and 57.

J. H. S. Green et al., Spectrochim. Acta, 1971, 27A, 793 and 807.

. P. Fedorov et al., Vorp. Mol. Spectrosc., 1971, 41.

. Varsanyi and P. Soyar, Acta Chim. Budapest, 1973, 76, 243.

. R. Katritzky. J. Chem. Soc., 1958, 4162.

. R. Katritzky and P. Simmons, J. Chem. Soc., 1959, 2058.

. R. Katritzky and J. M. Lagowski, J. Chem. Soc., 1958, 4155.

. R. Katritzky and R. A. Jones, J. Chem. Soc., 1959, 3670.

. R. Katritzky, J. Chem. Soc., 1959, 2051.

o<

15.
16.

36.
37.

C. W. Young et al., Anal. Chem., 1951, 23, 709.
R. J. Jakobsen. Wright—Patterson Air Force Base Tech. Report, 1962, Documen-
tary Report No. ASD-TDR-62-895 Oct.

. W. S. Wilcox et al., WADD Tech. Report, 1960, 60-333.

. R. J. Jakobsen, WADD Tech. Report, 1960, 60-204.

. R. J. Jakobsen and F. F. Bentley, Appl. Spectrosc., 1964, 18, 88.

. A. Mansingh, J. Chem. Phys., 1970, 52, 5896.

. L. Verdonck et al., Spectrochim. Acta, 1973, 29A, 813.

. L. Verdonck and G. P. van der Kelen, Spectrochim. Acta, 1972, 28A, 51 and 55.
. B. H. Smith, Bridged Aromatic Compounds, Academic Press, New York, 1964,

pp. 385-391.

. L. A. Harrah et al., Spectrochim. Acta, 1962, 18, 21.

. S. E. Wiberley and R. D. Gonzalez. Appl. Spectrosc., 1961, 15, 174.

. J. G. Hawkins et al., Spectrochim. Acta, 1957, 10, 105.

. B. W. Cox et al., Spectrochim. Acta, 1965, 21, 1633,

. S. Califano, J. Chem. Phys., 1962, 36, 903.

. G. Karogounis and J. Agathokli, Pract. Acad. Athenon, Greece, 1970, 44, 388.

. R. Mecke and W. E. Klee, Z. Elektrochem., 1961, 65, 327.

. J.H. S. Green and D. J. Harrison, Spectrochim. Acta, 1970, 26A, 1925.

. V. A. Koptyug (ed.), Atlas of Spectra of Aromatic and Heteroaromatic Compounds,

No. 7. Nauka Sib. Otd., Novosibirsk, 1974.

. G. Varsanyi et al., Acta Chim. Acad. Sci. Hungary, 1977, 93, 315.
. N. A. Shimanko and M. V. Shishkina, Infrared and U. V. Absorption Spectra of

Aromatic Esters, Nauka, Moscow, 1987.
R. Shanker et al., J. Raman Spectrosc., 1992, 23, 141.
V. Suryanarayana et al., Spectrochim. Acta, 1992, 48A, 1481.



12 Six-membered Ring Heterocyclic

Compounds

Pyridine Derivatives, @

N

The spectra of pyridine compounds'~'® have many of the features of the
spectra of homonuclear aromatic compounds, such as bands due to the aro-
matic C—H stretching vibration, overtones in the region 2080—1750cm™!
(4.81-5.88 um) etc., with the nitrogen atom behaving in a similar fashion
to that observed for a substituted carbon atom. Therefore, the contents of the
previous chapter should be noted.

Aromatic C—H Stretching Vibrations

The aromatic C—H stretching vibration of nitrogen heterocyclic aromatic
compounds gives rise to a band at 3100-3010em™' (3.23-3.32um). This
band is in the same region as that expected for benzene derivatives and is
also similar in that the band is of medium-to-strong intensity and consists of
a number of peaks.

Overtone and Combination Bands

As with benzene derivatives, weak overtone and combination bands are
observed in the region 2080-1750cm~' (4.81-5.88um), these being
characteristic of the position of the substitution (see Figure 12.1). These
patterns are intended to serve as a guide as to what might be observed.

C=C and C=N Stretching Vibrations

Interactions between ring C=C and C=N stretching vibrations result
in two strong-to-medium intensity absorptions about 100cm™' (0.4um)

2000 1 800 2000 1800 2000 1 800
1
| | |
5. 8 5. 0 5. 4 5. 8 5. 0 5 4 5 8
Pyndme 2-Monosubstituted pyridines 3-Monosubstituted pyridines
2000 1800 2000 1 800 2000 1 800
1 I
] | | | | | t I |
50 54 58 4 5. 4 5. 8
4-Monosubstituted pyridines  2.3- Dlsuquuted pyndmes 2.4- D]\ubS[l(Uth pyridines
2000 1800 2000 1800
| ! | |
IW | I I I I I i
50 54 58 50 54 58

2,5-Disubstituted pyridines  2.6-Disubstituted pyridines

Figure 12.1

apart. These absorptions occur at 1615-1575cm™! (6.19-6.35um) and
1520-1465cm™" (6.58—6.83um), the higher-frequency band often having
another medium-intensity band on its low-frequency side which is found at
1590—1555cm™! (6.29-6.43 um). A strong band is usually observed in the
region 1000-985cm ™! (10.00—10.15 um), but this band may be very weak or
undetectable for 3-substituted pyridines.
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Ring C—H Deformation Vibrations

Bands of variable intensity are observed in the regions 1300-1180cm™!
(7.69-8.48 um) and 1100-1000cm™" (9.09—10.00 um) due to in-plane defor-
mations vibrations. Strong bands are observed in the region 850-690cm™!
(11.76-14.49 um) which are characteristic of the position of the substitu-
tion, these bands being due to C—H out-of-plane deformation vibrations. See
Table 11.2 for the correlation C—H out-of-plane vibrations with the number
of adjacent hydrogen atoms on aromatic ring.

Other Bands

Monosubstituted pyridines,’* with the exception of 4-substituted pyridines,*
have a medium-to-strong band at 635-600cm™' (15.75-16.67um) and a
strong band at 420—-385cm™! (23.81-25.97 um). 4-Monosubstituted pyridines

7.24

Table 12.1 Pyridine ring and C—H stretching vibrations

appear to have bands below 650cm~' (15.38 um) similar to those for the
corresponding monosubstituted benzenes. (Studies of di- and trisubstituted
pyridines have been published.*8)

Pyridine N-Oxides

Pyridine N-oxides have similar absorptions to those of pyridines.
A particular feature of pyridine N-oxides!! is a strong band in the region
1310-1220cm™! (7.64-8.20 um) due to the N—O stretching vibration.

Other Comments

Pyridine may form charge transfer complexes.!> Studies on picolines,'?

bipyridines,'* and pyrazine N-oxides'® have also been published.

Region Intensity

Functional Groups cm™! um IR Raman Comments
Pyridines 3100-3010 3.23-3.32 m-s m-s CH str, number of peaks

1615-1570 6.19-6.37 m-s m-s

1590-1575 6.29-6.43 m-s m

C=C and C=N in plane vib

1520-1465 6.58-6.83 m-$ m (ring str vib) general ranges

1450-1410 6.90-7.09 m-s m-w

1000-985 10.00-10.15 w—m s
2-Monosubstituted pyridines 1615-1575 6.19-6.35 m-s m-s Ring str

1575-1570 6.35-6.37 m-s m Ring str

1480—1450 6.76-6.90 m-s m Ring str

1440-1425 6.94-7.02 m-s w—m Ring str

1050-1040 9.52-9.62 m m—s Ring str

1000-985 10.00-10.15 m Vs Ring str
3-Monosubstituted pyridines 1600-1590 6.25-6.29 m-s m-s Ring str

1585-1560 6.31-6.41 m-s m Ring str

1485-1465 6.73-6.83 m-s m Ring str

1430-1410 9.99-7.09 m-s w Ring str

1030-1010 9.71-9.90 m V8§ Ring str
4-Monosubstituted pyridines 1610-1565 6.21-6.40 m-s m-s Ring str

1570-1550 6.27-6.45 m m Ring str

1520-1480 6.58-6.76 m m Ring str

14201410 7.04-7.09 m-s w-m Ring str

1000-985 10.00-10.15 m Vs Ring str
Polysubstituted pyridines 1610-1595 7.09-6.27 m s Ring str

1590-1565 6.29-6.39 m v Ring str

1555~-1490 6.43-6.71 m m-w Ring str

1035-900 9.66-11.11 w-m VS Ring str
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Table 12.2 Pyridine C—H deformation vibrations

Infrared and Raman Characteristic Group Frequencies

Region Intensity

Functional Groups cm™! pum IR Raman Comments
2-Monosubstituted pyridines 1305-1265 7.66-7.90 w w Also N-oxides

~1150 ~8.70 w m-s Also N-oxides

1115-1085 8.97-9.22 w w—m Also N-oxides

890-800 11.24-12.50 w m-s

780-740 12.82-13.51 S - Four adjacent hydrogen atoms

740-720 13.51-13.89 m w

635-600 15.75-16.67 w m-s In-plane ring def vib

420-385 23.81-25.97 w Out-of-plane ring bending vib. often absent
3-Monosubstituted pyridines 1320-1230 7.58-8.13 w w-m

1200-1180 8.33-8.48 v m-—s

~1125 ~8.89 w

1105-1095 9.05-9.13 w w-m

1045-1030 9.57-9.71 m S—VS

920-890 10.87-11.24 w w

810-750 12.35-13.33 w m

820-770 12.20-12.29 m-s - Also N-oxides, threc adjacent hydrogen atoms

730-690 13.70-14.49 m-s w Ring bending vib

630-600 15.87-16.67 w m-s In-plane ring def vib

420-385 23.81-25.97 v m-—w Out-of-plane bending of ring. Often absent
4-Monosubstituted pyridines 1320-1280 7.58-7.81 w w—m

1230-1210 8.13-8.26 v m-s

1100-1075 9.09-9.30 s—m w—m

~1070 ~935 S S—vs

850-790 11.76-12.66 S - Also N-oxides, two adjacent hydrogen atoms

805-780 12.42-12.82 w m-s

730-720 13.70-13,89 m w

670-660 14.93-15.15 - m

420-385 23.81-25.97 w w Out-of-plane bending of ring. Often absent
2,3-Disubstituted pyridines 815-785 12.27-12.74 m (For 2-fluoropyridine methyl derivatives see ref. 26.)

740-690 13.51-14.49 m-s w
2.5-Disubstituted pyridines 825-810 12.12-12.35 m-s

735-725 13.60-13.75 m-s
2,6-Disubstituted pyridines 815-770 12.27-12.99 m-s See ref. 10

750-720 13.33-13.89 m-s w
3,4-Disubstituted pyridines 860-840 11.63-11.90 m
Trisubstituted pyridines ~725 ~13.79 S w See refs 4, 8
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Table 12.3 Pyridinium salts

Region Intensity
Functional Groups cm™! um IR Raman Comments
Pyridinium salts (free) 3340-3210 2.99-3.12 v m-w N*-H str, a number or bands
Pyridinium salts (hydrogen-bonded) 3300-2370 3.03-4.22 v m-w N*-H str, a number of bands
1250-1240 8.00-8.06 m-w m NH def vib
Pyridinium salts @ 1640-1600 6.10-6.25 v S—vs Ring vib
N
+
1620-1585 6.17-6.31 v m Ring vib
1550-1505 6.45-6.64 v m Ring vib
13351280 7.49-7.81 m-w w-—m CH def vib
1270-1220 7.87-8.20 m-w m CH def vib
1220-1185 8.20-8.44 m-w m CH def vib
1110-1075 9.01-9.30 m-w m CH def vib
1030-1005 9.71-9.95 w Vs Ring vib
~1010 ~9.90 w Vs Ring vib
940-880 10.64-11.36 v Out-of-plane NH def vib
655-620 15.27-16.13 m Ring vib
Table 12.4 Pyridine N-oxide C—H and ring stretching vibrations
Region Intensity
Functional Groups cm™! um IR Raman Comments
Pyridine N-oxides 3100-3010 3.23-332 m-s m-s C-H str
1645-1600 6.08-6.25 v m-s
E14l507_()1475 ;2'93_76.78 z $ C=C and C=N in-plane vibs general ranges
1450-1425 6.90-7.02 v m
1310-1220 7.64-8.20 s m N*-0O~ str
880-835 11.36-11.98 m-s $
~540 ~18.52 w
2-Monosubstituted pyridine N-oxides 1640-1600 6.10-6.25 v m-s
1580-1555 6.33-6.43 v m
1540-1480 6.49-6.76 \ m
1445-1425 6.92-7.02 \ m
3-Monosubstituted pyridine N-oxides ~1605 ~6.23 v s See ref. 11
15641560 6.39-6.41 v m
1490-1475 6.71-6-78 v m
~1435 ~6.97 v m
~1015 ~9.86 s—m s Ring vib
4-Monosubstituted pyridine N-oxides 1645-1610 6.08-6.21 v $
1490-1475 6.71-6.78 v m
1450-1435 6.90-6.97 v m

171
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Table 12.5 Pyridine N-oxide C—H deformation vibrations

Infrared and Raman Characteristic Group Frequencies

Region Intensity
Functional Groups cm™! pum IR Raman Comments
2-Monosubstituted pyridine N-oxides ~1150 ~8.70 w m-s Also pyridines
1115-1090 8.97-9.17 w w—m Also pyridines
-1055-1040 9.48-9.61 w m-s Also pyridines
990-960 10.10-10.42 m ]
790-750 12.66-13.33 m-s Four adjacent hydrogen atoms
3-Monosubstituted pyridine N-oxides ~1160 ~8.62 v m-w
1120-1080 8.93-9.26 w-m
980-930 10.20-10.75 ]
820-770 12.20-12.29 m-s w Also pyridines, three adjacent hydrogen atoms
680-660 14.71-15.15 m Ring bending vib
4-Monosubstituted N-oxides ~1170 ~8.55 $
1110-1095 9.01-9.13 w
~1035 ~9.66 m
850-820 11.76-12.20 S w Also pyridines, two adjacent hydrogen atoms
3,4-Disubstituted N-oxides 890-860 11.24-11.63 S
825-310 12.12-12.35 s
OH
Table 12.6 2-Pyridols @\ , and 4-pyridols @
N "OH
N
Region Intensity
Functional Groups em™! um iR Raman Comments
2-Pyridols 16701655 5.99-6.04 Vs w-m C=0 str
1630-1590 6.14-6.29 Vs m-s
1570-1535 6.37-6.52 s m-s
15001470 6.67-6.80 m m-s
1445-1415 6.92-7.06 m-s m
4-Pyridols 1660-1620 6.02-6.17 Vs m-s
1580-1550 6.33-6.45 'S w-m C=0 sir
1515-1485 6.60-6.74 w—m m
1470-1400 6.80-7.14 m-s m
2-Pyridthiones (Ol 1145-1100 8.73-9.09 m-—s S C=S str
N S
4-Pyridthiones 1120-1105 8.93-9.05 vs s C=S str
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Quinolines, @@ , and Isoquinolines, @@N
N

Quinolines and isoquinolines’-'® have three bands near 1600cm™" (6.25um)
and five in the range 1500—1300cm™! (6.67-7.69 um). Disubstituted methyl
quinolines have four bands in the region 1600—1500cm™! (6.25-6.67 um).
The aromatic C~H out-of-plane deformation vibrations are similar to those
observed for naphthalenes. (Reviews of the infrared spectra of acridines have
been published.!”1¥)

Pyrimidines, @

Pyrimidines'®%> absorb strongly at 1600—1500cm™! (6.25-6.67 um) due to
the C=C and C=N ring stretching vibrations. Absorptions are also observed
at 1640-1620cm™  (6.10-6.17um), 1580-1520cm™" (6.33-6.58 um),
1000-960 cm™! (10.00—10.42 um), and 825-775cm ™! (12.12-12.90 um). 2-
Monosubstituted pyrimidines have three medium-to-strong absorption bands
at 650-630cm™! (15.38-15.87 um), 580-475cm~! (17.24-21.05pum), and
515-440cm™! (19.42-22.73 um).

4-Monosubstituted pyrimidines have a band of variable intensity at
685-660cm™' (14.60-15.15um) which is usually at 680cm™! (14.71 pm),
a medium-to-strong band at 555-500cm™" (18.02-20.00um), and a strong
band at 500-430cm™ (20.00-23.26 um). Due to tautomerism, pyrimidines
substituted with hydroxyl groups are generally in the keto form and therefore
have a band due to the carbonyl group. In their Raman spectra, pyrimidines
with substituents on the 2- and/or 4-positions have a strong band at

Table 12.7 Acridines

1005-960 cm ™! (9.95-10.42 um) and 5-substituted pyrimidines have a strong
band at ~1050cm™" (9.52 um).

Quinazolines, @(Q\)N
N

Due to aromatic ring vibrations, quinazolines®® absorb strongly at
1635-1610cm~! (6.13-6.21 ym), 1580-1565cm™! (6.33-6.39 um), and
1520—-1475cm™! (6.58—6.78 um), with six bands of variable intensity
usually being observed at 1500—1300cm ™" (6.67—7.69 um). In the region
1000-700 cm™' (10.00—14.29 pum), bands of variable intensity are observed
due to the C—H out-of-plane deformation vibrations. These bands are useful
for assignment purposes since different types of monosubstitution may be
recognized. Bands of variable intensity, usually weak, due to C—H in-plane
deformation vibrations. are observed at 1290—1010cm ! (7.75-9.90 um), six
bands often being observed.

~_N
Purines, 11 | T\J
N

21

0

Purines“* are not, in general, easily distinguished from pyrimidines.

All purines have a characteristic, strong band at about 640cm™
(15.63um). 2-Monosubstituted purines have two bands of medium-to-
strong intensity at 650-610cm™! (15.38=16.39um) and 630-585cm™!
(15.87-17.09pm) and one of variable intensity at 495-375cm™’

1

Region Intensity

Functional Groups cm™! pwm IR Raman Comments
Acridines 3100-3010 3.23-3.32 m-—s m-—s See refs 17, 18

1630-1360 6.13-7.35 m-s m-s Ring vib, 7-9 bands

~1000 ~10.00 w-—m m-s Ring vib, 2 bands
9-Monosubstituted acridines ~1630 ~6.13 m-s m-—s

1610-1595 6.21-6.27 m-s m-—s

~1545 ~6.47 m-s m-s

~1520 ~6.58 m-s m-s

~1460 ~6.85 m-—s m-—s

~1435 ~6.97 m-s m-s

~1400 ~7.14 m-s m-s
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Table 12.8 Pyrimidines

Infrared and Raman Characteristic Group Frequencies

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Pyrimidines 3120-3010 3.21-3.32 m m-s =C-H str
1590-1520 6.29-6.58 m-§ m-s§ C=C, C==N str
1480-1400 6.76-7.15 v m C=C, C=N str
1410-1375 7.09-7.28 v m C=C., C=Nstr
1350-1250 7.41-8.00 v m C=C, C=N str
1005-960 9.95-1042 m-s§ m-s C=C, C=N str
825-775 12.12-12.90 m-s m-s C=C, C=N str
2-Pyrimidines 1005-960 9.95-10.42 s
650-630 15.38-15.87 m-s m
580-475 17.24-21.05 m-s
515-440 19.42-22.73 m-s
4-Pyrimidines 1000-960 10.00-10.42 ]
685-660 14.60-15.15 v m Usually at ~680cm™!
555-500 18.02-20.00 m-s
500-430 20.00-23.26 S
Pyrimidine N-oxides 1300-1240 7.69-8.07 S—Vvs m N-O str, often ~1280cm™!
Table 12.9 Quinazoline aromatic ring stretching vibrations
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Quinazolines 1635-1565 6.13-6.39 S m-s$ Two or three bands
2-Monosubstituted quinazolines 1630-1620 6.14-6.17 $ m-s
1600-1580 6.25-6.33 m-s m-s
1585-1570 6.31-6.37 S m-s
1495-1480 6.69-6.76 ] m-s
1475-1445 6.78-6.92 m-s m-s
1415-1395 7.07-7.17 m-s m-s
13901355 7.19-7.38 ] m-s
1335-1325 7.49-7.55 w-m m-s
4-Monosubstituted quinazolines 1620-1615 6.17-6.19 m-s m-s
1575-1565 6.35-6.39 ] m-s
15051485 6.65-6.73 s m-s
14701455 6.80-6.87 w m-s
1410-1365 7.09-7.33 m-s m-s
1360-1340 7.35-7.46 m-s m-s
5-Monosubstituted quinazolines 1630-1615 6.13-6.19 m-s m-s
1585-1575 6.31-6.35 S m-s
15801560 6.33-6.41 ] m-s
1490-1480 6.71-6.76 S m-s
1470-1445 6.80-6.92 w m-s
1420-1415 7.04-7.07 v m-s
14001395 7.14-7.17 w-m m-s
1385-1360 7.22-7.35 S m-—s
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Table 12.9 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
1315-1305 7.61-7.67 w-m m-s
6-Monosubstituted quinazolines 1630-1620 6.14-6.17 m-s m-s
1605-1595 6.23-6.27 v m-s
15801565 6.33-6.39 $ m-s
1505-1490 6.65-6.71 s m-s
1475-1430 6.78—7.00 w-m m-s
1425-1405 7.02-7.12 v m-s
1390-1380 7.19-7.25 s m-—s
1375-1360 7.27-7.35 s m-s
1325-1310 7.55-7.63 v m-s
7-Monosubstituted quinazolines 1630-1615 6.14-6.19 m-s m-s
1595-1575 6.27-6.35 m-s m-s
1575-1545 6.35-6.47 m m-s
1495-1475 6.69-6.78 v m-s
14751445 6.78-6.92 w m-s
1425-1410 7.02-7.07 v m-s
13901380 7.19-7.25 s m-s
1375-1360 7.27-17.35 $ m-s
1325-1305 7.55-7.66 w-m m-s
8-Monosubstituted quinazolines 1635-1615 6.12-6.19 m-s m-s
1585-1580 6.31-6.33 $ m-s
1575-1560 6.35-6.41 m-s m-s
1490-1475 6.71-6.78 m-s m-s
1470-1460 6.80-6.85 w m-s
1450-1445 6.90-6.92 w m-s
1410-1390 6.09-6.19 v m-s
1390-1380 7.19-7.25 8 m-s
1310-1300 7.63-7.69 w—m m-s§
Table 12.10 Purines
Region Intensity
Functional Groups cm™! um IR Raman Comments
2-Monosubstituted purines N NW 650-610 15.38-16.39 m-s
I
JOEL
630-585 15.87-17.09 m-s w C-H out-of-plane bending vib
495-375 20.20-26.67 v Out-of-plane pyrimidine ring def vib
14.49-15.50 v

6-Monosubstituted purines, N 690-645
N 1
I
O

(continued overleaf')
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Table 12.10 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
650-625 15.38-16.00 s
8-Monosubstituted purines, N 660-640 15.15-15.63
TIY
N
N
630-610 15.87-16.39 S
2,6-Disubstitituted purines 650-630 15.38-15.87 S
575-535 17.39-18.69 v Not observed for di(methyl-amino) purine or
6-amino-2-methylamino purine
Table 12.11 Pyrazines, and pyrazine N-oxides
Region Intensity
Functional Groups em™! pum IR Raman Comments
Pyrazines and pyrazine N-oxides 16001575 6.25-6.35 v m-—w See ref. 15
1570-1520 6.37-6.58 w—m m
1500-1465 6.67-6.83 m-s m-w
1420-1370 7.04-7.30 m-s w
Monosubstituted pyrazines 1025-1000 9.76—-10.00 Vs
840-785 11.90-12.74 s
660-615 15.15-16.26 w
2,3-Disubstituted pyrazines 1100-1080 9.09-9.26 S
760-685 13.16-14.60 vs$
2,6-Disubstituted pyrazines 1025-1020 9.76-9.80 m
710-705 14.08-14.18 Vs
2,5-Disubstituted pyrazines 865-835 11.56-11.98 Vs
650-640 15.38-15.63 m
Trisubstituted pyrazines 955-915 10.47-10.93 m
750-725 13.33-13.79 m
710-695 14.08-14.39 m
Tetrasubstituted pyrazines 720-710 13.89-14.08 s
Pyrazine N-oxides 1350-1260 7.41-7.94 s m N-O str, pyrazine mono-N-oxide ~1320cm™!

(20.20-26.67um). 6-Monosubstituted purines have a strong band at
650—625cm~" (15.38-16.00um) and a band of variable intensity at
690—645cm™! (14.49—15.50 um), with the exception of 6-cyanopurine for
which this last band is not observed. 8-Monosubstituted purines have a
strong band at 630-610cm™! (15.87-16.39 um) and one of variable intensity
at 660-640cm~' (15.15-15.63 um). Most 2,6-disubstituted purines have a
strong band at 650-630cm™! (15.38-15.87um) and a band of variable
intensity at 575-535cm™! (17.39-18.69 um). For some 2,6-compounds, this
last band is not observed, e.g. some methyl aminopurines.

. 22 N
Phenazines, -
N

Bands due to the stretching vibrations of N-H and C-H are observed
at 3500-3150cm~' (2.86-3.18um) and 3070-3050cm™' (3.26—3.28 um)
respectively.

A number of strong bands due to the C—H out-of-plane deformation
vibrations are observed in the region 900-680cm™' (11.11-13.79 um). As
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with aromatic hydrocarbons, the position of these bands correlates with the
number of adjacent hydrogen atoms on the rings:

one hydrogen atom 900-850 cm™! (1.11-11.76 um) S
two adjacent hydrogen 860—800 cm™! (11.63-12.50 pm) s
atoms
three adjacent 810—750cm™! (12.35-13.33 um) s
hydrogen atoms
725-680 cm™ (13.79-14,71 pm) m
four adjacent 770-735cm™! (12.99-13.61 um) S

hydrogen atoms

=

Sym-triazines, I\d\ J
N

Alkyl and aryl sym-triazines®> have at least one strong band at
1580—1520cm™! (6.33-6.58um) which may be a doublet, at least one
band at 1450-1350cm™! (6.90-7.41 pm), and at least one weak band at
860-775cm™! (11.63—12.90um). This last band is due to an out-of-plane
deformation of the ring, the others being due to in-plane stretching vibrations.
‘Hydroxyl’-substituted triazines have a strong band at 1775-1675cm™!
(5.63-5.97 um) due to the C=0 stretching vibrations of the keto form and

Table 12.12 Sym-triazines

a sharp, medium—intensity band at 795-750 em~! (12.58-13.25 um) due to
the iso form (see melamines). The normal triazine ring out-of-plane bending
vibration band is found at 825-795cm™" (12.12—12.58 um).

i ™

NS ONH . N“E

Cob T b
o~ \ﬁ/ So 1o~ "N oH

Since the trisodium salt of cyanuric acid is in the enol form, it has the band
normally observed for triazines near 820cm™' (12.20 um) (see melamine), as
do trialkyl cyanurates.

Ammelide (6-amino-sym-—triazine-2.4-diol) and ammeline (4,6-di-amino-
sym-—triazine-2-ol) have a broad absorption near 2650cm™! (3.77 um)
resulting from the ring NH group which is intramolecularly bonded to the
C=0 group, e.g. one form of ammeline is

Region Intensity

Functional Groups cm™! um IR Raman Comments
Sym-triazines 3100-3000 3.23-3.33 m m, p C-H str

1580-1520 6.33-6.58 vs m-w Ring str, at least one band

1450-1350 6-90-7.41 v w, d Ring str, at least one band

1000-980 10.00-10.20 w S, p Ring str

860-775 11.63-12.90 w-m out-of-plane bending vib, at least one band
Amino-substituted triazines 16801640 5.95-6.10 m-s NH, def vib
Trialkyl cyaurates 1600- 1540 6.25-6.49 s s Ring str

1380-1320 7.25-7.58 v

1160-1110 8.62-9.01 m m-w OCH; str

820--805 12.20-12.42 m Triazine out-of-plane bending vib
Ammelines and ammelides ~2650 ~3.77 w-—m br, ring NH- .- O=C vib
Thioammelines 2900-2800 3.45-3.57 w-—m br, ring NH - -- S=C vib

~1200 ~8.33 s s C=S str

~T75 ~12.90 m Iso form, ring out-of-plane bending vib
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Table 12.13 Melamines

Region [ntensity
Functional Groups cm™! pm IR Raman Comments
Melamines 3500-3100 2.86-3.23 v m-w NH, str
1680-1640 5.95-6.10 m w NH; def
1600-1500 6.25-6.67 s m-s Ring str
1450-1350 6.90-7.41 v m sh, number of bands
825-800 12.12-12.50 m )
795-750 12.58-13.25 m } Only one of the two is present
Z~
Table 12.14 Sym-tetrazines. ITI I|\|I
Ny N
Region Intensity
Functional Groups cm™’ pm R Raman Comments
Sym-tetrazines 1600-1500 6.25-6.67 m-s ] Ring str, absent for molecules
with centre of symmetry
1495-1320 6.69-7.58 m S Ring str
970-880 10.31-11.36 m
O
X
Table 12.15 «-Pyrones, || , and y-pyrones, ]
(O ¢
O
Region Intensity
Functional Groups cm™! pm IR Raman Comments
a-Pyrones 1740-1720 5.75-5.81 S w—m C=0 str often split
1650-1635 6.06-6.12 m s C=C str
~1565 ~6.39 s $ C=Cstr
y-Pyrones 1570-1540 6.37-6.49 vs m L
1535-1525 6.12-6.56 s Combination of C=0
1465-1445 6.83-6.92 m-s and C=C str vib
1420-1400 7.04-7.14 m
y-Thiopyrones, /— ~1610 ~6.21 ] m br, C=0, C=C overlap
Oro

y-Pyrthiones ~1100 ~9.09 s m-s C=S str
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=
Table 12.16 Pyrylium compounds. 6/
X
Region Intensity

Functional Groups cm™! pm IR Raman Comments
Pyrylium derivatives 3100-3010 3.23-3.32 w—m m-s =C-H str, a number of bands

1650-1615 6.06-6.19 Vs S Ring in-plane vib

1560-1520 6.41-6.58 Vs s Ring in-plane vib

1520-1465 6.58-6.83 m ] Ring in-plane vib

1450-1400 6.90-7.14 v ] Ring in-plane vib

1000-970 10.00-10.31 v s Ring in-plane vib
Unsubstituted pyrylium salts ~960 ~10.42 $ m-s C-H out-of-plane vib

~775 ~12.92 m
2,6-Disubstituted pyrylium compounds ~935 ~10.70 m m-s C-H out-of-plane vib

~800 ~12.50 s
2,4,6-Trisubstituted pyrylium compounds 960-900 1042-11.11 v m-s C-H out-of-plane vib, two bands
2,3,4,6-Tetrasubstituted pyrylium compounds ~920 ~10.87 w Out-of-plane vib

890-870 11.24-11.49 m m-s
2,3,5.6-Tetrasubstituted pyrylium compounds 900-880 11.11-11.36 w m-s§ C-H out-of-plane vib

~705 ~14.18 m

NH,
Melamines, N7 IN
H,N J\\N /L NH,
Melamine may exist in tautomeric forms, e.g.
NH, NH
AL = B
H,N~ N7 NH, HN” N NH

Melamines have an absorption of variable intensity at 3500-3100cm™!
(2.86-3.23 pm) due to the NH, stretching vibrations and a band of medium
intensity at 1680—1640cm~" (5.95-6.10um) due to NH, deformations. 11
A strong band in the region 1600—1500cm™' (6.25—6.67 um), usually at
1550cm™" (6.45um), and a number of absorptions at 1450-1350cm™!
(6.90-7.41 um) are also observed. A sharp, medium-intensity band is usually 15
found at 825-800cm~' (12.12-12.50um) although this band may be at
795-750cm™! (12.58—13.25um) when the triazine ring is in the iso form

in which at least one double bond is external to the ring. The ring N-alkyl
iso-melamines and hydrohalide melamine salts also absorb in this region.
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13 Five-membered Ring Heterocyclic

Compounds

Heteroaromatic compounds of the type

[

X

generally have three bands due to C=C in-plane vibrations at about 1580 cm ™!

(6.33um), 1490cm ! (6.71 um), and 1400cm=" (7.14 um). In addition, those
with a CH=CH group have a strong band in the region 800-700cm™!
(12.50-14.29 um) due to an out-of-plane deformation vibration.

Pyrroles, [l le and Indoles, ©ﬂ
N

In dilute solution, the band due to the N-H stretching vibration occurs
at 3500-3400cm~"' (2.86-2.94 um). In the presence of hydrogen bonding,
a broad absorption occurs at 3400-3000cm~' (2.94-3.33 um). The bands
due to the C=C and C=N stretching vibrations occur in the region
1580-1390cm™! (6.33-7.19 um).!

Pyrroles have one or (wo bands in the region 1580-1545¢m™!
(6.33-6.47um) depending on whether or not there is substitution on
the nitrogen atom. A very strong band is observed at 1430-1390cm™!
(6.99-7.19 um) and a weak band near 1470 cm~! (6.80 um). 1-Alkyl pyrroles
have a strong band in infrared spectra (which is usually strong in Raman
spectra) due to the N-C stretching vibration near 1285 cm~! (7.78 um). 1,2-
Disubstituted pyrroles have a medium-intensity band at 1500—1475cm™!
(6.67-6.78um) and a weak band at 1530cm™! (6.54um). This latter band
is also observed for 1,2,5- and 1,3,4-trisubstituted pyrroles.

Indoles®* absorb at 3480-~3020cm~' (2.87-3.31 um) and near 1460cm™!
(6.85um), 1420cm™~" (7.04um), and 1350cm™! (7.41 pm).

Pyrrolines, [NJ

Pyrrolines* have a medium-to-strong band at 1660— 1560 cm™! (6.02—6.41 um)
due to the C=N stretching vibration. The other forms, such as

L]

are normally unstable and therefore it is usual for no band due to the N-H
stretching vibration to be observed.

Furans, [l o ﬂ

Bands due to the C-H stretching vibration for furans occurs above
3000cm™! (3.33um) in the region 3180-3000cm~! (3.14-3.33 um).
Furan derivatives®!*'* have medium-to-strong bands at 1610-1560 cm™!
(6.21-6.41um), 1520-1470cm~! (6.58-6.80um), and 1400-1390cm~!
(7.14-=7.19 pm) which are due to the C=C ring stretching vibrations. Furans
with electronegative substituents usually have strong bands in these regions.

For 2-substituted furans,'® the out-of-plane deformation vibrations of the
C-H group give bands at 935-915cm™! (10.70-10.93 um), 885-880cm™'
(11.29—11.34 um), and 835-780cm™! (11.98-12.82 um).

All furans have a strong absorption near 595 em™! (16.81 um) which is
probably due to a ring deformation vibration.

Tetrahydrofurans!'!"12 have a strong band at 1 100—-1075cm™! (9.09-9.30 um)
due to the C—O stretching vibration and another band near 915 cm™"! (10.93 um).
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Table 13.1 Pyrroles (and similar five-membered ring compounds): N-H, C—H. and ring stretching

Region Intensity
Functional Groups cm™! um IR Raman Comments
Pyrroles 3500-3400 2.86-2.94 v m-w N-—H str. free pyrroles
3400-3000 2.94-3.33 s m-w br, N-H str, hydrogen-bonded
pyrroles
3100-30t0 3.23-3.32 m m-s =C-H str, multiple peaks
1580-1540 6.33-6.49 w-m w Two bands for 1-substituted pyrroles,
C=C and C=N in-plane vib
1510-1460 6.62—-6.85 w-m Vs C=C and C=N in-plane vib
1430-1380 6.99-7.25 Vs s C=C and C=N in-plane vib
~480 ~20.83 m--s Ring def vib, not greatly affected by
substitution
1-Alkyl pyrroles 1510-1490 6.62-6.71 Vs Ring vib
1400-1380 7.14-7.25 m-s 8 Ring vib
1290-1280 7.75-7.81 s Vs N-C ring str
1095-1080 9.13-9.26 m S.p CH in-plane def vib
10651055 9.39-9.48 w-m ] CH in-plane def vib
620-605 16.13-16.53 m In-plane ring def vib
2-Alkyl pyrroles 1605-1590 6.23-6.29 m-w 5 C=C str
15701560 6.37-6.41 v m Ring vib
1515-1490 6.60-6.71 m \& C=C str
1475~1460 6.78-6.85 m vs Ring vib
1420-1400 7.04-7.14 m-s ] Ring vib
1120-1100 8.93-9.09 w-m w NH def vib
10901080 9.17-9.26 w s CH in-plane def vib
3-Alkyl pyrroles 1570-1360 6.37-17.35 v m Ring vib
1490- 1480 6.71-6.76 m S Ring vib
1430-1420 6.99--7.04 m-~s m Ring vib
1080-1060 9.26-9.43 w s CH in-plane def vib
1,2-Disubstituted pyrroles ~1530 ~6.54 w $ C=C in-plane vib
1500-1475 6.67-6.78 m-s s C=C in-plane vib
1,2,5- and 1,3,4-trisubstituted ~1530 ~6.54 w S C=C in-plane vib
pyrroles, || |I
N CO
1585-1560 6.31-6.41 w-m S C=C str
1480-1460 6.76-6.85 m Vs C=C str
1165-1130 8.58-8.85 m
1040-1010 9.62-9.90 m
825-795 12.12-12.58 w
Indoles, @\_/ll 1630-1615 6.14-6.19 m s—m Ring vib
N
1600-1575 6.25-6.35 m s—m Ring vib
1565-1540 6.39-6.49 v Sometimes absent, ring vib
15201470 6.58-6.80 m Ring vib
m s C=N str, see ref. 4

Pyrrolines, I 1660-1560 6.02-6.41
<
N
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Table 13.1 (continued)
Region Intensity
Functional Groups cm™! um IR Raman Comments
Oxazoles, O 15851555 6.31-6.43 m S C=N str
»
Thiazoles, S 1550-1505 6.45-6.64 m s C=N str. see refs 6, 7.
[l /) Monosubstituted: ring str vib gives
N strong Raman bands at 15501485,
1410-1380, 1320-1295 and
~870cm ™', also bands of variable
intensity at ~750 and ~600cm™'
Imidazoles, | NH 1560—1520 6.41-6.58 m s C=N str, sce ref. 5
L)
N
Benzimidazoles, 1560-1520 6.41-6.58 m S C=N str
NH
-
<
Oxazolines, FO 1695-1645 5.90-6.08 s S C=N str
-
N
Oxadiazoles ~3150 ~3.17 m S CH str
1550-1420 6.45-7.04 m-w vs Ring str
1500-1310 6.67-7.63 m-w vs Ring str
1275-1035 7.84-9.66 w m-s CH def vib
1100-990 9.09-10.10 w m In-plane ring def vib
955-860 10.47~-11.63 w m In-plane ring def vib
945-820 10.58-12.20 w w CH def vib
655-620 15.27-16.13 w—m Ring def vib
1,2,4-Oxadiazoles, N—” 15901560 6.29-6.41 S Vs Ring vib
I N
o
1390-1360 7.19-7.35 s \& Ring vib
1,2,5-Oxadiazoles, [T || 1625-1560 6.15-6.41 3 Vs
N\O,N

Thiophenes, [' S U

Thiophenes'*'® absorb at 3120-3000cm™! (3.21-3.33 um) due to the C-H
stretching vibration and also have four bands of variable intensity in the region
1555-1200cm™! (6.43-8.33 um) due to in-plane ring vibrations.

All monosubstituted thiophenes have two bands of variable, often medium-
to-strong, intensity, one at 745-695cm™! (13.42-14.39 um) and the other at

700-660 cm™' (14.29-15.15 um), possibly due to the out-of-plane bending
of the =C-H group.

2-Monosubstituted thiophenes usually have two bands of variable inten-
sity, one at 570-490cm™" (17.54-20.41 um) and the other at 470-430cm™'
(21.28-23.26 um). For esters of thiophene-2-carboxylic acid, the former band
is usually near 565cm~! (17.70 um).1®

3-Monosubstituted thiophenes have a band of medium intensity at
540-515cm™' (18.52-19.42pym) and a band of variable intensity at
500-465cm™! (20.00-21.51 pm). Sometimes only one band is observed.



184 Infrared and Raman Characteristic Group Frequencies

Table 13.2 Substituted pyrroles: N—H and C—H deformation vibrations

Region Intensity
Functional Groups cm™! pum IR Raman Comments
1-Substituted pyrroles ~1080 ~9.26 s—-m Four adjacent hydrogen atoms
1035-1015 9.66-9.85 m Four adjacent hydrogen atoms
~925 ~10.81 m Four adjacent hydrogen atoms
~T725 ~13.79 vs Four adjacent hydrogen atoms
2-Substituted pyrroles ~1115 ~8.97 w-—m Three adjacent hydrogen atoms
1105-1070 9.05-8.55 m-s Three adjacent hydrogen atoms
~1030 ~9.71 m-s Three adjacent hydrogen atoms
~925 ~10.81 w Three adjacent hydrogen atoms
~880 ~11.36 w—m Three adjacent hydrogen atoms
1,2-Disubstituted pyrroles ~1090 ~9.17 m Three adjacent hydrogen atoms
1065-1050 9.39-9.52 v Three adjacent hydrogen atoms
1,2,5-Trisubstituted pyrroles ~1035 ~9.66 m Two adjacent hydrogen atoms
980-965 10.20-10.36 w Two adjacent hydrogen atoms
~T55 ~13.25 vs Two adjacent hydrogen atoms
1,3.4-Trisubstituted pyrroles ~1055 ~0.48 s One hydrogen atom
~930 ~10.75 m One hydrogen atom
~T770 ~12.99 Vs One hydrogen atom
Table 13.3 Furans
Region Intensity
Functional Groups cm™! um IR Raman Comments
Furan derivatives 3180-3000 3.14-3.33 m m-s =C-H str
16101560 6.21-6.41 \Y v C=C str, usually m-s
1520-1460 6.58-6.85 m-s Vs C=C str
1400-1390 7.14-7.19 m-s S C=C str
1025-1000 9.76-10.00 m-s m
595-515 16.81-19.42 s w Ring def vib
2-Monosubstituted furans 1610-1590 - 6.21-6.29 v S Ring vib
15851560 6.31-6.41 v s Ring vib
1515-1490 6.60-6.71 m Vs Ring vib
1480-1460 6.76-6.85 m Vs Ring vib
1240-1200 8.07-8.33 v m C—H def vib, see ref. 14
1175-1145 8.51-8.73 m-s m-w C-H def vib
1085-1070 9.22-9.35 m m-w C-H def vib
1020-990 9.80-10.10 m-s Ring vib
935-915 10.70-10.93 w-m m-w Out-of-plane C—H def vib
885-880 11.29-11.34 w—m m-w Out-of-plane C—H def vib
835-780 11.98-12.82 w-m w Out-of-plane C—H def vib
595-515 16.81-19.42 s w Ring def vib
3-Monosubstituted furans 1170-1150 8.55-8.70 S m C-H def vib, see ref. 14
1080-1050 9.26-9.52 m-s m C-H def vib
1025-1000 9.76-10.00 ' m-w C-H def vib
~920 ~10.87 v m-w C-H def vib
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Table 13.3 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
~875 ~11.43 s m-w C-H def vib
790-720 12.66-13.89 s Usually two bands
2,5-Disubstituted furans ~1620 ~6.17 v w Ring vib
1600-1570 6.25-6.37 v Vs Ring vib
1530-1500 6.54-6.67 m v Ring vib
1255-1225 7.97-8.17 w—m see ref. 13
1165-1140 8.58-8.77 w—m
~1020 ~9.90 m S Ring def vib
990-960 10.10-10.42 m Vs
930-915 10.75-10.93 w-—m m-w C-H out-of-plane def vib
835-780 11.98-12.82 w-—m m-w C-H out-of-plane def vib
Polysubstituted furans ~1560 ~6.41 m-s s C=C str
~1510 ~6.62 m-s§ s C=C str
Oxazoles, FO 1585-1555 6.31-6.43 m s C=N str
~
Iso-oxazoles, ~1600 ~6.25 m-s
]
~1460 ~6.85 m—s
~1380 ~7.25 m-s
1,2,4-Oxadiazoles, N—| 1590-1560 6.29-6.41 m-s S Ring str, see ref. 9
LN
1470-1430 6.80-6.99 m-s s Ring str
1390-1360 7.19-7.35 m-s s Ring str
1070-1050 9.35-9.52 m
915-885 10.93-11.30 m-s
750-710 13.33-14.08 m-s
1,2,5-Oxadiazoles (furazanes), I || 1625-1560 6.15-6.41 m—s s Ring str
N\O,N
~1570 ~6.37 m-s
~1425 ~6.78 m-s
1395-1370 7.17-7.30 m-s ] Ring str
1,2,5-Oxadiazole oxides, || | . 1635-1600 6.12-6.25 m-s S Ring str, see ref. 10
o No-
1530-1515 6.54-6.60 m-—s s Ring str
1475-1410 6.78-7.09 m-—s s Ring str
1,3-Dioxolanes, ro 1170-1145 8.55-8.73 $ w—m Ring vib
(0]
1100- 1050 9.09-9.52 ] w—m
1055-1025 9.48-9.76 m w
~940 ~10.64 \& Vs Ring vib, may be absent
Oxalolidines, r)N 1190-1050 8.40-9.52 m Ring def vib, at least three bands
0]

(continued overleaf)
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Table 13.3 (continued)

Region Intensity
Functional Groups cem™! um IR Raman Comments
Tetrahydrofurans, U 2980-2700 3.36-3.70 S m-s Several bands, see refs 11, 12
O
1500- 1450 6.67-6.90 v m CH; def vib
1325-1275 7.27-7.84 v m CH, def vib
1260-1175 7.94-8.51 v m CH; def vib
1100- 1075 9.09-9.30 S m-s C-Ostr
~915 ~10.93 w $
860-760 11.63-13.16 v w CH; def vib
Table 13.4 Thiophenes
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Thiophenes 3120-3000 3.21-3.33 m m-s =C-H str
15851480 6.31-6.56 v v C=C in-plane vib
1445-1390 6.92-7.19 v Vs C=C in-plane vib
1375-1340 7.33-7.46 v S C=C in-plane vib
1240-1195 8.07-8.37 v m C=C in-plane vib
530-450 18.87-22.22 v m Ring def
Monosubstituted thiophenes 745-695 13.42-14.39 v m-w =C-H out-of-plane def vib
700-660 14.29-15.15 v m-w =C-H out-of-plane def vib
2-Monosubstituted thiophenes 15401490 6.49-6.71 v v C=C in-plane vib, see ref. 17
1455-1430 6.87-6.99 m-s \& C=C in-plane vib
1365-1345 7.33-7.44 m-s S C=C in-plane vib
570--490 17.54-20.41 v Esters at ~565 cm ™
470-430 21.28-23.26 v S
2-Alkyl thiophenes 1240-1215 8.06-8.23 m-w m CH in-plane def vib
1160-1140 8.62-8.77 w m CH def vib
1085-1060 9.22-9.43 w m C—H def vib
1055-1030 9.48-9.71 w—m m
940-905 10.64-11.05 m w Out-of-plane CH def vib
870-840 11.49-11.90 m-s ] Out-of-plane CH def vib
855-800 11.70-12.50 m w Out-of-plane CH def vib
770-735 12.99-13.60 m Ring def vib
725-670 13.80--14.93 m w Out-of-plane CH def vib
3-Monosubstituted thiophenes 1540-1490 6.49-6.71 v v C=C in plane vib
1410-1380 7.09-7.25 m Vs
1380—1360 7.25-7.35 m-s s—m Ring vib
935-880 10.70-11.36 w s—m C-S asym str
850-825 11.76-12.12 w VS—§ C-S sym str
540-515 18.52-19.42 m Sometimes only one present
500-465 20.00-21.51 v
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Table 13.4 (continued)

Region Intensity

Functional Groups cm™! pm IR Raman Comments
3-Alkyl-substituted thiophenes ~1530 ~6.54 v v C=C in-plane vib

~1410 ~7.09 v VS C=C in-plane vib

~1370 ~7.30 v 8 C=C in-plane vib

~1155 ~8.66 w w—m C-H def vib

1100-1070 9.09--9.35 w w C-H def vib

895-850 11.17-11.76 m

795-745 12.58-13.42 S w Out-of-plane C-H def vib
2,3-Disubstituted thiophenes 715-690 14.01-14.49 m w Out-of-plane C-H def vib
2,4-Disubstituted thiophenes 825-805 12.11-12.41 m w Out-of-plane C—H def vib
2,5-Diaklyl thiophenes 1600-1570 6.25-6.37 Vs Ring vib

1530-1500 6.54-6.67 v Ring vib

~795 ~12.58 m-s w C-H def vib
2-Nitro-5-substituted thiophenes 555-525 18.02—-19.05 v

490-445 20.41-22.47 %

~430 ~23.26 w One or two bands
3.4-Disubstituted thiophenes 925-910 10.80-11.00 m w Out-of-plane C—H def vib

860-835 11.63-11.98 m w Out-of-plane C—H def vib

780-775 12.82-12.90 m w Out-of-plane C—H def vib
Tetrahydrothiophenes ~685 ~14.60 m s, p C-S str
Selenophenes, mono- and dimethyl substituted 440-405 22.73-24.69 See ref. 18
2-Monosubstituted selenophenes 1550-1530 6.45-6.54 v m-w Ring vib

1460-1430 6.85-6.99 m-s S Ring vib

1345-1325 7.43-7.55 v m Ring vib

1100-1075 9.09-9.30 w m CH in-plane def vib

1040--1015 9.62-9.85 w m CH in-plane def vib

810-765 12.35-13.07 v m Ring vib

635-615 15.75-16.26 v m-w In-plane def vib
Thiazoles, [\j\l ~1610 ~6.21 v v See ref. 6

S
1550-1505 6.45-6.64 m
~1380 ~7.25 v s

Most 2-nitro-5-substituted thiophenes have bands of variable intensity at
555-525cm™! (18.02—19.05 pum) and 490-445cm™! (20.41-22.47 um), and
usually one or two weak bands near 430cm™' (23.26 um).

In general, mono-, di-, tri-, and tetrasubstituted thiophenes all have bands
in the region 530-450cm~! (18.87-22.22 um) due to the out-of-plane ring
deformation.

Thiophenes have a band near 675cm™' (14.81 um) due to the C-S
stretching vibration. This band is usually of medium intensity in the infrared
and of strong intensity (also polarised) in Raman spectra.

N
Imidazoles, K g

187

In general, azoles have three or four bands in the region 1670-1320 cm™!
(5.99-7.58 um) due to C=C and C=N stretching vibrations. The intensities
of these bands depend on the nature and positions of the substituent and on
the position and nature of the ring heteroatoms.
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Table 13.5 Imidazoles

Region Intensity
Functional Groups em™! um IR Raman Comments
Imidazoles, ll\—IN 1660-1610 6.02-6.21 v m-s Imidazole 1
J 16051585 6.23-6.31 w-m m-s band
N 1560-1520 6.41-6.58 s s Ring C=C str
N=C-N str
4-Monosubstituted, N 670-625 14.93-16.00 s
| ﬂ 630-605 15.87-16.53 8
/LN 445-355 22.47-28.17 m
360-325 27.78-30.77 m
4,5-Disubstituted, 665-650 15.04-15.38 m-s
[ W 645-610 15.50-16.39 m-s
1,4,5-Trisubstituted, 660-640 15.15-15.63 m-s
N 420-390 23.81-25.64 w-m
)
N
Table 13.6 Pyrazoles
Region Intensity
Functional Groups em™! um IR Raman Comments
N-Alkyl-substituted pyrazoles 3125-3095 3.20-3.23 m w-m CH str
~1520 ~6.58 v m-s Ring vib
~1400 ~7.14 v m-s Ring vib
1090-1060 9.17-9.43 m-w w See ref. 20. CH def vib
1040-1030 9.62-9.71 m s Ring vib
970-950 10.31-10.53 m s Ring def vib
~755 ~13.28 m-s
3-Alkyl-substituted pyrazoles ~3175 ~3.15 m m-w N-H str. Hydrogen bonded: br,
3175-3155¢m™
3125-3095 3.20-3.23 m w-m CH str
~1580 ~6.33 v m-s Ring vib
~1470 ~6.80 v m-s Ring vib
~1050 ~9.52 w w CH def vib
1020-1010 9.80-9.90 m Ring vib
~935 ~10.69 m s Ring def vib
~770 ~12.99 s br
4-Alkyl substituted pyrazoles ~1575 ~6.35 v m-s Ring vib
~1490 ~6.71 v m-s Ring vib
1060-1040 9.43-9.62 m m-w Ring vib
1010-990 9.90-10.10 m 3 Ring def vib
~950 ~10.53 s
~860 ~11.63 ]
~805 ~12.42 ]
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Table 13.6 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
3-2,3-,34-.13,4-, and 2,34- 3000-2200 3.33-455 m-w br, O-H and N-H str
substituted pyrazol-5-ones
1670-1450 5.99-6.90 w—m m-—s Three or four bands due to C=C and C=N str
1,2,3-Trisubstituted pyrazol- 1675-1655 5.97-6.04 m-w C=0 str
5-ones
3,4,4-Trisubstituted pyrazol- ~3150 ~3.18 m-w br, N-H str
5-ones
1760~ 1675 5.87-5.97 w—m C=O0str

In the solid phase, five-membered heteroatomic compounds with two or
more nitrogen atoms in the ring have a broad absorption at 2800-2600 cm™
(3.57-3.85um) due to the NH--- N bond.

Imidazoles® have several bands of variable intensity in the range
1660—1450cm™! (6.02-6.90um) due to C=N and C=C stretching
vibrations. Most 4-monosubstituted imidazoles have two strong bands,
at 670-625cm™! (14.93-16.00um) and 630-605cm™! (15.87-16.53 um).
They also have two bands of medium intensity, at 445-355cm™
(22.47-28.17um) and 360-325cm™! (27.78-30.77 um), although this last
band is absent for some imidazoles. The first of these two bands is probably
due to out-of-plane bending of the —N-H group.

4,5-Disubstituted imidazoles have two medium-to-strong bands, at 665—
650cm™! (15.04-15.38 um) and 645-610cm~! (15.50—16.39 um). 1,4,5-Tri-
subtituted imidazoles have a medium-to-strong absorption at 660—650 cm™!
(15.15-15.63 um) and a weak-to-medium band at 420-390cm~' (23.81-
25.64 um). A study of metal complexes with imidazole ligands can be found
elsewhere.'®

Pyrazoles, | N'IN

Due to tautomerism,” positions 3 and 5 of pyrazoles®®?! are equivalent:
HC——CH HC——CH
[} I - | |
N HCy NH
H

Some pyrazol-5-one derivatives®* exist as a form in which the carbonyl group

is no longer present, and indeed two such forms may exist:

HC——CH

Il = Il Il

HC——CH
- | |
NH

Zsy N o NN Ho” SN
H H

In the case of 4,4- and 1,2-disubstituted pyrazol-5-ones, the carbonyl group®*
is present and hence for these compounds an absorption band due to the
carbonyl stretching vibration is observed.

5-Aminopyrazoles have a band of medium intensity near 1595c¢m™!
(6.27pm) and weaker bands near 1660cm~! (6.02pum) and 1550cm™!
(6.45um). All three bands have been attributed to ring vibrations.

For bonded pyrazoles, the N—H stretching vibration is weak and occurs at
3175-3155cm™! (3.15-3.17 um).
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14 Organic Nitrogen Compounds

Nitro Compounds, —-NO,'*

Saturated primary and secondary aliphatic nitro compounds,*#% —CH,;NO,
and >CHN02, have very strong bands at about 1550cm™! (6.45um)

and 1390-1360cm~" (7.19-7.35 um) which are due to the asymmetric
and symmetric stretching vibrations respectively of the NO; group. In
Raman spectra, these bands generally have medium-to-strong intensities.
Electron-withdrawing substituents adjacent to the nitro-group tend to
increase the frequency of the asymmetric vibration and decrease that
of the symmetric vibration.”?%*%  For saturated nitro compounds, the
asymmetric stretching band may be found in the region 1660—1500cm "
(6.02-6.67 um). For molecules with an NO, group or a halogen atom on
the a-carbon atom, the NO, asymmetric stretching vibration band range
is 1625-1540cm ™! (6.15-6.49pm) and that of the symmetric stretching
vibration is 1400-1360cm™" (7.14-7.35um).

The band due to the C—N stretching vibration is of weak-to-medium
intensity and occurs at 920-850cm~' (10.87-11.76 um), Other groups
have strong absorptions in this region which may obscure this band. In
general, organic nitro compounds have a very strong band at 655-605cm™!
(15.27-16.53 um) due to the deformation vibration of the NO; group.
Primary nitro compounds®® have a weak-to-medium absorption in the
region 615-525cm™! (16.26—-19.05 um) due to the NO, wagging vibration,
whereas secondary and tertiary nitro compounds have a weak-to-medium
absorption in the region 650—-570cm~" (15.38—17.54 um) and a-unsaturated
and aromatic compounds®® have a medium-to-strong band at 790—690 cm ™!
(12.66—14.49 um). Primary aliphatic straight-chain nitro compounds absorb
strongly at 620-600cm ™' (16.13—16.67 um) and also have a medium-to-
strong band at 490—465cm~! (20.41-21.51 um), both bands being due to the
NO; deformation vibration. Secondary nitroalkanes absorb at 630-610cm™!
(15.87-16.39 um) and 550-515cm~"! (18.18~19.42 um). For saturated nitro
compounds, the NO; in-plane deformation band is of weak-to-medium
intensity and occurs in the region 775-605cm™! (12.90-16.53 um) but, for

most saturated halogen- or NO,-substituted nitro compounds, this band appears
at 695-605cm~! (14.39-16.53 um) whereas for conjugated or aromatic
compounds this band is observed at 910-790cm ! (10.99-12.66 um).

a.f-Unsaturated  nitroalkenes absorb strongly at 1565-1505cm™!
(6.39—6.64 pm) and 1360—1335cm ™" (7.35-7.49 um) due to the —NO, asym-
metric and symmetric stretching vibrations. These bands are almost of equal
intensity. The nitro group does not appear to affect the position of the charac-
teristic alkene C=C and C—H bands. However, the relative intensities of the
bands due to the =C—H stretching and wagging vibrations are increased when
the nitro group is bonded to the same olefinic carbon as the hydrogen atom,
the intensity of the band due the C=C stretching vibration 16501600 cm ™!
(6.06-6.25 pm) also being increased.

Aromatic nitro compounds’™!? have strong absorptions due to the
asymmetric and symmetric stretching vibrations of the NO, group at
1570-1485cm™"  (6.37-6.73pm) and 1370-1320cm~"' (7.30-7.58 um)
respectively. The intensity of this latter band is increased for electron-
donating ring substituents. The former band is usually found in the
range 1540-1515cm™' (6.49-6.60 ym). Ortho-substituted nitrocompounds
whose substituent is a strongly electron-donating atom or group absorb
at 1515-1485cm™! (6.60—6.73 pm), whereas those with electron-accepting
groups absorb at 1570-1540cm™! (6.37-6.49um). The asymmetric NO,
stretching vibration of most singly-substituted aromatic para-nitro compounds
gives a band in the range 1535-1510cm™' (6.52—6.62 um), exceptions to this
being p-dinitrobenzene and some p-aminonitrobenzenes. Singly-substituted
aromatic meta-nitro compounds absorb in the range 1540-1525cm™
(6.49-6.59 um) and nitro compounds with small substituents in the ortho
position absorb at 1540-1515 cm™! (6.49—-6.60 um). The band due to the
asymmetric stretching vibration for nitro groups forced out of the plane of
the ring by bulky substituents in the ortho positions is at 1565-1540cm™!
(6.39—-6.49 um). Hydrogen bonding has little effect on the NO; asymmetric
stretching vibration.'?

The symmetric vibration of the NO, group for aromatic para-substituted
nitro compounds occurs at 1355-1335 cm™! (7.38=7.49 pm) whereas for meta
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Table 14.1 Nitro compounds
Region Intensity
Functional Groups cm™! pum IR Raman Comments
Saturated primary and secondary aliphatic nitro 15551545 6.43-6.47 Vs m-—w asym NO; sir, sce ref: 13, stronger than sym str
compounds, CH,—NO; and \
/CH—N02
1385-1360 7.22-7.35 Vs S sym NO, str (CH, def vib also occurs in this region)
1000-915 10.00-10.93 m—-w m-s, p C—N str, trans- form
920-850 10.87-11.76 m-w m-s, p br, C—N str, gauche- form
655-605 15.27-16.53 \8] m, p NO, def vib. Two weak bands 670-605cm™' in IR and
Raman
560-470 14.86-21.28 m-s v NO, rocking vib
Straight-chain primary nitroalkanes 620-600 16.13-16.67 m-w m-w sym NO; def vib (except nitromethane at ~649cm™")
490-465 20.41-21.51 m-s m-w NO, rocking vib (except nitromethane at ~602cm™")
Secondary nitroalkanes 630-610 15.87-16.39 m-w m sym NO, def vib
550-515 18.18-19.42 m-s v NO, rocking vib
Saturated tertiary aliphatic nitro compounds, 1555-1530 6.43-6.54 s m-w asym NO; str
N
_/CN02
1375-1340 7.27-7.46 $ s sym NO, str
Dinitroalkanes, \ 1590-1570 6.29-6.37 S m-w asym NO; str usual range (but may be found in
C(NO2), 1610-1540cm™"'). Medium intensity bands due to NO,
in-plane def vib 690-630cm~! and wagging vib
650-510cm™!
1340- 1325 7.46-7.55 s S sym NO, str usual range, may be split (but may be found in
1405-1285cm™")
~-C(NO,)s3 1605-1595 6.23-6.27 \& m-w
1310-1295 7.63-7.72 s s
a,f-Unsaturated nitro compounds 1565—-1505 6.39-6.64 s m-—s asym NO; str
1360-1335 7.35-7.49 S m-—s sym NO; str
a-Halo-nitro compounds 1580-1555 6.33-6.43 S m-—w asym NO, str. General range 1625-1555¢m™
1370-1340 7.30-7.46 S $ sym NO, str. General range 1375-1305¢cm™!
a,¢’-Dihalo nitro compounds 1600-1570 6.25-6.37 s m—w asym NO; str
1340-1320 7.46-7.58 S s sym NO; str
Aromatic nitro compounds 15801485 6.33-6.73 s m-w asym NO, str, stronger str. For o- or p- strong electron
donors at lower end of range
1370-1315 7.30-7.60 s s sym NO, str. For 0- or p- strong electron donors at
1375-1285cm™'
1180-865 8.47-11.56 m m-s CN str
865-830 11.56-12.05 s—m m-—w NO, def vib
790-690 12.66-14.49 s m Not always present
590-500 16.95-20.00 v w In-plane bending vib of —NO, group
o-Aminonitro-aromatic compounds 1260-1215 7.94-8.26 s s sym NO; str
Nitroamines, \N—NO 1630-1530 6.14-6.54 s - asym NO; str, solids may be as low as 1500cm™!
2
%
1315-1260 7.61-7.94 S v, p sym NO; str, solids may be as low as 1250cm™!
1030-980 9.71-10.20 m S, p N-N str
775-755 12.90-13.25 w-m m NO, def vib
730-590 13.70-16.95 w-m m NO, wagging vib
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Table 14.1 (continued)

Region Intensity

Functional Groups cm™! um IR Raman Comments
620-560 16.13-17.86 v NO; rocking vib

Nitrates, —O-NO, 16601615 6.02-6.19 S - asym NO; str, see ref. 35. Not observed in Raman
1300-1270 7.69-7.87 S S, p sym NO; str
870-840 11.49-11.90 m m NO str
765-745 13.07-13.42 w-m m NO, wagging vib
720-680 13.89-14.71 w—m m NO; def vib
570-500 17.54-20.00 m v NO; rocking vib

Carbonitrates, \ B 1605-1575 6.23-6.35 S S C=N str, see ref. 15, low, due to resonance

/C=N02

1315-1205 7.60-8.30 S m-w asym NO» str
1175-1040 8.51-9.62 S s sym NO, str
735-700 13.61-14.29 m-s m NO; def vib

Nitrocycloalkanes (three-membered ring and 1550-1535 6.45-6.51 s m-w asym NO; str

larger)

13801355 7.25-7.38 S S sym NO, str

compounds, and also ortho compounds with small substituents, the range is
1355-1345cm™! (7.38—7.44um). In the case of bulky ortho substituents,
this band may be found as high as 1380cm~' (7.25um). In cases where
strong hydrogen bonding occurs, this band may be found at about 1320 cm™!
(7.58 pm), an example being o-nitrophenol.

Aromatic nitro compounds have a band of weak-to-medium intensity
in the region 590-500cm~! (16.95-20.00um) which is due to the in-
plane deformation of the —NO, group.’®3! A strong band observed at
865-835cm~! (11.56—11.98 um) and a band is also sometimes observed at
about 750cm™! (13.33 um).

Due to the deformation vibration of the adjacent methylene group, primary
nitroalkanes® have a band of medium intensity near 1430cm ™! (6.99 um). In
general, the band due to the symmetric deformation vibration of the methyl
group is overlapped by that due to the NO, symmetric stretching vibration.
However, in compounds where both the methyl and nitro groups are attached
to the same carbon atom, two well-separated bands are observed — one near
1385cm~! (7.22um) and the other near 1370cm™! (7.30 um).

For molecules with an NO; group or a halogen atom on the «-carbon
atom, the rocking vibration occurs at 530—-430cm ™' (18.17-23.26 um), with
secondary nitro compounds absorbing at 530-470cm™! (18.17-21.28 um) and
tertiary nitro compounds at 500—430cm ™! (20.00-23.26 um).

Alkali metal nitroparaffins' have a very strong absorption at
1605—1575 cm™! (6.23-6.35 um) due to the C=N stretching vibration, and a
weak band near 1660 cm™! (6.06 um).

Nitroso Compounds, —-N=0,'0-1%3 (and Oximes,
“C=N-OH)

In the solid and liquid phases, organic nitroso compounds normally exist as
dimers and may have cis- or trans-forms.

The fact that primary and secondary nitroso compounds readily form oximes
may present difficulties:

\ N
_CH—N=0 —= C=N—OH

This reaction of nitroso compounds, which in some cases occurs very easily
due to either heat or light, may be used to identify bands associated with
the nitroso group by observing their disappearance from the spectrum. This
conversion can easily be detected since nitroso compounds are highly coloured
and oximes are not.

Aliphatic nitroso compounds in the solid phase have two strong absorptions
when in the cis- form, one at 1425-1330cm™! (7.02—7.52 um) and the other
at 1345-1320cm™! (7.43-7.58 um), whereas in the trans- form they have a
band at 1290—1175cm™" (7.75-8.50 um).

Aromatic nitroso compounds, as dimers in the cis- form, absorb strongly at
1400-1390cm™! (7.14-7.19 um) and at about 1410cm ™! (7.10 pm) whereas,
in the trans- form, a band at 1300—1250cm™! (7.69—8.00 um) is observed.
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As monomers,”® which only occur in the gas phase and in dilute

solution, aromatic nitroso compounds absorb strongly at 1515-1480cm™!
(6.06-6.75um) and aliphatic nitroso compounds at 1590—1540cm™!
(6.29-6.49 um) due to the —N=0 stretching vibration.

a-Halogenated nitroso compounds absorb near 1620cm~' (6.17 um). The
position of the band due to the N=O stretching vibration is affected by
substituent groups in a very similar manner (o that of the carbonyl band.

Table 14.2 Organic nitroso compound N—O stretching vibrations

Nitroso compounds usually have a band at 1180-1000cm™!
(8.48—10.00 pm) and another at 865—-750cm ™" (11.56—13.33 um), these being
due to strong coupling of the C—N stretching vibration and the vibration of
the carbon skeleton. The presence of chlorine atoms increases the intensity of
these bands.

The C-N=0 bending vibration results in a band of medium intensity
near 575cm~! (17.39um). Free oximes have a characteristic absorption at

Region Intensity
Functional Groups cm™! um IR Raman Comments
Cis-dimers 7
N
4 (6]
Aliphatic compounds 1425-1330 7.02-7.52 m-s s
1345-1320 7.43-7.58 Vs
Aromatic compounds ~1410 ~7.10 vs S
1400-1390 7.14-7.19 Vs
Trans-dimers Py
N=N
O’ AN
Aliphatic compounds 1290-1175 7.75-8.50 S S
Aromatic compounds 1300-1250 7.69-8.00 s § Raman: very strong band at 1480—1450cm ™' due to
N=N which is infrared inactive
Monomers
Aliphatic compounds 1625-1540 6.15-6.49 $ s N=0 str, usually at ~1550cm™!
a-Halogenated compounds 1620-1565 6.17-6.39 s S N=O str
Aromatic compounds 1525- 1485 6.66-6.73 S s N=0 str, usually at ~1500cm™"
Halogen-substituted compounds 1510-1485 6.62-6.73 S s N==0 str
. . N
Table 14.3 Nitrosamines, /N—N:O
Region Intensity
Functional Groups cm™! pum IR Raman Comments
Nitrosamines (vapour phase) 1500-1480 6.67-6.76 $ S N=O str, monomer
Nitrosamines (dilute solution), ~3200 ~3.13 w Overtone
see refs 21-23
14601435 6.85-6.97 S S N=0 str (aromatics 1500—1450cm™")
1150-1025 8.70-9.76 S s—m br, N=N str (aromatics 1030-925cm™")
1030-980 9.71-10.20 w S CN str (aromatics 1200-1160cm™")
~660 ~15.15 m-s N-N=O0 def vib
Nitrosamides, —~-N(NO)CO - 1535-1515 6.52-6.60 s s N=0 str, see ref. 24
Alkyl thionitrites, R—-S-N=0 ~1535 ~6.52 ] $ N=0O str, multiple peaks




Organic Nitrogen Compounds _ 195
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Table 14.4 Nitroamines /NNOz, and nitroguanidines, —NZC(N—NOI).N\

Region Intensity

Functional Groups cm™! pum IR Raman Comments

Nitroamines 1315-1260 7.60-7.94 S m-—s sym NO; (see Table 14.1)

Saturated aliphatic nitroamines 790-770 12.66-12.99 m

1585-1530 6.31-6.54 s m-s asym NO; str

Alkyl nitroguanidines 1640-1605 6.10-6.23 ] m-s asym NO, sir

Aryl nitroguanidines 15901575 6.29-6.35 8 m-—s asym NO; str

Aryl nitroureas 1590-1575 6.29-6.35 S m-s asym NO; str
3650-3500cm™! (2.74-2.86um) due to the O—H stretching vibration whose alkyl nitrates and monocyclic nitrates consists of a doublet. The N-O
frequency is reduced, of course. in the presence of hydrogen bonding. The stretching vibration also results in a very strong band, at 870-855 em™!
band is then broad and found in the region 3300-3150 cm™! (3.03-3.17 um). (11.49-11.70 um). Bands of weak-to-medium intensity are observed due
A band which is weak, except for conjugated compounds, is observed at to the NO, deformation vibrations at 760-755cm ™! (13.10~13.25um) and
1690-1650cm ! (5.92-6.06um) due to the C=N stretching vibration. the ~ 710-695cm ! (14.08-14.39um). o .
frequency of the band being increased in ring-strained situations. The band due Inorganic nitrate salts® have a characteristic, sharp, weak-to-medium band
to the N—O stretching vibration occurs at 960-930cm ! (10.42-10.75 um). in the region 860-710cm™" (11.63-14.08 um) due to the bending vibration

In quinone mono-oximes the N-O stretching vibration appears at of the NO group.

1075-975cm™" (9.30—10.26 um). Nitrato-metal complexes?’ absorb in the regions 1530-1480cm™!

(6.54-6.76 um) and 1290~1250cm™" (7.75—8.00 um)due to the asymmetric
and symmetric vibrations respectively of the NO, group.

Covalent Nitrates, —-ONO,

Nitrites, —-O-N=0

Organic nitrates® 3 have strong absorptions due to the asymmetric

and symmetric stretching vibrations of the NO, group which occur
at 1660-1615cm~! (6.02-6.19 um) and 1285-1270cm~"' (7.78-7.87 um)
respectively. The symmetric NO; stretching vibration band of secondary

Nitrites?®-%° have very strong bands at 1680—1650cm™" (5.95-6.06 um) and
1625-1610cm™! (6.16—6.21 um) due to the N=0O stretching vibration of the

Table 14.5 Organic (covalent) nitrates

Region Intensity
Functional Groups cm™! pm IR Raman Comments
Nitrates, —ONO» 1660-1615 6.02-6.19 S S$—m asym NO, sir
1300-1250 7.79-8.00 Vs S, p sym NO; str
870-840 11.49-11.90 Vs m br, N-O str
765-745 13.07-13.42 w—m m NO; out-of-plane def vib
720-680 13.89-14.70 w—m m NO, def vib
610-560 16.39-17.86 s NO,; in-plane def vib
Inorganic nitrate salts 1410-1350 7.09-7.41 Vs m br, asym NO; str
860-800 11.63-12.50 m m-s sh
730-710 13.70-14.08 m-w m-w
315-190 31.75-52.63 m
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Table 14.6 Organic nitrites. -O-N=0

Region Intensity
Functional Groups em™! pm IR Raman Comments
Nitrite compounds 3360-3220 2.98-3.11 w—m Overtones of N=0 str
Nitrites, cis- form 1625-1610 6.16-6.21 Vs s N=0 sir. Secondary ~1615c¢m™', tertiary
~1610cm™!
850-810 11.76-12.35 s m N-O str
690-615 14.49-16.26 s O-N=0 def vib
Nitrites, rrans- form 1680-1650 5.95-6.06 \& s N=0 str. Primary ~1675cm~', secondary
1665cm~" and tertiary ~1625cm™'
815-750 12.27-13.33 Vs m N-O str
625-565 16.00-17.00 s O-N=0 def vib
Alkyl thionitrites, —-S—-N=0 ~1535 ~6.52 s s N=0 str, multiple peaks
Inorganic nitrite salts 1275-1235 7.84-8.10 s m-s asym NO; str
835--800 11.98-12.50 m m sh
AN
Table 14.7 Amine oxides, —/N*—O’
Region Intensity
Functional Groups em™! um IR Raman Comments
Aliphatic N-oxides, -Nt-0O~ 970-950 10.31-10.53 s m N-O str
Pyridine and pyrimidine N-oxides 1320-1230 7.58-8.13 m-s m N-O str, hydrogen bonding lowers
(non-polar solution) frequency by 10-20cm™~!, band position
affected by ring substituents
895-840 11.17--11.90 m S N-0O def vib
Pyridine N-oxides 1190-1150 8.40-8.70 m-s
Pyrazine N-oxides 13801280 7.25-7.81 m-s m N-0O str, band position affected by ring
substituents
1040-990 9.62-10.10 m-s
~850 ~11.76 m N-O def vib
Nitrile oxides 1380-1290 7.25-7.75 5 N-O def vib
Oximes, \__ 960-930 10.42-10.75 S m N-O str
C=N—OH
/s
Table 14.8 Azoxy compounds -N=N*-0O" -
Region Intensity
Functional Groups cm™! um IR Raman Comments
Aliphatic azoxy compounds 1530-1495 6.54-6.69 m-s Vs N=N str
1345-1285 7.43-7.78 m-—s m NO str
Aromatic azoxy compounds 1480-1450 6.76-6.90 m-—s m-s asym N=N-0 str
1335-1315 7.49-7.60 m-s m-s sym N=N-0O str
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trans- and cis- forms respectively. The overtone band is of weak-to-medium
intensity and occurs at 3360-3220cm ™' (2.98-3.11 um). Halogen substitution
tends to increase these frequencies.

A strong absorption due to the N-O stretching vibration is observed at
815-750cm™" (12.27-13.33um) for the trans- form and at 850-810cm™!
(11.76—12.35 pm) for the cis- form. Strong bands also occur at 690-615 cm™!
(14.49-16.26 pm) and 625-565 cm™! (16.00—17.70 pm) for the cis- and trans-
forms respectively, due to the deformation vibrations of the O-N=0 group.
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Organic Halogen Compounds, —;C—X (where X=F,
Cl, Br, I)

Strong characteristic absorptions due to the C-X stretching vibration are
observed, the position of the band being influenced by neighbouring atoms or
groups — the smaller the halide atom, the greater the influence of the neigh-
bour. Different rotational isomers may often be identified since, in general,
the trans- form absorbs at higher frequencies than the gauche- form. Bands of
weak-to-medium intensity are also observed due to the overtones of the C-X
stretching vibration. In Raman spectra, the C-X stretching vibrations result
in strong bands for X=Cl, Br and I, but for fluorine the bands are weaker,
the intensity increasing from F to L

Monohaloalkanes (excluding fluorine as the atom is too small) often exhibit
more than one C-X stretching band due to the different possible rotational
isomeric configurations available. The population of a given isomer is, obvi-
ously, determined by energy considerations and this has a bearing on the
intensity of the C—X stretching bands observed. In other words, the more
stable the isomer, the greater the intensity of the C-X stretching band asso-
ciated with it.

Organic Fluorine Compounds

The band due to the C-F stretching vibration may be found over a wide
frequency range, 1360-1000cm~! (7.35-10.00 um),!~23-26.29.30 gince the
vibration is easily influenced by adjacent atoms or groups. Monofluorinated
compounds have a strong band at 1110—1000cm™" (9.01-10.00 um) due to
the C—F stretching vibration. With further fluorine substitution, two bands are
observed due to the asymmetric and symmetric stretching vibrations, these
occurring at higher frequencies.'®~2!29-30

Due to the strong coupling of the C-F and C-C stretching vibration,
polyfluorinated compounds®~* have a series of very intense bands in the

region 1360—1090cm~! (7.36-9.18 um). A —CF; group>?3%3! attached
to an alkyl group absorbs strongly near 1290cm™' (7.75um), 1280cm™!
(7.81pm), 1265cm~' (7.91um), 1230cm™! (8.13um), and !135cm™!
(8.81 um). Compounds with the group CF;CF,- have a medium-intensity
absorption in the region 1365—1325cm™! (7.33—7.55 um) and a strong band at
745-730cm~' (13.42—13.70 um) due to deformation vibrations. Compounds
with —CF3 on an aromatic ring have very strong bands near 1320cm™!
(7.58um), 1180cm~"! (8.47pm). and 1140cm™" (8.77 um).

The C-H stretching vibration of aliphatic groups with fluorine bonded to

the carbon atom, such as —CF,H and >CFH, gives a band near 3000 cm™'

(3.33um).
Fluorine atoms directly attached to carbon double bonds have the effect of
shifting the C=C stretching vibration to higher frequencies. For example,

~CF=CF; at absorbs at 1800-1780cm™" (5.56-5.62um) and C=CF,

1755-1735cm~! (5.70-5.76 pm).%7

In general, C-F deformation vibrations give bands in the region
830-520cm™! (12.05-19.23 um).

Aromatic fluoro compounds have a band of variable intensity in the region
420-375cm™! (23.81-26.67 um) due to an in-plane deformation.

The difluoride hydrogen ion FHF~ has a very broad absorption in the region
1700-1400cm™" (5.88—7.14 um) due to its asymmetric stretching vibrations
and a band in the region 1260—1200cm~" (7.94-8.33 um) due to its defor-
mation vibrations.

Organic Chlorine Compounds

The C-Cl stretching vibrations®8-11.19.20.22.23.25.26 ojve generally strong bands

in the region 760—-505cm™! (13.10—19.80 um). Compounds with more than
one chlorine atom exhibit very strong bands due to the asymmetric and
symmetric stretching modes. Vibrational coupling with other groups may
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Table 15.1 Organic fluorine compounds

Region Intensity
Functional Groups cm™! um IR Raman Comments
C-F 1400-1000 7.14-10.00 S w—m C-F str, general range
830-520 12.05-19.23 S m—s C-F def, general range
Aliphatic monofluorinated 1110-1000 9.01-10.00 vs w-m C-F str
compounds
780-680 12.81-14.71 s S C-F def vib
Aliphatic difluorinated 1250-1050 8.00-9.52 vs w-m Two bands, C—F sir
compounds
Polyfluorinated alkanes 1360- 1090 7.36-9.18 Vs m A number of bands
CF;-CF, - 1365-1325 7.33-7.55 m-s m C-F str
745-730 13.42-13.70 s S C-F def vib
—CF; 1420-1205 7.04-8.30 s—m m CF str. ArCF; 1345-1265cm™', @-unsatCF; 1390—1105¢m™
1350-1120 7.41-8.93 S—m m CF str. A number of bands. ArCF; 1190-1130 and
1165-1105cm™', a-unsatCF; 1215-1175 and
1215-1045cm™
780-680 12.82-14.71 m-w s CF def vib, may be as high as §10cm™".
ArCF; 720-580cm™', a-unsatCF; 760-610cm™'
680-590 14.71-16.95 m-w asym CF; def vib. ArCF; 645-535cm™', o-unsatCF;
640-515cm™!
610-440 16.39-22.73 m-w sym CF; def vib. May be absent for a-unsaturated compounds.
ArCF; 610-460cm™". a-unsatCF; 570-440cm™'
500-220 20.00-45.45 m-w CF; rocking vib. ArCF; 470-340cm™!,
a-unsatCF; 500-310cm ™!
390-165 25.64-60.60 w-m CF; rocking vib. ArCF; 360-260cm™—!,
a-unsatCF; 360-280cm™!
(Sat)-CF3 1420-1210 7.04-8.26 v C-F str, usually medium intensity in range 1340—1250cm™!
1350-1150 7.41-8.69 v C-F str, usually medium intensity in range 1290-1170cm™!
1270-1050 7.87-9.52 v C-F str, usually medium intensity in range 1225-1090cm™!
810-600 12.35-16.67 w-m CF def vib, usually 780-610cm~!
720-520 13.89-19.23 w-m CF def vib, usually 650-530cm ™’
595-485 16.81-20.62 w—m CF def vib, usually 590-500cm™
485-220 20.62-45.45 w-m Rocking vib, usually 390-260 cm ™"
390-160 25.64-62.50 w—m Rocking vib, usually 310-220cm™!
CF;CO-O- 1375-1205 7.27-8.30 v w-m C-F str, usually medium intensity in range 1350—1230cm™!
1260-1190 7.94-8.40 v w-m C—F str, usually medium intensity in range 1250—1160cm™!
1220-1110 8.20-9.01 v w—m C-F sir, usually medium intensity in range 1205-1145cm™'
785-615 12.74-16.26 w—m s CF def vib, usually 780-690 cm™'
670-510 14.93--19.61 w—m CF def vib, usually 590-550 cm™!
535-495 18.69-20.20 w—m CF def vib, usually 530-500cm™"
485-225 20.62-44.44 w—m Rocking vib, usually 415-360cm™"
270-190 37.04-52.63 w—m Rocking vib, usually 250—205 cm™"
CF;— (unsat) 1390-1180 7.19-8.47 v w—m C-F str, usually medium intensity in range 1345-1245¢cm™!
1215-1175 8.23-8.51 v w-m C-F str, usually medium intensity in range 1215-1175¢m™
1215-1045 8.51-8.57 v m C-F str, usually medium intensity in range 1185—-1135cm™'

(continued overleaf')

199
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Table 15.1 (continued)

Region Intensity

Functional Groups cm™! pm IR Raman Comments
760-610 13.16-16.39 W S CF def vib, usually 725-625¢m™!
640-510 15.63-19.62 w-m ] CF def vib, usually 640-570cm™!
570-440 17.54-22.73 w-m CF def vib, usually 550-480cm™'
500-310 20.00-32.26 w—m Rocking vib, usually 470-370 cm™!
360-280 27.78-35.71 w-m Rocking vib, usually 360-280 cm™'

CF;—-Ar 1345-1265 7.43-79] \Y w-m C-F str, usually medium intensity in range 1340-1290 cm™!
1190-1130 8.40-8.85 v w-m C-F str, usually medium intensity in range 1190-1150cm™'
1165-1105 8.58-9.05 v w—m C-F str, usually medium intensity in range 1155-1115¢cm™!
720-570 13.89-17.54 wW—m S CF def vib, usually 690—630 cm™!
645-535 15.50-18.69 wW—m CF def vib, usually 640—580 cm™!
610-440 16.39-22.73 w—m CF def vib, usually 590-490 cm™!
470-340 21.28-29.41 w—m Rocking vib, usually 450-350cm™!
360-260 27.78-38.46 w— Rocking vib, usually 350-260cm™!

\C 1300-1100 7.69-9.09 S m-w asym CF str, Usually found 1275-1175¢cm™".

/2
1200- 1060 8.33-9.43 S m sym C—F str. Usually found 1200-1100cm~".
675-375 14.81-26.67 m-s CF scissor vib. Often 580-440cm™!
515-300 19.42-33.33 w CF, wagging vib
470-360 21.28-27.78 w CF> rocking vib
360-130 27.78-76.92 w Torsional vib

Cyclic —CF,- (four- or 13501140 7.41-8.77 S m CF str

five-membered ring)

—CHF, 1205-1105 8.30-9.05 S m-w asym CF str. Medium-to-strong bands 3005-2975, 1445-1345
and 1345-1205cm~' due to CH str, CH def vib and CH def
vib

1125-1055 8.89-9.48 S m-w sym CF str
780-540 12.82-18.52 m-s CF, wagging vib. Usual range 660—600cm™' but may be
shifted by 100cm™' or more due to isomerism.

575-475 17.39-21.05 m-s CF, twisting def vib
320-200 31.25-50.00 w Skeletal vib

—-CH,F 3095-2950 3.23-3.39 m-w m-s asym CH, str, usually 3015-2975¢m™!
2995-2935 3.34-34) m-w m-—s sym str
1510-1400 6.62-7.14 m m-w CH, def vib, usually 1480-1430cm™!
1435-1275 6.97-7.84 m-w m CH, wagging vib, usually 1395-1335¢cm™"
1295-1115 7.72-8.97 m-w m-w CH, twisting vib, usually 1275-1190cm™!
1110-990 9.01-10.10 Vs m-w C—F str, usually 1080-1020cm™
990-800 10.10-12.50 w w CH, rocking vib, usually 970-870cm ™!
570-270 17.54-37.04 S C-F def vib, usually 515-330cm ™!
250-110 40.00-90.91 Torsional vib

>C=CF2 1755-1735 5.70-5.76 vs S C=C str

1340-1300 7.46-7.69 $ m-—w CF str
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Table 15.1 (continued)
Region Intensity
Functional Groups cm™ um IR Raman Comments
580-560 17.24-17.86 S CF, wagging vib
525-505 19.05-19.80 m-s Bending vib
515--335 19.42-28.99 S
455-345 21.98-28.99 m-s Rocking vib
-CF=CF, 18001780 5.55-5.62 s s C=C str
1340-1300 7.46-7.69 Vs m-w C-F str
Ar-F 1270-1100 7.87-9.09 Ring and C-F str
420-375 23.81-26.67 v In-plane C—F def vib
Cyclobutylfluoride ~1100 ~9.09 S m-w C-F str
(Sat)-CO-F 1235-1075 8.10-9.30 m-s m C-F str
770-570 12.99-17.54 m CO/CF def vib (range too wide to be useful)
600-420 16.67-23.81 m CO/CF def vib (range too wide to be useful)
500-340 20.00-29.41 S CO/CF rocking vib
(Unsat)—CO-F 1225-1085 8.16-9.22 m-s C-F str
730-580 13.70-17.24 CO/CF def vib (range too wide to be useful)
-0-COF 1140-1010 8.77-9.90 m-s m C-F str
790-750 12.65-13.33 m CO/CF def vib (range too wide to be useful)
670-630 14.93-15.87 m CO/CF def vib (range too wide to be useful)
570-510 17.54-19.61 S CO/CF rocking vib

result in a shift in the absorption to as high as 840cm~! (11.90um). For
simple organic chlorine compounds, the C—Cl absorptions are in the region
750700 cm~! (13.33~14.29 um) whereas for the trans- and gauche- forms
they are near 650cm™! (15.38 um),® the trans- form generally absorbing at
higher frequencies.

In the liquid phase, since primary chloroalkanes exist as two or
three isomers, two or three bands may be observed due to their C—Cl
stretching vibrations. Primary chloro n-alkanes and «,w-dichloro n-alkanes
absorb strongly at 730-720cm™' (13.70-13.89pm) and 655-645cm™"
(15.27-15.50 um), exceptions being the ethane and propane derivatives. In
general, secondary chloroalkanes have a number of rotational isomers which
therefore complicate the observed spectrum. For 2-chloroalkanes, strong
bands are observed at 680—-670cm™! (14.71-14.93 um) and 615-610cm™!
(16.26—16.39 um), the latter band sometimes obscuring a further band which
may be observed at about 625 cm™! (16.00 um).

Most mono- and disubstituted aromatic chloro compounds have a band
of strong-to-medium intensity in the region 385-265cm™' (25.97-37.74 pm)
due to C-Cl in-plane deformation.

Overtone bands of medium intensity resulting from the C-CI stretching
vibration are observed in the region 1510-1450 cm~! (6.62-6.90 pm).

Organic Bromine Compounds

Bromine compounds'? absorb strongly in the region 650—485cm™!
p gly g

(15.38-20.62um) due to the C-Br stretching vibrations, although when
there is more than one bromine atom on the same carbon atom, two bands
may be observed at higher frequencies. The CH; wagging vibration of
—CH,Br, 1315-1200cm™! (7.60-8.33 um), is affected by conformation, so
the difference between trans- and gauche- may be as much as 50cm='.

Primary bromoalkanes of n-paraffins absorb strongly in the regions
645-635cm™' (15.50-15.75 um) and 565-555cm™" (17.70-18.02 um) due
to the stretching vibration of the C—Br bond of the group C-CH;,-CH;Br.
Also, for n-bromoalkanes a band of variable intensity is observed at
440-430cm™! (22.73-23.26 um), exceptions to this being the bromo
derivatives of ethane, propane, and n-tridecane. With the exception of
small molecules, a,w-dibromoalkanes have similar absorption regions to the
monobromo »n-alkanes except for the lower-frequency region where weak-to-
medium intensity bands are observed at 490—480cm™! (20.41-20.83 pm) and
445-425cm™" (22.47-23.53 pm).

The spectra of n-alkyl bromides exhibit a similar dependence on confor-
mation to those of the chlorides. It has been found that for the compounds



202 Infrared and Raman Characteristic Group Frequencies

Table 15.2 Organic chlorine compounds

Region Intensity
Functional Groups cm™! um IR Raman Comments
C-Cl 760-505 13.10-19.80 S S C-Cl str, general range
450-250 22.22-40.00 $ $ C-Cl def vib, general range
AN 855-650 11.70-15.38 s—m C-CI str, ref. 28
CCl,
/
790-545 12.66-18.35 m-s Vs CCl, sym str, usually 690-500 cm™'
420-340 23.81-35.71 w-m s CCl, wagging vib
380-280 26.32-35.71 m-w CCl, rocking vib
340-260 29.41-38.46 S Twisting vib
290-210 34.48-47.62 def vib
-CCly 900-710 11.11-14.08 $ S CClI str, usually 870-760cm™'
815-645 12.27-15.50 S S CClI str, usually 800-670 cm™'
680-435 14.71-22.99 S m CClI str, usually 630-450cm™'
435-295 22.99-33.90 w—-m def vib, usualty 415-315cm™!
385-265 25.97-37.74 w—m def vib, usually 375-280cm™!
355-225 28.17-44.44 w—-m Vs def vib, usually 340-240 cm™!
260-190 38.46-52.63 Rocking vib, usually 250-200cm™!
230-70 43.48-142.86 Rocking vib, usually 200-115c¢m™'
150-50 66.67-200.00
AN 710-590 14.08-16.95 s s CCl str (CH str 2980-2900cm™', m, CH out-of-plane def vib
CHCI 1380—-1280cm~", w, CH in-plane def vib 1290—1200cm~",
m-s
400-290 25.00-34.48 w-m CCl def vib
330-230 30.30-43.48 w s CCl def vib
—CH,Cl 3035-2985 3.29-3.50 w—m m-s asym CHj, str, ref. 27
2985-2940 3.50-3.40 w—m m-s sym CH; str
1460-1410 6.85-7.09 m m-w CH; def vib
1315-1215 7.60-8.23 m-s m-w CH, wagging vib. (Unsat. compounds 1280-1250c¢m™!)
1280-1145 7.81-8.73 m m—w CH, twisting vib. (Unsat. compounds 1225-1155 cm™')
990-780 10.10-12.82 m-w w CH, rocking vib. (Unsat. compounds 955-845cm~' and
aromatic compounds 765-725¢cm™ ")
770-630 12.99-15.87 s s C-Ct str (Unsat. compounds 740-655cm™")
365-205 27.40-48.78 m s C-ClI def. (Unsat. compounds 450-230cm™")
205-85 48.78—117.65 Torsional vib
R-(CH;),;ClI and 730-710 13.70-14.08 s s —~CH,CI has a strong band at 1300—1240cm~' due to CH,
Cl-(CH3)n>3Cl1 wagging vib
R(CH, ),CH(CH,),Cl 655-645 15.27-15.50 s S
680-670 14.71-14.93 s s—m
~625 ~16.00 w-m S Easily overlooked
615-610 16.26-16.39 s s
R(CH,),CR'(CH3)Cl 630-610 15.87-16.39 m-s s
(R'=Me or Et)

580-560 17.24-17.86 m-s $
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Table 15.2 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
—OCH,Cl, -NCH,(l, 3070-3000 326-3.33 w—m m asym CH, str
~-SCH,(Cl,
3005-2945 3.33-3.40 w—m m asym sir. (—-SCH,CI 2970-2930c¢m ™)
14651415 6.83-7.07 m m-w CH, def vib
1350- 1280 7.41-7.81 m-s m-w CH; wagging vib
1275-1205 7.84-8.30 m m-w CH, twisting vib (~=SCH,CI 1160-1120cm™")
1020-900 9.80-11.11 m w CH; rocking vib (-SCH,Cl 985-840cm™")
755-630 13.25-15.87 S s C-Cl str
370-250 27.03-40.00 m C-Cl def vib
200-100 40.00- 100 Torsional vib
(Sat)—CHCl, 3020-2975 3.31-3.36 m m CH str
1310-1200 7.63-8.33 m m CH def vib
1250-1180 8.00-8.47 m m CH wagging vib
830-660 12.05-15.15 m-s S CCl;, asym sir (—CO-CHCl, 840-710cm™")
780-600 12.82-16.67 m-s S CCl, sym str
550-320 18.18-31.25 $ CCl; def vib (~CO-CHCl; 420-360cm ™)
335-235 29.85-42.55 CCl; def vib (~CO-CHCI, 275-175¢m™!)
285-165 35.09-60.60 CCl, def vib
Ar—CHCl, ~3005 ~3.33 m m C-H str
1300- 1250 7.69-8.00 m m CH def vib
1220-1200 8.20-8.33 m m CH wagging vib
770680 12.99-14.71 m-s S asym CCl, str
630-580 15.87-17.24 m-s S sym CCl; str
410-360 24.39-27.78 s CCl; def vib
Polychlorinated compounds 800-700 12.50-14.29 Vs s
N 500-320 20.00-31.25 m Bending vib (C=C str, ~1615cm™")
/C—CC12
265-235 37.74-42.55 w
260-180 38.46-55.56 s Rocking vib
Chloroformates, RO-CO-Cl ~690 ~14.49 S $ C-Cl str
485-470 20.62-21.28 S C-Cl def vib
RS-CO-Cl ~580 ~17.24 S S C-Cl str
350-340 28.57-29.41 S C-Cl def vib
\ 805-690 12.42-14.49 See ref. 18
N—Cl
Ar-Cl 1100-1090 9.09-9.17 Para-substituted
1080-1070 9.26-9.35 Meta-substituted » Combined ring and
1060-1030 9.43-9.71 Ortho-substituted | C—-CI strs
Rotational configurations:
chloroalkanes
Primary chloroalkanes 730-720 13.70-13.89 S s Cl atom trans to C atom
660-650 15.15-15.38 ] ] Cl atom trans to H atom
695-680 14.39-14.71 S S Cl atom trans to H atom in branched alkane

(continued overleaf’)
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Table 15.2 (continued)
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Region Intensity
Functional Groups cm™! um IR Raman Comments
Secondary chloroalkanes 760-740 13.10-13.51 m-w m Cl atom trans to two C atoms
675-655 14.81-15.27 m-s m Cl atom trans to C and H atoms
640-625 15.63-16.00 m-s m-w Cl atom trans to two H atoms in bent molecule
625-605 16.00-16.53 s s Cl atom trans to two H atoms
Tertiary chloroalkanes 580-540 17.24-18.52 m-s m-s Cl atom trans to three H atoms
635-610 15.75-16.39 m-s m-s Cl atom trans to one C and two H atoms
385-265 25.97-37.74 m-s In-plane C-C1 def vib
Cyclobutylchlorides ~620 ~16.13 m-w w Equatorial
~530 ~18.87 m m Axial
Cyclopentylchlorides ~625 ~16.00 m w Equatorial
~590 ~16.95 m w Axial
Cyclohexylchlorides 780-740 12.80-13.51 v S Equatorial C-Cl
Cyclohexyichlorides 730-580 13.70-17.25 s—m m Axial C-C)
Table 15.3 Organic bromine compounds
Region Intensity
Functional Groups cm™! pum IR Raman Comments
C-Br 750--485 13.33-20.62 S S C-Br str, general range
400-140 25.00-71.43 m s C-Br def, general range
—CHBr, 730-580 13.70-17.24 S s—m asym CBr; str
625-480 16.00-20.83 s s sym CBr; str
400-340 25.00-29.41 S CBr, wagging vib
350~-290 28.57-34.48 CBr, rocking vib
290-210 34.48-47.62 s CBr; twisting vib
210-150 47.62-66.67 s CBr; def vib
—CH;Br 3050-2990 3.28-3.34 m-w m asym CH, str
2990-2900 3.34-3.44 m-w m sym CH; str
1450-1410 6.90-7.09 m m-w CH, def vib
1315-1200 7.60-8.33 m-s m-w CH, wagging vib, (affected by conformation difference by
~50cm™")
1245-1105 8.03-9.05 m m-w CH; twisting vib
945-715 10.58-13.99 w-—m w CH; rocking vib
730-550 13.70-18.18 s—m s C-Br str
355-175 28.17-57.14 m-w C-Br def vib
190-70 52.63-142.86 Torsional vib
R-(CH.),Br 645-615 15.50-16.26 S S C-Br str of C—(CH,),Br—CH:Br has strong band near
1230 ¢cm™' due to CH: wagging vib
565-555 17.70-18.02 S s
440-430 22.73-23.26 v s
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Table 15.3 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Br(CH,),..:Br 660625 15.15-16.00 5 S C-Br str
565-555 17.70-18.02 s C-Br str
490-480 20.41-20.83 w-m
445-425 22.47-23.53 w-m
R-CH,CHR'CH;Br 650-645 15.38-15.50 s s C-Br str, trans- form
(R'=Me or Ev)
625-610 16.00-16.39 $ s C-Br str, gauche- form
R-(CH,);CH(CH;)Br 620-605 16.13-16.53 S s
590-575 16.95-17.39 m-w ]
540-530 18.52-18.87 S s
R-(CH,;),C(CH;),Br 600-580 16.67-17.24 m-s s
525-505 19.05-19.80 S v
AN 720-580 13.89-17.24 S s—m asym CBr; str
CBr»
B0
580-480 17.24-20.83 $ S sym CBr; str
400-340 25.00-29.41 CBr, wagging vib
350-290 28.57-34.48 CBr, rocking vib
290-210 34.48-47.62 $ CBr; twisting vib
210-150 47.62-66.67 s CBr; def vib
\C=CBr2 310-250 32.26-40.00 s Bending vib
/
185-135 54.05-74.07 m
160-120 62.50-83.33 S Rocking vib
Ar-Br 1075-1065 9.30-9.39 m Meta- and para-substituted aromatic compounds ring and
C-Br str combinations
1045-1025 9.57-9.76 m Ortho-substituted aromatic ring and C—Br str combination
325-175 30.77-51.14 s—m In-plane and out-of-plane C—Br def vib (2 bands)
Rotational configurations:
Bromoalkanes
Primary bromoalkanes 650-635 15.38-15.75 Vs s Br atom rrans to C atom
565-555 17.70-18.02 \& S Br atom trans to H atom
625-610 16.00-16.39 s s Br atom trans to H atom in branched alkane
590-575 16.95-17.39 m m-w Br atom trans to two H atoms in bent molecule
540-530 18.52-18.87 s s Br atom trans to two H atoms
Tertiary bromoalkanes 520-510 19.23-19.61 Vs v Br atom trans to three H atoms
590-580 16.95-17.24 m s Br atom trans to one C and two H atoms
Cyclohexylbromides 750-685 13.33-14.60 S s Equatorial C-Br
690-550 14.50-18.20 s s—m Axial C-Br

in the series ethyl to n-decyl bromide, the C—Br stretching vibration gives
a band at 645-635cm™! (15.50-15.75 um) when the bromine atom is trans-
to a carbon atom and at 565-555cm~' (17.70-18.02 um) when rrans- to a
hydrogen atom.

Organic lodine Compounds

Due to the large mass of the iodine atom, the C-1 stretching vibration is
coupled with skeletal vibrations. Also, a number of rotational isomers may
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Table 15.4 Organic iodine compounds

Infrared and Raman Characteristic Group Frequencies

Region Intensity
Functional Groups cm™! um IR Raman Comments
C-1 610-200 16.39-50.00 s Vs C-1 str, gencral range may be up to 660 cm™'
300-50 33.33-200.00 v s C—I def vib. general range
—CH>1 1275-1050 7.84-9.52 m-s m-w CH, wagging vib. (Rotational isomerism gives up to 80cm™'
band separation)
620-490 16.13-20.41 m-s vs$ C-1 str
320-120 31.25-83.33 s C-1I def vib
R(CH,),1 600585 16.67-17.09 S S C-1 str, —=CCH.I have strong band ~1 170cm~" due to CH;
wagging vib
515-500 19.42-20.00 $ Vs C-1str
I(CH, )51 615-575 16.26—17.39 s ] C-1str
~500 ~20.00 S ' C-1 str
Secondary iodoalkanes 590-575 16.95-17.39 s $
550-520 18.18-19.23 S '
490-480 20.41-20.83 s
Tertiary iodides 580-570 17.24-17.54 s s C-TIstr
510-485 19.61-20.62 m s C-I str
490-465 20.41-21.51 ] s
\C=C12 200 50.00 Bending vib
7/
~100 ~100.00
~50 ~200.00 Rocking vib
Rotational configurations:
lodoalkanes
Primary iodoalkanes ~600 ~16.67 A s I atom trans to C atom
~510 ~19.61 Vs $ I atom trans to H atom
590-580 16.95-17.25 S S I atom trans to H atom in branched alkane
Secondary iodoalkanes ~580 ~17.25 m s I atom trans to C and H atoms
590-520 16.95-19.23 m w I atom trans to two H atoms in bent molecule
490-480 20.41-20.83 S s | atom trans to two H atoms
Tertiary iodooalkanes ~490 ~20.41 s S I atom trans to three H atoms
580-570 17.25-17.54 m S 1 atom trans to one C and two H atoms
Cyclohexyliodides ~635 ~15.27 s s Liquid phase. Equatorial C-1
~640 ~15.63 s s Liquid phase. Axial C-1I
Table 15.5 Aromatic halogen compounds
Region Intensity
Functional Groups cm™! um IR Raman Comments
Aromatic halogen compounds ~1050 ~9.52 m X -sensitive band
X =CI, Br. )
Aromatic fluorine compounds 1270-1100 7.87-9.09 m Approximate range, X—sensitive band
680-520 14.71-19.23 m-s Aromatic C—F str and ring def vib
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Table 15.5 (continued)
Region Intensity
Functional Groups cm™! pum IR Raman Comments
420-375 23.81-26.67 v In-plane aromatic C~F bending vib
340-240 29.41-41.67 $ Out-of-plane aromatic C—F bending vib
Aromatic chlorine compounds 1060-1030 9.43-9.71 m S Ortho-substituted benzenes
1080-1070 9.26-9.35 m w Meta-substituted benzenes p X-sensitive bands
1100-1090 9.09-9.17 m v Para-substituted benzenes
760-395 13.10-25.32 s Not always present
500-370 20.00-27.03 m-s Aromatic C—Cl str and ring def vib
390-165 25.64-60.61 m-s Out-of-plane vib
330-230 30.30-43.48 m-s In-plane aromatic C—Cl bending vib } Not always present
Aromatic bromine compounds 1045-1025 9.57-9.76 m S Ortho-substituted benzenes =
1075-1065 9.30-9.39 m w Meta- and para-benzenes }X~sensmve bands
400-260 25.00-38.46 $ Aromatic C—Br str and ring def vib
325-175 30.77-57.14 m-s Out-of-plane aromatic C—Br def vib
290-225 34.48-44.44 m-s In-plane aromatic C—Br bending vib
Aromatic iodine compounds 10601055 9.43-9.48 m-s w X-—sensitive band for para-substituted benzenes
310-160 32.26-62.50 S Out-of-plane aromatic C-I bending vib
265-185 37.74-54.05 Aromatic C—ring def vib
~200 ~50.00 In-plane aromatic C—I def vib

exist thus affecting the position of the C—I band, which is found in the
region 600-200cm ™! (16.67—-50.00 um).!2?42%:30 In general, primary iodo
n-alkanes have strong absorptions at 610-585cm™~! (16.39—17.09 um) and
515-500cm~" (19.42-20.00 um). It has been suggested that the former of
these C-I stretching vibration bands is the result of the iodine atom being
trans to a carbon atom and the latter the result of it being trans to a hydrogen
atom. «,w-Diiodoalkanes absorb in the same regions, strong bands usually
being observed near 595cm™! (16.81 um) and 500 cm™! (20.00 um).

Aromatic Halogen Compounds

Unlike aliphatic compounds, there appears to be no pure C-X stretching
vibration band for aromatic halogen compounds.®!3-16:1%20 However, several
X-sensitive bands'? are observed, one of which occurs at about 1050 cm™!
(9.52 um).

Aromatic fluoro compounds® have medium-intensity bands in the region
1270-1100 cm™"! (7.87-9.09 um), those with only one fluorine atom on the
ring tending to absorb at about 1230cm~' (8.13um). Bands due to the
C-H out-of-plane vibrations and other aromatic ring vibrations are also
observed.

Due mainly to the bending of the ring—halogen bond, aromatic
fluorocompounds have a band of variable intensity at 420-375cm™!
(23.81-26.77 um), aromatic chloro compounds have a band also of variable
intensity (often medium-to-strong) at 390-270cm™' (25.64-37.04 um),
and aromatic bromo compounds absorb strongly at 320-255cm™!
(31.25-39.22 um). These bands as well as being observed for mono- and
disubstituted benzenes, may also sometimes be observed, with different
intensities, in polysubstituted aromatic compounds.

Most aromatic chloro and bromo compounds have strong absorptions
at 760-395cm~! (13.10-25.32pum) and 650-395cm~! (15.38-25.32 um)
respectively, which is due to a combination of vibrational modes.
Monosubstituted benzenes, dihalogen-substituted benzenes, and compounds
with electron-donor or methyl substituents in the para position of
halobenzenes all exhibit the former band.
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16 Sulphur and Selenium

Compounds

Mercaptans, —-SH

In Raman spectra, the S—H stretching vibration generally gives strong, pola-
rised bands. In the infrared, the band due to the S—H stretching vibration!~’
is weak (sometimes very weak) and may be missed in dilute solutions. It
occurs in the region 2600-2540cm™! (3.85-3.94um) and is easily recog-
nized since this is a region relatively free of other absorption bands. The
N-H stretching vibrations of organic nitrogen compounds in the solid phase
give a complex pattern of bands in this region whereas a single band is
observed due to the S—H stretching vibration. Carboxylic acids also have
bands in this region, forming a broad complex pattern due to the O-H
stretching vibration. Aldehydes also may have weak, sharp bands in this
region due to the aldehydic C—H stretching vibration, but usually a doublet
is observed.

Hydrogen-bonding effects>” are much smaller for the —S—H group than

N
they are for the —O—H and /N—H groups. If dimers and monomers coexist,

two S—H bands due to the S—H stretching vibration may be observed.

The C-S stretching vibration gives a weak band in the region 720-570 cm™!
(13.89-17.54um) (see the section dealing with sulphides). This vibration
results in a strong, polarised band in Raman spectra.

Monothiocarboxylic acids,>® —CO-SH, are a mixture of two forms:

—CO—SH «—— —CS—OH

and therefore exhibit bands due to S—H, O-H, C=0, and C=S vibrations.

C-S and S-S Vibrations: Organic Sulphides, s,

Mercaptans, —SH, Disulphides, -S-S—, and
Polysulphides, —(-S-S-), -

In general, the assignment of the band due to the C-S stretching vibra-
tion in different compounds is difficult in the infrared since the band is of
variable intensity and may be found over the wide region 1035-245cm™!
(9.66—40.82 um), whereas, in general, C—S stretching vibrations result in
strong bands in Raman spectra which are normally easy to identify.

Both aliphatic! and aromatic® sulphides have a weak-to-medium band due to
the C—S stretching vibration in the region 750—-570cm™" (13.33-17.54 um),
primary sulphides absorbing at the higher-frequency end of the range and
tertiary sulphides at the lower end. In the Raman spectra of alkyl disulphides,®*
the C-S stretching vibration band may result in one or more strong polarised
bands in the region 750-570cm™! (13.33—17.54um), depending on the
rotational isomerism of the compound. For the —CH;-S-S—group with a
hydrogen atom in the trans position to sulphur, the C-S band is in the
range 670—-630cm ™" (14.93-15.87 pm) and, with the carbon atom in the trans
position, the band is at 750-700 cm! (13.33-14.29 um).

Double-bond conjugation with the C-S bond, e.g. either vinyl or phenyl
=C-S—, lowers the C—S stretching vibration frequency to about 590 cm™!
(16.95 pm) and increases its intensity significantly. For compounds in which
the C—S group is adjacent to a C=0 group, the C-S band is normally above
710cm~" (below 14.08 um). The band due to the C—ClI stretching vibration
also occurs in this region and may, in some cases, make interpretation more
difficult. Thioethers absorb in the region 695-655 cm™! (14.39—-15.27 um) due
to the C—S—C stretching vibration.
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Chart 16.1 The positions and intensities of bands observed in the infrared spectra of sulphur compounds
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The band due to the C—S~-C bending vibration has been observed for a few In Raman spectra, the S-S stretching vibration gives rise to a strong
sulphides and occurs at about 250 cm™"' (40.00 um), the C—C—~S band being polarised band whereas, in infrared spectra, because of the symmetry of the

near 325c¢cm™~! (30.77 um). S-S group, aliphatic disulphides have two weak bands. These bands occur at



Sulphur and Selenium Compounds

211

Table 16.1 Mercaptan S—H stretching and deformation vibrations
Region Intensity
Functional Groups cm™! pm IR Raman Comments
Mercaptans, aliphatic thiols, and 2600-2540 3.85-3.94 w S, p S—H str, see ref. 1. May be very weak. For n-alkyl
thiophenols (free) compounds, strong Raman band due to C-S str
660-650cm™!, general range for C-SH str
740-585cm~".
895-785 11.73-12.74 w
~CH,SH 2600-2535 3.85-3.95 w S. p S—H str, often at 2565 cm™!
895-785 11.73-12.74 w S—H def vib
Aryl mercaptans 2600-2450 3.85-4.08 w S, p S—H str. see refs 2-4, 7
Dithioacids (hydrogen-bonded) 2500-2400 4.00-4.17 w s, p br, S—H str
Dithioacids, —CS—SH (free) 2600-2500 3.85-4.00 w S, p S—H str, sometimes a doublet, see ref. 6
Dithioacids, —CS—SH ~860 ~11.63 S br, S—H in-plane def vib
Compounds with —CO-SH (free) 2595-2560 3.85-3.91 w S, p S—H str
Trithiocarbonic acids (free) 25602550 3.91-3.92 w S, p S-H str
Organic compounds containing SeH 2330-2280 4.29-4.39 w S, p Se—H str. see ref. 10
(free)
Monothioacids, —-CO-SH 840-830 11.90-12.05 m S—H in-plane def vib
R,(P=S)SH 2420-2300 4.13-4.35 m s br
(RO),(P=S)SH 2480-2440 4.03-4.10 m S, p br. S—H str. dilute solution 2590-2550cm™"
865-835 11.56-11.98 m

530-500cm ' (18.87-20.00 um) and 515-500cm ™! (19.42-20.00 um). Aryl
disulphides absorb at 540—-500cm~' (18.52—20.00 um) and 505-430cm™!
(19.80-23.36 um).

Compounds containing S=0: Organic Sulphoxides, /\S'—“O,
and Sulphites, -0O-S0O-0-

In a non-polar solvent such as carbon tetrachloride or n-—hexane,
sulphoxides'!"14-1%% have a strong-absorption at 1070-1035cm~! (9.35-
9.66um) due to the stretching vibrations of the S=O group, while for
solvents in which hydrogen bonding is possible, and for chloroform, the
range is 1055-1010cm™! (9.48-9.90 um). In the case of strong intramolecular
hydrogen bonding, the band due to the S=O stretching vibration of
sulphoxides has been observed at about 995cm~' (10.05um) with a very
much weaker band being observed in the normal region.?%:22

In the solid phase, the S=0 band appears 10-20cm ™' lower than as given
above for the inert solvent and is broad, sometimes consisting of a number of
peaks.2’=22 Conjugation has only a small effect on the position of the band.

Dialkyl sulphites have a strong band due to this vibration at 1220-1170 cm™

(8.20—8.55 pm).

The position of the S=O0O band is dependent on the electronegativity of the
attached group, Electronegative substituents tend to raise the frequency since
they tend to stabilize the form S=O rather than ST -O~. Hence, the frequency
of the S=O0 stretching vibration increases in the following order:

sulphoxides < sulphinic acids < sulphinic acid esters ~ sulphinyl chlorides
< sulphites
-S=0 < -SO-0H < -SO-0- ~ -SO-Cl < O-SO-0-
(For sulphites, there are two electronegative atoms adjacent to the S=O
group).

In general, organic compounds of the type >SO may be distinguished
from those of the type —(SO,)—which are not ionic in nature, i.e. G-SO,;-G

or G-S0O;-@, since the grou \SO has only one strong absorption in the
group , g

region 1360—1100cm™' (7.35-9.09 um) whereas sulphones, efc., have two
(see section on sulphones).

Sulphoxides absorb in the region 730-660cm~! (13.70-15.15 um) prob-
ably due to the stretching vibration of the C—S bond. A band of variable
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Table 16.2 CH; and CH; vibration bands of organic sulphur compounds CH3-S-and —~CH,S-groups

Region Intensity
Functional Groups cm™! pm IR Raman Comments
CH;-S- 3040-2980 3.29-3.36 m-w m-s asym CHj str. Sat. compounds 3000-2980cm ', unsat.
and Ar 3020-2990 cm™!

3030-2935 3.30-341 m m-S asym CHjs str. Sat. compounds 3000-2960 cm ™', unsat.
and Ar 3015-2965 cm™!

3000-2840 3.33-3.52 m-s m-s sym CHj str. Sat. compounds 2935-2905 cm™', unsat.
and Ar 2945-2915cm™!

1470-1420 6.80-7.06 m m asym CHj def vib. Sat. compounds 1455-1425¢cm™',
unsat. and Ar 1460—1430c¢m™!

1460-1400 6.85-7.14 m m asym CHj; def vib. Sat. compounds 1440—-1400cm™',
unsat. and Ar 1460-1420cm™!

1340-1290 7.46-7.76 m-s m-w sym CH; def vib. Sat. compounds 1340-1300cm™",
unsat. and Ar 1330-1310cm™!

1030-945 9.71-10.58 m w CHj; rocking vib (but CH3SH ~1065 cm™'). Sat.
compounds 1035-965cm ™', unsat. and Ar
1025-965cm™

980-900 10.20-11.11 w—m w CHj; rocking vib. Sat. compounds 975-905c¢m™!, unsat.
and Ar 970-950cm™"

-CH,-S- 2985-2920 3.35-3.43 m m asym CH; str

2045-2845 3.40-3.51 m m sym CH, str

1435-1410 6.97-7.09 m m CH; def vib

1305-1215 7.66-8.203 S m CH, wagging vib

CH;CH,-S- 2995-2965 3.34-3.37 m m-s asym CHj str

2975-2955 3.36-3.38 m m-s asym CHj str

2960-25.J 3.38-3.42 m m-s asym CH, str

2945-2895 3.40-3.45 m m-s sym CHj str

2910-2850 3.45-3.51 m m-s sym CH; str

1480-1450 6.76-6.90 w m-w asym CHj def vib

1460-1440 6.85-6.94 w m-w asym CHj def vib

1445-1415 6.92-7.07 m-w m-w CH, def vib

1380-1370 7.25-7.30 m-w m-w sym CHj; def vib

1310-1250 7.63-8.00 m-s m-—w CH, wagging vib. Usually 1285-1265cm™!

1270-1230 7.87-8.13 w m CH, twisting vib

1105-1045 9.05-9.57 w-—m w CHj; rocking vib

1060-1010 9.43-9.90 w—m w CHj; rocking vib

1000-950 10.00-10.53 v m-—s CC str

800-730 12.50-13.70 w-m w CH, rocking vib

280-210 35.71-47.62 CHj; torsional vib

215-155 46.51-64.52 CH;CH; torsional vib

105-45 95.24-222.22 SCH;CH; torsional vib

-CH,SH 2985-2935 3.35-341 m-s m-s asym CH; str

2945-2855 3.40-3.50 m-s m sym CH; str

14601410 6.85-7.09 m-w m-w CH, def vib

1305-1215 7.66-8.23 S m-w CH, wagging vib

765-695 13.07-14.39 w w CH, rocking vib

250-150 40.00-66.67 Torsional vib
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Table 16.2 (continued)

Region Intensity

Functional Groups cm™' pum IR Raman Comments

175-85 57.14-117.65 Torsional vib
-S—CH=CH, ~1590 ~6.29 m S, p C=C str

~965 ~10.36 S w C—-H out-of-plane def vib

~860 ~11.63 ] w CH, out-of-plane def vib
-S-SCH, 1320-1300 7.58-7.69 m m-w sym CH; def vib

985-955 10.15-10.47 w w Rocking CH; vib

Table 16.3 Organic sulphides, mercaptans, disulphides, and polysulphides: C—S and S—S stretching vibrations

Region Intensity
Functional Groups cm™! um IR Raman Comments
CH;-S- 775-675 12.90-14.81 w—m s—m, p C-S str, occasionally strong. (C-S def vib gives weak
band at 340-200cm~" which is m—w in Raman
spectra. For sat. compounds: 290-210c¢m™'; for
unsat.and aromatic compounds: 325-265¢m™")
CH;-S-CH,-R 730-685 13.70-14.60 w s—m, p asym C-S str
CH;CH,-S- 705-635 14.18-15.75 w-m s—m, p ~50cm~! lower than MeS.
Affected by conformational| Increase in length
changes of the alkyl group(s)
R-CH,-S- 660-630 15.15-15.87 w—m S, p C-S str decreases the
RR'CH-S- 630-600 15.87-16.67 w—m s, p C-S str frequency
RIR;R;C-S- 600-570 16.67-17.54 w—m S, p C-S str
CH,CH,S- 705-635 14.18-15.75 wW-m S 50cm™! lower than Me—S—(sat.). Affected by
conformational changes. (See few lines above)
390-310 25.64-32.26 m-w SCC def vib
305-165 32.79-60.60 S, p CSC def vib
CH,SCH; - 775-675 12.90-14.81 W s—m asym CSC str
725-635 13.79-15.75 w ] sym CSC str
-CH,SH 720-630 13.89-15.87 m-s S CS str. May be as low as 585cm™".
420-240 28.81-41.67 w s CS def vib, usually 400-300cm ™
-CH;-S-CH,- 695-655 14.39-15.27 w-m s—m C-S-Cstr
Cyclohexyl sulphides 710-685 14.08-14.60 w-m ] C-S str
Phenyl sulphides 715-670 13.99-14.93 w-—m S, p C-S str
«a,f-Unsaturated sulphides 740-690 13.51-14.49 Y S C-S str
-S-Ar 1110-1030 9.01-9.37 m s, p ring vib with C-S interaction, X-sensitive band
Aliphatic disulphides 715-570 13.99-17.54 w S, p C-S str. IR inactive for symmetrical compounds
530-500 18.87-20.00 w s—m, p S-S str. Often two bands due to rotational isomerism
—SSCH- 640-590 15.63-16.95 w s Two trans hydrogens to sulphur
—SSCH;3 530-400 18.87-25.00 w vs—m, p S-S str.
740-690 13.51-14.49 w-m S, p C-S8 str.
330-230 30.30-43.48 w s C-S def vib.
Aromatic disulphides 540-400 18.52--25.00 w-m vs—m, p S-S str. Two bands due to rotational isomerism
Polysulphides 510-450 19.61-22.22 w-m vs—m, p S-S str

(continued overleaf )
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Table 16.3 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
Mono- and disulphonyl chlorides 775-650 12.90-15.38 w—m S C-S str
Dithiolcarbonic acid esters. (RS),C=0 880825 11.36-12.20 S S asym C-S§ str
570-560 17.54-17.86 v s asym C-S§ str, review of thiol esters. see ref. 11
(RSArS)C=0 ~565 ~17.70 v S C-S str. CO str at 1715-1660cm ™!
(ArS).C=0 ~560 ~17.86 S s C-S str
Thiolchloroformates, (RS)CIC=0 850-815 11.76-12.30 s S asym C-S str, often strongest band in spectrum
~580 ~17.24 m-s S asym C-S str
~345 ~28.99 ] s C-CI def vib
(ArS)CIC=0 ~820 ~12.20 S s asym C-S§ str, often strongest band in spectrum
~595 ~16.81 s s asym C-S str
Monothiol esters, —C—S— 1035-930 9.66—10.75 s S C-S str, see ref. 11; Has been suggested C—S str for
I thiol acids and esters be assigned to band ~625cm™",
O
see ref. 12
Monothiol acids, _ICI—S—H ~950 ~10.53 S S C-S str, see ref. 11
o
Thioketals, /S\ /R 800-245 12.50-40.82 m-s s C-S8 str, a number of bands due to coupling
R\ 7N\
S R
Xanthates, —O—ﬁ_s_ 965-860 10.35-11.65 w-m 3 C-S str
S
Dithioacids, _ﬁ—SH ~580 ~17.25 S s C-S str
S
Dixanthogens —O—ﬁ—S—S—Ci—O— ~ 965-860 10.35-11.65 w-m s C-S str
S S
Thionitrites, —S-N=0 730-685 13.70-14.60 m-s S C--8 str, see ref. 13
Thioacetals and trithiocarbonates, 900-800 11.11-12.50 m-s asym S—-C-S8 str
_C/SR
\SR
Tonic dithiolates, /S 1050-900 9.52-11.11 m-s $ asym S—-C-S str
:C\57
Ionic 1,1-dithiolates, /S— 980850 10.20-11.76 m-s S asym S-C-S§ str
=C\S_
S, M=P, As 675-660 14.81-15.15 w s—m, p
e
S
655-640 15.27-15.63 m-w S, p
Trialkyl arsine sulphides ~480 ~20.83 Vs As-S str, band position dependent on size of alkyl
groups
R3Ge-S—-GeR; ~415 ~24.10 S Ge-S—Ge str
R38n-S-SnR; ~375 ~26.67 S Sn—-S-Sn str

R;Pb—-S-Pb ~335 ~29.85 S Pb-S—Pb str
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intensity at 395-335cm™! (25.32-29.85um) is also observed and has been
assigned to the C—S=0 deformation.

Sulphoxides may act as electron donors to either metal or other mole-
cules.?%=?? If coordination to a metal atom occurs through the oxygen atom,
the SO stretching frequency decreases when compared with that of the free
ligand. For example, for dimethyl sulphoxide complexes the SO frequency
occurs in the region 1100-1050cm™! (9.09-9.52 um). When coordination
occurs through the sulphur atom, there may be an increase in the SO stretching
frequency, 1160-1115cm™" (8.62-8.97 um). For oxygen bonded complexes
the band in the region 1025-985 em~! (9.76-10.15um) is found to be metal
sensitive.

For cyclic (six-membered ring) sulphoxides, the S=O group in the equa-
torial position absorbs at ~20cm~! higher than when in an axial position.

25—
S_S 27

Table 164 Organic sulphoxides, S=0

Cyclic sulphites (five- to seven-membered rings) absorb at 1225-1200 cm™!
(8.16—8.33 um).

Organic Sulphones, /\SOZ

In dilute solution in non-polar solvents, all organic sulphones'”2-3%97 have

two very strong bands** due to the asymmetric and symmetric stretching
vibrations®? of the SO, group, at 1360-1290cm™! (7.41-7.75um) and
1170-1120cm~! (8.55-8.93 pum) respectively. In the solid phase, the band
due to the asymmetric stretching vibration occurs 10-20cm™' lower than in
dilute solution and usually appears to have a number of peaks whereas the

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Sulphoxidies, \S=O (in dilute CCl4 1070-1030 9.35-9.70 Vs m-w S=0 str, halogen or oxygen atom bonded to S atom
s increases frequency. Hydrogen bonding decreases
solution) frequency
Sulphoxides 730-660 13.70-15.15 v m-s C-S str
395-335 25.32-29.85 v m, p sym C-S-0 def vib
Cyclic sulphoxldes (six- and ~1060 ~9.43 s m S=0 str, see ref. 17
seven-membered rings) (in CCly
solution)
Cyclic sulphoxides (four-membered ~1090 ~9.17 s m S=0 str
rings) (in CCly solution)
Methy! sulphoxides —SO-CHj 1145-1045 8.73-9.57 s Usually 1075-1045cm™". Affected by different
conformations and solvent
700-660 14.29-15.15 w-m s C-S str
540-380 18.52-26.32 S$=0 def vib
375-330 26.66-30.30 S=0 wagging vib
320-280 31.25-35.71 vw w-m C—S—def vib
Dialkyl sulphoxides 1045-1035 9.57--9.66 ] m-w
Aryl sulphoxides 1060-1040 9.43-9.62 s m-w See refs 18, 19; CHCI; solution spectra quite different
Methyl aryl sulphoxides Ar—-SO-CHj; 535-495 18.69-20.20 s C-S=0 in-plane def vib
Thiosulphoxides, G, -S-SO-G,
G, G2 = CH; and/or Ar 1110-1095 9.01-9.13 s m See ref. 24
Gy, G, =R and Ar 1090-1075 9.17-9.30 ] m See ref. 24
G, G, = Ar 1115-1100 8.97-9.09 ] m See ref. 24
Compounds of the type R—-S-0-S-R’ 345-255 28.99-39.22 sym S—O-S str, see ref. 15
160-125 62.50-80.00 S—~0O-S bending vib
Dialkyl sulphites, (RO),;SO 1220-1170 8.20-8.55 ] s, p S=0 str

(continued overleaf )
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Table 16.4 (continued)
Region Intensity

Functional Groups cm™! um IR Raman Comments
1050-850 9.52-11.76 s m-w Due to S—O-CH, group
750-690 13.33-14.49 m-s m S-O str, two bands

Chloroalky! sulphites 1225-1210 8.16-8.26 s m-s S$=0 str

Sulphinic acid esters, —-SO-0- 1140-1125 8.77-8.89 s m S=0 str

Sulphinic acids, -SO-OH 2790-2340 3.58-4.27 w-m w O-H str (solid phase value)
1090-990 9.17-10.10 Vs m-s S=0 str
870-810 11.49-12.35 m-s S-O str

Aryl sulphinic acids, Ar-SO-OH ~1100 ~9.09 s m S=0 str

Sulphinic anhydrides, R—-SO,-SO-R ~1100 ~9.09 s m S=0 str

Sulphinic acid salts, RSO;"M* ~1030 ~9.71 S asym S=:0, str, stronger of the two bands
~980 ~10.29 S sym S+=O str

Alkyl sulphinyl chlorides, R—-SO-Cl ~1135 ~8.81 s m S=0 str

RO-SO-ClI 1225-1210 8.16-8.26 s

Thionylamines, -N=S8=0 1300-1230 7.69-8.13 v S, p asym N=S=0 sir, see ref. 23
11801110 8.48-9.01 \ sym N=8=0 sir

Cyclic sulphites 1260-1230 7.94-8.13 s S, p Equatorial S=0 str
12301205 8.13-8.30 Twisting vib
1215-1170 8.23-8.55 S S, p Axial S=O str

Cyclic sulphites (five-, six-, and 1220-1210 8.20-8.26 s s. p S=0 str

seven-membered rings)

band due to the symmetric stretching vibration usually consists of a single
peak at 1180-1145 cm~! (8.48-8.73 um).

A number of sulphones have three components of the band due to the
asymmetric SO; stretching vibration when in non-polar solvents such as
carbon tetrachloride. In order of decreasing intensity, these bands occur
at 1335-1315cm™! (7.49-7.61 um), 1315-1305cm~! (7.61-7.66 um), and
1305-1285cm™! (7.66-7.78 um).

Conjugation does not alter the positions of the bands due to the SO,
stretching vibration.

All sulphones have a characteristic medium—to-strong band at 590-500cm™
(16.95-20.00 um) which is due to the scissor vibration of the —SO, group and
a band usually strong, is observed at 555-435cm™! (18.02-22.99 um).

Saturated aliphatic sulphones have a medium-—intensity band at 525-
495cm™! (19.05-20.20 um) due to the wagging motion of the ~SO, group.

1

Sulphonyl Halides, SO,-X

The frequencies of the SO, stretching vibrations of sulphonyl fluorides and
chlorides?®38-43 are higher than those of the sulphones due to the presence of
the electronegative halogen atom.

Aliphatic sulphonyl chlorides®®*° absorb strongly at 1385-1360cm™!
(7.22-7.35um) and 1190-1160cm~! (8.40-8.62pm) due to the SO,
asymmetric and symmetric stretching vibrations respectively. For aromatic
sulphonyl chlorides,*®4! these ranges are extended to higher frequencies but
the main difference observed is that the band due to the symmetric vibration
forms a doublet.

Sulphonyl halides have a medium-to-strong band in the region 600—530cm™
(16.67-18.87 um) due to the deformation vibrations of the SO, group.

1

%
Sulphonamides, —SOZ—N\

In the solid phase, sulphonamides?®*~4" have strong bands due to their
N-H stretching vibrations in the region 3390-3245 cm™} (2.95-3.08 um),
(see sections dealing with amines and amides). In the unassociated state, these
bands occur in the same region as for amines.

Also in the solid phase, sulphonamides have a very strong, broad
absorption band at 1360-1315cm™! (7.35-7.61 um) which generally consists
of a number of peaks and is due to the asymmetric stretching vibration
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Table 16.5 Organic sulphone SO, stretching vibrations

Region Intensity
Functional Groups cm™! pum IR Raman Comments
Sulphones (dilute solution) 1360-1290 7.41-7.15 \& v asym SO, str, usual range, but may be found at
1390-1270cm~'. Raman band often absent
1170-1120 8.55-8.93 \& S, p sym SO; str, usual range, but may be found at
1225-1135cm™".
785-735 12.74-13.61 m-s s C-S str, usual range, but may be found at 790-700cm™".
600-480 16.67-20.83 m-s SO, def vib. Most compounds found in range
590-510cm™!.
555-435 18.02-22.99 w—m m-s SO, wagging vib
470-340 21.27-29.41 SO, twisting vib
360-280 27.78-35.71 w—m SO, rocking vib
335-225 29.85-44.44 CS def
Methy! sulphones, CH3-SO,— 3050-2920 3.28-3.42 m-s m-—s CHj; str
1460-1300 6.85-7.69 m m-w CHj; def. Most sym. def (1340—1310cm™") obscured by

strong SO; str
asym SO str. Most compounds 1360-1300cm™"

1390-1270 7.19-7.87 vs v
1225-1135 8.16-8.81 \& s sym SO, str. Most compounds 1180—1140cm™!
790-700 12.66-14.29 m-s s C-S str. Most compounds 785~735 cm™!
575-495 17.39-20.20 m-s v SO, def
535-435 18.69-22.99 w—m m-s SO, wagging vib
470-340 21.28-29.41 SO, twisting vib
360-280 27.78-35.71 w-m SO, rocking vib
335-245 19.85-40.82 CS def
Dialkyl sulphones 1330-1295 7.52-7.72 \& w Straight-chain alkyl sulphones absorb at slightly higher
1155-1125 8.66-8.89 \& s frequencies than branched compounds
Alkyl-aryl sulphones 1335-1325 7.49-7.54 B w (For methylvinylsulphones, see ref. 94)
1160-1150 8.62-8.70 vs S
Diaryl sulphones 1360-1335 7.35-7.49 Vs w See ref. 30
1170-1160 8.55-8.62 Vs w
GSO,CH,COG ~1330 ~1.52 Vs w
~1160 ~8.62 Vs s
Disulphones, —SO,-S0,;— 1360-1280 7.35-7.78 Vs w asym SO, str, see refs 9, 37
1170-1120 8.55-8.93 Vs s sym SO; str,
Thiolsulphonates, ~SO;—S~ 1340-1305 7.46-7.66 Vs W asym SO, str, see refs 28, 36, 37
1150-1125 8.70-8.89 \B S sym SO, str,
Sulphinic acid anhydrides (sulphonyl ~1340 ~7.46 \& w asym SO, str, see refs 35 and 37
sulphones), —-SO,-SO-
~1140 ~8.77 Vs S sym SO; str,
~1100 ~9.09 s S S=0 str
Sulphones 600-590 16.67-16.94 m-s v SO, scissoring vib
430-275 23.26-36.36
Saturated aliphatic sulphones 555-435 18.02-22.30 m-s m-s SO, wagging vib
CH;3S0,-Ar 575-440 17.39-22.73 m-s m-s SO, wagging vib
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Table 16.6 Sulphonyl halides

Region Intensity
Functional Groups cm™! um IR Raman Comments
Aliphatic sulphony! chlorides 1390-1360 7.19-7.35 Vs m-—s asym SO, str
1190-1160 8.40-8.62 VS S sym SO, str
775-640 12.90-15.63 w S C-S str
610-565 16.39-17.70 S in-plane SO, def vib. (usually 590-530cm™')
570-530 17.54-18.87 S m-s SO, wagging vib
490-330 20.41-30.30 SO, twisting vib
430-360 23.26-27.78 Cl-S—str
330-270 30.30-37.04 SO, rocking vib
280-190 35.71-52.63 Cl-S—def vib
Aromatic sulphonyl chlorides 1420-1360 7.04-7.22 m-s m-w asym SO; str
1205-1170 8.30-8.54 S S sym SO, str, doublet
~1090 ~9.17 w
Sulphonyl fluorides, —SO,-F 1415-1395 7.07-7.17 m-s m-s asym SO, str, but may have range 1505-1385¢m™'
1240-1165 8.06-8.58 s s sym SO, str, but may occur as high as 1270cm™'
900-750 11.11-13.33 m-s m-w S-F str
635-485 15.75-20.62 v SO, def vib. Usually 560490 cm™!
700-600 14.29-16.67 w s C-S str
570-450 17.54-22.22 m-s SO, wagging vib. Usually 515-445cm™"
540-400 18.52-25.00 SO, twisting vib
460-290 21.74-34.48 SO, rocking vib
330-270 30.30-37.04 —SO;F skeletal vib
RO-SO,CI 1455-1405 6.87-7.12 S m--w asym SO, str
1225-1205 8.17-8.30 s S sym SO, str
RO-SO,.F 1510-1445 6.62-6.92 s m-w asym SO, str, usual range, but may be 1505-1385¢cm™".
1260-1230 7.94-8.13 S s sym SO, str
Aromatic sulphonyl fluorides 1425-1405 7.02-7.12 Vs m-w asym SO; str
1240-1190 8.06-8.40 VS S sym SO, str

of the SO, group. In solution, this band is about 10-20c¢m™' higher
and occurs at 1380-1325cm™! (7.25-7.55um). A very strong band
due to the symmetric stretching vibrations of the SO, group occurs
at 1180-1140cm~! (8.47-8.77um) when in the solid phase and at
1170-1150cm™! (8.55-8.70um) when in dilute solution (ie. there is
very little difference in the band position for this vibration)(the NH;
rocking/twisting vibration band, which is of weak-to-medium intensity, occurs
at 1190-1130cm™!). Due to the influence of the electronegative nitrogen
atom, the frequencies of the SQ, asymmetric and symmetric stretching
vibrations are higher for sulphonamides than for sulphones. The positions
of these bands are little influenced by molecular structure, i.e. whether the
sulphonamides are aliphatic or aromatic.

A band of medium intensity is observed in the region 950-860cm™!
(10.53-11.63 um). There is also a band at 710-650cm~! (14.08—15.38 pum)

due to the NH, wagging vibration and a torsional vibration has been reported
at 420-290cm™!,

Covalent Sulphonates, R-SO,-OR'**7

Aliphatic sulphonates have a strong band in the region 1420-1330cm™!
(7.04-7.52pm) which may appear as a doublet and another strong
band in the region 1200-1145cm™ (8.33-8.73um) which is usually
found near 1175cm™" (8.51 um). Aromatic esters of sulphonic acids have
strong absorptions at 1380-1350 cm™! (7.25-7.41 um) and 1200-1190cm™!
(8.33-8.40 um).

Sulphonates have a weak band (often
(16.67—-19.42 um) due to the SO, deformation.

two) at 600-515¢m™!
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Region Intensity
Functional Groups cm™! pum IR Raman Comments
Primary sulphonamides, —SO,NH, 3390-3245 2.95-3.08 $ m-w Two bands due to asym and sym N-—H str
(hydrogen bonded or solid phase)
1650—-1550 6.02-6.45 m-s w NH, def vib
13601310 7.35-7.63 s w-—m asym SO, str. Ar SO,NH, 1340-1310cm™!
1190-1130 8.40-8.85 w-m NH; rocking vib
1165-1135 8.58-8.81 $ sym SO, str
935-875 10.70-11.43 m N-S str
730-650 13.70-15.38 w—m w-—m NH, wagging vib, br
630-510 15.87-19.61 v SO, def vib
560-480 17.86-20.83 m-s SO, wagging vib
490-400 20.41-25.00 SO, twisting vib
415-290 24.10-34.48 NH, twisting vib
N-Mono-substituted sulphonamides, 3335-3205 3.00-3.12 s m-w N-H str, one band only. Dilute solutions
—SO,NH-(hydrogen bonded or solid 3400-3380cm™!
phase)
1420-1370 7.04-7.30 m w NH def vib
1360-1300 7.35-7.69 s w asym SO, str.
1190-1130 8.40-8.85 $ S sym SO, str.
975-835 10.26-11.98 w—m N-S str
700-600 14.29-16.67 w, br w-m NH def vib
600-520 16.67-19.23 w-m v SO, def vib
555-445 18.01-22.47 w-m m-s SO, wagging vib
480-400 20.83-25.00 SO, twisting vib
~350 ~28.57 SO, rocking vib
~280 ~35.71 CNS def vib
Sulphonamides, —SOz—N/ (dilute 13801325 7.25-7.55 vs m asym SO, str (10-20cm™" lower in solids)
AN
solution)
1170-1150 8.55-8.70 Vs S sym SO,
950-860 10.53-11.63 m N-S str
630-510 15.87-19.61 m v SO, def vib
560-480 17.86-20.83 m m-s SO, wagging vib
490--400 20.41-25.00 SO, twisting vib
Sulphondiamides, \ 1340-1320 7.46-7.58 Vs m-w asym SO, str, see ref. 47
/N-SOZ~N
1145-1140 8.73-8.77 Vs S sym SO, str
Organic Sulphates, -0-S0,-0- frequencies of the SO, stretching vibration. Studies of diaryl and alkylaryl
sulphates have been published.”
Primary alkyl sulphate salts, ROSO,0"M* 3 have a very strong band at
Organic, covalent sulphates®®*%4%7 have two strong bands, one at 1315-1220cm™! (7.61-8.20 um) and a less intense band at 1140-1075cm ™!

1415-1370cm™!  (7.07-7.30pm) and

the other at

1200-1185cm ™!
(8.33-8.44 pm), both of which are due to the stretching vibrations of the SO,
group. As might be expected, electronegative substituents tend to increase the

(8.85-9.30pm) due to the asymmetric and symmetric stretching vibrations
respectively of the SO, group, whereas secondary alkyl sulphate salts have a
very strong doublet at about 1270-1210cm™" (7.87-8.26um) and a strong
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band at 1075-1050cm™" (9.30—9.52pum). The positions of these bands are
influenced far more by different metal ions than by the nature of the alkyl
group.

The asymmetric and symmetric S—-O-C stretching vibration bands occur
at about 875em™" (11.43um) and 750em~! (13.33 um) respectively, the first
band being of medium intensity and the second weak. These bands occur in
a region where alkyl bands occur and may therefore be difficult to identify.

Sulphonic Acids, —-SO;H, and Salts, SO;~M™*

Small traces of water result in ionization of sulphonic acids, therefore extra
care must be exercised if one is to observe covalent (non-ionized) sulphonic

Table 16.8 Compounds with SO,

acids rather than the ionic (hydrated) form, —SO3~H3 0. The bands observed
due to the SO; stretching vibration for both the anhydrous and hydrated form
are strong and usually broad. In general, these two bands together form a
broad absorption with two maxima and may thus be distinguished from the
acid salts which have two separate bands.

The band due to the O-H stretching vibration of hydrated sulphonic
acids is very broad and usually has several maxima, occurring in the region
2800—1650cm ™" (3.60-6.06 pum). Sulphonic acid salts, of course, have no
cotresponding band. The broadness of the band due to the O-H stretching
vibration may be used to distinguish between the hydrated and anhydrous
forms of sulphonic acids.

The band due to the SO3 asymmetric stretching vibration of sulphonic acid
salts occurs at 1250—1140cm™! (8.00—8.77 um), the position of the band
being mainly dependent on the nature of the metal ion, not on whether the

Region Intensity
Functional Groups cm™ um IR Raman Comments
Covalent sulphates (RO),SO, 1415-1370 7.07-7.30 s s—m asym SO, str
1200-1185 8.33-8.44 Vs S sym SO, str
1020-850 9.80-11.76 s SO asym str
830-690 12.05-14.49 m SO sym str
Primary alkyl sulphate salts, RSO,~M* 1315-1220 7.61-8.20 Vs s—m asym SO, str, often doublet ~1250 and ~1220cm™!
(solid phase) (aromatic compounds in same range)
1140-1075 8.77-9.30 m s sym SO, str, aromatic compounds, ~1040cm™
~1000 ~10.00 m Often split
840-835 11.90-11.98 m S-0-C str
700-570 14.29-17.54 m-s SO; bending vib, two bands
440-410 22.73-24.39 w SO; rocking vib
Secondary alkyl sulphate salts, 1270-1210 7.87-8.26 Vs S—m asym SO, str, often doublet
R;R,CHSO, M (solid phase)
1075-1050 9.30-9.52 S S sym SO, str
945-925 10.60-10.81 m
700-570 14.29-17.54 m-s SO; bending vib, two bands
440-410 22.73-24.39 w SO; rocking vib
Covalent sulphonates, R—-SO,-OR 1420-1330 7.04-7.52 S s—m asym SO, str
1235-1145 8.10-8.73 s s sym SO, str
1020-850 9.80-11.76 s SO asym str
830-690 12.05-14.49 m SO sym str
700-600 14.29-16.67 w s S—C str
610-500 16.39-20.00 m-w \ SO; def vib, usually two bands
Alky! sulphonates, RO—SO,-R 1360-1350 7.35-7.40 m-s m
1175-1165 8.51-8.58 \& S
Alkyl aryl sulphonates, Ar-SO,-OR 1365-1335 7.32-7.49 m-s m
12001185 8.33-8.44 Vs s
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Table 16.8 (continued)

Region Intensity

Functional Groups cm™! pum IR Raman Comments

Alkyl thiosulphonates, RSO,SR 1335-1305 7.49-7.67 s—m $—m asym SO, str
1130-1125 8.85-8.89 s $ sym SO, str
560-550 17.86-18.18 s—m v SO, def vib

Alkyl sulphonic acids (anhydrous), 3000-2800 3.33-3.57 S w br, O-H str

RSO,-OH

2500-2300 4.00-4.35 w—m w br, O-H str
1355-1340 7.38-7.46 S s—m asym SO; str
1200-1100 8.33-9.10 S S sym SO, str
1165-1150 8.59-8.70 s br, S-O str
1080-1040 9.26-9.62 w $
910-890 10.99-11.24 S S-0 str
700-600 14.29-16.67 w ] S-C str

Alky! sulphonic acids (hydrated), ~2600 ~3.85 m-w w

- +
RSO:"H:0 ~2250 ~4.45 mew w Very broad band with three
maxima, O-H str

~1680 ~6.00 m-w
1230-1120 8.13-8.93 s asym SQO; str
1120-1025 8.93-9.76 s sym SO; str

Aryl sulphonic acids (solid phase) ~2760 ~3.60 m-s w Broad band with shoulders, O—H str
~2350 ~4.25 m-s w
~1345 ~7.44 s
~1160 ~8.62 ] s

Aryl sulphonic acids (in inert solvent) ~3700 ~2.70 v w sh, O—H str
~2900 ~3.45 v w
~2500 ~4.00 v

Alkyl sulphonic acid sodium salts 11951175 8.37-8.51 Vs asym SO; str
1065-1050 9.39-9.52 S sym SO; str

Sulphonic acid salts, SO;~M* 1250-1140 8.00-8.77 vs asym SOj str
1070-1030 9.35-9.70 s—m sym SOs str

Sultones, SO>_ 1385-1345 7.22-7.44 s s—m asym SO, str, often split

o}

1175-1165 8.51-8.58 S s sym SO, str, see ref. 28

Sulphate ion, SQ42- 1200-1140 8.33-8.77 m m-s
1130-1080 8.85-9.26 Vs m-s§ br, with shoulders, SO, str
1065-955 9.39-10.47 w s sh, not always present
680-580 14.71-17.24 m m-s Several bands
530-405 18.87-24.69 m-s

Sulphite ion, SO~ ~1215 ~8.23 w
~1135 ~8.81 w
1010-900 9.90-11.11 v s Often strong
660-615 15.15-16.26 m m

Bisulphate ion, HSO,~ 1190-1160 8.40-8.62 S—m S asym SO; str
1080-1000 9.26-10.00 s sym SOj str
880-840 11.36-11.90 m m Probably S—OH str
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compound is alkyl or aryl. The band is usually broad with shoulders. The
band due to the symmetric stretching vibration is sharper, also has shoulders
and occurs at 1070-1030cm™! (9.35-9.70 um). lonic sulphates, which are
a common impurity, have a very strong band in the region 1130—1080cm™"
(8.85-9.26 um). Substituted benzene and naphthalene sulphonic acid salts also
have a band in this region which is not observed for alkyl acid salts.

Thiocarbonyl Compounds, >C=S

The thiocarbonylP! > absorption is not as strong as that due to the carbonyl
C=0 group, as might be expected since the sulphur atom is less electronega-
tive than the oxygen atom and therefore the C=S group is less polar than the
C=0 group. In the case of compounds where the thiocarbonyl group is directly
attached (o a nitrogen atom, i.e. N—C=S 3%36.60.61.64 the stretching vibration

Table 16.9 Organic sulphur compounds containing C=S group

of the C=S portion is strongly coupled to that of the C—N part as a direct
consequence of which several bands may, at least partly, be associated with
the C=S stretching vibration. Hence thioamides,’*%%-%! thioureas, thiosemi-
carbazones, thiazoles, and dithio-oxamides have three absorption bands, in the
regions 1570-1395cm™" (6.37-7.17 um), 1420-1260cm ™! (7.04-7.94 um),
and 1140-940 cm™! (8.77-10.64 um) which are in part due to the C=S
stretching vibration.

The C=S stretching vibration for compounds where the thiocarbony! group
is not directly bonded to nitrogen gives rise to a band which is generally strong,
often sharp, and occurs in the region 1230-1030 cem™! (8.13-9.17 um).

In general, the C=S band behaves in a similar manner to the carbonyl band.
When a chlorine atom is directly bonded to the carbon of the C=S group, the
band is observed at 1235-1225cm™" (8.10-8.16 um).

Carbon disulphide, which is used as a solvent, absorbs strongly near
1510cm™! (6.62um) and 395cm™' (25.32 um).

Region Intensity
Functional Groups cm™! um IR Raman Comments
Dialkyl thioketones, R~CS—R’ ~[150 ~8.70 S S C=S str, see ref. 54; normally dimerisation makes the
assignment of this band difficult, range has also been
reported (see ref. 52) as 12701245 cm™!
Diaryl thioketones, Ar—-CS—Ar 1225-1205 8.16-8.30 w-m 8 C=S str, see ref. 55
a,B-Unsaturaled thioketones 1155-1140 8.66-8.77 S s C=S str
Dialkyl trithiocarbonates, (RS),C=S§ 1075-1050 9.30--9.52 S S C=S str, see ref. 62
~850 ~11.76 s s asym S—C-S str, C=S mixing
~700 ~14.29 w-m two bands for small alkyl groups
~500 ~20.00 w-—m two bands, sym S—C-S str and C-S out-of-plane def
vib
Thioncarbonates, (RO),C=S 1235-1210 8.10-8.26 S S C=S str, strong bands near 1200cm~' and 1100cm ™!
Dithioacids, R—CS—SH ~1220 ~8.20 s s C=S str
Dithioesters, R—CS—SR 1225-1185 8.16-8.44 S s C=S str, see ref. 53
~870 ~11.49 m-s m-s, p asym CS-S str
Thioacid fluorides, R-CS-F 1125-1075 8.90-9.30 s C=S str
Thioacid chlorides 1235-1225 8.10-8.16 S ] C=S str
1100-1065 9.09-9.39
RO-CSCH,COOH and ~1050 ~9.52 S s C=S str, see ref. 51
RS-CSCH,COOH
Xanthates 1250-1100 8.00-9.09 m-s s At least two bands
1065-1040 9.39-9.62 Vs s C=Sstr
Dixanthates, ~-O-C=S-S- 1250-1190 8.00-8.40 Vs w asym C-O-C sir, see refs 65-67
1120-1100 8.93-9.09 m-s s—m sym C-0O-C str
1060-1000 9.43-10.00 Vs s C=S str
Xanthate salts, R—-O-CS-S~ 1100-1000 9.10-10.00 S Have three strong bands in region 1250-1030cm™~' (see

above)
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Table 16.9 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
680-650 14.71-15.38 ]
480-445 20.83-22.47
Zn, Cu xanthates 1250-1200 8.00-8.33 S m-s
1140-1110 8.77-9.01 m
1070-1020 9.35-9.80 S S Out-of-plane CS, str
Na, K xanthates 1190-1175 8.40-8.51 S S Out-of-plane COC str
1065-1020 9.39-9.80 s S Out-of-plane CS, str
680-650 14.71-15.38 $ CS.COCH trans
630-600 15.87-16.67 $ CS,COCH trans
480-445 20.83-22.47 m-s COC def vib
Oxyxanthates ~1580 ~6.33 \& br
1115-1090 8.97-9.17 S The only single strong band in region 1200—1000cm ™
1050-1000 9.54-10.00 w
~695 ~14.39 m-s sh
Pyridthiones 1150-1100 8.70-9.09 s S C=S8 str, see refs 68, 69
Thioamides etc \ 1570-1395 6.37-711 S m br Due to strong coupling between C=S$ and
NTETS C-N vibs
14801360 6.76-7.35 v m-s amide III)
1140-940 8.77-10.64 v v Usually strong in Raman
860-680 11.63-14.70 v S C==S str, amide 111 band
Primary thioamides 3400-3150 2.94-3.17 m m-—-w Several bands NH, str
1650-1590 6.06-6.29 m-s w NH; scissoring vib.(~CS-CS:NH; 1610-1590cm™"),
Amide II band
1480-1360 6.76-7.35 m m-s Amide IIl band
1305-1085 7.66-9.22 v s—m Most compounds have a band due to rocking vib at

1170-1085¢m™". These bands are of variable
intensity in both infrared and Raman spectra.

860680 11.63-14.71 m-s$ m-—s C-S str, amide I band
770-640 12.99-15.63 m-w S NH. twisting/wagging vib, amide VII band
710-580 14.08-17.24 w-m NH. wagging vib, amide V band
600-420 16.67-23.81 m-w s CS def vib, amide IV band
520-320 19.23-31.25 m-w s Out-of-plane NCS def vib, amide VI band
410-240 24.39-41.67 w CN def vib
Secondary thioamides 3280-3100 3.05-3.23 m m N-H str
1550-1500 6.45-6.67 m m-s Amide III band
~1350 ~741 m
950-800 10.53-12.50 m m-s C-S str
700-550 14.29-18.18 w-m Vs NCS def vib
500-400 20.00-25.00 w $ NCS def vib
—CS-NH-CH;, 3320-3180 3.01-3.14 m-s m NH str
3000-2920 3.33-3.42 m m CH; asym str
2920-2820 3.42-3.55 m m-s CH; sym str
1570-1500 6.37-6.67 s m Amide II
1475-1410 6.78-7.09 m m CHs asym def vib
1425-1375 7.02-7.55 m m-w CH; sym def vib

(continued overleaf)
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Table 16.9 (continued)
Region Intensity
Functional Groups cm™! pm IR Raman Comments
1375-1280 7.55-7.81 m-s m Amide III
1190-1100 8.40-9.09 w-m w CH; rocking vib
1115-1035 8.97-9.66 w-m w CH, rocking vib
905-685 11.05-14.60 m m-s Amide I (with exception of H-, CH;0—-, CH;-and a
few other compounds, range is 840-720cm™!)
720-610 13.89-16.39 m-s m-s br, amide V
640-530 15.63-18.87 w—m s Amide IV
540-400 18.52-25.00 w-—m S Amide VI
450-340 22.22-29.41 m-s Skeletal vib
Tertiary thioamides 1565-1500 6.39-6.67 m-s m C-N str
1285-1210 7.78-8.26 w A number of bands in the region 1000-700cm™'
630-500 15.87-20.00 m Vs NCS def vib
450-335 22.22-29.85 m-w m NCS def vib
Derivatives of H C/CHz_C=5 and ~1115 ~8.70 s C=S str (also seven-membered rings)
2" NCH,—NH
(lez—CHz—C=S
CHz'—‘CHz_NH
Dithiocarbamates, NH,-CS-SR ~970 ~10.30 s C=S str
Cyclic thioureas (five- to ~1205 ~8.30 Solid-phase spectra, also strong band at 1505cm™". A
seven-membered rings) strong band is observed in both IR and Raman near
450cm~! due to C=S def vib
P=S (solid phase) 865-655 11.56-15.27 m-s
750-530 13.33-18.87 v P=S str
R;P=S8 770-685 12.99-14.60 m-s
595-530 16.81-18.87
R;As=S§ 490-470 20.41-21.28 m-s As=S str
Methy! dithiocarbazic acids, salts and 1040-960 9.62-10.42 asym CS,, see ref. 64
Ni" and Cr'™ coordination compounds
690-590 14.49-16.95 sym CS; str

Reviews

A review of the infrared spectra of sulphur compounds has been given by
Billing.2%3 A review of the infrared spectra of gaseous diatomic sulphides is
given by Barrow and Cousins.® The spectra of selenol and thiol esters have
been reviewed by Ciurdaru and Denes."

Organic Selenium Compounds

The infrared spectra of selenium compounds'0-31.606270-83  exhibit a
great similarity to the corresponding sulphur analogues. This is hardly
surprising — the change in mass, the (normally) weaker bonds formed by the

selenium atom, and the slight variation in the bond angles account for the
spectral differences.

Selenocarbonyls, >C=Se, absorb at 1305-800cm™! (7.66—12.50 um).

A review of the spectra of selenium compounds has been published.”

\
Selenoamides, /N—CSe—

Selenoamides® do not have a band due solely to the C=Se stretching vibration
because of the strong coupling of this vibration with the stretching vibration of
the C—N bond. This type of behaviour has also been mentioned for thioamides.
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Table 16.10 Other sulphur-containing compounds

Region Intensity
Functional Groups cm™! um IR Raman Comments
S-F 815-755 12.27-13.25 s S-F str
S-O-CH,- 1020-850 9.80-11.76 S m asym S-O-C str
830-690 12.05-14.49 m m sym S—O-C str
Dialky! thiolesters, R—CO-SR 1700-1690 5.88-5.59 Vs w-m C=0 str
Ar-CO-SR 1670-1665 5.99-6.00 Vs w—m C=0 str
Alkyl thiocarbonates, RS—CO-OR 1720-1700 5.81-5.88 Vs w-m C=0 str
ArS—-CO-OAr 1740-1730 5.75-5.78 Vs w-m C=0 str
N . ~1590 ~6.29 m S C=C str, lower than expected, =C-H def vib band in
/C—C—S normal position, see ref. 94
Thiooximes ~1620 ~6.17 w—m s C=N str
Table 16.11 Organic selenium compounds
Region Intensity
Functional Groups cm™! um IR Raman Comments
Selenols, R—Se—H, and other 2330-2280 4.29-4.39 w S Se—H str, see refs 10, 78, 85
compounds with Se—H
R-Se-D ~1680 ~5.95 w S Se-D str
Selenides, R—~Se—R 610-550 16.39-18.18 w-—m S C-Se-C str, see ref. 79, 80
585-505 17.09-19.80 w-m s C-Se-C str
Diselenides, R—Se—Se—R’ 580-505 17.24-19.80 w—m s C-Se str, see ref. 81
295-285 33.90-35.09 w s Se—Se str
Selenoxides, R—SeO-R and R-SeO,-R 625-530 16.00-18.87 S S C—Se str, band weak for selenious acids and ions
Sels\nosemicarbazones, 800-780 12.50-12.82 m S C=Se str
N—CSe—N—N=C/
/ | AN
Coordinated carbon diselenide, e.g. ~995 ~10.05 s s C=Se str, carbon diselenide in CCl, absorbs
(phosphine),PtCSe, ~1270cm™" and at ~310cm™!
Diselenocarbonates of the and types ~940 ~10.64 s s C=Se str, see ref. 51, 62
RO-CSeSeCH,COOH and
RS-CSeSeCH,COOH
Dialky! triselenocarbonates ~800 ~12.50 s s C=Se str, doubling of bands (see refs 71, 86) may be
observed due to presence of different conformations
~750 ~13.33 S m asym Se—-C-Se str
~600 ~16.67 w—m Two bands
Phosphoniodiselenoformates, ~900 ~11.11 s m asym CSe;, str, see ref. 87
R:PTCSeSe™
Methyl diselenocarbazic acid, salts, and 930-860 10.75-11.63 S m asym CSe; str, see ref. 88
Ni'! and Cr'"' coordination complexes
615-490 16.26-20.41 S m sym CSe; str
Selenoacetals, c” SeR 800-700 12.50-14.29 S m asym CSe, str
“SeR

(continued overleaf)
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Table 16.11 (continued)
Region Intensity
Functional Groups cm™! pum IR Raman Comments
Ionic 1,1-ethylene diselenolates, 870-750 11.49-11.33 3 m asym =CSe; str
_Se”
Nge
lonic diselenocarbamates, _Se 950-800 10.53-12.50 N m asym =CSe; str
N
Se
Cyanimidodiselenocarbonate alkali metal ~870 ~11.49 ) m asym CSe, str
salts, CN-N=C(SeH),
Methy! aromatic selenothioesters, ~980 ~10.20 S S C=Se str
ArCSe-SMe
Aliphatic diselenocarboxylic acid esters, ~780 ~12.82 $ m asym CSe-Se str
R-CSe-SeR
Selenoamides, ureas, and hydrazides 700-600 14.29-16.67 s S C=Se str, strongly coupled as with thioamides
Selenoamides 1500-1400 6.67-7.14 8 ] C=Se and C-N str, strongly coupled as with thioamides
1200-1000 8.33-10.00 m
700-600 14.29-16.67 s
Derivatives of /CHZ—(i?=Se and ~1085 ~0.21 S S C=Se str
> CH,—NH
(':HZ_CHZ—CZSG
CH,—CH,—NH
Selenazoles, benzoselenazoles, and 1570-1535 6.37-6.52 S m-s N=C-Se str, see refs 89, 90
selenazolines
Selenazolines 16801650 5.95-6.06 w—m s C=N str
Benzoselenazoles 16101590 6.21-6.29 w—m s C=N str
Selenates, (RO),S¢0, 1040-1010 9.71-9.90 Vs asym O-Se-O str, see ref. 91
960-930 10.42-10.75 Vs sym O-Se-O str
700-600 14.29-16.67 m Se-O-C str
Diselenates, (RO),SeOs 700-600 14.29-16.67 v§ asym Se—O-Se str
560-500 17.86-20.00 Vs sym Se—O-Se str
~230 ~43.48 Se-0-Se def
Selenones, R;Se0, 920-910 10.87-10.99 Vs asym O-Se-0 str
890-880 11.24-11.36 'S sym O-Se-O str
420-390 23.81-25.64 0O-Se-0 def vib
Selenites ~930 ~10.75 S m-s Se=0 str
Seleninic acids, R-SeOQ-OH 900850 11.11-11.76 s m-s Se=0 str
700-680 14.29-14.71 m-s Se—OH str
Seleninic acid anhydrides, 900-850 1.11-11.76 S m-s Se=0 str
R-SeO-0-SeO-R
700-600 14.29-16.67 m-s asym Se—O-Se str
560-500 17.86-20.00 m-s sym Se—O-—Se str
230-170 43.48-58.82 Se~0-Se def vib
Seleninic acid esters 900-850 LLIL-11.76 S m-s Se=0 str
Seleninyl halides 1005-930 9.96-10.75 s m-s§ Se=0 str
Selenoxides, R,SeO 840-800 11.90-12.50 s m-s Se=0 str
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Table 16.11 (continued)
Region Intensity
Functional Groups em™! um IR Raman Comments
Selenious amides 890-880 11.24-11.36 S m—s Se=0 str
—Se—Se— 370-265 27.03-37.74 w s
Dialkyl amino compounds of the type 590-540 16.95-18.52 N-Se-N str, asym and sym str coincide
(RzN)zse. (R2N)SeR;, (RQN)zsCO,
R,N-Se0-Cl
Triaryl phosphine selenides, Ar;PSe ~560 ~17.86 S v P=Se str, for metal complexes band occurs at
540-530cm™!
Trialkyl phosphine sclenides, R;PSe ~425 ~23.53 s v P=Se str
(EtO),-P=Se-SR ~590 ~16.95 S v P=Se str
Trialkyl arsine selenides, R:As=Se 360-330 27.78-30.30 As=Se str, a doublet
Trialkyl stibine selenides, R;Sb=Se 300-270 33.33-37.04 $ Sb=Se str

Two strong bands observed at 1500—1400cm™" (6.67-7.14pm) and 700-
600cm ™! (14.29-16.67 pm) both have a contribution from the C=Se stretch-
ing vibration.

For metal complexes in which the metal ion is directly bound to the selenium
atom, the former band position tends to higher frequencies whilst the latter
tends to lower frequencies. Selenoamides have a medium-intensity band at
1200-1000cm™" (8.33-10.00pm) which also has a contribution from the
C—Se bond vibration. The spectra of other compounds®#? with the N-C=Se
group are similar to those of selenoamides.

The Se=0 Stretching Vibration

The band due to the stretching vibration of the group Se=0 is found over a
wide range: 1000-800cm~! (10.00—12.50um).”* As might be expected, the
band is lower in frequency for metal complexes’® than for the corresponding
free selenoxide.

The P=Se Stretching Vibration

The band due to the P=Se stretching vibration”>=7* is of medium-to-strong
intensity and occurs over the wide range 600-420cm~! (16.67-23.81pum),
more than one band often being observed.

The band generally occurs at higher frequencies for triaryl phosphine
selenides, being at about 560 cm~! (17.86 um), than for the aliphatic
compounds of this type, for which it occurs at about 425cm™' (23.53 um).
A similar difference is observed for the corresponding sulphur compounds.

For metal complexes® of triaryl phosphine selenides, this absorption occurs
at about 535cm~! (18.69 um).

In the case of amide, ester, salt, and acid chloride derivatives of selenophoric
acid, selenophosphonic acid, and selenophosphinic acid, the band is strong and
in the range 600—500 cm™' (16.67-20.00 um).
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P-H and P-C Vibrations

The stretching vibration of the P—H group®~%1%!1 gives rise to a sharp band of

medium intensity in the region 2500-2225cm™! (4.00—4.49 um). For aliphatic
and aryl phosphines, this band occurs in a much narrower region: 2285-2265
(4.38-4.42 um).

The stretching vibration of the P-C bond gives a medium-to-strong band
in the region 795-650cm™! (12.58—15.38 um).

P-OH and P-0O Vibrations

Compounds with the P—OH group,'® for which, of course, hydrogen
bonding normally occurs, have two broad bands of weak-to-medium intensity
at 2700-2560cm™' (3.70-3.90um) and 2300-2100cm™" (4.35-4.76 um)
which are due to the O-H stretching vibrations and a medium-to-strong,
broad band at 1040-910cm™! (9.62-10.99um) due to the P-O stretching
vibration. However, since most phosphorus compounds absorb in this latter
region, this band is of little value. Those compounds which also contain the
P=0 group!>13:21:22 have a broad band near 1680 cm™! (5.92 um), e.g. dialkyl
phosphoric acids, phosphorous acids. For phosphoric acids, the band near
2600cm™! (3.85um) is stronger than those near 2200cm™! (4.55um) and
1680cm™" (5.95um) whereas for phosphinic acids, the band near 1680 cm™!
is the strongest of the three and for phosphonic acids all three bands have
about the same relative intensity.

Acid salts containing the P-OH group have broad bands in the regions
2725-2525cm™! (3.76-3.94 um) and 2500-1600cm™! (4.00-6.25 um).

P-O-C Vibrations

For aliphatic compounds, the asymmetric stretching vibration of the P-O-C
group!>1318.25 gives a very strong broad band, normally found in the

Organic Phosphorus Compounds

region 1050-970 cm ™! (9.52-10.31 um). In the case of pentavalent and
trivalent methoxy compounds, this band is sharp and strong, occurring
at 1090-1010cm™! (9.17-9.90pum) and 1035-1015cm™! (9.67-9.85um)
respectively, the characteristic symmetric methyl deformation band near
1380cm~! (7.25 um) being absent in some cases.

In general, the band due to the asymmetric stretching vibration of the
P-O-C group of pentavalent phosphorus occurs at lower frequencies than
that for the trivalent compound. Pentavalent ethoxy compounds have an
additional strong band at 985-940cm™! (10.15-10.64 um),which may be
weak for higher alkoxy compounds. Methoxy and ethoxy compounds have
a strong band at 830-740cm™' (12.05-13.51 um) which is probably due to
the symmetric stretching of the P-O—C group. However, this band is usually
absent in other alkoxy compounds. Methoxy compounds have a weak, sharp
band near 1190cm ™! (8.40 um). Other alkoxy phosphorus compounds have a
medium-intensity band near 1165 cm™" (8.59 um). For compounds which have
only ethoxy groups (i.e. no other alkyl groups), two characteristic doublets
are observed in the region 1500—1350cm™! (6.67—7.41 um) due to the C—H
deformation vibrations. For aromatic compounds, P-O-phenyl, the band
due to the P-O—C asymmetric stretching vibration occurs at 995-855cm™!
(10.05-11.70 um).

P=0 Vibrations

The band due to the stretching vibration of the P=0 group”!*-2437 is strong

and in the region 1350-1150cm™! (7.41-8.70 um). Due to the size of the
phosphorus atom, the frequency of the P=O0 stretching vibration is almost
independent of the type of compound in which the group occurs and of the size
of the substituents. However, it is influenced by the number of electronegative
substituents directly bonded to it, as well as being very sensitive to association
effects.”2* For instance, a phase change results in a shift in band position
of about 60cm~!. The P=0 band may sometimes appear as a doublet,'*
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Chart 17.1 The positions and intensities of bands observed in the infrared spectra of phosphorus compounds

1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 cm!
e w—m PH def 7
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:{:sphines PHdefm  w-m PH d¢f mw PH wagging
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A?g&‘:&?&?}:a & shCQstr vs P=0 str vs, br P—O—C str s sym P—0-C str $ P—O-Ar def s 5
i:,;?;ﬂ::.?:e:ﬂ) vs P=O str vs asym P-O-(str_ w—t1 P-O—C str
G(RO),P=0 <1740 w—m br OH def vsPLO str vs asym P-O—(str_ w-m sym P-D—Cotr ___m-§P-Cstr mbr 15450 cm-!
z:'l(‘/:)r)(()l){((l—){)()l))jio <1740 w—m br OH def s Cﬂ_vs P=0 str vs by P—O—C str s s mﬂ str s l:iﬂef ;
Phosphonat vs P=Ostr vs P-O—C str __W——S'r w—m sym[P—O-Cstr . Jp_Cstr
(RO),HP=0 vs P=0 str vs asym P-0-C str w—m sym [P-O-C str
(RO),FP=0 | - —— T T, P st P o
(RO), CIP=0 vszﬁ“’ Vs ﬂ%s“ Wﬂwr m—s P—Cl str|—> 435 cm
(RO),(NH,) P=O _ﬂ&_ vs Eﬂr m;s P-N-C asym str E_I’—O-C str mes| ﬂ of
RP=0 vs P=0 vs asym P—O—C str m—s P—(str
RyNHR)P=0 n N—H def vs P=25( w-m C-N §tr m-sP-N-C str
Pyrophosphates vs P=0 st =5 IP-O-P str Wﬂﬁ-l’
R(RO),P=S vs as&l:% m syﬂ m—s P-Cstr | st_sslr

‘ . s fn—s P=S str sP-Cl {5485 cm-!

:_C;iz_s " m|NH, def w13 PN-C asym sir —— pr— S PTO T 420 co!
P=N cyclic m—s P=N str
o Raeyclc SEES

f""r'lz"“!‘d;cid & s PO asym str s sym PO{str
phosphonous acid 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 cm™!

the separation either being small, as for some triaryl phosphates, or as large
as 50cm~'. This splitting is believed, in some cases, to be partly due to
Fermi resonance and, in others, such as some substituted triaryl phosphates,
to rotational isomerism.

Pyrophosphales,'”” O=P—-0O-P=0, have only one P=0 band, unless the
pyrophosphate is a non-symmetrical compound. Therefore, unlike carboxylic

acid anhydrides which generally have two bands that arise due to coupling
between the C=0 groups, no coupling appears to exist between the two P=0
groups in pyrophosphates.

Phosphoric acids have extremely strong intermolecular hydrogen bonds
which are present even in very dilute solution in inert solvents and result in the
P=0 band usually being about 50 cm™! lower than for the corresponding ester.
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Chart 17.1 (continued)

1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 cm-!
m-s P-F st
PHI_F -
PY—_F nl—s P—F str
m—s P—F str
RP(O)F, —
RP(O)F msPoFstr
m—s P—Clstr |—435cm™!
pP-Ci
m—s P—Cl str |— 485 cm!
PCl; ms " ) 420 cm!
P-5-H mS-Hstr m AP str M E=S W00
P—O-P s P-O-P str
m|P=C str
pP=C — .
P-Si m=s P-SiMNE 120 et
1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 cm-t

The position of the band due to the P=0 stretching vibration is dependent
on the sum of the electronegativities of the attached groups. Electronegative
groups tend to withdraw electrons from the phosphorus atom thus competing
with the oxygen which would otherwise have a tendency to form PT-07,

therefore resulting in a stronger bond and hence in a higher vibration
frequency. Similarly, hydrogen bonding tends to lower the frequency of the
P=0 stretching vibration and broaden the band. The frequency”* of this
band may be calculated for different compounds with reasonable accuracy
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Table 17.1 Organic phosphorus compounds. (The data given are, except where stated, for condensed phase spectra, i.e. liquids or solids, measured

in nujol or as discs)

Region Intensity
Functional Groups cm™! um IR Raman Comments
P-H vibrations:
P-H 2500-2225 4.00-4.49 m m-w P-H str
1150-965 8.70-10.36 w—m m-w P—H def vib
PH, 2440-2275 4.10-4.40 m m-w PH str
1090-1080 9.17-9.26 m m-w PH def vib
940-910 10.64-10.99 m w PH wagging vib
Alkyl phosphines, P-H 2320-2265 4.31-4-42 m m-w P—H str
1100-1085 9.09-9.21 m m-w P-H,; scissoring vib
1065-1040 9.39-9.62 w—m m-w P-H def vib
940-910 10.64-10.99 m—w w PH, wagging vib
Aryl phosphines, P-H 2285-2270 4.38-4.41 m m-w P-H str. see ref. 35
1100-1085 9.09-9.21 m m-w P-H def vib
~885 ~11.30 m-w w PH wagging vib
Phosphonates, (GO), HP=0 2455-2400 4.07-4.17 m m-w P-H str
980-960 10.20-10.41 m-—s w PH wagging vib
Phosphine oxides, G, HP=0 2380-2280 4.20-4.39 m m-w P-H str
990-965 10.10-10.36 m-w w P-H wagging vib
G,HP=S 2340-2280 4.27-4.39 m m—w P-H str
950-910 10.53-10.99 m-$§ w P-H wagging vib
Phosphonates, (RO),HP=0 2450-2380 4.08-4.20 m m-w PH str
980-960 10.20-10.42 Vs w Probably due to interaction between P-O—-P
stretching and P—-H wagging vib
P-D 1795-1650 5.57-6.06 m m-w P-D str
745-615 13.42-16.26 w—m P-D bending vib
P-C and PC-H vibrations:
P-C 795-650 12.58-15.38 m-s P-C str
P-CH;,4 1450-1390 6.90-7.19 m-—s w asym CHj def vib
1345-1275 7.49-7.85 m-s w sym CHj def vib
980-840 10.20-11.90 S w CH; rocking def vib, often doublet (for P¥
compounds 935-870cm~!, for P! at
905-860cm~", for PHCH; ~845cm™")
790-770 12.66-12.99 s N\
—P—C
/
str
;PHCH3 850-840 11.76-11.90 m-s
P(CH; ), 960-835 10.42-10.70 m-s Two or three bands
(RO),PCH; 1285-1270 7.77-7.87 m-s
: 870-865 11.49-11.56 s } P-CH, bands
CH;(RO)HP=0 13001295 7.69-7.72 m-s
850-840 11.76-11.90 s } P-CH, bands
CH;(RO),P=0 1320-1305 7.58-7.66 m-s
930885 10.75-11.30 s } P-CH, bands
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Table 17.1 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
CHL&(IITO)P_O_ 1310-1280 7.63-7.81 m-s$
(¢) } P-CHj; bands

900-875 11.11-11.43 S
CH3(RO)CIP=0 1315-1300 7.60-7.69 m-s } P_CH. bands P—C,H

925-885 10.81-1130 s ~H bands F-ialts

1285-1225 7.78-8.17 w Doublet (P™ compounds also have medium

intensity band at 1235-1205¢cm™')

P-CH,-P 845-780 11.83-12.82 m-—s asym P—C-P vib
770-720 12.99-13.89 m-s sym P-C-P vib
P-CH,- 1440-1405 6.94-7.12 m m CH; def vib
780-760 12.82-13.16 $ P-C str
P-CH,-Ar 795-740 12.58-13.51 s P-C str
P-Ar ~3050 ~3.33 m-w m-s C-H str
~1600 ~6.25 m-w m-s Aromatic ring in-plane str
~1500 ~6.67 m-w m Aromatic ring in-plane str
1455-1425 6.90-7.02 m-s m Aromatic ring in-plane str
1010--990 9.09-10.10 m-s Interaction between aromatic ring vib and P-C
str
560-480 17.86-20.83 m-s
P-Ph 1130-1090 8.85-9.71 s—m w P-C str
750-680 13.33-14.71 S w Out-of-plane CH def vib
P-N-Ph 1425-1380 7.02-7.25 w—m
P—O-H vibrations:
\P//O 2725-2525 3.76-3.96 w-m w br, OH str, hydrogen bonded
~on
2350-2080 4.26-4.81 w—m w br, may be doublet for aromatic phosphorus
acids
1740-1600 5.75-6.25 w-m w br, OH def vib
1335-1080 7.55-9.26 s m-w P=0 str
1040-910 9.62-10.99 ] m-—w sh, P-O str, dependent on inductive effect of
substituent
540-450 18.52-22.22 w-m Often a doublet
R(OH),P=0 1030-970 9.71-10.31 s m-w
\P//S 3100-3000 3.23-3.33 w w br, OH str
- \QH
2360-2200 4.24-4.55 w w br, OH str
935-910 10.70-10.99 s m-w P-O str
810-750 12.35-13.33 m-s m-w P=S str
655-585 15.27-17.12 v m-w P==S str
P-O-C vibrations:
P-O-R 1050-970 9.52-10.31 ' m-w asym P—-O-C str (see ref. 15), (for phosphonium

compounds, range extends to 1090 cm™")

(continued overleaf )
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Table 17.1 (continued)

Region Intensity
Functional Groups cm™ um IR Raman Comrments
850-740 11.76-13.51 w—m Sometimes very weak
P-0O-CH; 1465-1450 6.83-6.90 m m asym CHz def vib
1450-1435 6.90-6.97 m w sym CHj; def vib
1190-1140 8.40-8.77 m-s w CH; def vib
1090-1010 9.17-9.90 Vs m-w asym P-O-C def vib (trivalent P
1035-1015¢cm™")
830-740 12.05-13.51 s—m sym P-O-C sir (asym str ~1050cm™")
P-O-C,Hs 1485-1470 6.73-6.80 m-w m OCH; def vib
1450-1445 6.90-6.92 m-w m-w CHj def vib
14001390 7.14-7.19 m m OCH,
1375-1370 7.27-7.30 m-w m CHj; def vib
1165-1155 8.59-8.68 w-m w CHj; rocking vib
1105-1095 9.05-9.13 m w CHj; rocking vib
1045-1005 9.57-9.95 s
988-920 10.15-10.87 s
830-740 12.05-13.51 m-s sym P-O-C str
P-O-CH;R 1170-1100 8.55-9.09 w-m m-w Number of bands
1045-985 9.57-10.15 s
Isopropyl-O-P 1190-1170 8.40-8.55 w m-—w
1150-1135 8.70-8.81 w m-w
1115-1100 8.97-9.09 w
P-O-Ar 1460-1445 6.85-6.92 w—m
1260-1110 7.94-9.01 s w sh, mainly O-C str
995-905 10.05-11.05 \& m-w br, P—O-C str (pentavalent)
875-830 11.43-12.05 S m-—w P-O-C str (trivalent)
790-740 12.66—13.51 S sym P-O-C str
625-570 16.00-17.54 ] P-O-Ar def vib
Alkyl phosphites (RO);P 1050-990 9.52-10.10 Vs m-w P-O-C sir
Aryl phosphites (ArO);P 1240-1190 8.07-8.40 vs m-w P-O-C sir
Phosphites (GO),P 580-510 17.24-19.61 m
580-400 17.24-25.00 $
400-295 25.00-33.90 S
Hydrogen phosphites 560-545 17.86—18.35 s
540-500 18.52-20.00 w-m
P=0 vibrations:
P=0 (unassociated) 1350-1175 7.41-8.51 Vs m-w P=0 str
P=0 (associated) 1250-1150 8.00-8.70 Vs m-w P=0 str, see refs 13, 15
Alkyl phosphates, (RO);P=0 1285-1255 7.78-7.97 vs$ m-w
1050-990 9.52-10.10 Vs m-w P-O-C str
595-520 16.81-19.23 m br
495-465 20.20-21.51 m br
430-415 23.26-24.10 w
395-360 25.32-27.78
Aryl phosphates, (Ar0);P=0 1315-1290 7.61-7.75 'S m-w P=0 str
1240-1190 8.07-8.40 Vs m-w P-O-C str

625-575 16.00-17.39 ]
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Table 17.1 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
570-540 17.54-18.52 S
510-490 19.61-20.41
460-430 21.74-23.26 m-w
Acid phosphates 1250-1210 8.00-8.26 Vs m-w P=0 str, see ref. 32
(RO),(HO)P=0
590-460 16.95-21.74 m br
400-380 25.00-26.32 w Not observed for phosphonates
(Ar0),(HO)P=0 565-535 17.70-18.69 s
515-500 19.42-20.00 S
490-470 20.41-21.28 w
400-380 25.00-26.32 w
(RO)(HO),P=0 ~1250 ~8.00 vs m-w P=0 str (aryl compounds ~1200cm™")
Phosphonates, G(RO),P=0 1265-1230 791-8.13 VS m-w P=0 str. see ref. 32
800-750 12.50-13.33 w-m P-O-C str
Alkyl phosphonates, 570-500 15.54-20.00 m br
R(RO),P=0
490-410 20.41-24.39 m br
440-400 22.73-25.00 w
Aryl phosphonates 620-600 16.13-16.67 m see ref. 32
Ar(ArO),P=0
535-515 18.69-19.42 s
500-480 20.00-20.83 VW
425-415 23.53-24.10 VW
Dialkyl aryl phosphonates 585-565 17.09-17.70 S See ref. 32
(RO),ArP=0
530-520 18.87-19.23 s
435-420 22.99-23.81 w
320-310 31.25-32.26 w
Hydrogen phosphonates 12151170 8.23-8.55 Vs m-w P=0 str, see ref. 32
R'(RO)HO)P=0
570-540 17.54-18.52 m br
500-450 20.00-22.22 m br
320-300 31.25-33.33 w
Ar'(ArO)Y(OH)P=0 1220-1205 8.20-8.30 Vs m-w P=0 str, see ref. 32
605-570 16.53-17.54 s
550-535 18.18-18.69 S
495-485 20.20-20.62 m
~460 ~21.74 m
430-420 21.26-21.81 m
370--350 27.03-28.57 w
315-290 31.75-34.48 w
(ROYHO)HP=0 1215-1200 8.23-8.33 Vs m-w P=0 str
(RO),HP=0 12651250 7.97-8.00 Vs m-w P=0 str
(RO),FP=0 1315-1290 7.61-7.75 Vs m-w P=0 str
(ArO),FP=0 1330-1325 7.52-7.55 Vs m-—-w P=0 str

(continued overleaf )
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Table 17.1 (continued)

Region Intensity
Functional Groups em™! um 1R Raman Comments
(RO),CIP=0 1310-1280 7.63-7.81 Vs m-w P=0 str (CN-substituted compounds at
~1290cm™")
(RO (RS)P=0 12701245 7.87-8.06 Vs m-w P=0 str
(RO),(NH,)P=0 1250-1220 8.00-8.20 ] m-w P=0 str, see ref. 34
(ArO),(NH)P=0 ~1250 ~8.00 Vs m-—w P=0 str
(RO),(NHR)P=0 1260-1195 7.94-8.36 vs m-w P=0 str
(RO);(NR;)P=0 1275-1250 7.84-8.00 vs m-w P=0 sir
R2(R'O)P=0 1220-1180 8.20-8.48 \S m-w P=0 str
R,(HO)P=0 11901140 8.40-8.77 Vs m—w P=0 str
Ar(HO)P=0 1205-1085 8.30-9.21 Vs m-w P=0 str
R(HO)HP=0 1175- 1135 8.51-8.81 Vs m-w P=0 str
R;P=0 1185-1150 8.44-8.70 Vs m-w P=0 str
ArP=0 1190-1175 8.40-8.51 Vs m-w P=0 str
R,HP=0 ~1155 ~8.66 Vs m-w P=0 str
Ar,HP=0 1185-1170 8.44-8.55 Vs m-w P=0 str
R,CIP=0 ~1215 ~8.23 Vs m-w P=0 str (for dichloro-, see ref. 36)
Ar,CIP=0 ~1235 ~8.10 Vs m-w P=0 str
G.BrP=0 ~1250 ~8.00 Vs m-w P=0 str
(RS);P=0 ~1200 ~8.00 Vs m-w P=0 str
(A1S),P=0 ~1210 ~8.26 Vs m-w P=0 str
R,(RSP=0O ~1200 ~8.33 vs m-w P=0 str
(RHN),P=0 1230-1215 8.18-8.23 Vs m-w P=0 str
(R;N);P=0 1245-1190 8.03-8.40 Vs m-w P=0 str
R,(NHR)P=0 1180-1150 8.48-8.66 Vs m-w P=0 str
R(NHR),P=0 1220-1160 8.20-8.62 Vs m-w P=0 str
Pyrophosphates, diagram 1310-1205 7.63-8.30 vs m-—w P==0 str (see ref. 17); usually one band, two
P-O-P bands for unsymmetrical pyrophosphates
Alkyl pyrophosphates, 1240-1205 8.07-7.63 Vs m-w P=0 str, usually one band
| |
(RO)zll’I—O—Ifl’(RO)z
0 0
1310-1280 7.63-7.81 Vs m-w P=0 str
Phosphonic anhydrides, 1270-1250 7.87-8.00 Vs m-w P=0 str
R(RO)ﬁ—O—I}I’(RO)R
930-915 10.75-10.93 s br, asym P-O-P str
P-O-P 1025-870 9.85-11.49 S Usually broad, asym str often found in region
945-925cm™' (a weak band also near
700cm™")
\P—S—C 615-555 16.26-18.18 m
7|
(0]

575-510 17.39-19.61 m
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Table 17.1 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
P=S vibrations:
P=S 865-655 11.56-15.27 m-s S, p See refs 27-29. May be found in region
895-300cm™!
750-530 13.33-18.87 v v P=S str
I 810-750 12.35-13.33 m S OH bands 3100-3000cm™', 2360-200cm™"'
(OH)P=S and P-O str 935-905cm ™!
I
655-585 15.27-17.09 v v
S 865-770 [1.56-12.99 m S
N s/
/P OP\

610-585 15.27-17.09 v v

N 835-750  11.98-13.33 s
JP=S (X=ForC) e

X
\P_ / 860-725 11.63-13.79 m-s S
4l AN
S
715-550 13.99-18.18 v
_I'T(Cl)—N 810-765 12.35-13.07 m-s s
S
675-600 14.81-16.67 v
P=Se 560-515 16.95-19.42 m S P="Se str, see refs 27-29
535-420 18.69-23.81 m v
P=Te 470-400 21.28-25.00 P-Te str
R(RO),P=S 805-770 12.42-12.99 m s
650-595 15.38-16.81 v v
R,(ROP=S 795-770 12.58-12.99 m s
610-565 16.39-17.70 v v
(RO):(RSP=S 835-790 11.98-12.66 m s
665-645 15.04-15.50 m-s v
(RO)2(RS)P=Se ~590 ~16.95 s s P=S8e str
(RO)2(SH)P=S 865-835 11.56-11.98 m ] S—H bending vib
780-730 12.82-13.70 m v
660-650 15.15-15.38 m-s
R,CIP=S 775-750 12.90-12.33 m s
650-590 15.38-16.95 m-s v
RCLP=S 780-775 12.82-12.90 s s ((RO)CL,P=S8 ~830cm™")
685-640 14.60-15.63 m-s v
(RaN);P=S 840-790 11.90-12.66 m s
715-690 13.99-14.49 m-s v
Metal phosphorodithioates, 660-635 15.15-15.75 s Probably due to P=S, see ref. 25
(MS)RO),P=S M=Zn,
Cd, Ni

(continued overleaf)
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Table 17.1 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
555-535 18.02-18.69 s Possibly due to P~S-M group
PN vibrations:
P-N 1110-930 9.01-10.75 m-s Probably asym P-N-C str, see ref. 20
750-680 13.33-14.71 m-s sym P-N-C str
PN 1010-790 9.90-12.66 m-s See ref. 33
P-N-CH; 1320-1260 7.58-7.94 m
12051155 8.30-8.66 w—m
1080- 1050 9.26-9.52 w—m
1010-935 9.90-10.70 S
P-N(C,H;s), 1225-1190 8.16-8.40 m-s
1190-1155 8.40-8.66 m for PV, w for P!
1110-1085 9.01-9.22 w-m for PY, w for P
1075-1055 9.30-9.48 w—m
1050- 1015 9.52-9.85 m-s
975-930 10.26-10.75 m-s
930-915 10.75-10.93 w
P-NH, 3330--3100 3.00-3.23 m m-w NH; str
1600-1535 6.25-6.51 m w NH; def vib
1110-920 9.01-10.87 m-s P-N-C asym str
840-660 11.91-15.15 m-s w NH, wagging vib
P-NH 3200-2900 3.13-3.45 m m NH str
1145-1075 8.73-9.30 w-m m C-N str
1110-930 9.01-10.75 m-s P-N-C asym str
P=N (cyclic compounds) 1440-1100 6.94-9.09 m-s$ P=N str, see ref. 15. Trimer 1300—1155cm™",
tetramer 1420—1180cm™".
P=N (acylic compounds) 1500-1230 6.67-8.13 s P=N str
(RO);P=N-Ar and 1385-1325 7.22-7.55 § P=N str
R(RO),P=N—Ar
R-NH-P(0)Cl, ~560 ~17.86
—-O-NH-P(O)Cl, 545-520 18.35-19.23
N 525-490 19.05-20.41
N—P(S)Cl,
/
-0-0-PCl> 510-495 19.61-20.20
-0-0-P(O)Cl, ~590 ~16.95
-0-0-P(S)CL, 560-535 17.86-18.69
(RO)CI,P=0 ~570 ~17.54
(RO)CL,P=S ~535 ~18.69 $
Phosphinic acid, R,PO,™ and 1200-1100 8.33-9.09 S S asym PO,~ str

phosphonous acid, RHPO,™

1075-1000 9.30-10.00 s s sym PO, str
(ROY,PO;~ (salt) 1285-1120 9.78-8.93 s s asym PO, str
1120-1050 8.93-9.52 S s sym PO, str
R(RO)PO, - 1245-1150 8.03-8.70 s s asym PO, str
1110-1050 9.01-9.52 s S sym POy~ str
RPO;*~ 1125-970 8.89-10.31 s s asym PO:>~ str
1000-960 10.00-10.42 m s sym PO;*~ str
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Table 17.1 (continued)

Region Intensity
Functional Groups cm™! pum IR Raman Comments
ROPO;*~ 1140-1055 8.77-9.48 s S asym PO;2~ str
995-945 10.05-10.58 m S sym PO3%~ str
R,POS™ 1140-1050 8.77-9.52 s m-w P-O str
570-545 17.54-18.35 m P-O str
(RO),POS™ and R(RO)POS™ 1215-1110 8.24-9.01 s m-w P-O str
660-575 15.15-17.39 m P-S str
[norganic salts; PO, ™ 1300-1150 7.69-8.70 S v§
Inorganic salts, PO~ 1090-970 9.17-10.31 S S asym str
Inorganic salts, PO4*~ 1100-1000 9.09-10.00 S see rel 37
PS,” 585-545 17.09-18.35
P"_F 770-760 12.99-13.10 m-s w Usually strong
PYF 930-805 10.75-12.42 m-s w Usually strong
R,P(O)F 835-805 11.98-12.42 m-s w P-F str, see ref. 30
RP(O)F, 930-895 10.75-11.17 m-s§ w P-F str, see ref. 30
P-Cl 610-435 16.39-22.99 m-s see refs 15, 31
P-Br 485-400 20.62-25.00 m-s P-Br str
PCl, 610-485 16.39-20.62 $ s—m P—CI str
570-420 17.54-23.81 m-s $ P-Cl str
P-CI where P is bonded to O, 565-440 17.70-22.73 m-s
C, or F atom
P—CI where P is bonded to N 540-435 18.52-22.99 m-s
or S atom
P-S-H 550-525 18.18-19.05 m P-S str
525-490 19.05-20.41 m P-S str
P-S-C 1050-970 9.52-10.31 Observed for aliphatic compounds
565-550 17.70-18.18 m
490-440 20.41-22.73 m
>ﬁ_s_c 560-495 17.86-20.20 m-s P-S-C str
S
545-470 18.35-21.28 m
P-S-P 550-400 18.18-25.00 m
495-460 20.20-21.74 m
P-Se 570-520 17.54-19.23 m
535-470 18.69-21.28 m
P-O-S 930-815 10.75-12.27 asym P—O-S str
765-700 13.07-14.29
P-O-Si 1070-855 9.35-11.70
P-C=C 1645-1595 6.08-6.27 m S C=C str
P-C-C=C 1660-1630 6.02-6.14 m s C=C str
P-C=N 2220-2180 4.51-4.59 m m-—s C=N str
P-Sn 360-280 27.78-35.71
P-Ga 370-310 22.03-32.26
P-Si 520-420 19.23-23.81
P-Ge 400-300 25.00-31.33
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from the relationship
v=930+40) 7

where 7 is the phosphorus inductive constant of a given substituent group. It
should be noted that the frequency of the P=0 stretching vibration has also
been correlated with Taft o values.”:!

AN
Spectral changes for —/P=O compounds (a) where the P=0 group acts as

a good proton acceptor, (b) where coordination occurs, are given elsewhere.?

Other Bands

The band due to the P=S stretching vibration®?’~?° occurs at 865—-655cm ™!
(11.56—15.27 um) and is of medium-to-strong intensity. Also, a band of vari-
able intensity occurs at 730—550cm™! (13.70—18.18 um), possibly due to the
P-S bond stretching vibration. Like the phosphonyl group (P=0), the posi-
tion of the P=S band is affected by the electronegativity of adjacent groups
although this effect is not so marked as for the phosphonyl group since the P=S
group has less ionic character. The P=S band may consist of a doublet due to
the presence of rotational isomerism. Normally, the band is difficult to identify
since there are many other groups which have bands in the same region.

Compounds containing a phenyl-P bond have a band due to an aromatic
ring vibration occurring at 1455—1425cm™' (6.90-7.02um) which is of
medium-to-strong intensity. This band is useful since it occurs in a region
normally free from absorptions by phosphorus compounds.

Compounds containing the P—CI bond® have a medium-to-strong absorp-
tion at 605-435cm™! (16.53-22.99 um) due to the P—Cl stretching vibration.
The position of the band due to the P—X (X=F or Cl) stretching vibration**-3!
is affected by the oxidation state of the phosphorus atom. 'In the presence of
more than one halogen atom directly attached to the phosphorus atom, two
peaks are observed due to the asymmetric and symmetric stretching vibra-
tions respectively. Difluorides of the type —P(O)F, absorb at 930-895 cm™!
(10.75-11.17 pm) and 890-870cm~! (11.24—11.49 um).

Reviews have been published dealing with the infrared spectra of organic
phosphorus compounds,' =¥ as has a correlation chart’ for inorganic phos-
phorus compounds.

Infrared and Raman Characteristic Group Frequencies
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18 Organic Silicon Compounds

Due to the mass and size of the silicon atom, the infrared spectra of
organo-silicon compounds,'> to a first approximation, consist of essentially
independent group vibrations. In general, similar absorption bands to those
of the corresponding carbon compounds are observed except that they are at
lower frequencies and are usually more intense than their carbon analogues
(due to the difference in electronegativity between carbon and silicon).

Si-H Vibrations

For organic silanes, a strong absorption band due to the Si—H stretching
vibration?~!! is found at 2250-2100cm~' (4.44-4.76 um). In general. the
frequency of this band tends to increase with increase in the electronegativity
of the substituents on the silicon atom. It has been observed that as the number
of hydrogen atoms directly bonded to the silicon atom decreases so does the
frequency of the Si—H stretching vibration. Alkyl substituents on the silicon
atomn also tend to lower this frequency whereas aryl substituents tend to raise it.

The band due to the deformation vibration of the Si—H group occurs in
the range 985-800 cm™' (10.15—12.50 um). The —SiH; group has two bands
due to deformation vibrations in the region 945-910 em~! (10.58-10.99 um),

. . . Na. . .
whereas deformation vibrations of the ,SiH, group give rise to only one

strong band in the region 950-930cm™" (10.53—10.75um) and 7\SiH has

no strong band in this region. However, due to strong interactions between
vibrational modes, it may be difficult to identify Si—H,, (n=1-3) deformation
bands. For some molecules normal coordinate calculations show a high degree
of mixing between modes.

Methyl-Silicon Compounds, Si—CHj

Methyl groups attached to silicon atoms’ have a characteristic, very sharp band
at 1290—1240 cm™! (7.75-8.06 um) due to the symmetric deformation vibration

of the CHj3 group. Electropositive groups or atoms (e.g. metals) directly bonded
to the silicon atom make the band due to the symmetric CH; deformation vibra-
tion tend to the higher end of this range whereas tor silanes and siloxanes the
band occurs near the lower end. When there are three methyl groups attached
to a silicon atom, the band due to the symmetric deformation often splits into
two components of unequal intensity. The asymmetric deformation vibration of
the CH3 group results in a weak band near 1410 cm™! (7.09 um).

The frequencies of the stretching vibrations of the methyl group are not
affected much by being bonded to a silicon atom rather than to a carbon
atom. The bands due to the methyl rocking vibration and the Si—C stretching
vibration occur in the region 890—-740 em™! (11.26-13.51 wm).

Ethyl-Silicon Compounds

Ethyl-substituted silicon compounds®® have a characteristic band of medium
intensity at 1250—1220cm~"! (8.00-8.20 um) and two other useful bands at
1020-1000 cm ™' (9.80—10.00 um) and 970-945cm ! (10.31-10.58 um).

Alkyl-Silicon Compounds

The band due to the SiCH,;R deformation vibration, which occurs at
1250-1175cm~! (8.00-8.51 um), tends to decrease in intensity as the length
of the aliphatic chain increases, the frequency of the vibration decreasing also.
Obviously, as the chain length increases, the smaller becomes the influence
of the silicon atom on the terminal C—H vibrations. Hence, the bands near
2950cm™! (3.39um), 1470 cm ! (6.80 um), and 1390 cm™! (7.19 um) increase
in intensity with increase in the paraffin chain length.

Aryl-Silicon Compounds

The bands due to the aromatic ring vibration, which are normally found in the
region 1600—1450 cm™! (6.25-6.90 um), are displaced to lower wavenumbers
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Table 18.1 Organic silicon compounds

Region Intensity
Functional Groups cm™! um IR Raman Comments
Silanes
Si-H 2250-2100 4.44-4.76 m-s m-s. p Si—H str, general range
985-800 10.15-12.50 m-—s$ w Si—H def vib, general range
RSiH; 2155-2140 4.64-4.67 S m-s. p Si—H str
945-930 10.52-10.75 m-s w Si—H asym def vib
930-910 10.75-10.99 m-s w Si—-H sym def vib
680-540 14.71-18.52 S w rocking vib
R>SiH, 2140-2115 4.67-4.73 S m-s Si—H str
950-930 10.53-10.75 m-s w Si—H def vib
900-885 11.11-11.30 m-s w Si—H wagging vib
745-560 13.42-17.56 m-s w twisting vib
600-460 16.67-21.74 m-s w sh rocking vib
R;SiH 2110-2090 4.74-4.78 s m-s, p Si—H str
845-800 11.83-12.60 S m Si—H wagging vib
ArSiH, 2160-2150 4.63-4.65 S m-s Si—-H str
945-930 10.52-10.75 m-s w Si—H asym def vib
930-910 10.75-10.99 m-s w Si—H sym def vib
680-540 14.71-18.52 ] w Rocking vib
Ar,;SiH; 2150-2130 4.65-4.69 S m-s Si—H str
950-925 10.53-10.81 m-s w Si—H def vib
870-840 11.49-11.91 m-s w Si—-H wagging vib
740-625 13.51-16.00 w w Twisting vib
600-460 16.67-21.74 m w sh rocking vib
Ar;SiH 2135-2110 4.68-4.74 s m Si—H str
845-800 11.83-12.50 s w Si—H wagging vib
SiH;C=C- 2190-2170 4.57-4.61 s m-s Si—H str
Si-D 1690-1570 5.92-6.37 S m-s Si-D str
710-665 14.08-15.04 s w Si-D def vib
R,St 1280-1240 7.81-8.07 S sym Si—C bending vib
850-800 11.76-12.50 S w Si-C rocking vib
760-750 13.10-13.33 ] w Si-C rocking vib
Si(CH3),,n =1.3,0r 4 1290-1240 7.75-8.06 S—m m-w sh, sym CHj def vib
870-760 11.49-13.61 s—m w—m Si.CHj3 rocking vib
\ ~T765 ~13.07 S—m s Si-C str see ref. 5
\ 860-845 11.63-11.83 v S Si—C str
/Si(CH3)2
815-800 12.27-12.50 v S Si-C str
-Si(CH3); 860840 11.63-11.90 v S Si-C str
770-750 12.99-13.33 v s Si-C str
660-485 15.15-20.62 w ] Si-C str
330-240 30.30-41.67 w Si(CH;); rocking vib
Si-C.Hs 1250-1220 8.00-8.20 m w-m CH, wagging vib
1020-1000 9.80-10.00 m
970-945 10.31-10.58 m
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Table 18.1 (continued)
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Region Intensity
Functional Groups cm™! pm IR Raman Comments
Si-CH;R 1250-1175 8.00-8.51 w—m w Long-chain alphatics absorb at low frequency end of range
760-670 13.10-14.93 m w CH.: rocking vib
Si—-CH=CH, ~1925 ~5.20 w — Overtone
1615-1590 6.19-6.29 m s C=C str, see ref. 16
1410-1390 7.09-7.19 s—m w CH, in-plane def vib
1020-1000 9.80-10.00 m w Trans CH wagging vib
980-940 10.20-10.64 s—m w CH, wagging vib
580-515 17.24-19.42 w w Hydrogen out-of-plane def vib
Si-Ph 3080-3030 3.25-3.30 m s C-H str
~1600 ~6.25 m s—m Ring vib, usually stranger than band near ~1430cm™'
14801425 6.99-7.02 m-s m sh, ring vib
1125-1090 8.98-9.17 Vs X-sensitive band, Si—Ph str
~730 ~13.70 s—m w Ring vib out-of-plane CH
700-690 14.29-14.49 s—m w Out-of-plane C-H vib
R;SiPh 670-625 14.93-16.00 w Ring in-plane bending vib
490-445 2041-22.47 s Si—C-C out-of-plane bending vib
405-345 24.69-28.99 w Si—C str and ring in-plane def vib
~290 ~34.48 v Si—Ph in-plane def vib
R,SiPh; 635-605 15.75-16.53 w Ring in-plane bending
495-470 20.20-21.28 s S—C-C out-of-plane bending vib
445-500 22.47-25.00 w asym Si—C str
380-305 26.32-32.79 w sym Si-C sir
RSiPh; 625-605 16.00-16.53 w Ring in-plane bending vib
515-485 19.42-20.62 S Si-C-C out-of-plane bending vib
445-420 22.47-23.81 w asym Si-Ph str
~330 ~30.30 v sym Si—Ph str
Si—-CH,-Si 11801040 9.26-9.62 s
Cyclopentamethylene dialkylsilanes 495-480 20.20-20.83 m-s Probably due to heterocyclic ring, but cyclopentamethylene
silane and diphenyl derivatives do not exhibit this band
Silanols
Si-OH 3700-3200 2.70-3.13 m w May be br, O—H str
1040-1020 9.62-9.80 m-w Si—OH def vib
955-830 10.47-12.05 S Si-0 str, for condensed-phase samples a br, m—w band occurs
near 1030cm™" due to SiOH def vib
Silyl esters and ethers
RCOSIR; ~1620 ~6.17 S w-m C=0 str
Si-O-R 1110-1000 9.01-10.00 vs w asym Si—O-C str, at least one band, Si—O-S8i also absorbs in
this region
990-945 10.10-10.58 s w SiOC str
Si—-0O-CH; ~2860 ~3.50 m m-s sym CHj str
~1190 ~8.40 S w CH; rocking vib
~1100 ~9.00 Vs w asym Si—-O-C str
810-800 11.76-12.50 s—m w sym Si—O-C str
390-360 25.64-27.78 S S—m asym Si—O-C def vib

N
, SI(OCH3)2

(continued overleaf )
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Table 18.1 (continued)

Region Intensity
Functional Groups cm™! pm IR Raman Comments
~Si(OCH3 )3 480-440 20.83-22.73 S asym Si-O-C def vib
470-330 21.28-30.30 w
Si-0-CH,- 11901140 8.40-8.77 s
1100-1070 9.09-9.35 vs w asym Si—-O-C str. usually a doublet
990-945 10.10--10.64 s—m s—m sym Si—-O-C str
>Si(OC2H5)2 475-405 21.05-24.69 w asym Si—O-C def vib
—Si(OC,Hs)s 500-440 20.00-22.73 s
Si-O-Ar 1135-1090 8.81-9.17 \& w Several sh bands, probably Si—O-C sir
970-920 10.31-10.87 s s—m Si-O str
Si-0-Si 1090-1010 9.17-9.90 Vs w Si-O str, two bands of almost equal intensity,
siloxane chains absorb near 1085cm™' and
1020cm™! increasing in intensity with increased
chain length, cyclic siloxanes have only one strong
band although a second band is sometimes
observed for tetramers and larger rings
Cyclic trimers, (Si0); 10201010 9.80-9.90 ' w Si-O str
Siloxanes —(Si0Q), — 1100-1000 9.09-10.00 s w
~800 ~12.50 m s Si-C str
Disiloxanes
Si—-0-S8i 625-480 16.00-20.83 w Vs br, sym Si—O-Si str band occurs at lower
frequencies for substituted disiloxanes and linear
polymeric siloxanes
Siloxanes
—OSiCH; (end group) 850-840 11.76-11.90 s s Si—-C str
—0SiC;Hs (linear polymer) 810-800 12.35-12.50 s S Si-C str
—-OSiCH; (cyclic compounds) 820-780 12.20-12.82
Silyl amines
Si—-NH, 3570-3475 2.80-2.88 m m-w NH, str
3410-3390 2.93-2.95 m m NH, str
1550-1530 6.45-6.54 m w NH, def vib
Si—-NH-Si ~3400 ~2.94 m m-w NH str
~1175 ~8.51 m-—
950-910 10.53-10.99 m-—
Aminosilanes, | 880-835 11.36-11.98 $ asym N-Si—N str
H2N—S|i—NH2
800-785 12.50-12.74 m sym N-Si-N str
Silicon halides
>SiF 920-820 10.87-12.22 m-s m—-w Si-F str (general ranges: Si—F str, 1000—-800 cm™';
7/ Si—F def vib, 425-265cm™!)
N, 945-915 10.58-10.93 m-s m-w asym str
/SIF2

910-870 10.99-11.49 m m-w sym str




245

Organic Silicon Compounds

Table 18.1 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
-SiF; 980-945 10.20-10.58 $ m-—w asym str
910-860 10.99-11.63 m m-w sym str
>SiCI 550-470 18.18—-21.28 iy S Si—Cl str (Si—Cl def vib, 250-150cm—"* — general range)
7/
;SiClz 600-535 16.67-18.69 s s asym Si—Cl str
540-460 18.52-21.74 m S sym Si—Cl str
-SiCl, 625-570 16.00- 17.54 ] S asym Si—Cl str
535-450 18.69-22.22 m ] sym Si—Cl str
lS' 430-360 23.26-27.78 w s Si—Br str
5 iBr
Ngi— 460-425 21.74-23.53 w s asym Si—Br str
St Bry
395-330 25.32-30.30 w S sym Si-Br str
-SiBr; 480-450 20.83-22.22 w s asym Si-Br str
360-300 27.78-33.33 w S sym Si-Br str
g, 365-280 27.40-35.71 w s sym Si-TI str
- il
Ng; 390-330 25.64-30.30 w s Si-I str
Y 112
325-275 30.77-26.36 w
-Sil3 410-365 24.39-27.40 w s Si-I str
280-220 35.71-45.45 w
Nei ol ~425 ~23.53 $ Si-Si str
—Si—Si—
/ N
Other groups
Si—Ph 1125-1090 8.89-9.17 S see ref. 15
Ge-Ph ~1080 ~9.26 S see ref. 15
Sn—-Ph 1080-1050 9.26-9.52 S usually 1065cm™', see ref. 15
Pb—Ph ~1050 ~952 s see ref. 15
Ge-H 2160-1990 4.63-5.03 m Ge-H str
Sn-H 1910-1790 5.24-559 m Sn—H str
Al-H 1910-1675 5.24-5.97 m Al-H str
Organogermanium, Ge-0O-Ge 900-700 11.11-14.29 s asym Ge—O-Ge str; cyclic trimers ~850cm™!, cyclic
tetramers ~860 cm™', linear polymers 870 cm™!
Organotin, Sn~-O 780-580 12.82-17.74 s br
Organolead, Pb—-O ~625 ~16.00

by about 20 cm ™! for phenyl—silicon compounds.!? One of these bands, which
is sharp and of medium intensity, is almost always found at 1430cm™!
(6.99um). The band is broadened or altogether absent when the ring is
substituted by an additional group.

Phenyl-silicon compounds have a strong, characteristic band at about
1100cm ™! (9.09 um) which often splits into two when two phenyl groups are

attached to the one silicon atom, but appears as a single band in the case of three
phenyl groups. In addition, phenyl—silicon compounds have two weak bands,
one near 1030cm™! (9.71 um) and the other near 1000cm ™" (10.00 um).

The band pattern normally observed in the overtone region 2000—1660 cm ™!
(5.00—6.02 um) cannot be relied upon for the determination of the substitution
pattern, although it is satisfactory for a large number of aryl silanes.
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Si-O Vibrations!'>'7-1?

The band due to the asymmetric Si—O-Si stretching vibration is normally
in the region 1100—1000cm™' (9.09-10.00pm) and, due to the greater
ionic character of the Si—O group, this band is much more intense
than the corresponding C-O band for ether. The band pattern may
be used to distinguish between cyclic and linear polysiloxanes.!* Long
chain siloxanes have two broad bands in the region 1100-1000cm !
(9.09-10.00 um).

Due to the influence of ring strain, cyclic siloxane trimers absorb at
1020—1010cm™! (9.80-9.90 um), which is about 60cm™' less than other
cyclic siloxanes, whereas tetramers (which have less ring strain) absorb at
1090-1070 cm™' (9.17-9.35um) along with higher cyclic siloxanes. It is
difficult to distinguish between other cyclic siloxanes and the region of
absorption overlaps, in fact, that of linear polysiloxanes.

Linear small-chain siloxanes tend to absorb at about 1050cm™" (9.52 pm)
and with increase in molecular weight this band gradually broadens to occupy
the region 1100-1000cm~! (9.09—10.00um). For long-chain polymers, a
broad, strong band with maxima at about 1085cm~' (9.21 um) and 1025 cm™'
(9.76 um) is observed.!?

Silicon—Nitrogen Compounds

The band due to the asymmetric Si—N-Si stretching vibration occurs at about
900 cm~! (11.11 pm) and is of strong intensity, whereas, due to the influence
of ring strain, cyclic disilazanes absorb at about 870 cm™! (11.49 pm), cyclic
trimers absorb at about 920cm™! (10.87 um), and cyclic tetramers at about
940 cm~! (10.64 um). This behaviour is similar to that observed for siloxanes.
A band which has been assigned to the N—H deformation vibration occurs
at about 1150cm™! (8.70 um) for cyclic trisilazanes and at about 1180cm™"
(8.48 um) for cyclic tetrasilazanes.

As might be expected, primary silyl amines'* have two weak bands in the
region 35803380 cm~! (2.79-2.96 um) due to the asymmetric and symmetric
N-H stretching vibrations. Secondary silyl amine compounds have only one
weak band, at about 3400cm™! (2.94 ym). Primary silyl amines also have
a medium-to-strong intensity band at about 1530cm™! (6.54 pum) and linear
secondary silyl amines have a medium-to-strong band at about 1175c¢cm™!
(8.51 um) due to the N-H deformation vibration. This band is found about
30-40cm™! lower for cyclic silyl amines where the nitrogen atom forms part
of the ring than for linear secondary sily! amines.

Silicon—Halide Compounds

Chloro-, bromo-, and iodosilanes, in the presence of moisture. hydrolyse to
form siloxanes and hydrogen halide, so that care must be exercised in handling
samples.

Characteristic silicon—chloride stretching vibration bands are observed in
the far infrared region below 600cm™! (above 16.67 um).

Silicon compounds with more than one chlorine atom exhibit two bands due
to the asymmetric and symmetric vibrations. The asymmetric band, which of
course occurs at higher frequencies than the symmetric case, is generally the
more intense of the two.

Hydroxyl-Silicon Compounds

The band due to the O—H stretching vibration occurs in the same region as
that for alcohols, phenols, etc. However, the band due to the O—H deformation
vibration occurs at 870-820cm~! (11.49—-12.19 um) when the hydroxyl group
is bonded to a silicon atom, whereas it is near 1050cm~! (9.52pum) when
bonded to a carbon atom.
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19 Boron Compounds

Boron compounds generally have intense bands, as, for example, those due
to the B-H,'~> B-halogen,*~® B-0, and B-N*!" groups. The position and
intensity of certain bands give information not only on the boron-containing
group itself but frequently also on its environment. The bands due to certain
boron-containing groups often appear as doublets, this being due to the pres-
ence of two naturally-abundant isotopes of boron.

Bands due to the B—H stretching vibrations'? occur at 2640-2350 cm™"
(3.79-4.26 um) for the groups BH and BH, in which the hydrogen atom is
free. By free, it is meant that the hydrogen atom is a terminal, or exo, atom.

No isotope band-splitting is observed for compounds containing a single,
free (exo) B—H group whereas it does occur for free (exo) BH> groups (in
gas-phase spectra).

The B-H stretching vibration of samples enriched in'®B is at slightly
higher frequencies than for samples with the naturally-occurring ratio of boron
isotopes.

Table 19.1 Boron compounds

In some cases, the band due to the B-H stretching vibration of
borane—amine complexes exhibits isotope-splitting. For alkyl boranes, the
band tends to lower frequencies with increasing substitution.

In many boron compounds, two boron atoms are bridged by a hydrogen
atom. In compounds bridged by two hydrogens, four B-H stretching vibration
modes are possible:

f

AN /H\ / \B/ \B/ \B/Ht];/ \?H\B/
N I/7N /7N /7N /7N /7N

f
H
SON N ?
H H

!

Symmetric Symmetric Asymmetric Asymmetric
in-phase  out-of-phase  in-phase  out-of-phase

Compounds with the B---H---B bridge have a series of weak-to-medium
intensity bands in the region 2140-1710cm™! (4.67-5.85um) and a strong

Region Intensity

Functional Groups cm™! pm IR Raman Comments
B-H (free hydrogens) 2565-2480 3.90-4.03 m-s m-w B-H str

1180-1110 8.48-9.01 S B-H in-plane def vib

920-900 10.87-11.11 m-w Out-of-plane bending vib
Alkyl diboranes (free hydrogens) 26402570 3.79-3.89 m-s m-w sym BH; str

2535-2485 3.95-4.02 m-s m-w asym BH, str

1205-1140 8.30-8.77 m-s sometimes br, BH, def vib

975-920 10.26-10.87 m BH, wagging vib
Alkyl diboranes 2140-2080 4.67-4.81 w-—m sym in-phase motion of H atom
B-..H-.-B (bridged hydrogen) 1990-1850 5.03-541 w sym out-of-plane motion of H atom, several

bands

1800-1710 5.56-5.85 w-m asym out-of-phase motion of H atom

1610-1525 6.21-6.56 vs asym in-phase motion of H atom
Borazines, borazoles 3500-3400 2.86-2.94 m m N-H str, see refs 11-14

(continued overleaf)
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Table 19.1 (continued)

Infrared and Raman Characteristic Group Frequencies

Region Intensity
Functional Groups em™! pum IR Raman Comments
2580-2450 3.88-4.08 m m-w B-H str
1465-1330 6.83-7.52 S m B-N str
700-680 14.29-14.71 m B-N out-of-plane def vib, doublet
Boron hydride salts and amine—borane 2400-2200 4.17-4.55 m m-w B-H str
complexes (with boron octet complete)
Borane BHj; (in complexes) 2380-2315 4,20-4.32 S m-w asym B—H str
2285-2265 4.38-4.42 S m-w sym B—H str
~1165 ~8.58 S BH; def vib
BH, ™ ion 2400-2195 4.17-4.56 S m-w B-H str, two bands (one due to Fermi
resonance)
1150-1000 11.70-10.00 s BH,; def vib
/H\ /H 2600-2400 3.85-4.17 s Doublet split 80—40 cm™!
M B
N /0N
B H
2150-1950 4.65-5.13 s May have shoulder
1500-1300 6.67-7.69 S br
/H\ /H 2600-2450 3.85-4.08 ]
M-H-B
N /0N
H
2200-2100 4.55-4.76 s Doublet split 80-50ecm™"
1250-1150 8.00-8.70
B-OH, boric acid, boronic acids (solid 3300-3200 3.03-3.13 m w br, O-H str
phase)
B-OH, aryl boronic acids ~1000 ~10.00 m br }Not present in anhydrides
800-700 12.50-14.29 m br
1,1-Dialkyl diboranes and trialkyl 1185-1100 8.44-9.09 S asym C-B-C str (isotope splitting large,
~10-30cm™)
845-770 11.83-12.98 m sym C-B-C str
B-CH; 1460-1405 6.85-7.12 m m asym CH; def
1330-1280 7.52-7.81 m m-w sym CHj; def vib
B-R 1270-620 7.87-16.13 v B~C str, isotopic splitting sometimes observed.
For BR3 compounds, one strong band due to
asym C—B-C str and one weak band
(sometimes absent) due to sym C—B-C str
Monomethy! boranes 1010-835 9.90-11.98 m B-C str (isotopic splitting observed)
Di- and trimethy! boranes 1240-1140 8.07-8.77 Vs asym C-B-C str
720-675 12.20-14.18 m-w sym C-B-C str, infrared-inactive for
symmetrical compounds
Alkyl boranes (other than methyl) 1135-1110 8.81-9.01 m asym C-B-C str (isotopic splitting of
20cm™")
675-620 14.82-16.22 w sym C-B-C str often absent
B-Ar 14401430 6.94-6.99 m-s sh, ring vib
1280-1250 7.81-8.00 S X-sensitive band
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Table 19.1 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
~760 ~13.16 s Ring C—H out-of-plane def vib, for phenyl
compounds only, doublet it more than one
phenyl group on boron atom (~20¢m™!
separation)
bis-(Alkyl amino) phenyl boron compounds 1450-1440 6.90-6.94 s B-C str
NHR
/
PhB
\
NHR
bis-Phenyl boron compounds, Ph,B— 1260-1250 7.94-8.00 $ B-C str
Aryl boron dihalides, ArBX, (X=halide) 1270-1215 7.87-8.23 s B-C str, isotopic splitting present
B-0, borates, boronates, boronites, boronic 1380-1310 7.25-7.63 S B-O str, weak band when boron octet
anhydrides, boronic acids, borinic acids complete e.g. compounds with a nitrogen
coordinate to the boron
Trialkyl borates, B(RO), 1350-1310 7.41-7.63 Vs br, also have strong band at 1070—1040cm™'
probably due to C-O str
Dialkyl phenyl boronates, (RO),BPh 14351425 6.97-7.02 m-—s B-C str
1330-1310 7.52-7.63 s asym C-O-B-0O-C str
1180-1120 8.48—8.93 s sym C-O-B-0-C str
675-600 14.81-16.67 m-s B-O def vib, isotopic splitting present
Boronites, R,BOR 1350-1310 7.41-7.63 S B-O str
B-alkoxyl borazoles, (l)R 1500-1435 6.67-6.97 $ B-N str
- B\
R—I\II ITI—R
RO—B. _B—OR
N
{
R
1330-1310 7.52-7.63 m-s B-O str
Alkyl and a(r)y(l; metaborates, 1380-1335 7.25-7.49 s B-O str
I
oo
GO—B \O,B—OG
1225-1080 8.16-9.26 s w C-O str, higher frequencies for aryl
compounds, lower for n-alkyl compounds
Haloboroxines, >I( 1470-1180 6.80-8.48 s B-O str, isotopic splitting present
IO_B\
X_
Ay /
o
X (X =halogen)
Fluoroboroxine ~970 ~10.31 m asym B-F str (sym B-F str infrared-inactive)

(continued overleaf)
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Table 19.1 (continued)

Region Intensity
Functional Groups cm™! um IR Raman Comments
Chloroboroxine ~760 ~13.16 s asym B—Cl str. isotopic splitting present, see
ref. 16
Aryl boronic acid esters, 10} 1360-1330 7.35-7.52 S asym B-O sir. isotopic splitting present
JB—Ar
0]
1240-1235 8.07-8.10 S w asym C-O str
1075-1065 9.30-9.39 S sym B-O str, isotopic splitting present
1030-1020 9.71-9.80 $ s—m sym C-O str
Boronic acid anhydrides, /R 1390-1355 7.19-7.38 s B-O str
/O_B\
R—B O
O-B
\
R
1255-1145 7.97-8.74 m B-C str, isotopic splitting present
Metallic orthoborates, M, (BOs); 1280-1200 7.82-8.34 s br, asym B0 str, isotopic splitting present
~900 ~11.11 w sym B-O str, often absent, see ref. 135
580-550 17.24-18.18 m-w
BX;(X = F), (complexes of acids, esters, 725-610 13.79-16.39 S br, B --- O str, isotopic splitting present
and ethers)
Covalent boron-nitrogen compounds 1550-1330 6.45-7.52 S B-N str (general range), isotopic splitting
present
Amine—borane complexes 780-680 12.82-14.71 m-—s B - -- N str (general range), isotopic splitting
present see ref. 18
N-Alkyl B-halo borazoles, 1510-1400 6.62-7.14 s B-N str
X R
[
:B_N\
R—N  B—X
i
X R (X=halogen)
720-635 13.89-15.75 B-N def vib
N-Alkyl B-chloro borazoles 1090-960 9.17-10.42 s B-Cl str
N-Alkyl B-bromo borazoles 1075-950 9.30-10.53 S B-Br str
N-Alkyl amino borazoles, 1520-1490 6.58-6.71 S B-N str, see refs 12, 14
Ml
—N
R—N B_NRIRZ
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Table 19.1 (continued)

Rcgion Intensity
Functional Groups cm™! pm IR Raman Comments
N-methyl B-aryl horazoles, Ar CH; 1470—-1440 6.80-6.94 $ BN str, isotopic splitting — ' B shoulder present
Ar CH; see ref 13
B—N
/ \
CH3;—N B—Ar
\ /
B—N
Ar CH3
750-720 13.33-13.89 B-N def vib
N-Alkyl B-aryl borazolcs 1430-1410 6.99-7.09 s B-N str, isotopic splitting — "B shoulder present see
ref. 13
750-720 13.33-13.89 B-N def vib
N-Aryl B-methyl borazoles 1400—-1375 7.14-7.27 s B-N str, isotopic splitting — '°B shoulder present see
ref. 13
Alkyl borazenes, (CH;3),B-NR R, 1550-1330 6.45-7.52 s BN sir
bis-Dimethylamino boranes, —B[N(CH3),], 1550-1500 6.45-6.67 S asym B-N str, isotopic splitting present
1415-1375 7.07-7.32 s sym B-N str, isotopic splitting present
Boron-fluorine compounds 1500-840 6.67-11.90 v B-F str (general range), usually strong, isotopic
splitting present
Boron difluorides, XBF, (in boron 1500-1410 6.67-7.09 S asym B—F str
trihalides)
1300-1200 7.69-8.33 S sym B-F str (for BF; this vib is infrared-inactive
(Raman ~885cm™'))
Boron monofluorides, X,BF(in boron 1360-1300 7.35-7.69 s B-F str, see ref. 3
trihalides)
BF; complexes 1260-1125 7.94-8.89 $ asym B-F str | Isotopic splitting present, band may
1030-800 9.71-12.50 S sym B-F str } be split further, see refs 5, 6, 8, 9
Tetrafluoroborate ion, BF,~ 1160-760 8.62—-13.56 vs asym B—F str, shoulder ~1060c¢m~' (sym B-F str
infrared-inactive), see ref. 5
Chlorotrifluoroborate ion, CIBF;~ 1080- 1025 9.26-9.76 S asym B-F str, doublet
890840 11.24-11.90 w sym B-F str, doublet
Boron-chlorine compounds 1090-290 9.17-34.48 v B-Cl str (general range), isotopic splitting present,
higher frequency end of range for
trichloroborazoles, lower end for BCl; complexes
Boron dihalides (in boron trihalides) 1030-950 971-10.53 S asym B-Cl str, isotopic splitting present (for BCl3,
band at ~955cm™")
920-470 10.87-21.28 S sym B-CI str, isotopic splitting present (vib
infrared-inactive for BCl)
Boron monochlorides (in boron trihalides) 955-690 10.47-14.49 S B-Cl str
Alkyl aryl chloroboronites 1220-1195 8.20-8.36 S Probably asym C-B-C str
910-890 10.99-11.24 s B-Cl str
BCl; in complexes 785-660 12.74-15.15 S asym B—ClI str, isotopic splitting present, see ref. §

(continued overleaf')
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Table 19.1 (continued)
Region Intensity
Functional Groups cm™! um IR Raman Comments
540-290 18.52-34.48 s sym B-Cl str
290-200 34.48-50.00 m-s B-Cl def vib, several bands
Tetrachloroborate ion, BCl;~ 760-645 13.16—-15.50 S br, asym B-Cl str, several peaks, (sym B-Cl
str vib infrared-inactive)
Aryl boron dichlorides 970--915 10.31-10.93 s asym B-Cl; str, isotopic splitting present
645-630 15.50-15.87 s sym BCl; str
585-550 17.09-18.18 w BCl, out-of-plane def vib
~340 ~29.41 ] BCl, rocking vib
~230 ~43.48 s BCl, scissoring vib
~130 ~76.92 s BCl, torsional vib
Boron-bromine compounds 1080-240 9.26-41.67 v B-Br str (general range), isotopic splitting
often present, higher frequency end of range
for bromoboronazoles, lower end for BBr3
comlexes
Boron dibromides (in boron trihalides) 910-820 10.99-12.20 s asym B-Br str, (BBrz band at ~820cm™! with
shoulder at 855 cm™' due to isqtopic
splitting)
420-275 23.81-36.36 S sym BBr str, (infrared- inactive for BBrs
(Raman ~280 cm™))
BBr; in amine complexes ~T700 ~14.29 s asym B-Br str, isotopic splitting sometimes
present, see ref. 8
~250 ~40.00 ) sym B-Br str, isotopic splitting sometimes
present
~200 ~50.00 S asym B-Br def vib
~175 ~57.14 s
~125 ~80.00 Vs B-Br rocking vib
Tetrabromoborate ion, BBry~ ~600 ~16.67 s asym B—Br str, isotopic splitting present
~240 ~41.67 w sym B-Br str
~165 ~60.61 m B-Br def vib
Aryl boron dibromides 890-865 11.24-11.56 S asym BBr;, isotopic splitting present
~620 ~16.13 s sym BBr; str
~525 ~19.05 out-of-plane BBr, vib
~270 ~37.04 S BBr; rocking vib
~160 ~62.50 m BBr; scissoring vib
Thio-orthoborate esters (symmetrical), 955-905 10.47-11.05 ] asym B-S str, several peaks due to isotopic
—5_1'3_5_ splitting (sym B-S infrared-inactive)
S

band at 1610~1525cm™! (6.21-6.56 um). The band due to the B—H stretching
vibration of compounds for which the boron atom has a complete octet of
electrons occurs in the range 2400-2200cm™! (4.17-4.55um).

The asymmetric and symmetric methyl

deformation vibrations of

B-CH; occur at 1460-1405cm™! (6.85-7.12um) and 1330-1280cm™!

(7.52-7.81 um) respectively.

Compounds with the B—aryl group have a strong, sharp band, due to the ring
vibration, at 1440—1430cm™~! (6.94-6.99 uym). Compounds with a B—phenyl
group have a strong band at about 760cm~! (13.16 um) due to the ring CH
wagging motion,

A review of the infrared spectra of inorganic boron compounds has been
published.’
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Boron trifluoride absorbs in the following regions 1500—1445cm™
(6.67-6.92 um) (two bands being observed due to the two isotopes‘oB
and!'B), ~890cm™" (~11.24pum), 720-690cm "' (13.89-14.49um) (two
bands due to the two isotopes) and at about 480cm~! (20.83 um).
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20 The Near Infrared Region

The near infrared region, 14 000—-4000 em~! (0.7-2.5um), is more akin to
the ultraviolet and visible regions than the normal infrared region and hence
longer path-length cells are employed. This means that the cells are easy to
clean and more robust. Also, being made of glass with quartz windows, or of
silica, they are not attacked by water.

The most useful solvents are those not containing hydrogen. For example,
carbon tetrachloride has no strong absorptions in this region. Carbon disulphide
can also be used, as it, too, is transparent in the near infrared region (see
Chart 1.3).

In general, bands in the near infrared region are due to the overtones or
combinations of fundamental bands occurring in the region 3500—1600 cm™'
(2.8-6.2 um). Therefore, qualitatively, this spectral region is not as character-
istic as the ‘fingerprint’ region.' =7 Although a fair amount of investigation still
needs to be done in this region, it is obvious that the straightforward compila-
tion of spectra will not, in the main, yield the type of qualitative information
to which we are accustomed in the normal infrared range. Hence, the near
infrared region is used primarily for quantitative measurements, such as those
normally required for product quality assurance.

Since intensity measurements are reliable and relatively easy to make, both
band position and accurate values of intensity are usually quoted in the litera-
ture. Often, in the near infrared region, relatively broad, overlapping bands
are observed for samples. Since absorptions in this region originate from
combinations or overtones of fundamental bands in the mid-infrared range
or from electronic transitions in heavy atoms, the pathlength of the sample
must be increased in order to examine successfully the higher frequency part
of the range.

The near infrared region has been found extremely useful in the assignment
of particular groups containing hydrogen.*13-13

Bands due to CH, NH and OH are responsible for the majority of the
absorption features observed in the near infrared. Much of the basic work
in this field has been directed towards quantitative measurements involving
water, alcohols, amines and any substance containing the CH, NH and
OH groups.

Often, little sample preparation is required for simple solids, liquids or gases.
Simultaneous multi-component analysis is usually possible, although many
special, specific devices have been developed for the examination of foods
and many of these can operate completely automatically. Quantitative analysis
is usually fast, although it may involve the use of statistical techniques such
as multiple linear regression analysis, principal component analysis, discrimi-
nant analysis, partial least squares and principal regression analysis. Multivariate
regression analysis is often applied to the derivatives (first, second,. . .) of spectra
(in other words, derivatisation is often applied as a pretreatment to the regres-
sion analysis). An analysis for a single component may involve a number of
absorption positions so that corrections can be applied. The automatic correc-
tion background and interference can be performed by modern instruments
using computer algorithms. Obviously, quantitative analysis cannot be carried
out where corrections for very strong solvent absorptions have to be made. The
detection limits are dependent on the particular band or bands used for the anal-
ysis, the nature of the sample and its environment, etc., but, in general, detection
limits can be made low. For biological and medical applications, near infrared
techniques can be non-invasive and non-destructive. For such applications, the
use of microscope techniques and fibre optics is increasing.

Various publications® %21 review near infrared spectroscopy in many fields.
An atlas of near infrared spectra has been published by Sadtler.?

Useful reviews of the application of near infrared®!821:% (o the study of
various classes of compound are as follows: organic compounds,* polymers,’
silicon compounds,' pharmaceuticals,'' food,'?3? petrochemicals,'?¥
agricultural products,'®!” surface hydrolysis of cellulose,” biological and
medical.”’

Carbon-Hydrogen Groups

Strong combination bands associated with C—H groups occur in the region
5000-4000cm™! (2.00-2.50 um) and first and second overtones of the C—H
stretching vibration are observed at 6250-5550cm™! (1.60—1.80pum) and
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9090—8200cm ™ (1.10—1.22 um) respectively.!> Methyl groups absorb in the
region 8375-8360cm ™! (~1.195um). methylene groups at 8255-8220 cm ™!
(1.21-1.22ym). Compounds containing aromatic C—H bonds absorb near
6000cm™! (1.67 um) due to the overtone of the C—H stretching vibration and
at 8740—-8670cm™! (1.14—1.15 um). Aldehydes have a characteristic band in
the region 4760-4520cm~' (2.10-2.21 um) which probably arises from a
combination of the C=0 and C-H stretching vibrations. Aromatic aldehydes
have characteristic bands near 4525 cm™" (2.21 um), 4445 cm™" (2.25 um), and
8000 cm™" (1.25um).

Terminal epoxide groups have absorption bands near 6060cm ™" (1.65 um)
and 4550cm™! (2.20pum), these positions being similar to those of terminal
methylene groups discussed below. However, the epoxide bands are not
so complicated and are much more intense. Cyclopropanes also have
similar absorptions at 6160—6060cm ™" (1.62—1.65 um) and 4500—4400 cm ™"
(2.22-2.27 um).

Terminal methylene groups, >C=CH2, absorb near 6200cm ™! (1.613 um)

and near 4750cm~' (2.11um). The terminal methylene groups of vinyl

ethers, —O—CH=CH,, absorb near 6190cm ™! (1.616 um) and those of «.B-
unsaturated ketones, —-CO—CH=CH,, near 6175cm™" (1.619 um) whereas for
unsaturated hydrocarbons this absorption occurs near 6135¢cm™" (1.630 um).

Cis-alkenes, —-CH=CH~, have at least three bands in the near infrared
region, one of which is near 4650 cm~' (2.15um), whereas the trans- isomers
have no strong absorptions in the near infrared region.

For terminal methyne groups, ~C=CH, the band due to the C—H stretching
vibration, as discussed previously, occurs near 3330 cm™! (3.00 um), the over-
tone of this band being found near 6535cm™! (1.53 um). Both of these bands
are sharp and may easily be distinguished from the absorptions of amino
groups, which also occur at these positions, since the C—H overtone band has
almost twice the molar absorptivity of the N—H absorption.

Compounds with the CH;CHC=N-group have a combination band (due
to CH and CN stretching vibrations) near 5230cm™"! (1.91 um).

Oxygen—Hydrogen Groups

In dilute carbon tetrachloride solution, primary alcohols absorb near 3635cm™' -

(2.751 um), secondary alcohols near 3625cm™' (2.759 um), and tertiary alco-
hols near 3615cm ™! (2.766 pm). Aryl and unsaturated alcohols, in which the
hydroxyl group may interact with the m-electrons of the system, normally
have their maximum intensity absorptions near 361Scm™! (2.766 pm), with
a shoulder near 3635cm™! (2.751 um), in dilute solution spectra. The greater
the interaction, the smaller the intensity of the shoulder.

Carboxylic acids, depending on their degree of association, have several
bands in the region 3700-3330 em™! (2.70-3.00 um). Even in dilute solutions,
carboxylic acids exist in a high proportion a