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This paper describes the use of temperature dependent FTIR spectroscopy and molecular modelling studies to

establish the origin and the nature of surface hydroxyl ions on calcium carbonate. It has been demonstrated

that two types (Type I, corresponding to a band at 3690 cm21 and Type II, corresponding to a band at

3640 cm21) of hydroxyl ions exist on calcium carbonate surfaces prepared by the carbonation method. Type I

hydroxyl ions are ascribed to those of the unreacted calcium hydroxide (portlandite) present due to incomplete

carbonation and Type II hydroxyl ions are ascribed to interstitial defects which are strongly associated with the

calcium carbonate lattice framework. Interestingly, the calcium carbonate samples prepared by the solution

method do not possess Type I/Type II hydroxyl ions. A molecular modelling exercise was carried out to

generate the calcite 104 plane, and the different modes of adsorption of water on the calcite 104 plane were

derived based on energy minimisation calculations. The possibility of replacement of a carbonate ion either by

(i) two hydroxyl ions or (ii) a hydroxyl and a bicarbonate ion has been considered. The replacement of a

carbonate ion by one hydroxyl and one bicarbonate ion is indicative of the presence of surface/interstitial

defects on calcite (corresponding to Type II hydroxyl ions assigned by FTIR studies). A molecular description

of hydroxylating calcite surfaces is discussed in detail and the results from the energy of formation at zero

water coverage corroborate the above ®ndings. The calculations also predict the formation of a maximum of

two pairs of hydroxyl and bicarbonate ions over a surface area of 1.0 nm2, during chemisorption at low surface

coverages.

Introduction

Calcium carbonate can be precipitated in aqueous solution as
three anhydrous polymorphs, calcite, aragonite and vaterite,
and three hydrated forms, amorphous calcium carbonate,
calcium carbonate hexahydrate and calcium carbonate mono-
hydrate.1,2 There are two further forms, namely, calcite II and
calcite III, which are known to occur only at high pressures.3

Calcite is thermodynamically the most stable form of calcium
carbonate at room temperature and at atmospheric pressure.
The main difference between calcite, aragonite and vaterite lies
in the arrangement of the ideally triangular CO3

22 ions in their
unit cells.4 In rhombohedral and/or hexagonal calcite, the
CO3

22 sub-lattice is hexagonal and the triangular CO3
22 ions

are coplanar. The planes containing CO3
22 ions are perpendi-

cular to the c-axis and they are rotated by 60³ from one CO3
22

layer to the next. In the aragonite structure, although the
CO3

22 sub-lattice is hexagonal, the disposition of the CO3
22

ions with respect to Ca2z ions is different. A de®nitive crystal
structure of the third polymorph vaterite is not as well
understood as the other polymorphs. There is a general
agreement that the unit cell of vaterite is hexagonal and CO3

22

ions are aligned parallel to the c-axis and not perpendicular as
in the case of calcite or aragonite.5

The use of CaCO3 is increasing rapidly in a variety of areas
like rubber, paint, paper, pharmaceuticals, cosmetics and
dentifrices, wherein the surface properties play a very
important role in the ®nal product. Such studies have shown
that Ca2z and CO3

22 are the most important surface ions in
CaCO3 dispersed in aqueous solutions. It has been suggested
that Hz, OH2, HCO3

2, [Ca(OH)]z and [Ca(HCO3)]z species
are also present on the surface and in¯uence the properties of

the calcite surface.6 Water undergoes physisorption and
chemisorption by dissociatively adsorbing over the surface
sites7,8 generated by thermal decomposition and consequently
changes the pore structure of calcite. In a recent FTIR study of
the adsorption of H2O and NH3 on calcite,9 the dissociative
adsorption of water on calcite leading to the generation of
hydroxyl and bicarbonate ions was proposed. All these studies
strongly indicate the presence of CaO and/or Ca(OH)2 type
species on calcium carbonate surfaces.

The present paper describes the speci®c origin of hydroxyl
ions on calcium carbonate surfaces and their quantitative
estimation using variable temperature FTIR and molecular
modelling studies. Calcium carbonates prepared by the
carbonation of aqueous Ca(OH)2 slurries under various
experimental conditions, and those synthesised by double
decomposition of CaCl2 and Na2CO3 have been analysed, and
the relative amounts of hydroxyl ions determined. The
possibility of the formation of different types of hydroxyl
ions in calcium carbonate lattices as well as their energetics of
formation have been explored using molecular modelling
studies.

Materials and methods

Synthesis

Calcium oxide (CaO) was obtained from Citurgia Chemicals
Ltd. (India) and used as received. Calcium carbonate samples
were prepared by the carbonation method,10 in which CO2 gas
is bubbled through an aqueous slurry of Ca(OH)2 under
various controlled temperatures and different end pH condi-
tions. Carbonation reactions were monitored by measuring the
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pH of the aqueous slurry during the course of the reaction.
Pure calcite and aragonite samples as well as intergrown calcite/
aragonite samples were prepared by the solution method,11

wherein aqueous CaCl2 and Na2CO3 were combined in an
equimolar ratio (double decomposition reaction). The experi-
mental details regarding the preparation of samples investi-
gated for the present study are listed in Table 1. All syntheses
were performed in a jacketed stainless steel reactor of internal
volume of 20 L.12 Water was circulated through the jacket
during the course of the experiment to maintain a constant
reaction temperature.

The powder X-ray diffraction patterns were recorded on a
Siemens D-5000 diffractometer using Cu-Ka (l~1.5406 AÊ )
radiation. Routine FTIR spectra of the ground samples were
recorded as KBr pellets using a Bomem FTIR spectro-
photometer (Model: MB 102).

Temperature dependent Fourier transform infrared spectroscopy
(FTIR)

In order to obtain spectra in the region of the carbonate
framework vibrations, pressed pellets of the samples diluted
with potassium bromide (0.6 mg in 300 mg) were used. Self
supported calcium carbonate wafers were used in order to
investigate the nature of surface hydroxyl ions. The prepara-
tion of self supported wafers involved processing the CaCO3

samples under a pressure of 7 tons in22 into thin wafers (5±
7 mg cm22). A rectangular piece of wafer (1.561.2 cm) was
mounted on a specially designed sample holder13 and placed
inside a FTIR transmittance cell positioned in the sample
compartment of the spectrometer (Nicolet 60SXB). The cell
was connected to a high vacuum system. The transmittance
spectra were recorded after degassing the sample to 1025 Torr
at 100, 200, 300 and 400 ³C for one hour each and, ®nally, after
cooling to 100 ³C. The spectra were recorded with 2 cm21

resolution and averaged over 500 scans.

Molecular modelling

The atomic co-ordinates of the asymmetric unit cell of calcite
were taken from a crystal structure study report.14 The
molecular models of the calcite crystal structure and the calcite
104 plane were generated using the Insight II Software
package. The calcite lattice was modelled by considering a
simulation box of 36363 unit cells. The 104 plane passing
through the center of the simulation box was considered for
studying the adsorption behaviour of water. The model of the
calcite 104 surface has 9 layers, which takes care of the
in¯uence of the bulk on the adsorption characteristics of the
surface. The energy minimization calculations were performed
using the parameters derived for the simulation of bulk
crystalline calcite. Hence, such calculations showed a phenom-
enological surface relaxation depending on the boundary
conditions used to de®ne the surface. The most stable surface

of the calcite crystal, namely the calcite 104 plane, is known to
undergo only a small relaxation relative to its bulk struc-
ture.15,16 Hence, we have used in our studies a model of the
calcite 104 plane with atoms ®xed at their crystallographic
locations. Such an approach has been successfully used to
obtain isotherms and isosteric heats of adsorption of water.17 A
polarisable model of water as described earlier by other
groups17,18 has been used.

The interaction mode of water with the calcite 104 plane was
derived using the energy minimization procedure. The inter-
action energy was calculated as the sum of the repulsive and
attractive Lennard±Jones terms as well as the Coulombic
terms, all of which are a function of the distance between atom
pairs (rij) as shown in eqn. (1).

Eformation~
X

i

X
j>i
�Aij=rij

12{Bij=rij
6zqiqj=rij � (1)

The non-bonded interactions and the electrostatic interactions
between the ions were calculated over the whole model. The
energy of formation of surface hydroxyl ions was calculated
according to eqn. (2) as shown below.

Energy of formation of hydroxylated surface~

�Ehydroxylated calcite 104�{�Ecalcite 104zEwater� (2)

The Consistent Valence Force Field (CVFF) parameters of
Dauber-Osguthorpe et al.19 were used for the calculation of
energy using the Discover software package. The Insight II and
Discover software packages were developed and supplied by
MSI, USA.20 All calculations were carried out on a Silicon-
Graphics-Indigo2 workstation.

Results and discussion

Synthesis

Precipitated calcium carbonate samples were prepared employ-
ing both the solution and the carbonation route, under
different reaction conditions (Table 1). While the solution
route leads to the isolation of pure calcium carbonate
polymorphs, the formation of calcite/aragonite intergrowths
is almost always observed when carbonation [eqn. (3)] is
carried out in the temperature range 30±50 ³C,10 as are the
samples considered in this study.

Ca(OH)2zCO2?CaCO3zH2O (3)

CaCl2zNa2CO3?CaCO3z2NaCl (4)

In order to produce calcium carbonate samples with varying
extents of surface hydroxyl ions for the current study, we
synthesised four representative chalk samples (CHK-1, CHK-
2, CHK-3 and CHK-4) by carefully controlling the extent of
carbonation and the reaction temperature. These samples differ
primarily in their phase compositions (calcite : aragonite ratio;
Table 1) and possess different amounts of surface hydroxyl

Table 1 List of CaCO3 samples prepared under different reaction conditions

Reaction conditions

Samples Method of preparation Temperature/³C End pH Calcite : aragonite ratioa

CHK-1 Ca(OH)2 (aq.)zCO2 (g) 30 7.0 69 : 31
CHK-2 Ca(OH)2 (aq.)zCO2 (g) 50 7.0 61 : 39
CHK-3 Ca(OH)2 (aq.)zCO2 (g) 30 9.0 62 : 38
CHK-4 Ca(OH)2 (aq.)zCO2 (g) 50 9.0 55 : 45
CHK-5 CaCl2zNa2CO3

b 25 7.0 100% Calcite
CHK-6 CaCl2zNa2CO3

c 80 7.0 100% Aragonite
CHK-7 CaCl2zNa2CO3

d 25 Ð 40 : 60
CHK-8 CaCl2zNa2CO3

d 25 Ð 70 : 30
aCalculated from the areas under the peaks at 873 and 854 cm21 in the FTIR spectra. bNa2CO3 added to CaCl2. cSimultaneous addition of
CaCl2 and Na2CO3. dCaCl2 added to Na2CO3 in a different molar ratio.
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ions. CHK-1 and CHK-2 were prepared using extended
carbonation, with the anticipation that these samples would
be devoid of any unreacted calcium hydroxide. CHK-3 and
CHK-4 were deliberately prepared by terminating the carbo-
nation at pH 9, so that these samples would contain some
unreacted calcium hydroxide. Pure calcite (CHK-5) and
aragonite (CHK-6) samples were synthesised adopting the
solution route. Two calcite/aragonite intergrown samples with
different calcite : aragonite ratios (CHK-7 and CHK-8) were
also synthesized using the solution method, for comparison
purposes.

Characterisation

FTIR spectra of CaCO3 polymorphs display characteristic
absorption bands in the region 1850±650 cm21 corresponding
to the four types of C±O bond vibrations, namely symmetric
stretching (n1), out-of-plane bending (n2), a doubly degenerate
asymmetric stretching (n3) and a doubly degenerate in-plane
bending (n4).21 The symmetric stretching mode n1 is infrared
inactive, hence, only three bands due to n2, n3 and n4 are
observed in the FTIR spectrum of calcite at 873, 1440 and
710 cm21, respectively. On the other hand, all the six
fundamental frequencies are permitted in aragonite because
of the non-degeneracy of the n3 and n4 bands due to the
reduction in symmetry. In our infrared measurements,
aragonite displayed ®ve well-resolved bands at 700, 712, 854,
1080 and 1480 cm21, and a shoulder-like feature at 1420 cm21.

Phase compositions of calcite and aragonite in calcium
carbonate samples prepared following the carbonation and the
solution methods are described in Table 1. The relative
amounts of calcite and aragonite were calculated from the
ratio of the areas under the 873 and 854 cm21 bands in their
infrared spectra. This was then compared with the results
obtained from their X-ray powder diffraction patterns. The
area under the principal XRD line at 3.03 AÊ (104 plane) for
calcite and 3.39 AÊ (111 plane) for aragonite were used to
quantify the relative amounts of calcite and aragonite in these
calcium carbonate samples.22 The calcite : aragonite ratios
calculated from the FTIR and XRD methods are in good
agreement.

Temperature dependent FTIR studies

In order to gain insight into the origin of hydroxyl ions in
calcium carbonate, the samples were subjected to temperature
dependent FTIR investigations. FTIR spectra of these samples
were acquired on their self supported wafers at 100, 200, 300
and 400 ³C respectively, followed by cooling to 100 ³C under
vacuum. Fig. 1 displays the temperature dependent FTIR
spectra of CHK-1, CHK-2, CHK-3 and CHK-4 samples. The
spectra of all the samples exhibited two well-de®ned sharp
bands at 3690 and 3640 cm21 attributed to hydroxyl stretching
(nOH) and referred to as Type I and Type II hydroxyl ions,
respectively. The integrated intensities of bands under the 3690
and 3640 cm21 peaks in all of the spectra are summarised in
Table 2.

As can be noted from Table 2, all four samples display both
3690 and 3640 cm21 bands with varying relative intensities.
The intensities of the 3690 cm21 band (Type I) in CHK-3 and
CHK-4 are signi®cantly higher than those in CHK-1 and
CHK-2. Upon heating to 400 ³C, the 3690 cm21 band
disappeared and did not re-appear upon cooling back to
100 ³C. On the other hand, the 3640 cm21 band (Type II) in all
samples did not disappear upon heating to 400 ³C and was
found to persist even upon cooling to 100 ³C. This band
disappeared only when calcium carbonate samples were heated
to ca. 700 ³C, corresponding to its decomposition to calcium
oxide. In addition, with increasing temperature, the broad
band centred at 3550 cm21 (Fig. 1) which is due to adsorbed

water and ±OH species perturbed due to hydrogen bonding was
found to decrease in intensity because of desorptive losses.

Clearly and unambiguously, the Type I hydroxyl species
correspond to unreacted Ca(OH)2 since both of these have very
similar thermal decomposition pro®les. In order to substantiate
this, an independent FTIR study was carried out with Ca(OH)2

and it exhibited similar behaviour. The intense bands at
ca. 3690 cm21, not shown in Fig. 1 (pattern matches that
reported in the literature),23 vanished upon heating to 400 ³C,
and no bands were found to re-appear after cooling to
100 ³C. At this temperature, Ca(OH)2 is known to decompose
to CaO irreversibly, and thus, upon cooling to 100 ³C the
spectrum remained unchanged. It is interesting to note that
CHK-1 and CHK-2 were prepared by carbonating Ca(OH)2

slurries till an end pH of 7 was attained and thus the intensities
of Type I hydroxyl bands in these two samples are very low,
suggesting the presence of extremely small amounts of
unreacted Ca(OH)2. As CHK-3 and CHK-4 were prepared
at an end pH of 9, a signi®cant amount of unreacted Ca(OH)2

was present in these samples as evident from the presence of
very intense Type I hydroxyl bands.

The Type II hydroxyl species which appear at 3640 cm21 in
the FTIR spectra are ascribed to those present as interstitial
defects and strongly associated with the calcium carbonate
lattice. The nature of interstitial defects has been analysed using
molecular modelling as presented in the following section. They
are believed to be strongly associated with the CaCO3 lattice,

Fig. 1 Temperature dependent FTIR spectra of (A) CHK-1, (B) CHK-
2, (C) CHK-3 and (D) CHK-4. For each sample, spectra were recorded
at 100, 200, 300 and 400 ³C and, ®nally, cooled back to 100 ³C. The
y-axis shows the absorbance (arbitrary units).
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because they do not disappear even after heating to 400 ³C
under vacuum (Fig. 1). The rationale for this is that these bands
only disappear when CaCO3 undergoes self-decomposition.
This phenomenon occurs possibly via a mechanism of
replacement of CO3

22 by OH2 ions in the CaCO3 framework.
It is also interesting to note from Table 2 that the intensity of
Type II hydroxyl ions increases with increasing temperature up
to 300 ³C and then reaches a plateau even after cooling to
100 ³C. During this process, the intensity of adsorbed water
also decreases. Thus, it can be surmised that CaCO3 surfaces
promote the hydrolysis reaction at an elevated temperature
especially at the defect sites (Type II hydroxyl) present on the
CaCO3 surface. Similar phenomena of the dissociation of water
on defect sites of NaCl crystal surface and certain Ca2z/La3z

exchanged zeolites are also known.24

Temperature dependent FTIR spectra of pure calcite (CHK-
5) and aragonite (CHK-6) samples as well as their intergrowths
(CHK-7), prepared by the solution method are displayed in
Fig. 2. There are no structural hydroxyl ions in these samples as
can be seen from the ®gure. A similar study could not be
conducted on a pure vaterite sample, because on heating to
200 ³C the sample became almost opaque to the IR beam.
These results indicate and substantiate the fact that CaCO3

samples prepared by the solution route do not exhibit either
Type I or Type II hydroxyl ions irrespective of the crystal phase
formed. Therefore, these types of hydroxyl ions originate when
CaCO3 is prepared by the carbonation method only, wherein
the reaction is between a strong base and a weak acid.

Modelling the interaction of water with the calcite 104 plane

Fig. 3 shows a molecular graphics picture of a calcite lattice.
Several crystal planes are also marked. This ®gure indicates the
heterogeneity of atom distribution in each of these planes as
well as their frequency of occurrence. Although there have been
several studies25±27 on the application of computational
methods to understand the bulk and surface characteristics
of calcite, only a few reports28,29 deal with the interactions of
small molecules with calcite surfaces. The hydroxyl ions were
found to be present only in the CaCO3 samples prepared by the

carbonation method (CHK-1 to CHK-4). In all these samples,
the calcite : aragonite ratio is always greater than 1.0 as shown
in Table 1. Hence, an elaborate modelling of the nature, origin
and stability of the surface hydroxyl ions on the calcite 104
plane was undertaken.

The favourable mode of adsorption of water over the calcite
104 plane was derived by minimizing the interaction energy. A
utility code was used to generate several starting orientations of
water over the 104 plane. A grid having an interval of 0.5 AÊ

over an area of 6.0 AÊ 65.0 AÊ on the calcite 104 plane was
created. The water molecule was placed at each of the 120
(12610) locations at the grid points generated as above. The
initial orientation of the water molecule was chosen in such a
way that the molecular plane (the plane containing the three
atoms of the water molecule) is parallel to the calcite 104 plane.
The water molecule was rotated in the x, y and z directions by

Fig. 2 Temperature dependent FTIR spectra of (A) CHK-5, (B) CHK-
6 and (C) CHK-7. For each sample, spectra were recorded at 100, 200,
300 and 400 ³C and, ®nally, cooled back to 100 ³C. The y-axis shows the
absorbance (arbitrary units).

Table 2 Relative concentration of hydroxyl ions

Samples

Area of peak under 3640 cm21 (Type II~interstitial hydroxy ion)
after evacuation at the following temperatures/cm21

Area of peak under 3690 cm21 (Type I~unreacted Ca(OH)2)
after evacuation at the following temperatures/cm21

100 ³C 200 ³C 300 ³C 400 ³C 100 ³Ca 100 ³C 200 ³C 300 ³C 400 ³C 100 ³Ca

CHK-1 3.8b 7.9 9.5 8.9 9.1 1.1 0.9 0.7 0 0
CHK-2 2.5b 3.7 7.5 6.9 7.2 2.8 1.2 0 0 0
CHK-3 0.6b 2.3 4.4 4.7 4.8 23.8 17.3 4.8 0 0
CHK-4 ca. 1b ca. 1b ca. 2b 4.8 7.5 12.8 12.0 6.6 0 0
aCooled back from 400 ³C. bDeconvolution was not possible due to the interference from the broad water band. Hence, the area was deter-
mined by integrating the area between peak minima, before baseline correction.

Fig. 3 A molecular graphics picture of the calcite lattice viewed down
the 010 plane. The unit cell of calcite (4.98964.989617.060 AÊ ) is also
inscribed to indicate the relative positions of different surfaces. The 104
plane, 101 plane and 001 plane are also shown to indicate the density of
atoms in different Miller index planes. The coordination between Ca2z

and O22 ions is not shown and CO3
22 ions are shown as single units for

better visualisation.
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90³ considering the molecular plane as the xy plane and z as the
direction perpendicular to the xy plane.

For each orientation of the water molecule at the grid points,
energy minimization was adopted to deduce the stable modes
of adsorption of water. The interaction energy between the
calcite 104 surface and the water molecule was minimized with
respect to the internal degrees of freedom of water as well as the
non-bonding interactions. All atoms of the calcite 104 surface
were constrained to their crystallographic positions with the
calcium and carbonate ions maintained at their full ionic
charges (z2 and 22, respectively). The carbonate charge was
partitioned between carbon (z0.919) and oxygen (20.973).
The oxygen atom (20.4) and the hydrogen atoms (z0.2) of the
water were considered to be partially charged.30 The potential
parameters used in the calculation are given in Table 3.

Following the above procedure, two stable modes of
adsorption of water over carbonate species were identi®ed.
In mode I, the water molecule adsorbs over CO3

22 leading to
two hydroxyl groups, which may be initially formed through
hydrogen bonding, as shown in eqn. (5).

CO3
2{zH2O?CO2z2�OH�{ (5)

This process leads to the formation of Ca(OH)2 type species on
the surface with the evolution of CO2. The molecular picture of
the hydroxylated surface corresponding to the observed IR
band at 3690 cm21 (Type I) is shown in Fig. 4. The energy of
formation of this species is calculated according to eqn. (2) and
listed in Table 4. In mode II, the water molecule adsorbs over
CO3

22, by forming a single hydrogen bond as shown in
eqn. (6).

CO3
2{zH2O?HCO3

{zOH{ (6)

This process leads to the formation of calcium bicarbonate and
hydroxide ion on the surface. Thus, the molecular picture of the
hydroxylated surface corresponding to the observed IR band at
3640 cm21(Type II) is also derived. The energy of formation
for this species is also calculated according to eqn. (2) and listed
in Table 4. As observed from Table 4, the formation of a
hydroxyl and a bicarbonate ion [process shown in eqn. (6)] is
energetically more favourable than the formation of two
hydroxyl ions [process shown in eqn. (5)].

We also considered exploring the feasibility of multiple
substitution processes in the calcium carbonate lattice and
speci®cally we modelled the replacement of more than one

carbonate ion by hydroxyl and bicarbonate ions on the calcite
104 surface. This exercise was performed to ®nd out the
preferred number of surface hydroxyl ions that can be
accommodated on the 104 plane. For this purpose, the
following three possibilities of distribution of hydroxyl and
bicarbonate ion pairs in (i) neighbouring (adjacent)
positions, (ii) next neighbouring positions, and (iii) non-
neighbouring positions, were considered, as shown in
Fig. 5(a±c). The energies of formation of the hydroxylated
surface corresponding to the above situations are also
included in Table 4. The energy of formation of a pair of
hydroxyl and bicarbonate ions is obviously favourable, but
when these are partitioned for the ®rst and second set, the
energy of formation for the second set is relatively
unfavourable. The energy of formation for the second set
is phenomenally dependent on its position with respect to
the ®rst set. It was found that the formation of the second
pair of ions in the non-neighbouring position (Fig. 5c)
[2160.79±(287.42) kJ mol21] is almost as favourable as the
formation of two hydroxyl ions replacing a carbonate ion
[eqn. (5), Fig. 4]. However, the formation of a second pair
of hydroxyl and bicarbonate ions in next-neighbouring
positions (Fig. 5b) [2157.37±(287.42) kJ mol21] and the
adjacent positions (Fig. 5a) [2124.33±(287.42) kJ mol21]
was found to be relatively unfavourable. Considering the
fact that the hydroxyl ions are formed between the
carbonate ions and the distances between the carbonate
ions in the perpendicular directions are 4.05 and 4.99 AÊ , the
formation of two hydroxyl ions in non-neighbouring
positions (Fig. 5c) leads to the formation of two surface
hydroxyl ions over a surface area of 1.0 nm2. It is observed
that even the formation of hydroxyl groups in adjacent

Table 3 Parameters used in the energy minimization calculations

Bond length parameters: E~K1(r2ro)2

Atoma Atoma r0/AÊ K1/kcal mol21 AÊ 22

O H 0.96 540.6336

Bond angle parameters: E~K2(H2H0)2

Atoma Atoma Atoma H0/degrees K2/kcal mol21 degree22

H O H 104.5 50.0000

Nonbonded parameters: E~Aij/r
122Bij/r

6, where Aij~(AiAj)
1/2; Bij~(BiBj)

1/2

Atom A/kcal mol21 AÊ 12 B/kcal mol21 AÊ 6

O 629358.000 625.500
H 0.00000001 0.000
Ca2z 119025.000 240.25
O22 272894.785 498.878
C 2968753.359 1325.708
aAtom types: O, oxygen of water; H, hydrogen of water; Ca2z, calcium of calcium carbonate; O22, oxygen of carbonate; C, carbon of carbo-
nate.

Fig. 4 A molecular graphics picture of the calcite 104 plane, where a
CO3

22 ion is substituted by two OH2 ions. The picture shows a cross-
sectional view of the 104 plane.
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positions is still exothermic,which indicates that the physisorption
of more water molecules is feasible. This result is again in
agreement with the temperature dependent FTIR results, wherein
a broad band at 3550 cm21 due to physisorbed water (Fig. 1)
disappeared with increasing temperature. The energy of forma-
tion of hydroxyl ion is dependent on the distance between the
existing and the newly forming hydroxyl ions. Qualitatively, the
layer to layer distance as well as the ion to ion distance are the
factors controlling the formation of hydroxyl ions and similar
arguments hold good for other planes of different phases of
CaCO3. More accurate quantum chemical calculations are being
undertaken to study the relaxation of surface atoms nearer to
hydroxyl ions in order to obtain accurate energetics and a better
understanding of the activation energy barrier for the dissociation
mechanism of the chemisorbed water.

Conclusions

We have probed the origin and nature of hydroxyl ions in CaCO3

by variable temperature FTIR and molecular modelling studies.
FTIR studies show the presence of hydroxyl ions (3690 cm21

band) arising due to an incomplete carbonation reaction. The
band at 3640 cm21 is ascribed to hydroxyl ions strongly bound to
the CaCO3 lattice. These lattice bound hydroxyl ions exhibit an
unusually high thermal stability and are stable up to temperatures
at which CaCO3 starts undergoing self-decomposition to its
corresponding oxide. However, samples of pure calcite and
aragonite, as well as their intergrowths, prepared by the solution
route do not possess any such hydroxyl ions.

The potential interactions of the water molecules over the
calcite 104 surface have been considered and molecular
modelling studies were performed on such hydroxylated
surfaces. The energy of formation of hydroxylated surfaces
at low surface coverage of water corroborates well with the
results obtained from temperature dependent FTIR studies.
The highlights of the molecular modelling studies are: (i) that

the replacement of a carbonate ion by a surface hydroxyl and a
bicarbonate ion is energetically more favourable than replace-
ment by two hydroxyl ions, and (ii) formation of a maximum of
two surface hydroxyl ions over a surface area of 1.0 nm2 is
predicted.
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Table 4 Energetics for the formation of different types of hydroxylated calcite (104) plane

Type of hydroxyl ion Energy of formation/kJ mol21

Two hydroxyl ions replacing the carbonate ion [eqn. (5); Fig. 4] 273.60
One hydroxyl and one bicarbonate ion replacing the carbonate ion [eqn. (6)] 287.42
Two hydroxyl and two bicarbonate ions replacing two carbonate ions in

adjacent (neighbouring) positions (Fig. 5a)
2124.33

Two hydroxyl and two bicarbonate ions replacing two carbonate ions in
next-neighbouring positions (Fig. 5b)

2157.37

Two hydroxyl and two bicarbonate ions replacing two carbonate ions in
non-neighbouring positions (Fig. 5c)

2160.79

Fig. 5 Molecular graphics pictures of the calcite 104 plane, where two
CO3

22 ions are substituted by two sets of OH2 and HCO3
2 ions. Three

possibilities of hydroxyl and bicarbonate ion formation are shown: (a)
neighbouring (adjacent) positions, (b) next neighbouring positions and
(c) non-neighbouring positions. The labelling of atoms is same as in
Fig. 4.
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