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ABSTRACT

Zr-based metal-organic frameworks (Zr-MOFs) have attracted significant attention as selective oxidation cata-
lysts due to their stability in aqueous and oxidative media and high activity in H2O3 activation. Oxidation of
thioethers with aqueous HyO2 over Zr-MOFs reveals extremely high selectivity toward the formation of sulfones
even at low conversions. Herein, the main factors determining activity of Zr-MOF in the thioether oxidation have
been investigated using zirconium terephthalate UiO-66 as a model catalyst and methyl phenyl sulfide (MPS) as a
model substrate. Samples of UiO-66 differing in the particle size, number of defects, and composition have been
synthesized. The particle size was evaluated based on high resolution transmission electron microscopy images.
Thermogravimetric analysis (TGA), proton nuclear magnetic resonance spectroscopy (‘H NMR), and inductively
coupled plasma atomic emission spectroscopy (ICP-OES) were employed for quantification of defects and
determination of the composition of the UiO-66 samples. The number of basic sites was determined by liquid-
phase adsorption of isobutyric acid. It was demonstrated that this characteristic depends on both the number
of defects and specific composition of UiO-66 and can be affected by dehydration/hydration procedures. The
number of basic sites turned out close to the number of terminal Zr-OH,/OH groups in the Zr-MOF defects
determined by combinations of '"H NMR/TGA and 'H NMR/ICP-OES, suggesting that the basic sites are repre-
sented by Zr-OH groups at open Zr sites. Kinetic studies implicated that catalytic activity of UiO-66 in MPS
oxidation is proportional to the number of basic sites provided that the particle size of the Zr-MOF does not
exceed 10-20 nm. Acid additives suppress both the thioether oxidation and H20, dismutation, pointing to the
key role of basic Zr-OH groups in these two catalytic reactions.

1. Introduction

ordered structure that ensures easy access to the active sites provided
that the size of reagents does not exceed the size of the MOF apertures

Metal-organic frameworks (MOFs) are porous coordination poly-
mers composed of metal ions or clusters that are linked by polydentate
organic ligands in a complex periodic reticular structure [1-3]. MOFs
have extraordinary textural characteristics, vastly exceeding those of
typical porous materials. In particular, their surface areas and pore
volumes often lie in the range of 1000-3000 m?/g and 1-3 cm®/g,
respectively [3,4]. Excellent porosity characteristics together with the
possibility of introducing a variety of functionalities into a MOF struc-
ture give rise to intensified research in the fields of gas adsorption and
separation [5-7], heat pumps [8,9], catalysis [10-15], sensing [16],
drug delivery [17,18], and others.

MOFs represent a new type of heterogeneous catalysts as they feature
high content of metal centers (20-40 wt%) and high porosity with an
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[10-15]. They can serve not only as supports for active nanoparticles
and metal complexes but may also possess intrinsic activity in acid-base
and oxidation catalytic reactions [10,11,13,19-21]. The well-defined
structure of spatially isolated active sites (metal nodes) facilitates their
study at the molecular level and brings them closer to homogeneous
catalysts [11,22].

Oxidation catalysis enables efficient insertion of oxygen into organic
compounds and their transformation to valuable products and in-
termediates of organic synthesis [23-25]. One of the most attractive,
green oxidants with high content (47%) of active oxygen is hydrogen
peroxide, since the only by-product of oxidations with HyO, is water
[26,27]. Its widespread use is hindered by some economic factors and
low reactivity; therefore, the development of new efficient catalysts for
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its production in situ and activation is required [28]. Moreover, for se-
lective oxidation of the majority of organic substrates, peroxide acti-
vation through a heterolytic pathway is preferable [23,24] in order to
avoid generation of 'OH and HO; radicals, which are detrimental to
product selectivity, reproducibility, and oxidant utilization efficiency.
So far, use of MOFs as catalysts for oxidations with HyO, was lagged
behind because of issues with MOF stability in the harsh environment of
reaction mixtures containing HyO, that has a strong hydrolyzing and
coordinating abilities [29,30].

If we consider known MOFs from the view point of their potential use
as catalysts for oxidation with HO,, then it is worth highlighting the
family of Zr-MOFs, the structure of which is based on Zr(IV) oxo-
hydroxo clusters {ZrgO4(OH)4}'2* connected by polytopic carboxylate
ligands [31-33]. Among them, zirconium terephthalate UiO-66 (the
structure is shown in Fig. 1; UiO stands for University of Oslo) is the best
known and deeply studied one. Zr-MOFs and especially UiO-66 are
exceptionally stable at elevated temperatures, resistant to hydrolysis/
solvolysis and do not degrade over a wide pH range [31].

These features of UiO-66 have brought about a keen interest in this
material in the field of catalysis [34-37]. Recent studies have shown that
Zr-MOFs exhibit catalytic activity in a range of liquid-phase oxidations
with aqueous Hy05 [29,38-42]. The oxidation of S-compounds, thio-
ethers and thiophens, in particular oxidative desulfurization (ODS), are
among the most widely studied processes in which MOFs [43,44] and
specifically Zr-MOFs [39-41,45-53] are used as catalysts. Meanwhile,
catalytic activity of Zr-MOFs for the epoxidation of C = C bonds in al-
kenes [38,54,55] and a,B-unsaturated carbonyl compounds [39,40] has
been also demonstrated. The results collected in a few works indicated
that Zr-MOFs are capable of heterolytic activation of HyO2 followed by
either electrophilic or nucleophilic oxygen transfer to organic substrate
[38-40,52]. The oxidation mechanism depends on the nature of the
organic substrate [39,40] and can be amended by the addition of a
source of protons [38] or choice of solvent [39,52]. Despite significant
progress in the perception of the HyO5-based oxidation catalysis on Zr-
MOFs, there are still gaps in understanding of the key factors which
govern the catalytic performance [29,40]. Filling these gaps would also
expand our knowledge of the principles of HyOs/0organic substrate
activation on zirconium, which is currently an understudied area. For
example, it is not yet clear why Zr-substituted polyoxometalates (Zr-
POM) are highly active catalysts for epoxidation of various C = C bonds

Fig. 1. Ideal structure of UiO-66. Edge terephthalate linkers are omitted
for simplicity.
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[56] while Zr-silicates [57] and Zr-MOFs [38] are not. Elucidation of the
nature of active Zr sites in Zr-MOFs and elaboration of methods for their
quantification would help in answering the key question-what factors
affect the catalytic performance of Zr(IV)?

Zr-MOFs exhibit catalytic activity due to the properties of their
nodes, Zr(IV) oxo-hydroxo clusters [31,58-61]. Such clusters themselves
also reveal some activity in HyOy-based oxidations [39,61], but their
organization into a regular porous structure of MOF improves drastically
the catalytic performance. It is widely accepted that Zr-nodes provide
catalytically active sites in the form of open Zr-sites, which can be either
coordinatively unsaturated or terminated with labile groups
[31,58,59,62]. The latter are commonly associated with a pair of Zr
(H20)/ZrOH [63-65] (Fig. 2a) but special treatments can give other
configurations [66]. Open Zr sites are considered to be active sites in
both acid-base [58,59,63,67] and oxidation [29,39,52,59] catalysis due
to Lewis acidity of coordinatively unsaturated Zr(IV) or Brgnsted acid-
—base properties of terminal Zr(H;0)/Zr(OH) groups. Yet, the catalytic
performance of UiO-66 is often attributed to a dual acid/base character
of the open sites [39,65,77].

Open Zr-sites can arise due to defects and/or a low-coordination
mode of the nodes in some specific Zr-MOF structures [58,59]. Zr-
MOFs with 12 linkers per node, specifically the most studied UiO-66,
do not contain open Zr-sites in the ideal MOF structure (Fig. 1)
[40,66,67]. The only way to get open Zr-sites in 12-coordinated
Zr-MOFs is the generation of defects. Various approaches have been
developed for defect engineering in Zr-MOFs, the most common being
the use of carboxylic acid modulators during the solvothermal synthesis
[68,69,70-71]. However, carboxylates can remain strongly bound with
Zr-sites at thus generated missing linker defects (Fig. 2b). This means
that the number of the missing linker defects can differ significantly
from the number of catalytically active Zr-sites. Therefore, the use of
defect quantification methods alone is not sufficient for a reliable
determination of active sites in Zr-MOF, and it is necessary either to find
out the exact composition of the MOF or determine the number of active
Zr-sites directly.

Basic sites in Zr-MOFs can apparently play a significant role in
catalysis [39,40,77,78]. However, at present, little is known about their
structure and methods for their quantitative determination. The main
candidates for the role of such sites were bridging p3—0 [77] and ter-
minal Zr-OH groups [65,72]. In our previous work, we suggested to
employ liquid-phase adsorption of isobutyric acid (IBA) to determine the
number of basic sites in Zr—-MOFs [39,40]. Our interest was stimulated
by the unusually high selectivity for sulfones observed in the oxidation
of thioethers with HyO5 over Zr-MOFs [39,40]. Indeed, predomination
of sulfones over sulfoxides, even at initial stages of the oxidation process,
clearly points to nucleophilic activation of HyO5 [73,74] which usually
requires basic conditions [75,76]. Preliminary results allowed us to
suggest that basic sites in Zr-MOFs are most likely Zr-OH terminal
groups located in defects (see Fig. 2a) [39,40]. However, no direct
quantitative correlation that would link Zr-MOF activity with the
number of basic sites was so far established, most likely, because other
factors could also contribute to the observed activity. Given that the
nature of basic sites in Zr-MOFs is a matter of discussion [65,77-79],
studies devoted to its elucidation and resolving the problem of their
quantification are challenging goals for both MOF chemistry and
oxidation catalysis.

Catalytic activity of Zr-MOFs can be strongly affected by MOF
adsorption properties [40], which are primarily defined by the nature of
the organic linker and the specific MOF structure, and can be enhanced
by increasing the defect concentration in MOF [80-83]. While Zr core
provides catalytically active sites, the linker—substrate interactions tune
the process efficiency [84]. Taking into account that studies of liquid-
phase adsorption of organic compounds on MOFs are relatively scarce
and rarely deal with typical substrates and products of selective oxida-
tion [40,85-88], at the current state of knowledge, it is practically
impossible to establish quantitative structure-activity relationships
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Fig. 2. Simplified representation of hydrated defect in Zr-node (L belongs to dicarboxylate linker): (a) open site with H,O/OH terminal groups and (b) defect site

capped with modulator carboxylate R-COO™.

using Zr-MOFs of different structures [40]. This prompted us to
concentrate only on the sole family member of Zr-MOFs, namely UiO-66,
for a systematic investigation of the factors which may have impact on
catalytic activity in the oxidation of S-compounds. Fortunately, to date,
various methods have been described in the literature that make it
possible to vary a certain characteristic of UiO-66 (for example, particle
size, number of defects, or number of open sites) without altering the
others.

It is well-known that accessibility of active sites for diffusion of re-
agents can critically affect activity of microporous catalysts, so mass
transfer processes should be taken into account. UiO-66 has a pore
aperture of 6 A, which is sufficient for the penetration of a substituted
aromatic ring inside the MOF pores. However, when the kinetic diam-
eter of a substrate is close to the pore aperture, diffusion limitations may
arise during the catalytic process, depending on the catalyst particle size
and specific substrate reactivity. So far, mass transfer in Zr-MOFs has
rarely been examined thoroughly in catalytic studies, especially in the
liquid-phase [11,58,59,62,67]. Most of the works which addressed
diffusion processes in UiO-66 dealt with small molecules and light linear
alkanes with small kinetic diameter [89-92] and few works concerned
gas-phase diffusion of organic molecules with the kinetic diameter close
to the UiO-66 pore entrances [93,94]. Since kinetic trends can be
strongly altered by internal diffusion limitations [95], to establish reli-
able quantitative correlations between the number of active sites in UiO-
66 and its catalytic activity, a proper choice of the range of catalyst
particle sizes and reaction conditions, which ensure the reaction pro-
ceeds in the kinetic regime, is required.

While our previous works concerned mainly selectivity issues in the
Zr-MOF-catalyzed oxidations [38-40], the aim of the present work was
to determine which factors affect activity of the catalysts and what is the
role of basic sites among them. Using two series of UiO-66 samples
differing in a variable parameter, either particle size or number of basic
sites, we first systematically compared various methods employed so far
for determination of terminal Zr(H20)/ZrOH groups, developed a reli-
able procedure for quantification of basic sites and, using a model sub-
strate, methyl phenyl sulfide (MPS), determined the conditions under
which catalytic oxidation proceeds in the kinetic regime, ensuring that
MPS diffusion does not affect the catalytic activity. All these allowed us
to verify the nature of basic sites in UiO-66 and find a correlation be-
tween their number and intrinsic catalytic activity of UiO-66 in the
oxidation of thioethers with HyO». Decomposition of HoO3 over UiO-66
was also investigated in the absence of organic substrate to clarify the
role of basic sites in the possible side reaction-unproductive HyOy
degradation.

2. Experimental section

Materials. Acetonitrile (Panreac, HPLC grade) was dried and stored
over activated 3 A molecular sieves. Methyl phenyl sulfide (MPS, 99%),
methyl phenyl sulfoxide (MPSO, 98%) and terephthalic acid (99%-+)
were purchased from Acros. All the other compounds were the best
available reagent grade and were used without further purification. The
concentration of hydrogen peroxide (ca. 30 % in water) was determined
iodometrically prior to use.

Instrumentation. 'H NMR spectra were recorded at 400.130 MHz
on a Briiker AVANCE-400 spectrometer. Zr content was determined by
ICP-OES using an Optima-430 DV instrument (PerkinElmer Inc.) ATR-
FTIR spectra (4000-400 crn’l, 32 scans, resolution 4 em™ 1) were ob-
tained using a Cary 660 FTIR spectrometer (Agilent Technologies).
Thermogravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) were carried out in airflow (30 mL/min) using a NETZSCH
STA 449C instrument. The sample weight was 10 mg in all experiments
and the heating rate in TG experiment was 10 °C/min. Nitrogen
adsorption measurements were carried out at 77 K using a Quantach-
rome NOVA 1200 instrument. The catalysts were activated in vacuum at
150 °C for 3 h before the measurements. Powder X-ray diffraction
(PXRD) patterns were collected on a Shimadzu XRD 7000S diffractom-
eter (Shimadzu, Kyoto, Japan) (CuKoa radiation, graphite mono-
chromator and Si as an external reference). Scanning electron
microscopy (SEM) images were acquired by means of a JEOL JSM-6460
LV microscope. The particle morphology was studied by transmission
electron microscopy (TEM) using a JEM-2010 (JEOL Ltd., Japan) and a
JEM-2200FS (JEOL Ltd., Japan) electron microscopes operated at 200
kV. The samples were dispersed ultrasonically and deposited on TEM
copper grids covered with a holey carbon film. GC analyses were per-
formed using a gas chromatograph Tsvet-500 equipped with a flame
ionization detector and a quartz capillary column (30 m x 0.25 mm)
filled with BPXS5.

Zr-MOF synthesis and characterization. UiO-66 samples were
synthesized from ZrCl or ZrOCl,-8H20 and H,BDC by the solvothermal
method using DMF as solvent and carboxylic acids as modulators,
following the procedures reported by Taddei [96] and Gutov [97] (see
Supporting Information (SI) for details). The structure of UiO-66 was
confirmed by PXRD, FT-IR spectroscopy, and Na adsorption while
average particle size for the UiO-66 samples was determined by SEM and
TEM (Figures S1-S4). The number of defects in UiO-66 samples was
assessed by TGA (see SI for calculations, Figure S5-56); the temperature
of ligand decomposition onset was determined at the foot of the largest
peak (Figure S7). The composition of UiO-66 samples was evaluated
following an approach reported by Limvorapitux et al. [52] based on the
combination of 'H NMR and ICP-OES and an adapted methodology
suggested by Shearer et al. [69] using 'H NMR and TGA. Before use,
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samples were activated in vacuum at 150 °C for 5 h and stored in
desiccator over P50s.

Catalytic oxidations and kinetic experiments. Catalytic reactions
were performed under vigorous stirring (500-600 rpm) in thermostated
glass vessels. The reaction rate was independent on the rate of stirring,
which excludes any effect of external diffusion limitation. MPS oxidation
was initiated by addition of HoO5 (0.2 mmol) to a solution of MPS (0.2
mmol) in 2 mL of CH3CN at 25 °C containing 4.4 mg of UiO-66. MPSO
oxidations were carried out under the following conditions: 2 mg of UiO-
66, [Ho02] = 0.015 M, [MPS] = 0.015 M, 4 mL CH3CN, 25 °C. Samples
of the reaction mixture were taken periodically, and MPS or MPSO
consumption was determined by GC (with biphenyl as internal standard)
after treatment of the reaction sample with PPhj to reduce the rest of
H30,. Initial rates were determined from experimental kinetic curves as
d[MPS]/dt (or d[MPSO]/dt) at t = 0 by using a Cubic spline interpo-
lation. Each experiment was reproduced 2—3 times.

Hydrogen peroxide decomposition study. Decomposition of HyOy
(0.2 M) was studied in the absence of an organic substrate at 50 °C in
CH3CN (2 mL) in the presence of Ui0-66 (10 mg). Aliquots of 0.1 mL
were taken during the reaction course, and Hy0» concentration was
determined by titration with KMnOy (see SI for details). A maximum of 7
aliquots were taken during one kinetic experiment. At least two parallel
experiments were carried out.

IBA adsorption studies. For evaluation of the number of basic sites
in UiO-66 samples, the method suggested by Carniti et al. [98] was
adapted with significant modifications [39]. A detailed description of
the procedure is given in the SI. Adsorption studies were performed with
10 mg of UiO-66 preliminary activated (150 °C in vacuum) and then
exposed to air for ca. 10 min in an open glass vessel before addition of 2
mL of n-hexane. A solution of isobutyric acid (IBA, 0.1 M in n-hexane)
was added by 20 pL portions to the UiO-66 suspension in n-hexane, the
suspension was stirred vigorously for 10 min and then the catalyst was
allowed to settle and the IBA concentration in the solution was deter-
mined by GC (BPX-5) using n-decane as internal standard.

3. Results and discussion
3.1. Catalyst synthesis and general characterization

Two series of UiO-66 samples have been synthesized to fulfil the
objectives of this work. The first series with variable particle size (VS-1 —
VS-4) was prepared to answer the question of whether mass transfer
limits the MPS oxidation rate over UiO-66 under typical reaction con-
ditions and what particle size guarantees the kinetic regime of the re-
action. The second series of samples with variable number of basic sites
(VB-1 - VB-3) was prepared to elucidate the nature of basic sites in UiO-
66 and their role in HyO5 activation and oxidation of organic S-com-
pounds. Within each series, it was necessary to vary only one parameter
of Ui0-66 while fixing the others. Specifically, in the first series, we had
to vary the particle size, keeping the total number of defects and number
of basic sites fixed, in order to exclude the influence of any other factors,
except for the mass transport. On the other hand, for investigation of the
issues related to the intrinsic catalytic activity (the second series), we
needed highly defective samples to get a maximum possible range in the
number of basic sites with a similar number of defects. Moreover, the
samples of the second series had to have a similar, critical particle size
which enables to avoid the influence of diffusion limitation.

All the samples of UiO-66 were prepared by the solvothermal syn-
thesis in DMF solvent using carboxylic acids as modulators (a detailed
description of the synthesis protocols can be found in the SI). After
synthesis, the samples were subjected to the same activation procedure
in vacuum at 150 °C for 5 h. The main characteristics of the UiO-66
samples are presented in Table 1.

A set of samples VS-1 — VS-4 with different average particle sizes and
similar high number of defects was prepared using ZrCl, as Zr-source by
the method described by Taddei et al [96]. In this method, the variation
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Table 1
The textural characteristics (N, adsorption), average particle size (TEM), and the
number of linkers per node (TGA) of UiO-66 samples.

Sample  Sggr, Sexternals Viotals Average Number of
m%/g m%/g em®/g particle size, linkers per node

nm

VS-1 1123 119 0.66 10+ 4 9.4

VS-2 1181 113 0.71 18+ 6 9.2

VS-3 1209 105 0.78 27 £7 9.5

VS-4 1250 85 0.68 30 + 14 and 9.3
111 + 217

VB-1 1273 320 0.84 10 + 2 9.2

VB-2 1176 362 0.74 9+2 8.6

VB-3 1302 381 0.94 10+2 7.9

@ Bimodal distribution with predomination of peak centered at ca. 110 nm.

of the particle size with similar other parameters is achieved by varying
the aging time of the reaction mixture before heating while the mixture
composition remains constant.

In the second series, highly defective samples with nanosized (<15
nm) particles, VB-1 and VB-2, were synthesized using ZrOCly as Zr-
source in the presence of acetic and formic acid as modulator, respec-
tively, following the methodology reported by Gutov et al [97]. In
addition, a sample with the highest content of HoO/OH terminal groups,
VB-3, was obtained by a slight modification of this procedure. We have
noticed that, if the reaction mixture was cooled and left for a long time
(1-2 weeks) after the synthesis, the acetate capping defects were grad-
ually replaced by HyO/OH pairs, as confirmed by TGA, 'H NMR and ICP-
OES (vide infra).

The synthesis methods used in this work were proved to be well
reproducible and yielded samples having characteristics similar to those
described in the literature. Most of the procedures had also advantage of
the good yield of UiO-66 per volume unit of the reaction mixture. This
was especially important for studying catalytic activity because it
allowed us to work using a single batch of each UiO-66 sample.

The textural characteristics of the samples determined by Nj
adsorption were typical of UiO-66 (Table 1). In agreement with the
literature [62,69], the surface area and pore volume increased slightly
with increasing number of MOF defects. Also, as expected, decreasing
the particle size of the UiO-66 samples led to a larger external surface
area determined by the t-plot method.

The samples were examined by TEM and SEM techniques (repre-
sentative TEM and SEM images are given in Fig. 3, S1 and S2). It is
important to note that, only from TEM images, the size of UiO-66 par-
ticles can be accurately estimated if they are smaller than 100 nm.
Particles in such samples are often poorly faceted and clumped into
aggregates, which prevents accurate determination of their average size
using SEM images, while TEM images clearly show the boundaries of
individual crystallites. Fig. 3 shows TEM images of VS-1, VS-2, VS-3, and
VS-4 samples acquired at the same magnification along with corre-
sponding particle size distributions in the insets. For non-spherical or
irregularly shaped particles, the projected area diameter was used as the
particle size. As one can judge from Fig. 3, the average particle size
increased in the order VS-1 < VS-2 < VS-3 < VS-4. In the VS-4 sample, a
bimodal particle size distribution was noted, with predomination of the
larger particles of ca. 110 nm.

All obtained PXRD spectra correspond to the one simulated for UiO-
66 (see Figure S3). However, the PXRD patterns of the set of samples VS-
1 - VS-4 reveal a gradual broadening of the peaks with decreasing the
average particle size, which was an expected trend [99] (Fig. 4).

The IR spectra of all the UiO-66 samples (Figure S4) coincide with
the spectra reported in the literature [31,100].

3.2. Defect concentration and composition of UiO-66 samples

The number of defects in Zr-MOFs, including UiO-66, are commonly
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Fig. 3. TEM images of UiO-66 samples VS-1 — VS-4 presented at the same scale; the particle size distributions are shown in the insets.

determined by the TGA method [31,58,59]. The analysis of the litera-
ture shows that this method is sufficiently reliable, despite some possible
problems associated with its use. The main sources of errors can be the
presence of amorphous ZrO, phase or unreacted ligand remained in the
MOF pores, incomplete combustion of ligands, as well as the presence of
a large number of defects of the missing cluster type. In general, though,
TGA has been shown to give accurate and consistent results when used
carefully [31,58].

The data on the defect concentration in the UiO-66 samples deter-
mined by the TGA method are shown in Table 1. In general, the defect
concentration in UiO-66 samples prepared in this work agreed with the
literature data reported for UiO-66 obtained by the same methods. It is
important to emphasize that the number of defects in samples VS-1 - VS-
4 was quite high and similar (ca. 9.4 linker per node). Since this series of
samples was employed to investigate the impact of mass transfer in the
thioether oxidation, a comparable number of defects was crucial to limit
the effect that could arise from its variation.

As we mentioned in the Introduction, knowledge of the number of
defects is often insufficient to understand the catalytic properties of Zr-
MOFs. Recent catalytic studies suggested that active sites in Zr-MOFs are
represented by coordinatively unsaturated Zr-sites or Zr-sites termi-
nated by labile HyO/OH pair [58,59,62,65,77]. However, besides such
catalytically active Zr-sites, catalytically inert Zr-sites capped by

modulator acid carboxylates may also be present in the defects [52,67].
Thus, the quantification of active sites is possible either using a direct
determination method or by establishing the exact composition of a fully
hydrated Zr-MOF corresponding to the formula Zrg(OH)404(Li-
gand)y(Modulator)y(H,0/OH), or a fully dehydrated one with the for-
mula ZrgOg_,/2(Ligand)x(Modulator)y.

Methods for direct determination of catalytically active Zr-sites are
being actively developed and currently they are represented by FTIR
spectroscopy with probe molecules [68,79,101], solid state NMR with
probe molecules [102,103], and potentiometric titration [104,105].
These methods rely on the acid-base properties of the HoO/OH terminal
groups or on the Lewis acidity of the coordinatively unsaturated Zr-sites.
Yet, accurate quantification of catalytic Zr-sites by FTIR with adsorption
of probe molecules requires knowledge of the exact absorption co-
efficients, the determination of which is a difficult task without addi-
tional confirmatory methods. In turn, solid state NMR with probe
molecules, by its concept, can be used for the quantification of catalyt-
ically active centers, but there are only data on the quantification of
defects in general [102,103]. So far, the data acquired by potentiometric
titration have not yet been strictly confirmed by comparison with other
methods. Taking all these into account, we resort to quantification of
H50/0H terminal groups by calculating their number on the basis of the
exact composition of our UiO-66 samples. The composition was
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Fig. 4. PXRD spectra of UiO-66 samples with varied average particle size.

determined using two different approaches. Detailed calculations along
with comments for both methods are given in the SI. All the UiO-66
samples were washed with DMF and acetone after the synthesis and
then activated in vacuum at 150 °C, so their composition could not be
affected by ligand and acid modulator residues in the pores (as was
earlier demonstrated by Shearer et al. [106]).

In the first approach, solutions of the UiO-66 samples digested in the
mixture of DMSO-de/HF were studied using a combination of 'H NMR
and ICP-OES. This method was described in detail by Limvorapitux et al.
[52]. 'H NMR spectra of a digested UiO-66 sample with an internal
standard give information on the amount of BDC ligand and modulator
acid in the MOF. However, to determine the composition, it is also
necessary to know the amount of Zr in the same UiO-66 solution, which
is provided by ICP-OES.

Another approach for the composition evaluation was proposed by
Shearer et al [69] and further developed by Sannes et al [107]. It is based
on a blend of TGA and 'H NMR of a digested UiO-66 solution. In this
method, an internal standard is not necessary for '"H NMR measure-
ments, since information about the ratio of zirconium to the organic part
is provided by TGA. However, in our work, we used for 'H NMR analyses
the same solutions of UiO-66 digested in a mixture of DMSO-de/HF.
Firstly, in this way we exclude the difference in determined terminal
H20/0H groups between the methods associated with the errors in the
preparation of different digested solutions, and secondly, the digestion
procedure using NaOD described in the original work [69] leads to the
residual precipitate of ZrOx(OH)y which is inconvenient to separate.

Meanwhile, we have found that the number of terminal groups in
various UiO-66 samples calculated based on the hydrated UiO-66 for-
mula obtained by the two methods is sensitive to the accuracy of the
corresponding analytical technique. In the case of the combination of 'H
NMR + ICP-OES, there is a very high sensitivity with respect to the
amount of Zr in the solution of digested MOF. At a typical Zr concen-
tration in a digested sample solution of 70 ppm, an error of 2% leads to
an uncertainty in the number of the terminal groups of + 500 pmol/g.
Such error of the ICP-OES method is quite typical, especially for Zr
[108], which is difficult to convert to a soluble form. Therefore, the use
of this method is associated with the probability of a significant error in
the calculation of the number of H,O/OH terminal groups in UiO-66.

The combination of 'H NMR + TGA shows a more tolerable sensi-
tivity. An error in the normalized weight of + 2% leads to an uncertainty
in the amount of HoO/OH terminal groups of 4+ 200 pmol/g. However,
an additional problem may be a somewhat arbitrary choice of the ligand
decomposition onset temperature in TGA curves. So far, little attention
was devoted to this matter in the literature. We decided to rely on the
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differential scanning calorimetry and determined the decomposition
onset temperature at the foot of the largest peak.

Data on the total defect concentration (open sites + modulator
carboxylate capped sites) determined by TGA and the number of ter-
minal H,O/OH groups of the UiO-66 samples acquired by the two
methods are shown in Table 2, along with data on the number of basic
sites and catalytic activity of the UiO-66 samples expressed in terms of
turnover frequency (TOF), which will be discussed in the following
sections. As we can see, the number of terminal H,O/OH groups
calculated from the composition of UiO-66 samples is, in general,
significantly less than the total number of defects determined by TGA.
This discrepancy is consistent with the assumption that not every defect
is related to a pair of HoO/OH groups.

3.3. Determination of basic sites through liquid-phase adsorption of
isobutyric acid

In our previous work, we found that IBA can be strongly adsorbed
onto various Zr-MOFs [39,40]. We assumed the existence of basic sites
and also linked the presence of these basic sites to the unusually high
selectivity for sulfone in the oxidation of thioethers with HyO, over Zr-
MOFs, which is characteristic of nucleophilic oxidation [39,40]. Another
indication of the nucleophilic activation of HyO2 was an ability of Zr-
MOFs to catalyze the epoxidation of electron-poor C = C bonds, even
in competition with electron-rich ones (e.g., in carvone) [40]. We sug-
gested that namely basic sites are responsible for the nucleophilic
character of active peroxo species formed upon the interaction of Zr-
MOFs with HyO».

While studying systematically IBA adsorption on UiO-66, we have
noticed that the character of the IBA adsorption isotherm on Zr-MOFs
strongly depends on the storage time after MOF activation (see SI for
details, Figure S10). When IBA is adsorbed onto Zr-MOF immediately
after activation, irreversible adsorption is effectively non-existent and
only reversible adsorption occurs (Fig. 5). However, the isotherm of
samples exposed to air, revealed also a portion corresponding to irre-
versible adsorption (Fig. 5). The maximum value of the irreversible
adsorption could be reached after exposure in air for 10 min at relative
humidity of 50-60% (see SI for details).

If we suggest that the basic sites are the terminal Zr-OH groups, we
can rationalize these findings in terms of reversible dehydration with
removal of terminal H,O/OH groups in Zr-MOF during activation and
hydration during storage in air (Scheme 1). Such behavior of the ter-
minal groups in MOF defects is well documented in the literature
[62-64,109,110]. We may assume that the maximum irreversible
adsorption corresponds to the regeneration of all terminal H;O/OH
groups that had been removed during the activation. The subsequent
decrease in the IBA adsorption value (Figure S10) is, probably caused by
physisorption of water inside the pores of Zr-MOF [111,112]. During the
liquid-phase IBA adsorption there should be a displacement of water
from the pores into the solvent, and thus the water adsorbed in UiO-66
will negatively affect adsorption of IBA due to immiscibility with n-
hexane. Apparently, the low water vapor pressure in the desiccator is
sufficient for the slow regeneration of H,O/OH groups, but not sufficient
for the subsequent physisorption of a significant amount of water.
Hence, for the most accurate determination of the number of basic sites
by IBA liquid-phase adsorption, it is necessary to keep UiO-66 samples
after activation in a desiccator over PyOs, at least, for one week before
adsorption measurements. Alternatively, samples can be exposed to air
for ca. 10 min. for faster hydration. However, in this case, the results
may vary slightly depending on the air humidity, so preliminary ex-
periments with different exposure times are required, as shown in
Figure S10.

Previously, we have found a rather good match between the number
of basic groups determined by IBA adsorption and the number of ZrOH
groups estimated by TGA for UiO-66 and UiO-67 samples prepared
without modulators and thus having relatively low number of defects
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Table 2
Total defect concentration, number of terminal H,O/OH groups, number of basic sites in Ui0O-66 samples, and turnover frequencies in MPS oxidation.
Sample Total defect concentration by Terminal H,O/OH groups by 'H Terminal H,O/OH groups by 'H Basic sites by IBA liquid-phase Turnover
TGA," pmol/g NMR/TGA, pmol/g NMR/ICP-OES, pmol/g adsorption, pmol/g frequency,” s
VS-1 1800 600 500 650 0.072
VS-2 1900 650 700 610 0.07
VS-3 1760 710 730 690 0.057
VS-4 1840 700 550 670 0.028
VB-1 1900 880 400 1060 0.058
VB-2 2200 1190 1080 1280 0.053
VB-3 2600 1520 1240 2010 0.05
Uio- 750 n.d. n.d. 700 0.05
66°
Uio- 1300 n.d. n.d. 1150 n.d.
67°

# TGA and IBA adsorption data for UiO-66 and UiO-67 synthesized without modulators (taken from Ref 45). b TOF = initial rate of substrate consumption (mol of
substrate / s) / number of basic sites (mol). Reaction conditions: [MPS] = 0.1 M, [H,0-] = 0.1 M, UiO-66 catalyst 4.4 mg, 25 °C, 2 mL CH3CN.

®  |mmediately after activation
o 1200- A After 10 minutes exposure in air
3 A
g A
3. 1000 A A
g‘ A
5 800 4
c A
£ 600-
e
?
S 4004
[v]
@
g 2004 & = .
x
10}
04 =
0.000 0.002 0.004 0.006 0.008 o0.010
[IBA], M

Fig. 5. Isotherms of IBA adsorption on UiO-66 (sample VS-3, n-hexane, 25 °C)
measured immediately after activation (150 °C in vacuum) and after exposure
in air for 10 min.

(1-2 missing linkers) [39]. However, for the highly defective UiO-66
samples prepared in this work, the situation was expected to be
different because a part of defect sites could be capped by modulator
carboxylates. Therefore, all the UiO-66 samples prepared in this work
were thoroughly investigated by the liquid-phase adsorption of IBA.
Data on the number of basic sites are collected in Table 2. The previously
acquired data for lower defective UiO-66 and UiO-67 are also given for
the sake of comparison.

As one can judge from Table 2, the number of basic sites for the UiO-66
samples synthesized with modulators corresponds well to the number of
terminal H,O/OH groups determined by the 'H NMR/TGA combination,
while the method based on the combination of 'H NMR/ICP-OES gives
significant discrepancies for some samples. As was mentioned above, this
is, most likely, due to the strong sensitivity of the latter method to the
amount of Zr determined by ICP-OES. Note that the number of terminal
ZrOH groups in Zr-MOF is often significantly less than the number of p>-0
groups, the number of which can be estimated based on the formula
Zrg(OH)404(Ligand)x(Modulator),(H,O/OH), and lies in range of
2400-2700 pmol/g. The observed dependence of the number of basic sites
on the sample activation and storage also strongly supports the assumption
that the basic sites determined by the IBA adsorption are represented by
the terminal ZrOH groups located at the open sites of the MOF. Given that
ZrOH groups in the open sites coexist with Zr(H0) groups (Fig. 2a), the
IBA adsorption may also allow estimation of Brgnsted acid sites repre-
sented by the terminal Zr(HO) groups.

O 1y O,
l
zr5 2 zr “H,0 215>z
+H,0

Scheme 1. Reversible removal of terminal H,O/OH groups in Zr-MOFs during
activation at elevated temperatures in vacuum.

3.4. Diffusion limitations in MPS oxidation

It is well-known that investigation of structure-activity relationships
in heterogeneous catalysis should be carried out in the kinetic regime of
the catalyst operation or with consideration of diffusion limitations,
otherwise, the reaction rate can be not directly proportional to the
number of active sites, leading to incorrect conclusions [11,95].

One of the methods for revealing the presence of diffusion limitations
in heterogeneous catalysis is measuring the activation energy of the
catalytic reaction in a wide temperature range [95]. In this case,
different catalytic reaction regimes with different activation energies
may be observed on the Arrhenius plot. Normally, the activation en-
ergies, E,, of catalytic oxidation reactions with HyO5 (>10 kcal/mol)
[56,113,114] are significantly higher than typical diffusion activation
energies observed for meso- and macroporous catalysts (4-6 kcal/mol)
[95]. Therefore, alterations in the observed activation energy with
increasing temperature or its too low value usually indicate the presence
of diffusion limitations. However, for microporous catalysts such as UiO-
66, the activation energy of diffusion can be much higher (6-10 kcal/
mol) because of the passage through small pore apertures and tetrahe-
dral cages that tightly confine the guest molecules [115,116]. This
makes problematic conclusions about the presence (or absence) of
diffusion limitations on the basis of the values of Arrhenius activation
energies for the oxidation of highly reactive substrates, such as thio-
ethers and sulfoxides (E, of ca. 10 kcal/mol have been found for both
MPS and MPSO oxidations over UiO-66, Scheme 2) [39].

Therefore, we resorted to direct determination of the dependence of

9 N7
RN H20, RN H20, ©/S\
©/ UiO-66 ©/ UiO-66
MPS MPSO MPSO,

Scheme 2. MPS oxidation with H,O, over UiO-66.
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the initial rate of MPS oxidation on the average particle size of UiO-66,
since this is the most reliable way to reveal internal diffusion limitations
[95]. For this purpose, we used the series of samples VS-1 — VS-4 pre-
pared using the same modulator (AcOH) and Zr-source (ZrCly) and
having different average particle size (see Table 1) but similar total
defect concentration and number of basic sites (Table 2). All of the
samples examined were highly defective, which is important because
the high defect concentration can probably improve diffusion of the
organic substrate within the MOF crystallites.

The experimental dependence of the initial reaction rate on the
average catalyst particle size is shown in Fig. 6. From this dependence
(and also from TOF values given in Table 2), we can conclude that the
oxidation of MPS with H,O5 over UiO-66 is definitely a diffusion-limited
process even if highly defective UiO-66 samples are employed. By fitting
Eq S22 (see SI), which describes the relationship between the reaction
rate and average particle size through the Thiele modulus [95], we were
able to extrapolate the experimental dependence to even smaller parti-
cle sizes (Fig. 6). Note that the reaction rate for sample VS-4 is slightly
higher than the one predicted by the Eq S22 fit. This might be attributed
to the presence of a fraction of particles with a smaller average size (see
Table 1). The obtained fit shows that as the particle size reaches ca. 10
nm, the dependence of the reaction rate on the size of UiO-66 crystal-
lites becomes weak, indicating that the catalyst starts to operate in the
kinetic regime of the MPS oxidation. It is likely that this boundary of ca.
10 nm is relevant for substrates that are similar in their kinetic diameter
to MPS. On the other hand, for a less reactive substrate, larger catalyst
particles may ensure the kinetic regime.

Previously, Limvorapitux et al. have found that the observed rates of
both MPS and MPSO oxidation over UiO-66 increased with enlarging the
number of open sites, which had been determined based on the exact
composition of the MOF [52], However, the rates were not proportional
to the number of the open sites determined by 'H NMR/ICP-OES, and
the authors suggested that the lack of the direct correlation was due to
the different local steric environment of the open sites in different UiO-
66 samples. However, given that the average particle size of the UiO-66
samples they used was 150-200 nm, at the current state of knowledge,
we may conclude that their activity could be significantly controlled by
diffusion within the MOF crystallites.

3.5. Role of basic sites in MPS catalytic oxidation

Since diffusion limitations in the oxidation of MPS over UiO-66 are
minimal while using catalysts with small particles, to study the relation
between the number of basic sites and catalytic activity, we used the

6.57 ®  Experimental initial rates
6.0 —— Equation S22 fit

5.5
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4.5+
4.0+
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3.0 1
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Initial rate of MPS oxidation, mM/min

2.0

0 20 40 60 80 100 120
Particle diameter, nm

Fig. 6. Initial rates of MPS oxidation over UiO-66 samples VS-1 — VS—4 versus
average catalyst particle size along with Eq S22 fit.
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series of samples VB-1 — VB-3 with the average crystallite size of ca. 10
nm and high number of defects. For these samples, the MPS oxidation
rate turned out proportional to the number of basic sites estimated by
IBA adsorption (Fig. 7). Sample VS-1, which also has the particle size of
ca. 10 nm, fits well with this correlation, indicating that the source of Zr
used for the UiO-66 synthesis is not critical for catalytic activity. Fig. 7
also shows the initial reaction rates for UiO-66 samples VS-2 — VS-4,
which have similar amounts of basic sites, but differ in the particle
size. While sample VS-2 (18 nm) still fits well with the correlation, then
VS-3 (27 nm) and especially VS-4 (ca. 30 and 110 nm) fall out of it,
clearly reflecting diffusion limitations. This is also manifested by the
TOF values given in Table 2, which are rather similar for samples within
series VB-1 — VB-3 but decrease significantly on going from samples VS-1
— VS-2 to sample VS—4. Interestingly, the low defective UiO-66 sample
prepared without modulator [39] revealed just slightly lower activity
than it would be expected based on the plot depicted in Fig. 7, which
indicates that the small particle size of this sample (<20 nm) compen-
sates partially the low defect concentration which could hinder
diffusion.

The type of acid modulator capping partially the defects does not
seem to affect significantly the observed activity. Sample VB-2 prepared
with formic acid (the other samples were prepared using acetic acid)
showed the initial rate value that fits well the linear plot (Fig. 7).

In principle, the dependence of the catalytic activity of UiO-66 in
MPS oxidation on the number of basic sites shown in Fig. 7 does not in
itself prove the key role of basic sites in the activation of hydrogen
peroxide and thioether oxidation to sulfoxide and sulfone. Firstly, each
basic site is adjacent to acidic sites of terminal Zr-OHj and bridging Zr-
(OH)-Zr (see Scheme 1), and secondly, their basic nature may be irrel-
evant for the catalysis. To verify whether the basic character of the
terminal Zr-OH groups is crucial to accomplish the thioether oxidation
to sulfone, we examined the effect of acid additives on the rates of MPS
and MPSO oxidation.

Kinetic experiments were carried out using sample VB-1 in the
presence of various amounts of strong mineral acid HCIO4. For MPSO
oxidation, lower concentrations of the reactants were used because the
MPSO oxidation is an order of magnitude faster relative to the MPS
oxidation. The catalytic activity expressed in TOF values decreased
drastically when acid was added to the reaction mixture up to 1 equiv.
with respect to the basic sites (Fig. 8a). When more acid was added (>1
equiv.), oppositely an increase in the oxidation rate was observed and,
starting from a certain amount of acid, sulfoxide began to dominate over
sulfone among the oxidation products, indicating change in the

16
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Fig. 7. Initial rate of MPS oxidation versus the number of basic sites in UiO-66
samples. Reaction conditions: [MPS] = 0.1 M, [H,0,] = 0.1 M, catalyst UiO-66
4 mg, 25 °C, 2 mL CH3CN.
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25 °C, 4 mL CH3CN.

oxidation mechanism from nucleophilic to electrophilic one [39].
However, this rate increase upon the addition of high amounts of HC1O4
could be, at least partially, due to the activation of HoOy with HClO4.
Indeed, a blank experiment, without UiO-66 but with the addition of
acid in the amount equal to 6 equiv. relative to the basic sites in the
catalytic experiment, showed a significant rate of MPS oxidation and
predomination of sulfoxide over sulfone (Fig. 8a). From the viewpoint of
quantitative measurements, it is important that a clear minimum of
activity corresponds to 1 equiv. of acid added. This additionally vali-
dates that the liquid-phase adsorption of IBA makes possible reliable and
direct determination of the number of basic sites (and, simultaneously,
the number of terminal Zr-OHy/OH pairs).

Acid additives in the amount of 1 equiv. to basic sites also dramati-
cally suppress sulfoxide oxidation to sulfone, which in contrast to the
thioether oxidation, becomes negligible upon addition of more acid
(Fig. 8b). All the results collectively corroborate that the basicity of the
Zr-OH terminal groups does play a key role in the activation of hydrogen
peroxide and thioether oxidation to sulfone.

3.6. Role of basic sites in H,O, degradation

Since unproductive degradation of H3O5 is the main side reaction in
H20,-based oxidations, which may strongly affect the product selec-
tivity and oxidant utilization efficiency, we also studied kinetics of HyO5
decay in the presence of UiO-66, with and without the addition of HC1O4
to clarify the role of basic sites in the side reaction. Previously, Mak-
simchuk et al. have found that the addition of 0.1 equiv. of HClO4 per Zr
significantly suppressed unproductive H,O» decomposition and strongly
enhanced heterolytic pathway in cyclohexene oxidation over UiO-66
and other Zr-MOFs [38,40]. Note that for this sample 0.1 equiv. per Zr
corresponds to ca. 0.8 equiv. relative to basic sites.

We have found that, in effect, even smaller amounts of acid (starting
from 0.1 equiv. per basic sites) affect the HoO5 decomposition kinetics,
which has a sigmoidal character (Fig. 9), typical of chain radical pro-
cesses. The induction period on the kinetic curves of HyO, decay asso-
ciated with accumulation of radical species (chain initiation) increases
with increasing amount of acid (Fig. 9). This dependence of the induc-
tion period on the acid amount suggests that basicity of Zr-MOF also
plays a significant role in the homolytic HyO, decomposition.

Importantly, the rates of unproductive HyOy decomposition are
much lower than the typical rates of MPS oxidation on UiO-66 (espe-
cially considering that H,O5 decomposition was studied at 50 °C while
the thioether oxidations were carried out at 25 °C), which means that
the radicals formed during the decomposition of HyO, do not make a
significant contribution to the observed catalytic activity. However, the

0.22- A Vs
B VS-1+0.1equivHCIO,
020 pwmg, % ., ® VS-1+0.25 equiv HCIO,
o1s] AT % e
0.16 4 =
.16+ u °
0.144 L] o
= A A " [ ]
-3 0.12
o ]
T 0.10] N .
O 0.08-
0.06- A
0.04- A
0.02- A
000 T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120

Time, min

Fig. 9. Effect of acid additives on kinetic curves of H,O, decomposition over
Ui0-66 (VS-1, 650 pmol/g of basic sites, HCIO4 equiv. relative to basic sites).
Reaction conditions: 10 mg UiO-66, 0.2 M H30,, 2 mL CH3CN, 50 °C.

situation may change drastically when less reactive substrates are sub-
jected to oxidation.

4. Conclusion

In this work we have demonstrated that liquid-phase adsorption of
isobutyric acid is a reliable and affordable methodology for direct
quantitative determination of basic sites in Zr-MOFs, in particular
UiO-66, regardless the number of defects in the sample, particle size and
other characteristics. For hydrated UiO-66 samples, the number of basic
sites determined by IBA adsorption coincides well with the number of
terminal Zr-OHy/Zr-OH pairs in the open sites of the Zr-MOF defects,
which can be assessed using combinations of TGA + 'H NMR and ICP-
OES + 'H NMR, among which the former seems to give more consis-
tent results. Therefore, we have found strong evidence in favor of the
hypothesis that basic sites in hydrated UiO-66 are represented by ter-
minal Zr-OH groups in defects, which in turn confirms the previously
suggested dual acid/base character of the Zr-MOF. The disappearance of
the basic sites after dehydration of UiO-66 and reappearance after hy-
dration corroborates their assignment to terminal Zr-OH. In addition,
the results of this work demonstrate that adsorption of IBA can be
employed for assessment of the number open sites in Zr-MOFs.
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Kinetic studies using a range of well-characterized UiO-66 samples
differing in the average particle size, total number of defects, and
number of open and basic sites have shown that activity of UiO-66 in
methyl phenyl sulfide oxidation with HoOy depends linearly on the
number of basic sites, provided that the particle size of the MOF does not
exceed 10-20 nm. For catalysts with larger particles, diffusion limita-
tions lead to significant reduction of the oxidation rate. Acid additives
suppress both the thioether oxidation and HoO5 dismutation, pointing to
the key role of basic Zr-OH groups in both catalytic reactions.
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