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nature on propylene glycol
oxidation with tert-butyl hydroperoxide over
metal–organic framework Cr-MIL-101†

Viktoriia Torbina, Mikhail Salaev and Olga Vodyankina *

The effect of solvent nature on conversion, product yields and reaction kinetics of selective propylene

glycol oxidation with tert-butyl hydroperoxide over porous chromium terephthalate Cr-MIL-101 used as

a heterogeneous catalyst is considered. Differences in hydrogen bonding of propylene glycol molecules

in different solvents and adsorption of components of the reaction mixture on the active sites of the

catalyst are studied by Fourier-transformed infrared spectroscopy. The characteristics of the solvent are

shown to play a key role in the process under consideration. In the case of aprotic solvents, the oxidant

utilization efficiency, the propylene glycol conversion and the product yields are significantly higher in

comparison with those in protic solvents. The protic solvents can adsorb on the active sites of the

catalyst which leads to a decrease of their accessibility for the reagents. The initial rate of propylene

glycol oxidation decreases linearly with the increasing of the diameter of molecules of the protic

solvents. DFT calculations support the competitive adsorption of the molecules of protic solvents on Cr

active sites of MIL-101. In the aprotic solvents, the reactivity and distribution of propylene glycol

molecules in the solution are determined by the involvement of hydroxyl groups of the substrate into

the intermolecular interactions. The ability of the aprotic solvents to break the hydrogen bond network

in the associates of propylene glycol is responsible for the concentration of the substrate molecules in

the pores of Cr-MIL-101. The highest selectivities towards hydroxyacetone for Cr-MIL-101 catalyst are

obtained in solvents, where the initial rates of propylene glycol oxidation are the lowest ones.
Introduction

Propylene glycol (PG) is one of the products of biomass
conversion1 that can be oxidized into a variety of valuable
products.2–4 However, the investigation of the mechanisms and
factors that affect the PG reactivity is a challenge due to its high
polarity and two a-hydrophilic groups. These groups are prone
to forming strong hydrogen bonds resulting in the formation of
associates and solvates with different structures,5–7 which
possess different reactivities. Moreover, the presence of the
highly polar substances oen leads to the catalyst deactivation
due to the leaching of the active component or blocking of the
active sites through strong adsorption of the substrate or
products.8

Recently, we demonstrated that the PG oxidation over Cr-
and Zr-based metal–organic frameworks (MOFs) as catalysts
proceeds with high regioselectivity and leads to the formation of
hydroxyacetone.9,10 It was observed that solvent nature strongly
affects the activity of the MOFs in this reaction. However, the
y, Tomsk, Russian Federation. E-mail:

tion (ESI) available. See DOI:

hemistry 2019
systematic studies of the reasons as well as reaction kinetics
studies for a wide range of different classes of solvents were not
carried out.

The application of MOFs as heterogeneous catalysts has
increased rapidly due to their unique combination of proper-
ties, such as open crystal structure, high surface area and pore
volume, and a large variety of accessible metal sites.11–14

However, the understanding of the fundamentals of the effects
of different parameters, particularly, the nature of the solvent
used, on the reaction kinetics with MOF catalysts is one of the
most important open questions.15 Communications on the
application of MOFs in catalysis usually have state-of-art char-
acter discussing the activity of the certain MOFs in different
kinds of reactions to produce valuable compounds,16,17

synthetic or post-synthetic modication of MOFs to improve the
catalytic properties18,19 or to control their activity by engineering
the defects.20 Tunability of phosphorescence and luminescence
properties of MOFs by guest inclusion and energy transfer in the
host–guest system was thoroughly studied by DFT calculations
and experimentally.21–23 However, there are very few reports
discussing the control of adsorption properties or catalytic
activity of MOFs due to the changing of the solvent nature.10,24–27

Meanwhile, it is known that the solvent nature can inuence
signicantly on the rate, direction, diffusion, etc., due to
RSC Adv., 2019, 9, 25981–25986 | 25981
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Fig. 1 A model of active site of MIL-101, (a) side view, (b) top view.
Black, white, red, and green atoms correspond to carbon, hydrogen,
oxygen, and chromium, respectively.
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different solvation of the reagents and products, stabilization of
transition states, interaction with the active particles, changing
in the adsorption of the reaction components on the catalyst,
etc.28–30 Due to a signicant difference between the nature of the
active sites, their spatial arrangement, energy distribution, etc.,
in theMOFs and traditional supported catalysts, the regularities
of the inuence of solvent nature on the catalytic activity can be
different for these kinds of materials. Thus, the studies dis-
cussing the effect of solvent on catalysis of different kinds of
reactions by MOFs in the context of interaction of the solvent
molecules with the active sites of the catalyst, accessibility of the
internal space of the MOF structure for solvated components of
the reaction mixture, etc., have a signicant fundamental and
practical importance.

The present work is focused on the main features of the
effect of solvent on the selective PG oxidation over MOF Cr-MIL-
101. The interpretation of the nature of the reaction processes is
proposed. The porous chromium terephthalate Cr-MIL-101
([Cr3X(H2O)2O(BDC)3]; X ¼ F, OH; BDC ¼ 1,4-benzenedi-
carboxylate) consists of the quasi-spherical mesoporous cages
of two types (34 and 29 Å) accessible through the microporous
windows with the diameters of 16 and 12 Å.31
Experimental

Cr-MIL-101 was synthesized according to the procedure
described in ref. 31. The formation of the MOF structure was
conrmed by the XRD (RigukuMiniex 600) and FT-IR (Nicolet
6700, Thermo Fisher Scientic). Prior to the use and charac-
terization, the catalyst was activated under vacuum at 180 �C.
The BET surface area was 3200 m2 g�1 and the pore volume was
1.6 cm3 g�1.

Catalytic experiments were carried out in glass reactors at
50 �C. The reaction was initiated by the addition of 0.25 mmol
tert-butyl hydroperoxide (TBHP) to the reaction mixture con-
taining 1 mmol of PG, 1 ml of solvent and 3 mg of Cr-MIL-101.
The PG conversion and product yields were analyzed by gas
chromatography (Chromatec Crystal 5000.1 equipped with the
ame ionization detector, capillary column ZB-WAX). The
amount of TBHP in the reaction mixture was determined by the
iodometric titration.

For FT-IR studies of TBHP solutions inside the pores of Cr-
MIL-101, 150 mL of TBHP solution (5.0 M in decane) were
added to 3 mL of the corresponding solvent. Then the resulting
solution was added to 20 mg Cr-MIL-101. The suspension was
stirred vigorously for 15 min at room temperature and then
centrifuged. Aer separation of the liquid, the FT-IR spectra of
the paste-like solid were taken immediately.
Computational details

To estimate the binding energies (BE) of the solvents (except
acetonitrile) and TBHP with MIL-101, a model of active Cr site
was used. The model comprised the building unit of MIL-101
containing three Cr atoms bound through one oxygen and
surrounded by six terephthalate linkers (Fig. 1).
25982 | RSC Adv., 2019, 9, 25981–25986
The calculations were carried out using density functional
theory approach with B3LYP functional32–34 and Lanl2DZ and 6-
31G* basis sets for Cr and light atoms (C, H, O), respectively, as
implemented in the Gaussian'09 program package (Revision
C.01) installed at SKIF “Cyberia” supercomputer of Tomsk State
University.35 Firstly, the geometries of the building unit and the
solvent and TBHP molecules were fully optimized. The mean
Cr–O bond length in the MOF secondary unit was found to be
1.961 Å, which is consistent with the experimental value (1.971
Å) obtained in ref. 36 using EXAFS. Then the structures
reecting the solvent or TBHP binding with one of the Cr atoms
of the building unit were optimized. The results for TBHP are
consistent with those obtained in ref. 37. The geometry
parameters of substrates are consistent with published data
(e.g., ethoxy ethanol (r(C–O)exp ¼ 1.203 Å),38 acetone (r(C–O)exp
¼ 1.22 Å),39 methanol (r(C–O)exp ¼ 1.427 Å),40 etc.). All calcu-
lated geometries showed the stationary character that was
conrmed by the absence of imaginary frequencies in the
calculated vibrational spectra. The predicted change in energy
below �1.0D-08 was the convergence criterion. Only gas-phase
optimization was considered given that the BEs obtained
using the polarizable continuum model are somewhat reduced
as compared to the gas phase values.41 The results obtained
were used for comparison purposes. The BEs were estimated as
BE ¼ TE(building unit+solvent/TBHP) � TE(building unit) � TE(solvent/
TBHP), where TE(building unit+solvent/TBHP) was a total energy of
a complex of building unit with adsorbed solvent or TBHP
molecule, TE(building unit) and TE(solvent/TBHP) were the total
energies of individual building unit and adsorbed solvent or
TBHP molecule, respectively.
Results and discussion

In order to investigate the effect of the solvent nature on the
catalytic activity of Cr-MIL-101 in PG oxidation with TBHP the
kinetic experiments in four protic and four aprotic solvents were
carried out. The main reaction products in all cases were
hydroxyacetone (HA) and acetic acid (AA) formed through the
C–C bond cleavage (Table 1).

PG conversion and TBHP utilization efficiency were almost
two times higher in the case of aprotic solvents. The formal
This journal is © The Royal Society of Chemistry 2019
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Table 1 The effect of solvent nature on PG conversion, product yields,
and oxidant utilization efficiency. The parameters were determined
after 5 h of reaction

Solvent
PG
conversion, %

Selectivity, %
TBHP utilization
efficiency, %HA AA

Butyl acetate 11.5 66 12 >100
Ethyl acetate 12 51 32 >100
Acetone 9 86 14 >100
Acetonitrile 10 88 10 72
tert-Butanol 6 87 5 80
n-Butanol 4 85 12.5 53
Methanol 5 62 6 50
Ethoxyethanol 4 80 12.5 42

Fig. 2 Kinetic curves of tert-butylhydroperoxide decomposition over
Cr-MIL-101 in ethyl acetate (-), acetonitrile (:), and tert-butanol (C).
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TBHP utilization efficiency >100% is connected with the radical-
chain process that involves molecular oxygen.9

The polarity of the solvent is known to affect the rate and
direction of the reaction through the solvation of the reagents,
products or stabilization of the transition state.42 Moreover,
during the radical-chain oxidation of substances with dipole
moment > 0, the stages of propagation and termination of the
chains were shown to be considered as an interaction of two
dipoles. Thus, the reaction constants for these processes should
depend on the dielectric constant of solvent, if there is no
specic solvation.43 For the PG oxidation with TBHP over Cr-
MIL-101, the dependence of the initial reaction rate on the
dielectric constant has a different character for protic and
aprotic solvents (Table 2). In solvents with close dielectric
constant (acetonitrile and methanol), the initial reaction rate
differs almost seven times. Similar effect was observed in cata-
lytic hydrogenation of 1-octene with homogeneous Ni(II)
complexes.44

In the PG oxidation over Cr-MIL-101, the TBHP activation on
the metal sites of the catalyst to yield radicals that further react
with the substrate molecules was shown to be the rate-limiting
step.9 However, the initial rate of TBHP decomposition in the
absence of PG was close in the cases of ethyl acetate and
acetonitrile (Fig. 2). At the same time, the initial rate of the
substrate oxidation differed signicantly under the same
conditions (Table 2). This fact indicated the difference in
further ways of radical reactions in the solution.26 In particular,
the intermolecular interactions may play a signicant role.
Table 2 Dependence of initial reaction rate of PG oxidation on solvent
parameters

No. Solvent 345 D,46 Å W0, mol L�1 min�1

1 Butyl acetate 4.9 5.88 0.50
2 Ethyl acetate 6.0 5.16 0.54
3 Acetone 20.7 4.55 0.16
4 Acetonitrile 36.0 3.97 0.10
5 tert-Butanol 12.5 5.14 0.11
6 n-Butanol 17.8 5.14 0.21
7 Methanol 32.6 3.54 0.68
8 Ethoxyethanol 13.9 4.87 0.31

This journal is © The Royal Society of Chemistry 2019
Polyhydric alcohols are highly prone to the formation of both
intra- and intermolecular hydrogen bonds resulting in the
formation of the associates of various sizes depending on the
concentration of alcohols and the solvent nature.47 The pres-
ence of specic intermolecular interactions of functional
groups of the substrate molecules between themselves and with
the solvent molecules can inuence signicantly on the alcohol
reactivity.43 In case of PG, a blue shi of the IR absorption band
of O–H vibration in acetonitrile in comparison with the one in
ethyl acetate and pure PG (Fig. 3) indicates the involvement of
hydroxyl groups of PG in the hydrogen bonding with lower
energy in this solvent.

For the solvents with high dielectric constants, it is prefer-
able to build the dependence of the rate constant on the loga-
rithm of the dielectric constant, since this function has no
limit.45 An almost linear dependence of lg W0 of PG oxidation
over Cr-MIL-101 on lg 3 is observed in the case of aprotic
solvents (Fig. 4).
Fig. 3 FT-IR spectra of PG solutions (1 M) in acetonitrile (1), ethyl
acetate (2) and pure PG (3).

RSC Adv., 2019, 9, 25981–25986 | 25983
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Fig. 5 Dependence of initial rate of PG oxidation on diameter of
solvent molecule. Protic and aprotic solvents are labeled with circles
and squares, respectively. Numbers correspond to solvents as in Table
2.
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Thus, the reaction rate increases with both increasing of the
dielectric constant and the ability of the solvent to break the
hydrogen bond network in the PG associates. We suppose that
the change in the size of the associates and solvates leads to
changing of the concentrations of substrate molecules inside
the pores of the MOF, where the oxidant is preferentially acti-
vated, and the required availability of the PG molecules is
ensured. Meanwhile, we cannot also exclude the effect of the
solvent nature on the rates of continuation and termination of
the chain due to the interaction of the radicals with the solvent
molecules. This issue is under further investigation.

The initial rate of TBHP decomposition over Cr-MIL-101 in
the protic solvent tert-butanol differs signicantly from the
corresponding rates in the aprotic solvents (Fig. 2). Moreover, in
this case a small inductive effect is observed. This fact allows us
to propose that the molecules of protic solvents are competi-
tively adsorbed on the active sites of the catalyst leading to
a decrease in their accessibility for TBHP molecules. One of the
conrmations of this assumption is a linear decreasing of the
initial rate of PG oxidation with the increasing of the diameter
of the solvent molecule (Fig. 4 and Table 2). The lower reaction
rate in tert-butanol in comparison with the one in n-butanol at
close diameters of the molecules can be explained by a higher
branching of tert-butanol molecule leading to higher steric
hindrance. At the same time, there is no similar dependence in
the case of aprotic solvents (Fig. 5). It is noteworthy that there is
no specic effect of ethoxy group in ethoxyethanol on the PG
oxidation over Cr-MIL-101. The catalyst showed similar activity
in ethoxyethanol and butanol (Tables 1 and 2) due to close
molecule sizes of these solvents.

A shi of the absorption band of C–O vibrations in the
solvent molecule was observed in the IR spectrum of the
butanol solution of TBHP in the pores of Cr-MIL-101 (Fig. 6(a)).
This fact also conrmed the adsorption of the protic solvents on
active sites of the catalyst. In the IR spectra of TBHP solution in
aprotic solvents aer the adsorption on Cr-MIL-101, there are
changes only in the region of –OO–H vibrations in the TBHP
molecule (Fig. 6(b)).
Fig. 4 Dependence of initial rate of PG oxidation on solvent nature.
Protic and aprotic solvents are labeled with circles and squares,
respectively. Numbers correspond to solvents as in Table 2.

25984 | RSC Adv., 2019, 9, 25981–25986
The BEs for aprotic solvents ethyl acetate and butyl acetate
with active sites of Cr-MIL-101 are lower or equal to the one of
TBHP (Table 3), while the opposite situation is observed in case
Fig. 6 FT-IR spectra of TBHP solutions in n-butanol (a) and in
acetonitrile (b) in pores of Cr-MIL-101. Cr-MIL-101 (1), TBHP solution
(2), TBHP solution in Cr-MIL-101 (3).

This journal is © The Royal Society of Chemistry 2019
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Table 3 The binding energies of components of reactionmixture with
a model of building unit of Cr-MIL-101 calculated at B3LYP/Lanl2DZ/
6-31G* level of theory

Bound molecule Binding energy, kJ mol�1

TBHP �71
PG �64
Butyl acetate �62
Ethyl acetate �59
Acetone �77
tert-Butanol �74
n-Butanol �89
Methanol �91
Ethoxyethanol �76
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of protic solvents, which supports the hypothesis about the
competitive adsorption of this kind of solvent molecules on
chromium active sites. Close BEs of acetone and TBHP (�77
and�71 kJ mol�1) lead to much lower initial reaction rate of PG
oxidation with TBHP over Cr-MIL-101 in acetone in comparison
with W0 in ethyl acetate and butyl acetate (Table 2). The initial
reaction rates of PG oxidation in protic solvents do not strongly
depend on BEs of the corresponding solvents indicating that Cr
sites do not adsorb and activate TBHP in this case.

During adsorption of TBHP on Cr active sites, the relative
stretching of the O–H bond is observed (Table S1 in ESI†),
suggesting the classical Haber–Weiss mechanism of TBHP
activation over transition metal catalysts.48 However, when
MeOH-containing model of building unit adsorbs TBHP (Fig. S1
in ESI†), the O–H bond in the solvent molecule is stretched.
Thus, it is possible to assume that there is another mechanism
of TBHP activation on the active Cr sites occupied by the solvent
molecule (Scheme 1). TBHP molecule interacts with adsorbed
solvent through the hydrogen bond, and O–H bond in the
solvent molecule and O–O bond in TBHP are activated to form
two ROc radicals. Similar activation mechanism for hydroper-
oxides in the homogeneous media in the presence of alcohols
was proposed in ref. 43 and 49. Such a decomposition was
suggested to be more energetically benecial, then mono-
molecular decomposition of ROOH, due to the exothermicity of
the reaction.49 However, additional studies are required to
check the processes that occur in this mechanism.
Scheme 1 Tentative mechanism of TBHP activation over Cr-MIL-101
in methanol.

This journal is © The Royal Society of Chemistry 2019
The formation of two radicals capable of rapid recombina-
tion prior to the reaction with the substrate molecule may lead
to the experimentally observed low oxidant utilization efficiency
in case of protic solvents (Table 1).

It is noteworthy that the energy of PG molecule binding with
chromium active sites of MOF is much lower than those for
TBHP and most solvents (Table 3) supporting the fact that there
is no PG adsorption on Cr-MIL-101 found in ref. 9 as well as
proving the role of Cr-MOFs as catalysts for TBHP
decomposition.

Conclusions

In the case of aprotic solvents the oxidant utilization efficiency,
propylene glycol conversion and product yields are signicantly
higher in comparison with those in protic solvents. The reason
is the interaction of the solvent molecules with the active sites of
the catalyst and the intermolecular interactions in solution.
Protic solvent molecules are able to competitively adsorb on the
active sites of the catalyst, which leads to a decreasing of their
accessibility for reagents. The initial rate of PG oxidation
decreases linearly with the increasing of the diameter of the
molecules of protic solvents. In the aprotic solvents, the PG
molecule distribution in the solution is determined by the
involvement of the hydroxyl groups of the substrate in the
intermolecular interactions and plays a key role in its reactivity
and concentration in the pores of the catalyst. The highest
selectivities to hydroxyacetone were obtained in the solvents,
where the initial rates of PG oxidation were the lowest ones.
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