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Abstract—A quantum-chemical study of the mechanism of ethylene oxide hydration on titanium oxide
(anatase) modified with phosphorus additives was performed. It was demonstrated that the hydroxyl groups
of the anatase surface are of importance for the activation interaction of ethylene oxide with the catalyst sur-
face. The activation of the ethylene oxide molecule and proton transfer occur with the participation of these
hydroxyl groups. It was found that the modification of the titanium oxide surface with phosphorus additives

plays a crucial role in proton transfer.
DOI: 10.1134/S0023158411050193

INTRODUCTION

The addition reactions of a-oxides, in particular,
ethylene oxide, and substances with a labile hydrogen
atom form the basis of a number of large-scale pro-
cesses of basic organic synthesis. The products of such
processes are glycols, cellosolves, carbitols, nonionic
surfactants, and polyethers. As a rule, these reactions
are carried out under homogeneous conditions with-
out a catalyst or under conditions of acid or alkaline
catalysis [1—3].

The addition of ethylene oxide is a consecutive—
parallel reaction, which proceeds according to the fol-
lowing scheme:

XOH—CZ,%O—>XOCH2CH20H

%XOCH&H@CH&H@H%...,

where X = Alk, Ar, R—C(0O), or H.

If X = H, the reagent is water, and the hydration of
ethylene oxide is an industrial process for the produc-
tion of ethylene glycol.

The composition of the reaction products and,
consequently, the selectivity depend on the ratio of the
rate constants of consecutive reactions to the rate con-
stant of the first step of ethoxylation, which is referred to
as a distribution coefficient [1, 4]: S;= k,/k.

The main problems with the use of homogeneous
catalysts are insufficient selectivity for the formation
of an oxide monoaddition product (thus, S| = S;~ ... =
S; = 1 for acid catalysts [5] and S,= 2 and S, = 3 for
basic catalysts [6, 7]) and high energy consumptions
for the separation of a homogeneous catalyst from
products and also for the separation of final reaction

mixture components. Thus, for instance, a molar ratio
of 1 : 12 between ethylene oxide and water is used to
provide economically acceptable selectivity for the
formation of ethylene glycol; this requires large power
consumption for the evaporation of an excess of water
during the isolation of the target product.

The application of heterogeneous catalysts
removes the problem of catalyst separation from the
reaction products (active centers are immobilized on
the support surface) and substantially increases the
selectivity of the process [§—10], which makes it pos-
sible to use a smaller excess of the second reagent
(water in the case of hydration) and to decrease sepa-
ration expenditures.

Use of catalysts with a uniform pore distribution is
the most effective method for further increasing the
selectivity. It sharply decreases the formation of prod-
ucts with the degree of ethoxylation higher than a
specified value; that is, a sieve effect occurs in the
course of reaction [11]. Phosphorus—titanate oxides
prepared by an alcoxo method can be used as such
catalysts [11]. These systems are single-phase poly-
crystalline mixed oxides with the empirical formula
P, Ti, _ 50,45 where x=0.01-0.03. They possess a
highly organized structure with a uniform porosity and
exhibit membrane properties; that is, they are perme-
able to gas reagents; they also exhibit molecular-sieve
properties in the ethoxylation reactions of alcohols
[12, 13].

However, the molecular reaction mechanism was
not analyzed in previous studies [11, 13]. A reasonable
hypothesis could be that the strong aprotic acid sites of
titanate oxides mainly participate in the limiting stage
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Fig. 1. The smallest possible cluster that simulates the
(001) surface of anatase.

of ethoxylation, whereas the basic sites activate alco-
hol groups to provide concerted acid—base catalysis on
the catalyst surface. On the basis of this hypothesis, the
following reaction scheme was proposed for the acti-
vation of reagents [11] (it is believed that, in this case,
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the structure of the activated complex is analogous to
that accepted for the cycloaddition reactions of carbon
dioxide and epoxies [14]):

7 OOLUR

H2C7CH2 O

\Ti/g\ p—
@ @

An increase in the positive charge on titanium
atoms after the surface modification of anatase with
phosphorus-containing compounds, which was noted
previously [11], makes in favor of the assumed coordi-
nation of reagents. In this case, Teleshev et al. [15]
found that the oxidation state of phosphorus and the
activity of the resulting catalytic system depend on the
precursor chosen. Gansaiier et al. [16] studied such a
coordination of epoxies to the titanium atom (in
titanocene complexes).

At the same time, a reaction mechanism that
implies the active participation of surface hydroxyl or
alkoxide groups can be considered. In particular, Di
Serio with coauthors [17, 18] discussed the possibility
of activating ethylene oxide (in catalysis with an alu-
minum alkoxide—sulfate catalyst) according to the
following reaction scheme:

O RO OR
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RO/ ~_ / . \ ~ H,C N
H,C——CH, 0 | o
| — -
H H2C\/ H,C
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Maihom et al. [19] theoretically studied an analo-
gous reaction scheme as applied to the hydration of

ethylene oxide on zeolites H-ZSM-5. They also con-
sidered the single-stage mechanism of ethylene oxide
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hydration on zeolites H-ZSM-5 with the following
reaction scheme of activation:

Hzc\/cm/ H

0) O‘x

LH QH (11D)
‘ ,l’,
\Si/O\Al/d\

/ N\ |

In this work, which is the first part of a quantum-
chemical study of the reaction mechanism of the addi-
tion of ethylene oxide to substances with a labile
hydrogen atom in the presence of phosphorus—titan-
ate catalysts, we consider the simplest model example
of this reaction, namely, the process of ethylene oxide
hydration.

COMPUTATIONAL DETAILS

The calculations were performed according to the
Firefly program package [20] within the framework of
density functional theory (DFT) [21] with the use of a
hybrid functional with gradient corrections according
to Becke [22, 23], the Lee—Young—Parr correlation
functional [24] (B3LYP functional), and the 6-31G **
basis set [25—28]. The SBKJC effective potential and
associated basis set [29—31] were used in the calcula-
tions of clusters containing four titanium atoms .
Charges on atoms were calculated by the Hirshfeld
method [32] using the NBO program, version 5.0 [33].

The results of the calculations were visualized with
the use of the ChemCraft program package [34].

The examination was conducted for the most rep-
resentative (001) surface of an anatase crystal [35]. In
accordance with this, in the discussion of the immobi-
lization of phosphorus, a structural fragment of the
oxide surface as a cluster containing four titanium
atoms linked by oxygen atoms was chosen. The dan-
gling bonds of titanium atoms were saturated with
hydroxyl groups, as is customary in cluster calcula-
tions of this kind [36] (Fig. 1). At first glance, an obvi-
ous disadvantage of this cluster simulation of a surface
layer fragment of anatase is a decrease in the coordina-
tion number of an oxygen environment of titanium
atoms, as compared with their environment in the
oxide. The existing experience in similar simulations
[36] makes it possible to conclude that the main dan-
ger here consists in the possible overestimation of the
accessibility of surface active centers to reagents rather
than in a change in the energy of surface interactions.
The former, in principle, can be considered in the con-
sideration of particular reaction paths on the surface.
On the other hand, published data suggest that the sur-
face relaxation of oxides, in particular, anatase [37],
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Fig. 2. Minimum clusters for the simulation of the ethoxy-
lation reaction: (a) with the pentavalent P atom and (b)
with the trivalent P atom.

can cause an effective decrease in the coordination
number of titanium atoms.

For the ethoxylation reaction mechanism’s simu-
lation, we decreased the model cluster to one titanium
atom linked to a pentavalent phosphorus atom
through an oxygen bridge (Fig. 2a). For comparison,
we also constructed a structure with a trivalent phos-
phorus atom (Fig. 2b).

Then, we optimized the structure of the coordina-
tion complex of a catalyst with ethylene oxide and
water molecules after the optimization of the geometry
of model clusters and calculated transition states at the
elementary steps of the reaction. These latter were
tested for the presence of a corresponding imaginary
frequency in the spectrum of the harmonic oscillations
of the transition structure and checked for the corre-
spondence to reagents and products along the reaction
coordinate. When it was impossible to determine the
structure of the transition state, we calculated an
energy profile along the selected reaction coordinate
in order to obtain the upper estimate of the activation
energy of the given elementary step of the reaction.

EXPERIMENTAL

For some samples of phosphorus—titanate cata-
lysts for ethoxylation prepared on the basis of differ-
ent precursors previously [11], IR absorption spectra
were recorded (KBr pellets, 4000—400 cm™!, Bruker
IFS 66-v-s).
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Fig. 3. IR absorption spectra of (a) an anatase sample prepared by an alcoxo method and analogous samples modified with phos-
phorus with the use of (b) ethryol phosphite (3% P), (¢) ethryol phosphite (6% P), (d) 2-diamido-4-methyl-1,2,3- dioxaphos-
phorinane (3% P), and (e) diethylamino(2,2'-dioxa-5,5'-dimethyl-1, 1'-diphenylmethano)phosphocane (3% P) as precursors.

RESULTS AND DISCUSSION
IR Spectroscopic Studies

Figure 3 shows the Fourier transform IR spectra of
pure anatase prepared by the alcoxo method and the
samples whose precursors were ethryol phosphite
(phosphorus content of 3 wt %), ethryol phosphite
(phosphorus content of 6 wt %), 2-diamido-4-
methyl-1,2,3- dioxaphosphorinane (phosphorus con-
tent of 3 wt %), and diethylamino(2,2'-dioxa-5,5'-
dimethyl-1,1'-diphenylmethano)phosphocane (phos-
phorus content of 3 wt %).

The most pronounced distinction of the spectra of
the samples modified with phosphorus is the presence
of a clearly defined shoulder in the region of 1050—
1150 cm™!, which can correspond to the P=0 bond,
although its frequency is smaller than the vibrational
frequencies characteristic of the P=0O double bond
[38, 39]. This frequency is more characteristic of the
P=0 bond having a hydrogen bond [39]. On the other
hand, published data concerning anatase modified
with phosphorus suggest either the absence of phos-
phoryl oxygen in a pure form and the possible assign-
ment of this shoulder to a phosphate structure [40—44]
or a shift of the band due to P=0O bond vibrations
under the action of surface Ti—O bonds [45]. Korosi
et al. [46] reported the possible interaction of hydroxyl
groups on the surface of anatase with phosphate
anions to form crosslinks. Thus, either a phosphate
structure (with monodentate or bidentate immobiliza-
tion) is formed or a hydrogen bond appears between
the phosphoryl oxygen and the hydrogen of surface
hydroxyl.

Note that, with the use of the same precursor, an
increase in absorption in the above region corre-
sponded to an increase in the phosphorus content of
the sample. However, the intensities of the test shoul-
ders were different in the spectra of samples with the
same phosphorus content prepared from different pre-
cursors; this may suggest that a portion of phosphorus
does not participate in the formation of structures
containing phosphoryl oxygen during immobilization.
Different catalytic activity of samples with the same
phosphorus content [11] seems to confirm this con-
clusion; however, the very low activity of the samples
obtained from ethryol phosphite [11], in spectra of
which the above shoulder is clearly pronounced, can-
not be explained.

On the other hand, Bhaumik and Inagaki [47] believed
that the shoulder in this region (1000—1050 cm™!) corre-
sponds to Ti—O—P lattice vibrations. Note that the
samples prepared from ethryol phosphite are charac-
terized by a decrease in the absorption in this region,
as compared with the samples based on other precur-
sors; this can also suggest the dependence of phospho-
rus immobilization on the nature of a precursor.

In the spectra of phosphorus-containing samples, an
increase in absorbance in the region of 900—1000 cm™',
which, probably, corresponds to the deformation
vibrations of P—O—H bonds, can also be noted, as
compared with the spectrum of pure anatase [41, 48].
It is likely that the stretching vibrations of the P—O—P
bond also occur in this region [48, 49]; however, the
resolving power of the instrument used was found
insufficient for recognizing them. In this case, absorp-
tion bands corresponding to P—H bonds (the range of
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Fig. 4. Possible versions of the immobilization of the phosphorus atom on the (001) surface of anatase. Immobilization energies,

keal/mol: (a) —14.6, (b) 1.1, (c) —6.5, and (d) 15.3.

2440—2350 cm™!) were absent from the spectra [39];
this is expectable based on the structure of precursors.

The above spectra clearly exhibit a number of lines
in the range of 3600—3900 cm~!, which correspond to
the vibrations of OH groups [50]. Because the samples
were calcined both immediately after preparation and
before the measurement of spectra, we can conclude
that these bands belong to the remaining surface OH
groups (it is well known that water can be adsorbed on
the surface of pure anatase either as molecules or dis-
sociatively as a hydroxyl cover [50—55]).

A shoulder in the region of 1600—1700 cm™~', which
is characteristic of the deformation vibrations of water
molecules, was present in both spectra. Busca and
coauthors [56, 57] assigned absorption in the above
range (in the spectra of zirconium phosphates partially
dehydrated in a vacuum and vanadium(II) hydroor-
thophosphate hemihydrate) to the deformation vibra-
tions of water molecules adsorbed molecularly on the
surface of oxides. Thus, the molecular adsorption of
water also occurs on the surface of all of the test sam-
ples. It is well known [58] that the surface of anatase
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modified with phosphates is hydrophobic. It is likely
that the inconsistency with the results obtained in this
work can be explained by a lower concentration of
grafted groups on the surface and by the use of the
alcoxo method.

Immobilization of Phosphorus Atoms
on the Anatase (001) Surface

Figure 4 shows the structures corresponding to
local minimums in potential energy surfaces for the
immobilization of P(V) atoms on the (001) surface of
anatase. Similar structures were obtained for P(III);
therefore, they are not represented in the figures.
Immobilization energies for structures a—d with the
P(V) atom are —14.6, 1.1, —6.5, and 15.3 kcal/mol,
respectively, and they are —10.8, —3.2, —4.3, and
15.2 kcal/mol, respectively, for analogous structures
with the P(I1I) atom. These values were found as dif-
ferences between the total energies of the optimized
structures of final and initial substances either in a sub-
stitution reaction (for an isomorphous case) or upon
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Table 1. Hirshfeld charges (le|) on titanium atoms in the initial cluster and clusters modified with phosphorus

Structure Til Ti2 Ti3 Ti4
Initial cluster (D4) 1.760 1.760 1.760 1.760
Modification with P(V), structure a 1.766 1.763 1.764 1.791
Modification with P(V), structure b 1.793 1.770 1.770 1.793
Modification with P(V), structure ¢ 1.767 1.792 1.768 1.792
Modification with P(V), structure d 1.785 1.795 1.771 1.795
Modification with P(III), structure a 1.779 1.763 1.763 1.776
Modification with P(I1I), structure b 1.786 1.773 1.778 1.781
Modification with P(III), structure ¢ 1.770 1.776 1.763 1.776
Modification with P(III), structure d 1.777 1.784 1.766 1.784

surface immobilization (for structures a—d); there-
fore, they cannot be considered as the thermochemi-
cally accurate. However, their ratio qualitatively shows
that structure a is the most probable structure in both
cases. At the same time, the formation of structure c is
also possible for P(V) and the formation of structures
b and c is possible for P(IIT). Differences in the ener-
gies of immobilization may be caused by at least two
factors: the absence of anatase surface distortions upon
the immobilization of phosphorus (for structure a) and
additional structure stabilization because of the for-
mation of a hydrogen bond between the hydroxyl
groups of titanium and phosphorus (for structure c).

We also attempted to find a local minimum, which
corresponds to the immobilization of phosphorus
through two bridging oxygen atoms at one titanium
atom, as this was assumed by Hadjiivanov et al. [58],
who examined anatase modification with inorganic
phosphates. However, we failed to find the local mini-
mum that corresponds to this structure: in the course
of geometry optimization, the system reached a mini-
mum corresponding to structure a, which was men-
tioned above.

The version of the isomorphous replacement of
Ti(IV)(OH), by P(II)(OH) or P(V)(OH); is extremely
improbable because of a strong difference in the ionic
radii. Calculations showed that the endothermicity of
these replacementsis 179 and 175 kcal/mol, respectively;
that is, the impossibility of this version was demonstrated.

Table 1 summarizes the calculated charges on tita-
nium atoms in the above structures. It can be seen that
the introduction of phosphorus increases a positive
charge on titanium atoms; however, this increase is not
so considerable in comparison with that in pure ana-
tase, and it primarily concerns the titanium atoms to
which phosphorus was grafted. That is, the introduc-
tion of phosphorus noticeably influences the proper-
ties of only the nearest atoms of titanium.

Generally, charges on the protons of the hydroxyl
groups of the surface of anatase also changed only
slightly upon the introduction of P(V): from 0.505 in
the initial cluster to 0.503—0.514 in the modified clus-

ters. The exception is the proton that interacts with
phosphoryl oxygen in structures a and b: the charge on
it increases to 0.540 and 0.534, respectively, which is
greater than that on the protons of hydroxyl groups at
phosphorus (0.508—0.513 for structuresa and b, 0.525
for structure ¢, and 0.513—0.517 for phosphoric acid).

An analogous behavior was observed upon the
introduction of P(III): the charges on the protons of
the hydroxyl groups of the surface of anatase varied
from 0.504 to 0.511, except for a proton in the 2-posi-
tion in structure b (a charge of 0.533), and interaction
with the hydroxyl group of phosphorus occurred. In
this case, the charges on the protons of the hydroxyl
groups of phosphorus were 0.531 and 0.487 for struc-
ture a, 0.541 for structure b, and 0.527 for structure c.

Thus, in the most expected structures formed upon
the introduction of P(V), the proton of the hydroxyl
group of titanium is more acidic, while the proton of
the hydroxyl group of phosphorus becomes more
acidic upon the introduction of P(III).

The O—H bond length can be considered another
characteristic of the acidity of various protons (Table 2).
As can be seen, the maximum O—H bond length cor-
responds to the protons of the hydroxyl groups of the
surface of anatase, which exhibit the greatest charge
according to Hirshfeld; that is, both of the character-
istics of acidity give similar results. As for the hydroxyl
groups of phosphorus, in the case of P(V), the acidity
of the protons of these groups is somewhat lower than
that in the orthophosphoric acid molecule, and it is
higher than that in this molecule and in P(OH); in the
case of P(I1I). Note that the calculated bond lengths
differed from the experimental values as a result of the
use of a narrow SBKJC basis set; however, general reg-
ularities are also manifested in this case.

Mechanism of Ethylene Oxide Hydration

First, we calculated the reaction path of uncata-
lyzed ethylene oxide hydration [1] and identified the
transition state at the main step of the process (Fig. 5b).
Then, descending along the reaction coordinate, we
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Table 2. O—H bond lengths in the initial cluster and clusters modified with phosphorus

O—H bond length, A
Structure the longest bond the other bonds
at the Ti atom at the Ti atom at the P atom
Initial cluster (D4) 0.976 0.976—0.976 -
H;PO, — - 0.998, 0.997, 0.995
Modification with P(V), structure a 1.017 0.977—-0.979 0.997, 0.997
Modification with P(V), structure b 0.977 0.977—0.977 0.996
Modification with P(V), structure ¢ 1.013 0.976—-0.978 0.994
Modification with P(V), structure d 0.977 0.977—0.977 —
P(OH); — - 0.999, 0.999, 0.994
Modification with P(III), structure a 0.987 0.977—0.977 1.029, 1.001
Modification with P(III), structure b 1.027 0.976—0.986 1.038
Modification with P(I1I), structure ¢ 0.985 0.976—0.977 1.030
Modification with P(III), structure d 0.977 0.976—0.977 —

revealed the prereaction complex (Fig. 5a) and the pos-
treaction complex (Fig. 5¢). Two water molecules par-
ticipate in this process; one of them forms the H,—O,
hydrogen bond with the oxygen atom of ethylene
oxide and the second forms a hydrogen bond with the
former. In the transition state, the C,—0, bond is
weakened; in this case, the C;—0O; bond is conceived.
The found transition state is characterized by one
imaginary frequency of 455 cm™! in the calculated
vibrational spectrum; this frequency corresponds to
the vibrations of C,—0,, C,—0;, H,—0O,, and H,-0,
bonds. In the path from the transition state to the pos-
treaction complex, the final breaking of the C,—0O,
bond occurs and C,—0O; and H,—O, bonds are formed,
whereas the H,—O; and H;,—O, bonds become hydro-
gen bonds. The postreaction complex is the coordina-
tion complex of ethylene glycol and water.

The activation energy of the reaction that occurs by
this mechanism is 50.7 kcal/mol; in this case, the ener-
gies of coordination adsorption in the prereaction and
postreaction complexes are —19.9 and —15.9 kcal/mol,
respectively.

Based on reaction scheme (I), which describes the
activation of reagents on the phosphorus—titanate cat-
alysts as a first approximation for the transition state of
the reaction, we proposed a two-step reaction scheme.
It includes the transition of the coordination complex
of the catalyst with ethylene oxide to an intermediate
and the subsequent proton transfer with the formation
of the postreaction complex; that is, in principle, reac-
tion scheme (I) is reduced to reaction scheme (II).

Figure 6 shows the prereaction coordination com-
plex, the transition state corresponding to the first step
of the reaction, and the bidentate intermediate for the
system with P(V). The energy of coordination adsorp-
tion was —35.1 kcal/mol, the activation energy was
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48.2 kcal/mol, and the energy of transition from coor-
dination adsorption to dissociative adsorption was
—23.8 kcal/mol. The analysis of the harmonic vibration
frequencies of the structure that corresponds to the tran-
sition state gives an imaginary frequency of 516 cm™! for
the vibrations of C,—Og and C,—0O; bonds.

Note that we also examined the prereaction com-
plex that strictly corresponds to reaction scheme (I);
that is, it implies the coordination of the water mole-
cule to bridging oxygen rather than the hydroxyl group
at the phosphorus atom. However, it turned out that its
energy level is higher by 11.1 kcal/mol than that of the
complex represented in Fig. 6a. Because the water
molecule does not directly participate in the transition
from coordination adsorption to dissociative adsorp-
tion, it is likely that the energy parameters in this case
are close to those corresponding to the previous case.

We also calculated analogous structures for the system
with P(III): the energy of coordination adsorption was
—28.2 kcal/mol, the activation energy was 44.9 kcal/mol,
and the energy of transition from coordination adsorp-
tion to dissociative adsorption was —19.1 kcal/mol. The
analysis of the harmonic vibration frequencies of the
structure corresponding to the transition state gives an
imaginary frequency of 503 cm™! for vibrations analo-
gous to those described above. The energy level of the
prereaction complex corresponding to reaction scheme
(I) is higher by 6.0 kcal/mol.

The structures of the transition states are similar to the
structures described in the literature [17—19].

We also attempted to calculate the prereaction coordi-
nation complex of the ethylene oxide molecule with the
phosphorus atom (for the system with P(V), in which a
charge on the phosphorus atom is obviously higher). How-
ever, the geometry optimization led us to the conclusion
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that this molecule should be coordinated to the titanium
atom. Analogous attempts to describe a bidentate interme-
diate with the phosphorus atom were also unsuccessful.

K_\O_H
H/
Hzc/CI{2
‘ /O HO
HO\“Ti/O\li/F(»)H
/N /l

0)

An analogous reaction path was also calculated for
the system with P(III), and the activation energy was
45.5 kcal/mol.

The occurrence of this reaction path at the final
step of the reaction is improbable because of the high
activation energy. This can be easily explained consid-
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For the step of proton transfer, a transition state
corresponding to reaction scheme (IV) with an activa-
tion energy of 57.0 kcal/mol was found.

H\zc/cH2
OH (Iv)
OH—__ /" o_ /
>T O~ O—H
Ny
O H

ering that the above reaction path includes the pro-
cesses of the degradation of the bidentate intermedi-
ate, which is comparatively stable, as noted above, and
the formation of the second phosphoryl oxygen atom.

Therefore, we considered the other reaction path
with the retention of the intermediate:

HQC/CHz HZC/CI{2
OH HO (|)H M OH
S/ Nl — SN e N V%
Ti \P/OH __—Ti \P
/ \ \ V)
Il OH \
D "
O—H
/

H

We failed to find a transition state for this reaction
path; therefore, we calculated the energy profile of the
reaction transition in which the length of the H-O
bond formed between a proton of the water molecule
and the phosphoryl oxygen changes with the optimi-
zation of the geometry of the entire remaining structure.
The results of the calculation allowed us to conclude that
a considerable activation barrier is absent from this reac-
tion path (it is lower than 5 kcal/mol). The step itself is
slightly endothermic; its activation energy is close to the
thermal effect (5.8 kcal/mol), which complicates the
localization of the transition state.

Obviously, this proton transfer mode can occur only
in the system containing P(V) because, in this case, the
phosphoryl oxygen atom plays an active role. At the same
time, we can also examine a similar mechanism for
P(I1I), which includes the intermediate participation of
the hydroxyl group at the phosphorus atom:

H

AN
O0—+H
H2(|3/CH2 HQC/CI{2
o} OH
OH H_ /_. oH . (VD)
\ \ OH \
OH OH

The activation energy of the transition state for this
reaction path is 3.5 kcal/mol.

The calculated activation energies for the first step
of the discussed mechanism and the uncatalyzed reac-
tion are sufficiently close to each other; based on the
experimental data, a more effective catalytic reaction
path should be found. Therefore, we considered a sin-
gle-step reaction path corresponding to reaction
scheme (III) for the system with P(V). Figure 7 shows
the prereaction complex, the transition state, and the
postreaction complex for this path. In this case, the
activation energy of the reaction was 24.8 kcal/mol,
the energy of the coordination adsorption of reagents
was —34.4 kcal/mol, and the energy of the coordina-
tion adsorption of the product was —16.7 kcal/mol.
The reaction occurs by a synchronous mechanism
(SN2): ethylene oxide coordinated to the proton of an
OH group on the catalyst surface (by the Og—H,
hydrogen bond) is activated because of this coordina-
tion, and the C,—Oq bond is ruptured synchronously
with a nucleophilic attack of the water molecule on the
C, atom to cause the formation of the C,—0Oq bond. In
this case, synchronous proton transfer occurs: the O,—H,
bond is ruptured and the Og—H, bond is formed, the
O¢—H, bond is ruptured and the O,—H, bond is formed,
and the Oy—H,, bond is ruptured and the Os—H,,, is
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formed. Thus, a catalytic cycle is closed. An imaginary
frequency of 418 cm™!, which corresponds to the
vibrations of all of the above ruptured and formed
bonds, corresponds to the described transition state in
the calculated vibrational spectrum. The phosphoryl
oxygen atom participates in proton transfer; this fact
can explain the catalytic activity of the system con-
taining P(V). Obviously, proton transfer cannot take
place in the case of modification with P(III).

We also attempted to describe the prereaction com-
plexes with the coordination of ethylene oxide to the
hydroxyl group of phosphorus. For the system con-
taining P(V), we found the structures shown in Fig. 8:
the prereaction complex, the transition state, and the
postreaction complex. The activation energy was
59.6 kcal/mol, the energy of the coordination adsorp-
tion of reagents was —23.7 kcal/mol, and the and

The activation energies for the first and second
variants were 46.4 and 44.5 kcal/mol, respectively; the
energy of the coordination adsorption of the reagents was
—23.0 kcal/mol, and the energies of the coordination
adsorption of the product were —23.3 and —20.4 kcal/mol,
respectively. These transition states correspond to an
imaginary frequency of —442 or —448 cm™!, respec-
tively, for the vibrations of all of the formed and rup-
tured bonds in the calculated vibrational spectra. The
postreaction complex corresponds to the adsorption of
ethylene glycol on the catalyst with removed water
molecules. Obviously, this version cannot occur
because of the high activation energy. Note that we
also failed to find a similar reaction path for the system
with P(V).

A comparison of the found activation energies led
us to the conclusion that anatase modified with P(V)
possesses clearly pronounced catalytic properties. The
reaction of ethylene oxide hydration mainly occurs by
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energy of the coordination adsorption of the product
was —23.1 kcal/mol. An imaginary frequency of
516 cm™! for the vibrations of all of the formed and
broken bonds corresponds to the transition state in the
calculated vibrational spectrum. The postreaction
complex corresponds to the adsorption of formalde-
hyde hemiacetal and methanol on the catalyst. Taking
into account the found activation energy (as compared
with the most energetically advantageous version), we
can conclude that this reaction path is extremely
improbable for this system.

We failed to reveal an absolutely analogous reaction
path for the system with P(III); however, we managed
to find two similar reaction paths, in which ethylene
oxide is coordinated to the hydroxyl group of phos-
phorus:

0 (VID)

(@)
-+
:E:_

\+i/O\P
/ N, OH

the S\2 mechanism, and it isaccompanied to an insig-
nificant degree by an uncatalyzed reaction and a reac-
tion occurring by a two-step mechanism through the
formation of a bidentate intermediate. However, ana-
tase modified with P(III) does not exhibit pronounced
catalytic properties. Thus, the previously published
kinetic data [11] are confirmed.

Thus, we theoretically studied the reaction of eth-
ylene oxide hydration on the surface of anatase modi-
fied with phosphorus. We studied the Fourier trans-
form IR absorption spectra and made a conclusion on
the presence of hydroxyl groups and molecularly
adsorbed water on the surfaces of pure and modified
anatase. We analyzed various versions of phosphorus
immobilization on the surface of titanium oxide; the
replacement of hydrogen in hydroxyl groups by the
phosphoryl group should be considered most likely.
We found that this replacement increases the acidity of
protons in the hydroxyl groups of the surface of ana-
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Fig. 5. (a) Prereaction complex, (b) transition state, and
(¢) postreaction complex in the uncatalyzed reaction of
ethylene oxide hydration.

tase, whereas the acidity of surface Lewis acid sites
changes insignificantly and the introduction of phos-
phorus has an effect only on the nearest atoms of tita-
nium. We examined two initial adsorption states of
ethylene oxide on the surface of TiO,: with the coordi-
nation of epoxide oxygen to the titanium atom and to
the hydrogen atom of the hydroxyl group, respectively.
In the former case, the initial step of reaction consists
in the opening of an epoxy ring with the transfer of the

ZAVELEV et al.

Fig. 6. (a) Prereaction complex, (b) transition state at the
first step, and (c) intermediate in the two-step reaction of eth-
ylene oxide hydration on the catalyst P(V) ¢7Tig 940, _ 5.

hydroxyl group from titanium oxide to an epoxide car-
bon atom and the coordination of the other carbon
atom to the titanium atom by means of an oxygen
bridge. As a result, a bidentate intermediate is formed,
which is converted into the reaction product at the
second step of the reaction, which is the catalytic dis-
sociation of the water molecule. As a result of this, the
entire catalytic cycle is closed. We found the efficient
reaction paths of the dissociative addition of water

KINETICS AND CATALYSIS VWl. 52 No.5 2011
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Fig. 8. (a) Prereaction complex, (b) transition state, and

Fig. 7. (a) Prereaction complex, (b) transition state, and (¢) postreaction complex in the course of ethylene oxide
(c) postreaction complex in the single-step reaction of eth- ring opening at the C—C bond on the -catalyst
ylene oxide hydration on the catalyst P(V) ¢7Ti 940, _ 5. P(V).07Tig.9407 _5-

KINETICS AND CATALYSIS MWl. 52 No.5 2011
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molecules to the reaction complex in the cases of the
immobilization of P(V) and P(I1II). Although, accord-
ing to our estimations, the formation of a bidentate
intermediate requires a sufficiently high activation
energy, this reaction path deserves special attention
because the formation of the intermediate is a suffi-
ciently exothermal process. Nevertheless, we consider
the priority reaction path that occurs by the Sy2
mechanism and implies the initial coordination of
epoxide to the hydrogen of the hydroxyl group tita-
nium oxide followed by an attack of the oxygen of the
water molecule on the epoxide carbon. The single-step
process of the catalytic conversion described in this
work is characterized by a noticeably lower activation
energy. It can occur only in the case of P(V) immobi-
lization, which is qualitatively consistent with the
experimentally observed noticeably higher catalytic
activity of the system with P(V), as compared with the
activity of the system with P(1II) [11].
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