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Abstract

In the framework of the cluster approach ab initio calculations of the adsorption complexes of acetone molecule with an
Ž . Ž .isolated terminal OH group of a silica gel S1 , with the fragment including hydrogen-bonded OH group S2 and with two

Ž .separated terminal OH groups simulating bifurcated acetone interaction S3 were carried out. It is found that the difference
between the stability of acetone complexes S1 and S2 is insignificant, and it is concluded that the bifurcated acetone
interaction could result in a more stable adsorption form of acetone with the silica gel. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

IR-spectroscopy, including an application of
Ž .probe-molecule NH , CO, NO, acetone, etc. ,3

is widely used for analysis of the phase compo-
sition of supported systems, the determination
of the active sites on the catalysis surface and
estimation of their concentration. The acetone
adsorption on the silica surface has been studied

w xin a number of papers 1–3 . Two IR-absorption
bands of stretching carbonyl vibrations were
recorded after the acetone adsorption from a
carbon tetrachloride solution on a fully hydrox-

w xylated silica gel surface 2 . One of these bands
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was observed at low acetone concentration in
the carbon tetrachloride solution and corre-
sponded to a stronger adsorption complex. In

w xthe author’s opinion 2 , in this complex the
acetone molecule is involved in hydrogen bond-

Žing with two adjacent hydroxyl groups bifur-
.cated structure . Another complex was assigned

to the hydrogen-bonding interaction between an
isolated terminal OH group and the acetone
molecule. A later study of the acetone adsorp-
tion from the gas phase on the surface of silica

w xgel 3 has confirmed the conclusion about two
primary centres of the acetone adsorption on
silica, as two bands of the CO stretching fre-
quency of acetone were observed with 1695

y1 y1 Ž y1cm and 1705 cm v s1740 cm forC-O
.free acetone molecule in the gas phase .

The above mentioned experimental data for-
mulate a problem of molecular modelling of the
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two types of the acetone adsorption complexes
with silica gel surface hydroxyl groups.

According to numerous experimental studies,
the hydroxyl coverage of silica gel surface is
irregular, and its composition strongly depends
on the preparation and thermovacuum treatment
of a sample. As a rule, silica gel surface con-

Ž . Ž .tains a isolated hydroxyl groups, b hydro-
Ž .gen-bonded hydroxyl groups, c different kinds
w xof adjacent hydroxyl groups 4–6 . Experimen-

tal studies showed that the lower stable adsorp-
tion complex is the coordination of an acetone

w xmolecule by single hydroxyl group 2,3 . The
Ž .second form of the complex could involve a

interaction of an acetone molecule with a sur-
face fragment containing hydrogen-bonded hy-

Ž .droxyl groups or b bifurcated coordination of
an acetone molecule by two proper adjacent
hydroxyl groups. This alternative is studied in
the present paper on the base of simple cluster
modelling of active sites of the surface.

2. Calculation details

Isolated hydroxyl groups of the silica surface
were modelled by an H SiOH cluster structure.3

The approach of two interacting H SiOH groups3
Ž .see Fig. 1 was chosen for simulating of hydro-
gen-bonded surface hydroxyl groups as it was

w xearlier used in 7,8 . As to the two-coordinated
complex, we looked for an optimal structure for
such interaction in order to discuss the possibil-
ity of its realization on silica gel surface. So, the
approach of the coordination of an acetone
molecule by two isolated hydroxyl groups was

Ž .chosen see Fig. 2, S3 .
Ab initio calculations of structures mentioned

above were carried out by a density functional

Fig. 1. The optimized geometry of the cluster with hydrogen-
bonded terminal OH groups.

Fig. 2. The optimized geometry of the considered adsorption
complexes: complex S corresponds to the adsorption on a termi-1

nal hydroxyl; complex S — to the adsorption on a hydrogen-2

bonded terminal OH groups; complex S — bifurcated adsorption3
˚of acetone. The bond lengths are given in A, angles are given in

degrees.

method with the use of the Becke3P86 ex-
w xchange-correlation functional 9,10 . For Si and

H atoms of silica, the basis 3-21G was used.
The basis 6-31G complemented by two sets of
d-functions for atoms C and O, and extended by
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two sets of the p-functions for hydrogen atoms
of acetone and the OH groups of silica was
used.

The adsorption energy was defined as a dif-
ference between the total energy of the adsorp-
tion complex and the sum of energies of the
initial cluster and a free acetone molecule. The
frequency shift was estimated as a difference
between the CO stretching frequency for free
acetone molecule and CO stretching frequency
for the adsorption complex. The GAUSSIAN-92

w xprogram 11 was used for the calculations.

3. Results and discussion

The calculated geometry of the cluster simu-
lating hydrogen-bonded hydroxyl groups is
shown in Fig. 1. The length of the hydrogen

˚bond is 1.858 A and the corner O H . . . O is1 1 2

close to 1808. The shift of the O H stretching1 1

frequency due to hydrogen-bond interaction is
217.2 cmy1 with respect to the frequency of the
isolated OH group, whereas that for the O H2

group is 0.5 cmy1.
Acetone interacting with the cluster gives the

adsorption complex designated by S2, whose
geometrical parameters are given in Fig. 2 to-
gether with the structures of the acetone adsorp-
tion complexes with isolated terminal OH group

Ž .of the silica surface S1 , as well as with two
Žseparated terminal OH groups so-called bifur-

.cated complex S3 . The adsorption energies and
the shifts of the CO stretching frequency for the
various acetone adsorption complexes are pre-
sented in Table 1. The formation of hydrogen

Table 1
Energies of adsorption and shifts of the C–O stretching frequency
for different adsorption complexes of acetone on silica gel surface

Adsorption species Adsorption energy Shift of the C–O
Ž .kcalrmol stretching frequency

y1Ž .cm

S 8.2 261

S 10.5 322

S 16.9 693

Ž .bonding in the initial cluster Fig. 1 results in
the reduction of the length of a hydrogen bond
between a free OH group of the cluster and an

˚acetone molecule by about 0.06 A as compared
with the S1 complex. Accordingly, the adsorp-
tion energy in the S2 complex is slightly larger
Ž . Ž10.45 kcalrmol than that in S1 8.22

.kcalrmol . It is interesting to note that the
acetone adsorption on the fragment with the
hydrogen bonding leads to an increase of inter-
action inside the cluster, so that the length of its

˚hydrogen bond decreases from 1.858 to 1.788 A
for the S2 complex. The length of hydrogen
bond in the S3 bifurcated complex is close to
that in the S1 complex with isolated terminal

˚OH group and is equal to 1.817 A. As in the
given structure two hydrogen bonds are formed,
the acetone adsorption energy is essentially

Ž .greater 16.9 kcalrmol . The full optimization
of S3 resulted in a rather large distance between

˚oxygen atoms of the OH groups y5.279 A. The
increase in the distance between oxygen atoms
in the bifurcated complex influences not only
the adsorption energy but also increases the
shift of the CO group whose stretching fre-
quency is 69 cmy1, whereas the experimental

w xvalue 3 of the frequency shift for strong ace-
tone adsorption is measured to be 45 cmy1. For
the S1 and S2 adsorption complexes, the CO
group frequency shifts are equal to 26 and 32
cmy1, respectively, as compared with the exper-
imental value of 35 cmy1 measured for a weak

w xadsorption mode 3 . It is necessary to note that
the calculated frequency depends to some extent
on the calculation method and on the choice of
the initial model cluster. As the difference be-
tween the shifts of the CO stretching frequency
for S1 and S2 is within the accuracy of the

Ž y1.calculation procedure 5 cm , and the differ-
ence in the acetone heat of adsorption for these
complexes is just 2.2 kcalrmol, it is reasonable
to conclude that the structure with hydrogen-
bonded hydroxyl groups does not result in other
forms of adsorbed acetone different from those
formed by acetone adsorption on isolated hy-
droxyl group. Apparently stronger forms of ace-
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Table 2
Energies of adsorption and shifts of the C–O stretching frequency
for different adsorption complexes of acetone on silica gel surface

Adsorption Adsorption Shift of the
species energy C–O stretching

y1Ž .kcalrmol frequency, cm

HF MP2rHF

a 9.1 11.7 31
b 4.1 6.0 13

tone adsorption might be treated as a bifurcated
structure of the complex with participation of
two space separated OH groups. It has been
found that the calculated optimal distance R

Žbetween oxygen atoms of the OH groups 5.28
˚ .A is close to the mutual arrangement of hy-

Ž .droxyl groups on fully hydroxylated 111 face
˚Ž .of -cristobalite 5 A . The model of the silica

Ž .surface including local fragments of 111 and
Ž .100 faces of crystobalite has been actively

w xdiscussed in the literature 6 . The assumption
that the bifurcated structure of acetone com-

Ž .plexes correlated with 111 face of b-crystoba-
lite does not contradict the experimental obser-
vation of strong adsorption form disappearance

w xwhen the silica gel was preliminary heated 3 .
The dehydroxylation of this face is beginning
under average temperatures of heating and the

Ž .remaining isolated hydroxyl groups of 111
face and stable vicinal and geminal OH groups

Ž . w xof 100 face 5,6 will be correlated with the
weak form of adsorption. This brings a question

Ž .about the possibility of two-point bifurcated
adsorption of an acetone molecule on a vicinal
group. We have performed the calculation of
this adsorption form for the cluster model
Ž . Ž .HO H SiOSiH OH with the most typical for2 2

w xamorphous silica value of /SiOSis1358 12 .
For comparison, the calculations of the single-
point adsorption of an acetone molecule on the
same cluster have been conducted as well. Ab
initio Hartree–Fock calculations of the structure
were carried out using the basis set described
above. The electron correlation effects on the
adsorption energy were calculated using the sec-
ond-order Moller–Plesset perturbation theory for¨
structures optimized at the HF level. Calculated
adsorption energies and shifts of the CO group
stretching frequency for the above mentioned
adsorption complexes are presented in Table 2.

Fig. 3. Molecular model of the silica particle consisting of two interconnected 6-member rings.
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The bifurcation interaction of acetone with two
Ž .hydroxyl groups simultaneously complex a ap-

peared to be relatively unfavourable. The ad-
sorption energy and the shift of the CO vibra-
tional frequency are significantly smaller than
those for the adsorption on an isolated terminal
hydroxyl group. This may result from the rela-
tively short O–O distance in the vicinal frag-

Ž .ment compared to that in S3 see Fig. 2 . The
calculations showed that an increase of the SiOSi
angle could stabilize the two point adsorption.
The main reason here is the following increase
of the O . . . O distance. At /SiOSi;1808

Ž .R s4.4 this adsorption form appears toO . . . O

be preferable in comparison with the single
point adsorption. Probably, similar conforma-

Ž . Ž .tion of HO H SiOSiH OH could be expected2 2

for rather small silica gel globules with the
diameter 1 nm. One of the simplest molecular
models of such silica gel particle is presented in
Fig. 3 and consists of two interconnected 6-
member rings. A molecular mechanics force
field calculation of such structure by MMq
method with full geometry optimization has been
performed. Calculated distances between oxy-
gen atoms of adjacent hydroxyl groups ranging

˚from 3.94 to 5.17 A are close to the correspond-
ing values of effective bifurcated acetone inter-
action. Another interesting question is associ-
ated with the possibility of the hydrogen bond
formation between vicinal hydroxyl groups. Our

calculations showed that this is possible only for
the structure with /SiOSi(1308, and such
conformation should be considered as defect.
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