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Structure and coordination of organometallic groups
on a chemically modified SiQ, surface
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The structural, electronic, and energy parameters of the metal-containing clusters
(H;Si0);8i—~0—XMe, (X = H, B, Al, or Zn; n = 0, 1, or 2), which model organometallic
groups on a Si0; surface modified with B-, Al-, and Zn-containing alkyls, have been studied
by quantum-chemical methods. Full geometry optimization for these clusters was carried out
by the SCF MO LCAO method taking into account the clectron correlation within the
frameworks of the MP2 and B3LYP schemes using the 6-31G(d) (6-311G(d) for Zn) basis
set. The effect of the crystal environment was taken into account in calculations of silicon-
oxygen clusters containing 10 and 30 silicon atoms using the ab initio SCF/6-31G(d) and
semiempirical MNDO-PM3 methods. Various modes of coordination and interactions of
organometallic groups with oxygen atoms of surface groups were studied. For the
organoaluminum group on the surface, two stable conformations were found, namely, the
three-coordinate structure with the chain —O-—-AlMe, ligand and the four-coordinate
(quasicyclic) structure with the Al atom that forms two nonequivalent bonds with the O
atoms at the same Si atom. The four-coordinate structure is energetically more favorable. No
stable structures were found for the organoboron and organozinc fragments.

Key words: silica, surface, organometallic active sites; quantum-chemical studics.

Studies of the structure and the state of the surface
have attracted growing interest in recent years. These
studies are of particular importance in the science of
materials (nanotechnology), catalysis, photocatalysis,
microelectronics, and advanced technologies. Quantum-
chemical methods, molecular mechanics, dynamics, and
the Monte Carlo method are the most informative ap-
proaches used in these studies. These methods adequately
describe many properties of simple surface groups, for
example, of metal clusters,! for which several simple
theoretical models have been developed and confirmed
by quantum-chemical calculations.? These models and
calculations provide a reasonable explanation for the
available experimental data on the spectral and joniza-
tion properties as well as on the energetics of chemi-
sorption of small molecules (H,, CH,, CO, and C,H,)
on simple crystals (graphite and metals).

Quantum-chemical calculations of adsorptton on the
surface of metal oxides and nonmetals are also abun-
dant.3—% Recently, zeolites and interactions of

admolecules with their Bronsted active centers have
attracted considerable attention.’™? In connection with
studies of catalytic cracking of petroleum products, many
works have been devoted to activation of H,0, CO, and
simple organic molecules on catalysts of this type?
However, less attention has been given to organometal-
lic surface groups with different organic ligands bonded
to oxides. The structures of these groups, the character-
istic features of coordination of the metal atom to the
surface, and the effect of these groups on the catalytic
activity are still poorly understood.

Silicon oxide with organic or organometailic groups
bonded to the surface is of interest from the standpoint
of applied problems as well as for understanding the
processes that occur on the surface.}® Presently, activa-
tion of C—O bonds in heterogeneous processes of bind-
ing of CO and CO, to form polycarbonate systems on a
silica surface chemically modified with B-, Al-, and
Zn-containing alkyls is considered a promising applica-
tion of chemically modified silica.l!
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In the course of modification, the replacement of
hydrogen atoms of terminal OH groups occurs on the
surface to form surface alkoxy groups >Si—0O-—MAIk,
(M = B, Al, or Zn; n = 1 or 2) followed, apparently, by
their chemical transformations. The structure of surface
alkoxy groups, modes of coordination of the metal atom
in these groups, its possible catalytic activity, and the
effect of the environment on the activity are still open
questions.

Because B, Al, and Zn are strong complex-forming
agents, the above-mentioned groups may belong both to
the low-coordinate (chain) and high-coordinate types.
In the latter case, the central atom forms hypervalent
bonds with the adjacent groups on the surface. Although
zeolites and aluminosilicates,”+8 alkoxy derivatives,!? or-
ganic radicals on the surface, 191314 surface defects, and
organometallic compounds that interact with surface
defects!®:15.16 have been studied extensively, the data on
structures of analogous organometallic groups are scarce
in the literature. The modes of coordination, character-
istics of coordination bonds of the B, Al, and Zn atoms
with the surface, and their electronic states remain
unknown.

In this connection, it is essential to apply high-level
theoretical methods to these systems with the aim of
studying B-, Al-, and Zn-containing structures on the
Si0; surface in detail and for developing 2 theoretical
model of the surface active center that adequately de-
scribes the activation and catalytic properties of these
systems. In this work, we studied the SiO, surface
modificd with AiMe;, BMe3, and ZnMe,. The replace-
ment of hydrogen atoms of terminal OH groups (struc-
ture A) resulted in organometallic groups bonded to the
Si0, surface. The Al- and B-containing derivatives can
have structure B or C, and the Zn-containing derivative
can have structure D or £ (the terminal atoms are
omitted; in all the cases, the numbering schemes of the
centers correspond to structure A):
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Calcnlation procedure

The molecular cluster (H38i0);Si—OH (cluster 1) and its
organometallic derivatives (H38i0)3Si—0~XMe, (X = H, B,
Al, or Zn; n = 0, I, or 2) were studied by high-level ab initio
quantum-chemical methods followed by estimations of the
effects of the cluster size and the crystal environment using
calculations of clusters of different sizes by available methods.
These clusters contain 4, 10, and 30 silicon atoms and serve as
models of a fragment of the surface of the $i0, crystal with the
p-cristobalite structure. Terminal O atoms were closed by H
atoms. Therefore, the molecular clusters (Fig. 1), which repre-
sent surface fragments containing organometallic groups bonded
to terminal OH groups of silicon-oxygen compounds with the
stoichiometric formulas Si4O4H o (cluster 1), Si)gO,5H ¢ (clus-
ter 2), and SiygO77H3y (cluster 3), were used as models.

The choice of the cluster was determined by the fact that
the structure of activated aerosil used in experiments on
modification of the surface is most similar to the structure of
cristobalite with a large portion of isolated (not involved in
hydrogen bonding) terminal OH groups. Therefore, the clus-
ters shown in Fig. 1 allow one to model the most typical
isolated organometaliic active centers. The distance between
the adjacent centers in the crystallographic section is 3—4 A, A
successive increase in the cluster size allowed us to estimate
the effect of the surface on the structure of the surface group
under study, which was calculated for a small cluster. In the
case of the terminal OH group and organcaluminum centers,
this effect is considered below.

a OSsi

Fig. 1. Optimized structures of the clusters used as initial
modeis of the SiO, surface: a, cluster T (MP2/6-31G(d)
method); b, cluster 2 (HF/6-31G(d) method); and ¢, cluster 3
(MNDQO-PM3 method).
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The calculations were carried out by the SCF LCAO MO
method with the 6-31G(d) (6-311G(d) for Zn) basis set and by
the semiempirical MNDOQO-PM3 method. Cluster 1 was calcu-
lated taking into account the electron correlation using the
second-order Maller—Plesset perturbation theory (MP2) as
well as within the framework of the density functional theory
(DFT) with the use of the BJLYP exchange-correlation func-
tional.!” The geometric parameters and energetics of the me-
dium-sized structures (cluster 2) were calculated by ab initio
and semiempirical methods. The effect of the crystal environ-
ment in the large systems (cluster 3) was estimated only by the
semiempirical method. The ab initio calculations were carried
out using the GAUSSIAN 94 18 and GAMESS programs.!?
The semiempirical calculations were carried out using the
MOPAC program.2?

Results and Discussion

Geometrical structures. The calculations with full
geometry optimization of cluster 1, (H;Si0)38i—OH,
which models the free terminal OH group of the SiO,
surface, and its analogs, (H;Si0);Si—0O—BMe,,
(H,5i0)3Si—0—AlMe,, and (H35i0}),Si—0—2ZnMe that
contain organometallic fragments bonded to the surface,
were carried out by the correlated ab initio method and
within the framework of the density functional theory.
The results of calculations indicate unambiguously that
the active centers containing different metal atoms have
different structures. Two stable conformations were found
for the Al-containing active center, namely, the struc-
ture with the three-coordinate Al atom, ie., with the
chain arrangement of the Si—O—Al atoms (structure
A), and the structure with the four-coordinate Al atom,
i.e., the cyclic form with the Al atom that forms two
nonequivalent bonds with O atoms of the support (struc-
ture B). For the B- and Zn-containing derivatives, we
did not found stable conformations in which the central
atom is additionally coordinated to the nearest O atoms.

The optimized structures of cluster 1 with different
organometailic groups are shown in Fig. 2. The corre-
sponding geometric parameters are given in Table 1.
From the data in Table 1 it follows that virtually all
bond lengths determined by the PM3 method differ
substantially from those calculated by the ab initio
method. The Si—O bond lengths calculated by the PM3
method are systematically overestimated, on the aver-
age, by 0.02—0.03 A compared to the values calculated
by the ab initio method. Almost all bond lengths increase
monotonically in the seriecs HF—DFT—MP2. In most
cases, the differences in the bond angles are insignifi-
cant. The results of calculations by the DFT method are
in substantially closer agreement with the results ob-
tained by the MP2 method. The bond lengths differ
generally by approximately 0.01 A (see Table 1).

The discrepancy between the results obtained by the
HF and MP2 (DFT) methods indicates that the correla-
tion effects must be taken into account in studies of such
systems. Nevertheless, all geometric characteristics of
the clusters under consideration determined by the HF

Fig. 2. Structures of the model clusters optimized by the MP2/
6-31G(d) method: g, (H38i0);Si—0—BMe,; 8, (H;Si0);Si—
O--AlMe, (structure A); ¢, (H38i0);8i—0—AlMe; (structure
B), and d, (H4510)35i—0—Zn—Me.

method are in complete agreement with the data ob-
tained taking into account the electron correlation.
Therefore, it is hoped that the use of the ab initio
method for extended clusters, to which the MP2 method
cannot be applied, will allow one to adequately repro-
duce qualitative regularities of their structures.

The replacement of the terminal hydrogen atom of
the initial cluster (H35i0);SiOH by the organometallic
group leads to a shortening of the Si(2)—O(1) bond by
0.02—0.04 A and to a substantial change in the boad
lengths in the first coordination sphere about the Si(2)
atom. At the same time, the O—Si bond lengths in the
second coordination sphere about this atom remain
virtually unchanged, which indicates that the properties
of organometallic surface structures are adequately mod-
eled by small clusters. Therefore, the effect of the sub-
stituent is to a large extent localized and confined to the
first coordination sphere about the Si(2) atom. This fact
suggests that the positions of remote atoms can be fixed
accurately in studies of organometallic groups.

The calculated (MP2/6-31G(d)) energies of the sub-
stitution reactions (£,)

{H3Si0}3Si—OH + XMe,, —

- (H3Si0),Si—0XMe,,_, + CH, ()

are given in Table 2 (X = B, Al, or Zn; n = 1 o1 2)
without taking into account the zero-point energy (which
may be sensitive to the cluster size and is differently



1260 Russ.Chem.Bull., Vol. 47, No. 7, July, 1998

Ignatov ef al.

Table 1. Geometric parameters of the model structures (H3Si—0);Si—~0—XMe,,, (X = H, B, Al, or Zn; n = 0, 1, or 2) optimized

by different methods

Geometric PM3 RHF/ B3LYP/ MP2
parameter 6-31G(d) 6-31G(d) 6-31G(d)
/A o
T
O(1)—H 0945 0946 0967 0.970
H-0(3) 2676 2666 2650  2.656
Si(2)—0(1) 1.694 1.631 1.650 1.657
Si(2)—0(3) 1.666 1.617 1.637 1.643
Si(2)—0(4),0(5) 1.665 1.612 1.632 1.639
O(3)—Si(6) £.675 1.639 1.659 1.671
O(4)—Si(7),Si(8) 1673 1.636 1.657 1.670
Angle/deg
Si()—0(1)—X 115.7 117.5 {149 114.7
O(1)~Si(2)—0(3) 106.2 108.2 108.0 107.9
(H;8i0);Si0BMe;
r/A
o(H—B - 1.355 1.364 1.392
B—-C — 1.589 1.584 1.575
B—O(3) —_— 3.668 3734 3.241
Si(2H)—O() — 1.604 1.621 1.638
Si(2)—-0(3) — 1611 1.628 1.640
Si(1)—0(4),0(5) — [.612 1.630 1.641
Q(3)—Si(6) - 1.635 1.655 1.670
0(4)—~Si(7),Si(8) — 1.632 1.652 1.669
Angle/deg
Si(2)—0(1)—Al - 168.3 172.4 138.0
O(N—=Si(2)—0(3) - 108.7 107.9 108.0

(H;S10);Si0AIMe; (structure A)

r/A
O(1)—Al 1.709 1.710 1.731 1.746
Al-C) 1.904 1.966 1.959 1.956
Al—0(3) 4.100 33852 3.764 3.559
Si(23—-0O(1) 1.663 1.601 {62t 1.633
Si(2)—0(3) 1.668 1.620 1.639 1.647

Geometric PM3 RHF/ B3LYP/ MP2/
parameter 6-31G(d) 6-31G(d) 6-31G(d)
Si(2)—0(4),0(5) 1.670 1621 1.640 1.650
0O(3)-Si(6)) 1.674 1.635 1.657 1.670
O(4)—Si(7),Si(8) 1.672 1.633 1.655 1.667
Angle/deg
Si(2)—0O(1)—Al 1719 155.5 1499 134.7
O(1)—-Si(2)—0(3) 1073 109.8 110.1 109.5
(H;3S10);Si0AIMe, (structure B)
/A
O(1)—Al 1.775 1.788 1.815 1.833
Al-C 1.947 1.973 1.966 1.965
Al—0(3) 1889 2145 2.137 2.084
Si(2)—0(1) 1.639 1.589 1.610 1617
Si(2)—0(3) 1.731 1.700 1.722 1.732
Si(2)—0(4),0(5) 1.666 1.605 1.627 1.633
0O(3)—Si(6) 1.703 1.671 1.689 1.698
0(4)—Si(7),5i(8) 1.676 1.642 1.663 1.676
Angle/deg
Si(2)—O(1)—Al 102.8 103.1 101.2 100.0
O(1)—S8i(2)—0(3) 85.9 95.1 95.3 94.9
(H;8i0);8i0ZnMe
r/A
O(1)~Zn 1.768 1.792 1.793 1.785
Zn-C 1.943 1.946 1.905 1.885
Zn—0(3) 3.708 3.407 3.128 3.032
Si(2)—-0(1) 1.666 1.586 1.611 1.617
Si{2)—0(3) 1671 1.637 1.658 1.667
Si(2)—0(4),0(5) 1.673 1.629 1.646 1.653
0(3)—Si(6) 1.675 1.639 1.660 1.672
O{4)—S8i(7),Si(8) 1.673 1.633 1.655 1.667
Angle/deg
Si(2}—0(1)—Zn 1419 1350 1236 121.0
O(1)—-S{(—-0(3y 1118 109.4 108.3 107.3

reproduced by various theoretical methods) and tem-
perature corrections. The basis set superposition error
was also not included in the E, value. However, the
above-considered results allow qualitative conclusions
that the formation of —O—AlMe, groups on the surface
is the most exothermic reaction. It should be taken into
account that in the gaseous phase, AlMe; exists as the
dimer Al,Meq. The corresponding energy of dimeriza-
tion is 84 kJ per mole of Al;Meg.2® The value E, (82.1
k3 mol™h2! caiculated by the MP2/6-31G{(d) method is
in perfect agreement with the experimental value, which
indicates that the geometrical structure and energetics
not only of Al,Meg but also of organometallic groups
coordinated to the surface are adequately described by
correlated ab initio methods. It shouid be noted that the
PM3 approximation for the Zn-containing system gave
a positive value of E,, which is inconsistent with the
chemical concept of the exothermic character of reac-
tion (1), whereas the ab initio calculations gave a chemi-

cally reasonable negative value of approximately
—20 kcal mol™!.

Modes of coordination of the central atom to the
surface. As follows from the above-mentioned data, the
B and Zn atoms in clusters 1 that contain organometal-
lic groups bonded to the surface are three- and two-
coardinated, respectively, whereas the Al atom tends to
be additionally coordinated to surface oxygen atoms.
This is evidenced by the Al—O(3) distance (2.08 A),
which is substantially smaller than the analogous dis~
tance in other systems (larger than 3 A) as well as by the
Si(2)—0(3) bond, which is noticeably longer in the
Al-containing cluster (1.73 A) than in the initial cluster
(H;3Si0),Si0H (1.64 A) and in other organometallic
structures (1.64—1.67 A). The eclongation of the
Al—O(1) bond is most pronounced in going from struc-
ture A (1.746 A) to B (1.833 A).

The bonds between the Al atom and the two O atoms
are nonequivalent: the Al—O(1) bond is a slightly elon-
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Table 2. Calculated total energies of the model clusters (£) and energies of the substitution reactions (E,)
(H38i0)38i—O0H + XMe, > (H;38i0);Si—0XMe,—; + CH (X = B, Al, or Zn; n = | or 2)

Model E/au E, /keal mol™!

cluster PM32 RHF/ B3LYP/ MP2/ PM32  RHF/ B3LYP/ MPY/
6~31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6~31G(d)

(H3S10)3SiOH —362.85 —1461.2726416 —1465.1795715 —1462.2903913

(H3S5i0)45i0BMe, — —1564.6799707 —1569.3300347 —1566.0278368 - ~37.8 -37.5 —37.5

(H38i0);8i0AIMe; —383.73 —1781.9106049 —1786.9266980 —1783.2427634 —28.2 —49.2 —479 —~50.8

(structure A) (2231t (—47.0)® (-31.6)

(H3810);Si0AIMe, —403.85 —1781.9086690 —1786.9278496 —1783.2505020 —48.3 —48.0 —48.6 —54.2

(structure B) (—42.4) (—45.8)¢ (—35.0)%

(H3Si0)38i0ZnMe  —320.72 —3277.9929849 —3283.8213315 —3279.5174392 +20.9 ~28.6 -199 -239

4 For the PM3 method, the enthalpies of formation (AH°/kcal mol™!) are given. ® The energies relative

parentheses.

gated covalent bond (1.83 A), whercas the AI—O(3)
bond has a pronounced donor-acceptor character (2.08
A). This is determined by the fact that, unlike the O(1)
atom, the O(3) atom can form only a coordination bond
with the Al atom.

The (H3Si0);Si—0—AlMe; system with the four-
membered Si—O0—Al—O ring is more stable than the
structure with the chain arrangement of the ligand. This
is confirmed by the semiempirical (PM3) and ab initio
(MP2/6-31G(d) and B3LYP/6-31G(d)) calculations.
However, the estimates of the relative energies of the
two structures (A relative to B) are substantially differ-
ent. According to the PM3 calculations, this value is
20.2 kcal mol™!, whereas the value calculated by the
B3LYP and MP2 methods are as small as 0.8 and
4.8 kcal mol™!, respectively. It should be noted that the
two last-mentioned values do not include the zero-point
energy and temperature corrections. In addition, this
value may depend on the model of the crystal surface
used. This effect is discussed below. According to the
PM3 method, the energy barrier to transition between
structure A and more stable structure B is ca. §
kcal mol™!.

The formal increase in the coordination number of
the Al atom leads to only insignificant changes in the
electronic structure of the —O—AI(CHj3), group
(Table 3). The charges on the surface Si(2) and O(3)
atomns change most noticeably. These changes correlate
with the concept of the purely electrostatic (polariza-

Table 3. Mulliken atomic charges in the model clusters (H3Si—
0)3Si—~0—XMe, (X = H, B, Al, or Zn; n = 0, 1, or 2)
calculated by the RHF/6-31G(d) method

X q/au

X o(l) C Si(2) 0(3) 0(4).0(5)
H 0476 —0.859 — 1.609 —0.849 -—-0.839
B 0.732 -0676 ~0.726 1.607 —0.832 -0.834
Al (A) [.104 —0.898 -—-0.821 1.671 —08%2 —03853
Al (B) L1153 -0885 —-0823 1.717  —0.982 -0.844
Zn 1.359 —1.126 —1L.i21 1.722 —0907 —0.894

to AlMeg are given in

tion) interaction, while the donor-acceptor transfer of
the electron density from the surface (the O(3) atom) to
the Al atom is absent. This suggests that the additional
interaction between the Al and O(3) atoms is purely
electrostatic.

The diagrams of the one-electron energy levels cal-
culated by the HF method for the systems under consid-
eration are shown in Fig. 3. At the left of Fig. 3, the
diagram of MOs of the terminal OH group is shown.
The highest occupied molecular orbital (HOMO) of this
structure is localized primarily on the Si(2)—O(1)—H
fragment. The HOMO of metal-containing compounds
is formed by orbitals of the O(1) atom and of the MMe,
fragment ("the residue”™ of the o-system of the M—C
bonds of the alkyl group). In this case, LUMO is a
virtually pure unoccupied p-orbital of the B, Al, or Zn
atom. Therefore, the organometallic group bonded to
the surface is a Lewis center on the surface. The metal
atom makes the major contribution to the acidity of this
center, and the basic properties are determined by the
M—C moiety and by the O(1) atom. As follows from
Fig. 3, an additional coordination of the Al atom causes
an increase in the energy of HOMO by ~0.5 eV. There-
fore, the main properties (the ability toward hydrolysis
and insertion into M—C bonds) are higher in the case of
the four-coordinate Al atom.

The activation and catalytic characteristics of the
aluminum-containing surface center are affected by the
presence of the O(1) atom in the strongly distorted
Si(2)—O(1)—Al fragment (the Si—O-—AJ angle is
100—103°, whereas in structure A, this angle is
150—170°). This distortion may affect the acid-basic
properties of the O(1) atom. In addition, in going from
form A to B, the Al—O(1) bond is substantially length-
ened, and its polarity increases noticeably due mainly to
an increase in the positive charge on the Al atom in
structure B.

Unlike the system (H3Si0);Si—0O—AlMe;, the bo-
ron- and zinc-containing system are not prone to addi-
tional coordination of the central atom by O atoms of
the support. This is attributable to the fact that the B
atom carries a substantially lower charge (the Coulomb
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Fig. 3. One-clectron energy levels (calculated by the HF/6-
31G(d) method) of cluster 1 that contains organometailic
groups: /, (H3Si0);Si—OH; 2, (H38i0);Si—0—BMe,; J,
(H1Si0)3Si—0—AIMe; (structure A); 4, (H;Si0);Si—0—
AlM¢, (structure B); and 5, (H3Si0)5Si—0—Zn—Mec.

attraction to the O(3) atom is substantially weaker than
that to the Al atom) and has a smatler atomic radius
(0.8 A) compared to Al (1.4 A). Therefore, an additional
coordination requires substantial strain of the Si—O—B

bond angle and the corresponding bonds of the surface
group. Moreover, the Al atom in alkyl derivatives forms
four-coordinate structures with the tetrahedral arrange-
ment of the Al—C bonds substantially much more readily
than the B atom.

The Zn atom cxhibits substantially lower electron-
withdrawing ability, and it is more strongly coordinated
to the O(3) atom compared to the B atom, which is
evidenced by the smaller Si(2)—O(1)—Zn bond angle,
the shortened Zn—0(3) bond (H{Zn—0O(3)) = 3.03 A,
r(B—O0O(3)) = 3.24 A)}, and the substantially elongated
Si(1)—-0(3) bond (1.658 A compared to 1.639 A in the
organoboron system). At the same time, the Zr—O(3)
bond is very weak, which is evidenced also by the
virtually undistorted O(1)—Zn—C angle, The —O—
Zn—Me fragment is very flexible and labile due to the
two-coordinate state and the large atomic radius of the
zinc atom, which is favorable for interactions with adja-
cent surface groups.

Effect of the surface on the structure of the active
center. The effect of the surface can be estimated from
changes in the geometric and electronic characteristics
of the clusters under study as their sizes are increased.
Full geometry optimization of the successively increased
structures (H3Si0);Si—OH (cluster 1), SijqO55H ¢
[(SiOZ)lo . 8H20)] (ClUStCF 2), and Si30077 H34
[(8i03)3 - 17H,0] (cluster 3} was carried out. The re-
sults of calculations are given in Table 4 from which it
follows that, on the whole, clusters 2 and 3 describe
reeasonably well the experimental cristobalite structure.
In particular, the Si—O bond lengths are 1.61—1.62 A
(HF/6-31G(d)) and 1.65—1.67 A (PM3) (the corre-
sponding experimental value for quartz is 1.61 A).2% The
Si—Q—Si angles are 160—170° (the experimental value
is 147°).2% The O atoms deviate randomly from the
planes through the Si atoms.

The results of calculations demonstrate that the bond
lengths change ounly slightly in going from the smallest
clusters to the medium-sized and large clusters. The
optimized geometric parameters of clusters 2 and 3 are
inconsistent with the geometry of the ideal crystal as a

Table 4. Bond lengths and atomic charges in the model clusters (1—3) representing the terminal OH group on the Si0, surface

Parameter RHF/6-31G* PM3
1 1 1 2 3

r/A
O(l)—~H 0.946 0.948+0.001 (4) 0.945 0.94410.001 (3) 0.947+0.003 (18)
SiH—-0(1) 1.631 1.620+0.004 (4) 1.694 1.69740.002 (3) 1.7014+0.003 (18)
Si(2)—-0(3) 1.614£0.003 (3) 1.618£0.005 (12) 1.665£0.001 (3) 1.655+0.003 (12) 1.6511£0.006 (86)
0O(3)—Si{6) 1.637+0.002 (3) 1.615+0.008 (12) 1.674+0.001 (3) 1.651£0.002 (12) 1.651%£0.006 (86)

q/au
H 0.476 (0.4871+0.010) (4) 0.198 (0.191£0.003) (4) (0.201+£0.010)(18)
O -0.859 —{0.800+0.004) (4) -0.509 —{0.545£0.007) (4) —(0.597+0.011)(18)
Si(2) 1.609 (1.4801£0.018) (4) 1.200 (1.340+0.004) (4) (1.465£0.021)(18)
O3) ~(0.8424+0.006) (3) —(0.76620.017) (12)  —(0.57520.008) (3) —(0.64420.022) (12) —(0.7131£0.027)(36)
Si(6) (0.918%£0.004) (3) (1.42510.014) (6) (0.709£0.008) (3) (1.320+0.006) (12) (1.46510.049)(36)

Note: the sign "+” denotes the standard deviation {(the number of parameters in the sclection).
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Fig. 4. Optimized (MNDO-PM3) structures (A and B) of
cluster 3 that contains the —O—AlMe; fragment.

result of which the dispersion of the interatomic dis-
tances is observed. This dispersion can be estimated
from the standard deviations from the average values

given in Table 4. From Table 4 it follows that all
geometric parameters calculated by the PM3 method for
clusters 2 and 3 are virtually identical and differ within
the dispersion of these values in cluster 3. However, the
semiempirical and ab initio approaches gave substan-
tially different geometric parameters for clusters 1 and 2.
As mentioned above, the ak initio methods used repro-
duce substantially more adequately the experimental
values of the Si—O bond lengths. When the ab initio
method was used, the Si(2)—O(1) bond length tends to
the normal value observed in the crystal in going from
cluster 1 to 2, i.e., this bond is substantiatly shortened as
the cluster is extended.

The effect of the surface on the structures of organo-
metallic fragments can be considered analogously. The
geometry of the successively increasing systems,
(H3Si0);8i—O0AIMe,, [SijgOyH s]—AlIMe,, and
[Si30077H33]—AlMe,, was optimized. The results of cal-
culations are given in Table 5 from which it follows that
the geometry of the fragment in the coordination sphere
of the three-coordinate metal atom changes only slightly
under the effect of the surface. Most of the bond lengths
change by 0.001—0.005 A as the cluster size increases.
In the coordination sphere of the metal atom, the Al—
O(3) bond is most substantially lengthened in structures
A (by ~0.05 A) and B (by ~0.02 A). In the former case,
the clongation is attributable to the effect of the crystal,
which repels the —O—AlMe, group. In the latter case,
this clongation is attributable to the drawbacks of cluster
2 as a model of the surface: the adjacent unit cells do
not affect the surface Si(6)~—Si(8) atams, which leads to
"contraction” of cluster 2 and to an increase in the
distance between the O(3) and Al atoms. Analogously,
the crystal strongly affects the Si(2)—O(1) bond, which
is lengthened by 0.01—0.02 A in going to large cluster
systems. In all cases, the difference in the energies of
structures A and B is also reproduced. The energies of
clusters 1 and 3 are virtually identical.

In connection with the problem of the choice of an
adequate model of the surface center, it was of interest

Table 5. Catculated (PM3) energy and geometric parameters of the model clusters (§—3) representing the surface

group Si—0—AlMe,

Parameter (HJSIO)JSI—O—‘A[MCZ (l) [SlloongHI'—AlMCZ (2) [SI30077H331*A1M62 (3)
A B A B A B
En—Eg*/keal mol™} 201 16.1 20.4
r/A
O(1)—Al 1.709 1.775 1.706 1.772 1.703 1.772
Al—O(3) 4.100 1.889 4.104 1.915 4.155 1.905
Al-C 1.904 1.947 1.908 1.952 1.911 1.961
Si(2)—0(1) 1663 1639 1671 1.647 1 684 1.660
Si(2)—0(3) 1 668 L7310 1.653 1.742 1.654 1.735
Si(2)—0(4).0(5) 1.670 1.666 1.648 1.649 1.644 1.639
Angle/deg
SYy—-0O ) —Al 1719 102.2 172.7 101.1 177.5 100.5
O()—-Si(2)—-0(3 107.3 85.8 107.9 87.3 106.0 87.4

* The difference in the encrgies of structures A and B.
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to consider the advantages and drawbacks of structure 1
as a mode! of the surface fragment. From the above-
mentioned it follows that the calculated parameters of
cluster 1 are quite stable to a substantial increase in its
size and reflect rather adequately all characteristic fea-
tures of the local environment of the active center
typical of structure 2. 'n particular, one of the siloxane
bridges (Si(1)—0(3)-—S8i(6)) in cluster 2 is bent outward,
while the two other bridges are bent inward. Cluster 1
has a similar structure. In both cases, the terminal OH
group is directed toward the O(3) atom, apparently as a
result of formation of a weak additional hydrogen bond.
The validity of the choice of cluster 1 as a model of the
surface is also evidenced by small changes in the geom-
etry of the organoaluminum surface structure as the size
of the cluster increases.

It is also necessary to consider the effect of boundary
atoms of the cluster on the properties of the active
center under consideration. In this work, we studied the
possibility of closure of terminal Si atoms through hy-
droxyl groups with the fully optimized geometry. The
results of catculations of the cluster SigO3Hp, whose
terminal bonds are closed through OH groups, demon-
strated that when this model is used, the OH groups act
as surface hydroxyl groups to form hydrogen bonds with
the central (terminal) OH group. As a resuit, the opti-
mized structure Si,O,3H,; does not reflect the proper-
ties of the terminal OH group on the surface of
cristobalite and serves as a model of nearby (vicinal)
hydroxyl groups bonded to the surface. When the bound-
ary bonds of the cluster are saturated with hydroxyl
groups, the model is improved if O atoms of the OH
groups are fixed in specified positions, for example, in
positions carresponding to the ideal crystal lattice.

The above-considered resuits suggest that the cluster
1 adequately describes the isolated active center on the
surface of B-cristobalite, reproduces its structural pa-
rameters and chemical properties, and reflects the
characteristic features of large cluster systems. This clus-
ter adequately reproduces the geometry of the O;Si—~
OH group, which is affected by the extended fragment
of the surface. The studies of the effect of the crystal on
the structure of the active center in the calculations of
systems containing up to 149 atoms demonstrated that
cluster 1 has all structural features typical of large
clusters. The typical distortion of the Si—O-Si frag-
ment, the weak coordination of the OH group to the
nearest O atom, the geometric and electronic param-
eters, and the energetics of interactions between organo-
metallic groups bonded to the surface and the surface
are adequately described.

The surface group —O—AlMe, is characterized by
the occurrence of two stable conformations with the
four- and three-coordinate Al atom. Structure B with
the Al atom that forms two nonequivalent bonds with
the O atoms at the same Si atom is more stable. In going
from form A to B, the energy of the HOMO of the
system increases and the capacity for hydrolysis and

insertion into M—C bonds increases. The positive charge
on the Al atom and the polarity of the Al—O bond
increase. As a result, insertion into this bond occurs
easier. In addition, the catalytic and activation proper-
ties of this center are affected by the presence of the
O(1) atom in the strained conformation with the sub-
stantially smaller bond angle and the elongated O(1)—Al
bond.

For the B and Zn atoms of organometallic groups
bonded to the surface, we did not observe the tendency
to additional coordination to oxygen atoms of the near-
est environment. The —O—BMe; and —O—Zn—Me
fragments remain frec and are flexible and labile, which
is favorable for coordination to the nearby OH groups on
fragments of the surface where possible.
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