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The equilibrium molecular structure of octaphenyloctasilsesquioxane Si;O,,Phy in the gas phase has
been determined by electron diffraction. It was found to have D, point-group symmetry, with Si-O
bond lengths of 1.634(15)-1.645(19) A, and a narrow range [147.5(45)-149.8(24)°] of Si-O-Si angles.
The structures of SizOy,(p-tolyl); and SizO,,(p-CICH,C¢H,)s have been determined by X-ray diffraction
and are found to have Si;O,, cages significantly distorted from the symmetry found for SizO,,Phy in the
gas phase. Thus, Si—O-Si angles range between 144.2(2)-151.64(16)° for Si;O,,(p-tolyl)s, and between
138.8(2)-164.2(2)° for SisO,,(p-CICH,C4H,)s. These three structures show how much a SizO,, cage may
be distorted away from an ideal structure, free from intermolecular forces, by packing forces in a

crystalline lattice.

Introduction

Octaphenyloctasilsesquioxane, Si;O,,Phg (1), is a member of an in-
creasingly widely used group of compounds known as polyhedral
oligomeric silsesquioxanes (POSS). The most common members
of the POSS family have the general formula SizO,Rg, where R
can be a wide range of alkyl, alkenyl, aryl and siloxy groups.
These compounds have found many applications in polymer
science and in composite materials, where they have been used
to modify mechanical, thermal, optical, dielectric, surface and
other properties (for reviews see refs. 1-4).

The phenyl derivative, SisO,Phg, can be readily prepared
via hydrolysis of either PhSiCl; or PhSi(OEt); (see ref.l for a
comparison of synthetic methods) and can be nitrated®?® to give a
mixture of isomers. The nitro-derivatives can then be reduced to
give a mixture of-NH, substituted isomers, which have been used
as precursors to a range of novel materials."* Bromination®!* and
iodination of SizO,,Phy gives aryl-halide products that can also
be used as nano-scale building blocks for new materials.

Several structural studies of SizO,,Phg and related species are
detailed in the literature. Although no solvent-free X-ray crystal
structure for SizO;,Phg has previously been reported, there are
X-ray studies of this molecule in solvates with C;H;N/CyH,Cl,"
and Me,C=0," and for [Si;O,PhF]7 in a salt,
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[NBu,][SisO,,PhF]."* To the best of our knowledge, no
previous isolated-molecule studies have been performed, but
calculations have been done on the solid-state structure using
plane-wave DFT by Lin et al.*> They carried out a computational
study of the unsubstituted octahydridosilsesquioxane, SizO,,Hs,
several phenyl-substituted silsesquioxanes SizO,,Hs ,Ph, (n = 1
or 2), and the octaphenyl derivative, Si;O,,Phy (1). The authors
report that the optimised structure of 1 has low symmetry because
of the various orientations of the eight phenyl rings. However,
they mention that the cell size used is not big enough for such a
system and it has reached their current hardware capacity limit.
They performed a geometry optimisation for SizO,,Hj to test the
reliability of their methodology and found that the bigger the cell
is, the closer to O, symmetry the optimised structure of Si;O,,Hj
will be. As was later determined experimentally, the equilibrium
geometry of gas-phase Si;O,,H; does indeed have O, symmetry.'
The lack of symmetry of the SizO;,Phg structure in the study
by Lin et al' may also have been caused by intermolecular
interactions due to the small box size used in the periodic-code
calculations.

In order to understand better the nature of an aryl-substituted
POSS cage in the absence of packing forces and solvent, and
also to make comparison with the gas-phase structures of
SizO,,H; and SizO,,Meg,' a gas-phase electron-diffraction study
was undertaken of SigO,,Phg (1). X-ray diffraction structures
of SizOp,(p-tolyl)s (2) and SizO,,(p-CICH,C,H,)s (3) have also
been determined in order to make comparisons between simple
arylsilsesquioxane structures.

Experimental section
Preparation of SizO,,Ph; (1)

Although the synthesis of SigO,,Phy is straightforward, the sample
used for the electron-diffraction study was purchased from Hybrid
Plastics Inc. and was used without further purification.
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Preparation of SizO,,(p-tolyl)s (2)

2 was prepared using the same method as reported for the
SizO,(m-tolyl)s isomer,"” giving 0.99 g (0.9% yield) of white
microcrystals from the hydrolysis of 23.00 g of (p-tolyl)SiCl;. The
melting point of the crystals was >360 °C (from Me,CO/CH,Cl,),
with literature values for the melting point given as 400 °C
(decomp.)® and 407413 °C (decomp.).” NMR characterisation of
2 was as follows: '"H NMR (400 MHz, CDCl;) 6 7.65 (2H, d, J =
7.8 Hz, aryl-H), 7.18 (2H, d, J = 7.8 Hz, aryl-H), 2.35 (3H, s, Me).
“C NMR (100 MHz, CDCl;) 6 140.72 (C-Me), 134.39, 128.70,
127.16 (aryl C), 21.74 (Me). ®Si NMR (79.5 MHz, CDCl;) 6
—77.62 ppm. Crystals suitable for single-crystal X-ray diffraction
studies were obtained by slowly adding acetone to a saturated
CH,Cl, solution until a 3:1 v/v acetone/CH,Cl, solution was
formed.

Crystal data for 2. C;H;0,,Si;-6Me,CO, M = 1494.20,
tetragonal, I4/m (no. 87), a = b = 19.4815(3), ¢ = 20.9445(4) A,
V = 7949.0(2) A, Z =14 [Cy, symmetry], D, = 1.249 g cm™,
u(Cu-Ko) = 1.809 mm™, T = 173 K, colourless needles, Oxford
Diffraction Xcalibur PX Ultra diffractometer; 3830 independent
measured reflections (R, = 0.0449), F? refinement, R,(obs) =
0.0626, wR,(all) =0.1813, 2579 independent observed absorption-
corrected reflections [|F,| > 40(|F,|), 26.. = 142°], 195
parameters. CCDC 746535.

Preparation of Si;O,,(p-CICH,CsH,); (3)

3 was prepared according to a literature method,” which gave
a white crystalline product with spectroscopic data in agreement
with those published. Material suitable for study by single-crystal
X-ray diffraction was obtained by slowly adding acetone to
a saturated CH,CIl, solution until a 3:1 v/v acetone/CH,Cl,
solution was formed.

Crystal data for 3. CsH,Cl,0,,Sis, M = 1421.26, triclinic, P1
(no. 2), a = 12.8106(6), b = 13.2923(6), ¢ = 22.1442(10) A, o =
76.315(4), B=75.028(4), y = 61.699(5)°, V =3178.4(3) A3, Z =2,
D.=1.485gcm™, u(Mo-Ko) =0.564 mm™', T'=173 K, colourless
blocks, Oxford Diffraction Xcalibur 3 diffractometer; 10107
independent measured reflections (R;,, = 0.0521), F? refinement,
R, (obs) = 0.0547, wR,(all) = 0.1349, 4702 independent observed
absorption-corrected reflections [|F, | > 40(|F,|), 20, = 52°],
777 parameters. CCDC 746536.

Computational studies

Computational studies of SizO,,Phg (1) were carried out using
density functional theory (DFT) calculations utilising the B3LYP
hybrid functional (Becke + Slater + HF exchange and LYP
+ VWNS5 correlation).? Preliminary calculations, intended for
obtaining starting geometries and Hessian matrices for higher-
level computations, as well as for evaluation of vibrational
correlation, were carried out using the 6-31G basis sets.?! In the
final calculations, all atoms were described by the triple-{ valence
correlation-consistent cc-pVTZ basis sets.”? The basis sets in the
GAMESS format were obtained using basis set exchange (BSE)
software and the EMSL basis set library.* All calculations were
performed using PC GAMESS Version 7.0** of the GAMESS
software package.”

Preliminary calculations showed that there are two conformers
of SizO,,Phy (with D, and D,; symmetries) having almost the
same energy, with a few vibrational frequencies with values
close to zero. All other structures with higher symmetries have
significantly higher energies and are saddle points with multiple
imaginary frequencies corresponding to rotations of the phenyl
rings. In our experience, DFT calculations have been found
to be prone to producing spurious imaginary frequencies with
magnitudes of less than 10 cm™. Therefore we used HF analytic
force field calculations (which do not produce spurious imaginary
frequencies) in addition to the DFT calculations with different
basis sets to determine whether the structures with D, and D,y
symmetries are minima or saddle points.

Gas electron diffraction

The diffraction patterns for SizO,,Phy were obtained in a syn-
chronous gas electron diffraction (GED) and mass spectrometric
(MS) experiment carried out using the EMR-100/APDM-1 unit*
at the Ivanovo State University of Chemistry and Technology. A
sample of 1 was evaporated at temperature 7" = 615(10) K from
a stainless-steel cell with a cylindrical effusion nozzle of 0.6 x
1.2 mm size (diameter x length). The ratio of the evaporation area
to the effusion orifice area was above 500. The mass spectrum of
the saturated vapour over the sample showed a molecular ion of
stable intensity, indicating the presence of the molecular species
in the vapour at the temperature of the experiment. The vapour
composition was monitored by mass spectrometry throughout the
experiment.

Electron-diffraction patterns were obtained for both short (L, =
338 mm) and long (L, = 598 mm) nozzle-to-camera distances
at accelerating voltages of 73 and 74 kV, respectively. Accurate
wavelengths of electrons have been calibrated using polycrystalline
ZnO. The diffraction patterns were recorded using Kodak SO-
163 electron image films, which were scanned using a calibrated
Epson Expression 1680 Pro flatbed scanner in a procedure
documented elsewhere.”” A data-reduction procedure described
in detail in ref.28 was employed. The least-squares structure
refinement was performed using a modified version of the KCED
35 program.” Scattering functions were calculated from tabulated
atomic scattering factors.*

Nozzle-to-plate distances (mm), temperatures (K), accelerating
voltages (kV), individual R-factors, scale factors and electron
wavelengths (A™) for each camera distance are given in the
Supplementary Information (Table S1).1

Results and discussion
Computational studies of SizO,,Ph; (1)

It was found that the structure of 1 with D, symmetry is a
minimum, apparently a global one since no structure with a
lower energy was found. The D,s-symmetric configuration is a
saddle point with four imaginary frequencies (values of i6 to
i8 cm™), corresponding to rotations of the phenyl rings. The
structure with D,y symmetry is only marginally higher in energy
(AE = 0.03 kJ mol™) than the D, structure at the highest level
of theory. The latter is the only minimum on the potential-energy
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surface (PES) of SizO,,Phg, so the GED analysis of SizO,,Phy was
performed assuming that only one conformer exists in the vapour.

Despite the presence of such a tiny barrier, there is no free
rotation of phenyl rings in Si;O,,Phg, although the rings do
exhibit almost uninhibited large-amplitude twists. The complete
rotation of a phenyl ring requires much higher energy due to steric
hindrance, as evidenced by our calculations of higher-symmetry
structures, where the phenyl rings are unfavourably oriented with
respect to each other. The coordinates of 1 from the B3LYP/cc-
pVTZ calculation are given in the Supplementary Information
(Table S2).1

GED refinement of Si;O,,Ph; (1)

Based on the D,-symmetric structure identified by quantum
chemical calculations, a Z-matrix model was written to describe
the geometry of 1. The parameters used are shown in Table 1.
Silicon and oxygen atom numbering is shown in Fig. 1; all
coordinates are listed in Supplementary Information (Table S3).1

Fig. 1 Molecular structure, including atom numbering, of SizO,,Phy (1).
Hydrogen and carbon atom numbers have been omitted for clarity.

In order to write the model, seven dummy atoms were defined,
one in the origin of coordinates (0c), and six located on the
coordinate axes (which point to the centres of the cube faces), in
both positive and negative directions from the coordinate origin.
This was done to make it possible to use the same parameters to
describe symmetrically equivalent atoms.

The Si(1)-0—X angle (p,) and the Si(1)-0.—X-Z dihedral
angle (p;) are both fixed to their computed values to match
the initial atomic coordinates of the ED model to the result
of the B3LYP/cc-pVTZ calculation. They are fixed in order to
define the orientation of the molecule and this does not prevent
the refinement of other parameters. As O(9) and the symmetry
equivalent oxygen atoms have z = 0 and x = 0 or y = 0, there
are no refined angles and dihedrals (they are equal to 90°).
The C-C distances (p;,), except for rC(53)-C(61), are refined
as a group (since they are close to each other and cannot be
determined independently) and the differences between them are
fixed to computed (B3LYP/cc-pVTZ) values. rC(53)-C(61) is a
ring closing parameter determined via other C-C distances and

Table 1 Geometric parameters from the GED refinement (r,) of
SizO,,Phy (1) and their calculated equivalents (r.; B3LYP/cc-pVTZ)*

Parameter i T
Independent
)2 rSi(1)-0° 2.737(1) 2.737
D /Si(1)-0—X¢ 124.3(fixed) 124.8
Ds #¢Si(1)-0—X-2¢ 45.4(fixed) 454
Da rO(9)-0¢ 2.695(20) 2.676
Ds rO(13)-Si(1) 1.634(8) 1.637
De Z0(13)-Si(8)-0(12) 108.3(2) 108.3
2 ¢O(13)-Si(8)-0O(12)-0c —60.1(fixed) —60.1
s rSi(1)-C(21) 1.859(1) 1.857
Do ZC(21)-Si(1)-0O(13) 110.2(16) 109.4
Do ¢C(21)-Si(1)-O(13)-0¢ —179.7(fixed) -179.7
Pu rC-C mean 1.395(2) 1.401
P ZC(29)-C(21)-Si(1) 119.8(8) 120.8
Pis #C(29)-C(21)-Si(1)-0O(9) 37.0(48) 37.0
Dia ZC(37)-C(21)-Si(1) 122.2(9) 121.0
Dis ¢C(37)-C(21)-Si(1)-0O(9) —145.5(31) —142.7
Dis ZC(45)-C(29)-C(21) 121.9(12) 121.0
D7 #C(45)-C(29)-C(21)-C(37) —0.21(fixed) -0.21
Dis ZC(53)-C(37)-C(21) 120.8(13) 120.9
Do ¢C(53)-C(37)-C(21)-C(29) 0.23(fixed) 0.23
P ZC(61)-C(45)-C(29) 119.7(14) 120.0
P rC-H mean 1.073(2) 1.082
Dependent
j25 rC(29)-C(45) 1.384(5) 1.390
P rC(53)-C(61) 1.402(27) 1.390
D rC(37)-C(53) 1.385(5) 1.390
Das rC(45)-C(61) 1.385(5) 1.391
D rC(21)-C(37) 1.395(5) 1.400
P rC(21)-C(29) 1.395(5) 1.401
Ds rSi(1)-0(13) 1.634(15) 1.637
Do rSi(1)-0(9) 1.645(19) 1.639
D rSi(1)-0(14) 1.641(24) 1.642
D rSi(1)-C(21) 1.859(3) 1.857
Pn ZSi(1)-0(13)-Si(8) 149.8(24) 149.2
D3 Z0(13)-Si(1)-0(14) 108.9(7) 108.9
D Z0(13)-Si(1)-0(9) 110.3(5) 110.2
Dss Z0(14)-Si(1)-0(9) 108.3(6) 108.3
Das ZSi(1)-0(9)-Si(6) 147.5(45) 148.8
D3 Z0(13)-Si(1)-C(21) 110.2(49) 109.4
Ds ZSi(1)-C(21)-C(37) 122.2(26) 121.0
Do ZSi(1)-C(21)-C(29) 119.8(24) 120.8
Pao ZC(21)-C(37)-C(53) 120.8(38) 120.9
Dai ZC(21)-C(29)-C(45) 121.9(38) 121.0
P ZC(29)-C(45)-C(61) 119.7(50) 120.0
P ZC(37)-C(53)-C(61) 120.4(33) 120.0
Pas ZC(45)-C(61)-C(53) 119.3(14) 119.8
Dss ZC(29)-C(21)-C(37) 118.0(10) 118.2

“ Distances (r) are in A, angles (£) and dihedral angles (¢) are in degrees.
0. is the centre of the coordinate system. ¢ X is a dummy atom on the
positive x axis. “Z is a dummy atom on the positive z axis.

C-C-C angles, not differences between C-C distances. The
dihedral angles within the phenyl rings are very close to 0 or
180° (i.e. the rings are almost planar) and therefore are fixed to
computed values. As with the C—C distances, the C—H distances
are refined as a group and the small differences between them
are fixed to computed values. As it is unlikely that they could be
reliably refined, the H-C-C angles and H-C-C-C dihedral angles
are fixed to computed values.

The final R factor for the refinement is 5.3%. The quality of the
refinement can be seen by looking at the radial-distribution curve
shown in Fig. 2. The molecular-scattering intensity curves are
shown in Figure S1. The correlation matrices are given in Tables S4
and S5, and a full list of distances with amplitudes of vibration and
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Fig.2 The radial distribution curve for the GED refinement of SizO,,Phy
@.

distance corrections is shown in Table S6. The final coordinates for
the GED-refined structure of 1 are given in Table S3, with those
calculated at the B3LYP/cc-pVTZ level given in Table S2.1

Despite efforts to improve the agreement between the theoretical
and experimental intensities, the R factor remained relatively
high. The main reason for this discrepancy is the very large and
highly anharmonic rotations of the phenyl rings, which produce
probability distribution functions for corresponding internuclear
distances that are quite unusual.

The average probability distribution function used in the
calculation of the molecular-scattering intensity is a Gaussian
function with the root-mean-square vibrational amplitude as its
variance parameter.®! In the general case of anharmonic vibrations
it is possible to represent the probability distribution function as a
somewhat distorted Gaussian function,**? but in all presently used
least-squares codes for the analysis of ED data only the asymmetry
constant, related to Morse constant of the anharmonic potential,*
is implemented.

In previous studies of related silsesquioxanes in the gas phase we
have performed molecular-dynamics (MD) simulations to study
the probability distribution functions of pairs of atoms.'®**35 Here
again we have used MD to observe the shapes of the proba-
bility distribution functions. Semi-empirical molecular-dynamics

(SE-MD) calculations for 1 were performed using the resources of
the EaStCHEM research computing facility* running the CP2K
code.” A geometry optimisation was initially carried out using
the PM6 method,*® before the optimised geometry was used as the
starting geometry for an SE-MD simulation in the NVT ensemble.
The canonical sampling via velocity rescaling (CSVR) thermostat
was used to control the temperature.®® A time step of 0.5 fs was
used and the simulation was run for 30 ps. This methodology has
already been shown to give accurate results for other substituted
silsesquioxanes.** Fig. 3(a) shows the probability distribution
function for rSi(1)-C(68), extracted from the molecular-dynamics
simulation. [C(68) is the carbon atom in the para position on a
phenyl ring attached to a silicon atom that is two bonds away
from Si(1).] Despite the expected large-amplitude wagging of the
phenyl rings, the distribution can be described sufficiently well
by a Gaussian function. The probability distribution function for
rSi(1)-C(52) is presented in Fig. 3(b). [C(52) is a carbon atom
in the meta position in the same phenyl ring as C(68).] It can
be seen that the distribution is very unusual and it follows that
the corresponding molecular-scattering intensity term cannot be
properly described by the Gaussian approximation used in existing
refinement programs. As the corresponding potential is also not
a Morse potential, the inclusion of the asymmetry constant is
not enough to correct this problem and higher-order corrections
are necessary. The data required to perform the higher-order
corrections are available from the MD simulations, but no least-
squares software exists that can use it.

Although the distances between silicon or oxygen atoms and
carbon atoms in the rotating parts of the phenyl rings are mostly
larger than 4 A [the exceptions are Si(1)-C(29) and Si(1)-C(37)],
their contributions to the molecular-scattering function are not
negligible. It is this insufficiently accurate calculation of the
theoretical intensity functions that has led to a larger-than-normal
disagreement with the experimental data.

Solid-state structures of SizO,,(p-tolyl)s (2) and
Sis O (p-CICH, C.H,)s (3)

Several solid-state structural studies have previously been per-
formed for SizO,Phy (1) and the related endohedral anion

v T v T v
6.0 6.5 7.0 7.5

Internuclear distance / A

T ¥ T T T ¥ T
55 6.0 6.5 7.0

Internuclear distance / A

Fig. 3 Probability distribution functions for (a) rSi(1)-C(68) and (b) rSi(1)-C(52), extracted from the molecular-dynamics simulation. The y axis is the

probability (normalised so the sum of all probabilities is equal to unity).

This journal is © The Royal Society of Chemistry 2010

Dalton Trans., 2010, 39, 6960-6966 | 6963



Table 2 Selected calculated and experimental solid-state structural data for Si;O,,Arg and [SisO,,ArgF] compounds®

rSi-0/A ZSi—0-Si (°)
Compound Method Range mean Range mean Ref.
SizO,,Phg? Calc. 1.603-1.614 1.609 145.4-152.8 149.5 15
Si;O,,Ph, GED 1.634(15)-1.645(19) 1.640 147.5(45)-149.8(24) 149.0 This work
Si;0,,Phy (CsH;N/C,H,Cl, solvate) X-ray 1.606(5)-1.621(5) 1.614 143.9(3)-156.6(4) 149.2 12
Si;0,,Phy (Me,C=O0 solvate) X-ray 1.606(3)-1.618(3) 1.612 144.7(2)-151.6(2) 149.2 13
[NBu,][SisO,PhyF] X-ray 1.6198(15)-1.6295(15) 1.6248 138.56(10)-143.88(10) 141.18 14
Sig0,(p-tolyl); (Me,C=0 solvate) X-ray 1.611(2)-1.623(3) 1.616 144.2(2)-151.64(16) 148.1 This work
[NBu,][SisO,.(p-tolyl)sF] X-ray 1.6234(19)-1.628(2) 1.625 140.50(13)-142.47(13) 141.17 4
Si;0,,(0-tolyl), X-ray 1.6119(15)-1.6257(15) 1.6188 139.01(11)-163.34(11) 149.22 43
Sig01,(0-Me, NC4H, ) X-ray 1.611(1)-1.626(2) 1.617 143.5(1)-155.2(1) 148.42 44
Si;0,,(p-CICH, C,H,)s X-ray 1.602(3)-1.627(4) 1.617 138.8(2)-164.2(2) 148.7 This work
Si;0,,(p-ICsH,)s (EtOAc solvate) X-ray 1.603(4)-1.616(4) 1.610 144.7(4)-152.0(3) 148.0 11
“ Table adapted from ref.1. * Geometry optimisation using CASTEP GGA-PWO1.
[Si;0,,PheF], and selected data are given in Table 2. It should  Table3 Selected bond lengths (A) and angles (°) for 2+
be noted that an early X-ray diffraction study found that two
forms of SizO,,Phy could be obtained from pyridine, one with a ~ Distances
e . . "
triclinic and one a rgonochmc unit cell. . . Si(1)-0(1) 1.61903) Si(1)-0(2) 1.61102)
The calculated Si-O bond lengths and Si—O-Si bond angles Si(1)-0(2A) 1.611(2) Si(2)-0(2) 1.614(2)
agree well with experimentally determined values obtained by Si(2)-0(3) 1.6173(11) Si(2)-0(4) 1.616(2)
single-crystal X-ray crystallography and also show the low sym- Si(3)-0(4) 1.617(2) Si(3)-0(4A) 1.617(2)
) : . . Si(3)-O(1B) 1.623(3) O(1)-Si(3B) 1.623(3)
metry caused by the various orientations of the Ph substituents. 0(3)-Si(2C) 1.6173(11)
Although SizO,R; derivatives are, ideally, highly symmetrical, the
Si—O-Si angles are found to vary significantly due to packing Angles
of the polyhedra so as to reduce voids within the lattice. This
phenomenon has been noted for other members of the Si;O,Ry  O(2)-Si(1)-0(2A)  109.89(17)  O(1)-Si(1)-O(2) 108.76(11)
family and the effect has been described in detail previously."**! 88*218;*88;\) iggzggg 8%*212;*88 iggégggg
o o a0 . . . —51( 2 )— . —51( 2 ) .
The rigidity of the Ph substituents %n SizO,,Phg seems to allow O(4)-Si(3)-O(4A) 108.19(17) O(4A)-Si(3)-O(1B) 109.60(11)
voids to occur and these are occupied by the solvent as found 0(4)-Si(3)-O(1B) 109.60(11)  Si(1)-O(1)-Si(3B) 144.2(2)
in all the solid-state structures listed in Table 2. (In the structure  Si(1)-O(2)-Si(2) 151.23(15)  Si(2)-0(3)-Si(2C) 145.16(19)
Si(2)-O(4)-Si(3) 151.64(16)

of [NBu,][Si;O,,PhsF]~ the [NBu,]* cation sits neatly into a cleft
formed by the Ph groups.) The inclusion of solvent is also seen
in SizO,(p-IC¢H,)s-EtOAc.!" Two further simple arylsilsesquiox-
anes, SizO,(p-tolyl); (2) and SizO,,(p-CICH,C,H,)s (3) have now
been structurally characterised by single crystal X-ray diffraction
in order to make comparisons with Si;O,,Phs.

The tolyl derivative, 2, can be prepared in low yield by
hydrolysis of p-tolylSiCl; **® and its structure has been the
subject of a previous X-ray crystallographic study which found
an orthorhombic unit cell for a crystal obtained from EtOAc.* In
our hands, 2 crystallised from Me,C=0/CH,Cl, solution to give
a tetragonal unit cell and the structure is shown in Fig. 4 together
with an atom numbering scheme for the Si;O,, cage (which has
C,, symmetry), and selected bond lengths and angles are given
in Table 3. (Full details of the crystallographic studies can be
found in the Electronic Supplementary Information.) The bond
lengths within the Si;O,, cage given in Table 3 cover a narrow
range and are similar to those for other arylsilsesquioxanes as
shown in Table 2. The Si—~O-Si angles in the Si;O,, cage range from
144.2(3) to 151.64(16)° and again show the cage to be distorted
away from the ideal cubic arrangement of Si atoms as seen in
other arylsilsesquioxanes (see Table 2) and also similar to the
distortions seen in a wide range of other Si;O,,R; compounds.’*
The crystals for the diffraction study of SizO,,(p-tolyl); were
found to contain six molecules of highly disordered acetone per
silsesquioxane cage which were removed in the refinement using

“See Fig. 4 for atom numbering. ® The atoms with labels ending in “A”,
“B” and “C” are related to their counterparts without the suffix by the
symmetry operators (X, y, 1-z), (1-x, =y, 1-z) and (1-x, —y, z) respectively.

the SQUEEZE routine of PLATON.* This is thus another simple
SizO,Arg compound in which voids between the cages are readily
filled by solvent.

The molecular structure of SizO,,(p-CICH,C¢H,); (3) is shown
in Fig. 5 together with an atom numbering scheme for the Si;O,,
cage, and selected bond lengths and angles are given in Table 4.
(There is some disorder of two of the C;H,CH,Cl groups which is
described in detail in the Electronic Supplementary Information.)
The structure is triclinic and again, although the Si-O bond
distances within the cage fall in the narrow range of 1.602(3)
to 1.627(4) A the Si-O-Si angles vary widely from 138.8(2) to
164.2(2)°. In this case there is no solvent included in the structure.
Although the Si—-O-Si angles vary significantly, the O-Si—O angles
(shown in Table 4) are all close to the ideal tetrahedral value. It
should be noted that the structure of SizO,,(p-CICH,C4H,); has
been the subject of a previous study which found the compound
to crystallise from Me,C=0/CH,Cl, in the space group R3 with
a = b = 13.2961(25) and ¢ = 32.9743(97) A, but disorder of
the C4H,CH,Cl groups along the three-fold axis prevented a
satisfactory structure solution.”
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Fig. 4 The molecular structure of the C,, symmetric cage 2, with atom
numbering. The C, axis is coincident with the O(3)--- O(3A) vector, and
Si(1), Si(3), O(1), Si(1A), Si(3A) and O(1A) all lie on the mirror plane.
Hydrogen atoms are omitted for clarity.

Fig. 5 The molecular structure of 3, including atom numbering. Hydro-
gen atoms are omitted for clarity.

These two new X-ray structures are thus both similar to
previously reported Si;O,,R¢ structures in having cages that are
distorted away from the ideal cube, and are in contrast to the
structure of Si;O;,Phg (1) in the gas phase where the lack of crystal
packing allows a more symmetrical cage to be favoured. Unlike
previous isolated-molecule studies of silsesquioxanes,'®** 1 is not
found to exist in the highest possible symmetry. It is probably steric
effects of the phenyl groups that prevent a conformer with D,, or
D,, symmetries from existing as minima on the potential-energy

Table 4 Selected bond lengths (A) and angles (°) for 3¢

Distances

Si(1)-O(1) 1.618(3) Si(1)-0O(4) 1.617(3)
Si(1)-0O(5) 1.610(3) Si(2)-0(1) 1.612(3)
Si(2)-0(2) 1.627(4) Si(2)-0O(6) 1.619(4)
Si(3)-0(2) 1.619(4) Si(3)-0(3) 1.615(3)
Si(3)-0O(7) 1.620(4) Si(4)-0(3) 1.619(3)
Si(4)-0O(4) 1.626(4) Si(4)-0O(8) 1.602(3)
Si(5)-0(5) 1.618(3) Si(5)-0(9) 1.611(3)
Si(5)-0(12) 1.622(4) Si(6)-0(6) 1.618(3)
Si(6)-0(9) 1.616(3) Si(6)-0O(10) 1.618(4)
Si(7)-O(7) 1.624(4) Si(7)-0(10) 1.607(3)
Si(7)-O(11) 1.625(3) Si(8)-0O(8) 1.612(4)
Si(8)-O(11) 1.626(3) Si(8)-0O(12) 1.613(4)
Angles

O(1)-Si(1)-0(4) 109.51(18) O(1)-Si(1)-O(5) 107.93(18)
0O(4)-Si(1)-0(5) 109.98(18) O(1)-Si(2)-0(2) 108.60(18)
O(1)-Si(2)-0(6) 110.68(18) 0(2)-Si(2)-0(6) 108.80(19)
0(2)-Si(3)-0(3) 108.55(18) 0O(2)-Si(3)-0O(7) 109.42(18)
0(3)-Si(3)-0(7) 109.97(18) 0(3)-Si(4)-04) 108.98(18)
0O(3)-Si(4)-0(8) 108.29(18) 0O(4)-Si(4)-O(8) 107.35(18)
0O(5)-Si(5)-0(9) 110.22(18) O(5)-Si(5)-0(12) 108.56(18)
0(9)-Si(5)-0(12) 108.14(18) 0(6)-Si(6)-0(9) 107.64(19)
0(6)-Si(6)-0O(10) 109.01(18) 0(9)-Si(6)-O(10) 109.44(18)
0O(7)-Si(7)-0(10) 107.37(18) O(7)-Si(7)-O(11) 110.73(18)
0O(10)-Si(7)-O(11) 109.78(18) O(8)-Si(8)-O(11) 106.96(18)
O(8)-Si(8)-0O(12) 111.40(18) O(11)-Si(8)-0O(12) 108.50(18)
Si(1)-O(1)-Si(2) 155.3(2) Si(2)-0(2)-Si(3) 147.6(2)
Si(3)-0O(3)-Si(4) 146.3(2) Si(1)-O(4)-Si(4) 138.8(2)
Si(1)-O(5)-Si(5) 152.5(2) Si(2)-0(6)-Si(6) 142.1(2)
Si(3)-O(7)-Si(7) 147.9(2) Si(4)-O(8)-Si(8) 164.2(2)
Si(5)-0(9)-Si(6) 150.6(2) Si(6)-O(10)-Si(7) 154.9(2)
Si(7)-O(11)-Si(8) 141.2(2) Si(5)-0(12)-Si(8) 142.9(2)

“See Fig. 5 for atom numbering.

surface. O, symmetry is not possible for 1, due to the nature of the
substituents.

Conclusion

The equilibrium molecular structure determination of SizO;,Ph
in the gas phase by electron diffraction is the first such structure
to be determined for a SizO,, cage with substituents larger than
methyl. The narrow range for the Si-O-Si angles [147.5(45)—
149.8(24)°], unlike the wide ranges for such angles in most
crystalline SizO,,Rg derivatives, is presumably due to the lack of
intermolecular packing forces in the gas phase. The solid-state
structures of SizOy,(p-tolyl); and SizO,,(p-CICH,C,H,)s do show
the range of Si-O-Si angles [144.2(2)-151.64(16)° and 138.8(2)-
164.2(2)°, respectively] usually found for SisO,,R; derivatives and
show how much a SizO,, cage may be distorted away from an ideal
structure by packing forces in a crystalline lattice. A flattening in
a crystalline lattice of the ideal cubic structure avoids large voids
in the lattice and can be accommodated relatively easily due to the
flexibility of the Si—~O-Si linkage.
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