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The accurate structures of silsesquioxanes Si8O12H8 and Si8O12Me8 have been determined by gas-
phase electron diffraction methods in order to obtain experimental data on single molecules unconstrained
by a crystal lattice for comparison with data obtained by theoretical methods. For Si8O12H8 the
experimentally determined structure shows ideal Oh symmetry with Si-O distances and Si-O-Si angles
of 161.41(3) pm and 147.9(2)° [re, uncertainties (σ) in parentheses] compared with 162.9 pm and 147.8°
for theoretical results from MP2/6-311++G(3df,3pd) calculations. In Si8O12Me8 a similar Oh symmetry
model gave experimental values of 161.74(5) pm and 148.9(2)° for the Si-O distances and Si-O-Si
angles compared with calculated values of 163.2 pm and 148.6°, respectively.

Introduction

Octahydridosilsesquioxane (Si8O12H8) and its octamethylated
analogue octamethylsilsesquioxane (Si8O12Me8) are part of a
wider class of molecules known as polyhedral oligomeric
silsesquioxanes (POSS). These are nanometer-sized, multifunc-
tional molecules with a general chemical composition (XSiO1.5)n,
where n can take values 4, 6, 8, 10, etc., and X can vary widely.
POSS systems have a range of potential and actual applications
including as additives to alter the physical and chemical
properties of many everyday materials such as paints, coatings,
packaging materials, resins, elastomers, and advanced plastics.1–3

They are also suitable for modifying interfacial properties4 and
have been shown to be useful for modeling catalysts5 and when
included in metal complexes, as actual olefin polymerization
catalysts.6 Their use as nanoscale building blocks7,8 has been
demonstrated, as has their ability to produce water-soluble
micelles,9,10 nanocomposite foams,11,12 liquid crystals,13–15 and

CVD coatings.16 They have also provided a route to synthesizing
hyperbranched or cross-linked polymers.3,17–21 In addition, the
cubic Si8O12 fragment is well known as the double 4-ring unit
in inorganic framework materials such as zeolites.22

This remarkable array of applications stems from the rich
chemistry that arises due to the wide range of substituents that
can be accommodated at the Si vertices of the POSS and the
ease with which they can be modified and elaborated. The POSS
cores are also relatively chemically and thermally stable,
allowing robust materials to be made. The chemistry of a wide
range of POSS derivatives has been reviewed.20h,23

Structurally, the most widely investigated POSS is octahy-
dridosilsesquioxane (n ) 8, X ) H), which has H-Si groups
at the vertices of a cube with oxygen atoms bridging along the
edges. In the crystalline phase octahydridosilsesquioxane has
been characterized by several X-ray and neutron diffraction
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studies,24,25 in which the molecule has been shown to have Th

symmetry. However, in solution-phase studies Oh symmetry has
been inferred from 1H and 29Si NMR spectra, which each consist
of a single peak26 (although this in itself does not eliminate Th

symmetry), and IR and Raman studies27 that “are compatible”
with the Oh point group. In addition to these experimental
studies, a range of computational studies have been carried out
(see Table 1) in order to determine both the structural parameters
and electronic nature of POSS compounds.

Despite this significant body of previous work, no experi-
mental gas-phase structure has so far been published for any
member of the POSS family. Such a study would allow direct
comparison of experimental and computational results and avoid
the previous complications in such comparisons associated with
crystal packing. Here, the structures of Si8O12H8 (1) and
Si8O12Me8 (2) have been determined using both gas-phase
electron diffraction (GED) and computational methods.

Experimental Section

Computational Studies. As is often the case when commencing
electron diffraction studies, series of calculations were performed
using the Gaussian 03 suite of programs,28 to assess how the
computed molecular geometries of 1 and 2 are affected by different
levels of theory and basis sets. The majority of the calculations

were carried out using the resources of the EPSRC National Service
for Computational Chemistry Software.29 Other calculations were
performed using resources provided by the EaStCHEM research
computing facility.30 Calculations were initially performed using
the spin-restricted Hartree-Fock (RHF) method with the 3-21G*
basis set31 before further calculations were carried out using larger
basis sets, namely, 6-31G(d),32 6-311+G(d),33 6-311++G(d,p), and
6-311++G(3df,3pd). Electron correlation was included using
second-order Møller-Plesset perturbation theory (MP2),34 and
density functional theory (DFT) calculations were carried out using
the hybrid functional B3LYP.35 For 1 a harmonic force field was
computed at the B3LYP level with the 6-311++G(d,p) basis set
and was used to generate rms amplitudes of vibration using the
SHRINK program.36 The generation of amplitudes of vibration for
use in the refinement of 2 is dealt with later.

As an electron diffraction experiment yields a time-averaged
structure, in which the effects of vibrations may alter interatomic
distances, it is common to compute corrections to apply to the
distances. This allows a more accurate comparison between
theoretical and experimental structures to be made. Here, the
corrections were calculated as follows. Plane-wave density func-
tional theory (PW-DFT) calculations for 1 were performed using
the Car-Parrinello molecular dynamics (CPMD) code37 using the
resources of the Edinburgh Parallel Computing Centre. To model
an isolated molecule using a periodic code, such as CPMD, a single
molecule is simulated in a supercell large enough to minimize any
interactions between the molecule and its periodic images. In the
present study the Tuckerman-Poisson solver38 was used to
decouple the electrostatic interactions, allowing a smaller supercell
of 14 Å to be used. Increasing this cell size was found to lead to
changes in the total energy of less than 2 meV. The PBE
exchange-correlation functional39 was used, and the core-valence
interaction was represented with Troullier-Martins norm-conserv-
ing pseudopotentials.40 A plane-wave cutoff energy of 1600 eV
was adopted for the calculations.

The equilibrium geometry of 1 was optimized, starting from the
structure calculated at the B3LYP/6-311+G(d) level of theory, until
the energy change per atom and maximum atomic force fell below
1 × 10-8 eV and 1 meV, respectively. This structure was then
used to determine the correction terms by carrying out a molecular
dynamics simulation. The simulation was performed in the canoni-
cal (NVT) ensemble using a chain of three Nosé-Hoover
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Table 1. Calculated Geometrical Parameters for Si8O12H8, 1a

rSi-O rSi-H ∠ Si-O-Si

RHF/6-31G(d)a 162.6 145.2 149.4
MP2/6-31G(d)a 164.8 146.4 147.8
MP2/6-311++G(d,p)a 164.2 146.0 148.8
MP2/6-311++G(3df,3pd)a 162.9 145.3 147.8
B3LYP/6-311++G(d,p)a 164.4 146.0 149.1
B3LYP/6-311++G(3df,3pd)a 162.9 145.8 148.0
PW-DFT PBEa 164.7 147.2 146.9
RHF/cc-pVDZb,c 165.0 146.2 148.7
RPBE/DNPc 165.4 146.7 146.8
PW-DFT (VASP)b 163.0 146.3 146.7
MM/CTRd 162.0 147.6 146.8
MM/UFFd 160.0 146.4 147.0
MM/COMPASSd 162.4 147.3 148.2
MM/HCd 163.8 147.6 146.9
MM/HC w/od 163.8 147.6 146.9
neutron (29 K)e 162.6(2) 146.1(5) 147.35(12)

a This work. Distances are in pm, angles are in deg. Coordinates are
given in Tables S2-S8. b See ref 50. c See ref 51. d See ref 1. e See ref
25.
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thermostats41,42 to regulate the simulation temperature at 400 K,
approximately the temperature of the experiment. A thermostat
frequency of 2400 cm-1 was adopted. The simulation was run using
the Car-Parrinello formulism43 with an electronic time step of
75.57 as. The geometry was sampled every 15 steps, and data were
collected for a total of 16 ps.

A distance, ra, obtained directly from a GED experiment
represents the inverse of the vibrationally averaged inverse of the
distance between atoms i and j. This can be calculated directly from
the MD simulation using

ra,ij ) ( 1
N∑

k)1

N

(rij,k)
-1)-1

where N is the total number of steps and rij,k is the separation of
the ith and jth atoms at the kth step in the trajectory. The corrections
used in the GED refinement were simply (ra - re), derived for each
atom pair as described above.

Similar simulations were carried out for 2. A larger cell of 15 Å
together with a plane-wave cutoff of 1350 eV was used for these
simulations. The equilibrium geometry was optimized to the same
level of convergence as 1. The simulation temperature of 493 K
was controlled using a chain of three Nosé-Hoover thermostats
with a thermostating frequency of 3500 cm-1, reflecting the
presence of the higher frequency C-H stretches. A time step of
100.76 as was used. The molecular geometry was sampled every 5
CPMD steps and the simulation was run for 14 ps.

For 2 SHRINK36 gives amplitudes of vibration that seem to be
too large by up to 50%. This program allows for curvilinear motion
with a first-order approximation, providing both amplitudes of
vibration and the terms needed to correct interatomic distances as
determined by electron diffraction (ra) to a consistent basis (rh1).
Refinements were performed using the SHRINK values, and it was
only when the amplitudes of vibration were refined, allowing
significant changes from the calculated values, that a reasonable
fit to the data was obtained. (It should be noted that even then the
fit was not good enough to consider publication.) Root mean squ-
are amplitudes of vibration (u) were therefore extracted from the
simulation by obtaining the square of the difference between the
instantaneous distance between atoms i and j at each time step and
the average i-j distance throughout the entire simulation. This was
then averaged over the number of steps, then over chemically
equivalent atom pairs, and finally the square root was taken as
shown:

uij ) ( 1
NpNs

∑
p)1

Np

∑
k)1

Ns

(rij,n,p - 〈 rij,p〉)2)0.5

where Ns and Np are the number of steps and number of equivalent
pairs, respectively, and

〈rij,p〉 )
∑

1

N

rij,p

Ns

The only exception to this procedure was for the C-H bonded
distance, where the MD method gave an amplitude of vibration of
3.5 pm. Experience suggests, however, that this value is only about
half of what is normal for such a bonded distance. That MD gets
this wrong is expected, as, even at 493 K, the high-frequency C-H
stretch will be affected by quantum-mechanical tunneling. The
dynamics of the nuclei in an MD simulation are still treated in a

classical fashion even with the quantum-mechanics-derived forces.
For the light hydrogen atom this will lead to a significant
underestimation of the C-H stretching motion. For this reason the
C-H amplitude was substituted with a standard value of 7.5 pm.
The motion of the heavier atoms is sufficiently approximated by
the classical dynamics. Furthermore, as the amplitudes of vibration
for the H · · · X atom pairs are dominated by heavy-atom motion,
these values are much less affected by quantum tunneling than
C-H.

Gas Electron Diffraction. Data were collected for both 1 and
2 using the Edinburgh gas-phase electron diffraction (GED)
apparatus44 with an accelerating voltage of 40 kV (equivalent to
an electron wavelength of approximately 6.0 pm). For each
compound experiments were performed at two different nozzle-
to-film distances to maximize the range of scattering data available.
The scattering intensities were recorded on Kodak Electron Image
films, and nozzle-to-film distances and nozzle and sample temper-
atures are given in Table S1. The camera distances were calculated
using diffraction patterns of benzene recorded immediately after
each sample run. The scattering intensities were measured using
an Epson Expression 1680 Pro flatbed scanner and converted to
mean optical densities using a method described elsewhere.45 The
data were then reduced and analyzed using the ed@ed least-squares
refinement program46 employing the scattering factors of Ross et
al.47 The weighting points for the off-diagonal weight matrix,
correlation parameters, and scale factors are shown in Table S1.

The GED refinement procedures used here for both 1 and 2 give
interatomic distances that we have termed re,MD, indicating that
corrections of the form ra - re have been determined from MD
simulations as described above. The details of this molecular
dynamics method will be published elsewhere.48 Additionally, the
calculated amplitudes of vibration used as starting values in the
refinement of 2 were taken from MD simulations and are termed
uMD.

Preparation of (Si8O12H8) and (Si8O12Me8). The Si8O12H8 was
prepared as described,49 and the Si8O12Me8 was purchased from
the Aldrich Chemical Co. and further purified by vacuum sublimation.

Results and Discussion

Computational Studies. Table 1 details the results of
geometry optimizations performed using various basis sets and
levels of theory, together with prominent theoretical results from
the literature and experimental distances from neutron diffraction
experiments.25 In the crystalline phase the molecular symmetry
is reduced from Oh to Th, so the experimental results given are
the average values quoted in the paper.

One obvious pattern shown in Table 1 is that on introducing
electron correlation, through either the MP2 or the DFT
(B3LYP) method, the bond lengths increase relative to those
calculated using the Hartree-Fock (RHF) method. Another is
that the MP2 and B3LYP calculations show good agreement
when used with equivalent basis sets. Increasing the size of the
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Trans. 2005, 3221.
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A. H. Dalton Trans. 2004, 2469.
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basis set from double-� to triple-� quality has a modest effect
on the calculated bond lengths at the MP2 level, decreasing the
Si-O bond length by 0.6 pm and Si-H by 0.4 pm. However,
augmenting the basis set with orbitals of higher angular
momentum [6-311++G(3df,3pd)] has a more pronounced
effect, decreasing the Si-O bond length by a further 1.3 pm
using the MP2 method and 1.5 pm using the B3LYP method.
Adding further polarization functions onto the hydrogen atoms
obviously has little effect on the Si-O bond but does further
decrease the Si-H bond length.

The significant differences observed on changing methods
and basis sets is also evident in the literature. McCabe et al.50

reported a much longer Si-O distance (165.0 pm) from their
calculations on 1 using the HF method and a double-� basis set
(RHF/cc-pVDZ). They also report a DFT calculation using the
revised Perdew-Burke-Ernzerhof (RPBE) generalized gradient
approximation and the all-electron double-numerical-polarized
(DNP) basis set.51 This calculation predicts an even longer Si-O
distance (165.4 pm). The average distances obtained from the
neutron diffraction studies by Törnroos25 agree with the highest-
level isolated-molecule calculations to within two standard
deviations for the Si-O distance and to within one standard
deviation for the Si-H distance, although the Si-O-Si angle
is calculated to be around 0.5° wider (4 standard deviations).

For comparison, our PW-DFT calculation, in the large
supercell, gives bond lengths 1.8 pm longer for rSi-O and 1.4
pm longer for rSi-H compared to B3LYP/6-311++G(3df,3pd).
As expected MM methods give more varied results, although
they are of reasonable accuracy when compared to the ab initio
methods.

GED Refinements. A molecular model was written for 1 to
allow the refinable geometrical parameters to be converted into
Cartesian coordinates. The high symmetry of the molecule (Oh)
allowed the geometry to be described using only three param-
eters, namely, the Si-O and Si-H bonded distances (p1-2) and
the Si-O-Si angle (p3) (see Table 2). See Figure 1a for a
picture of the molecular structure complete with atom numbering.

A similar Oh-symmetric model to that used for 1 was written
to describe the geometry of 2. Table 3 shows that in this case
two extra parameters were required for the methyl groups, which
were assumed to have C3V local symmetry. On the basis of
calculations described above it was assumed that the methyl
groups were staggered. The molecular structure of 2 is shown
in Figure 1b.

The initial geometries for the refinements of the structures
of 1 and 2 were taken from the MP2/6-311++G(3df,3pd)
calculations. Starting values for the root mean square (rms)
amplitudes of vibration were obtained using methods described

above, as were the corrections to give bonded distances of the
type re,MD. The least-squares refinement processes were carried
out using the ed@ed software.46

For the refinement of 1 a flexible SARACEN restraint54 was applied
to the Si-H bond length using the calculated value [MP2/6-
311++G(3df,3pd)] and an uncertainty of 1 pm, as it could not be
refined sensibly because of the lack of information regarding the
positions of hydrogen atoms. Root mean square amplitudes of vibration
for distances under the same peak in the radial-distribution curve
(RDC) were restrained by ratios fixed at the calculated values. A full
list of the amplitudes of vibration and their corresponding distances is
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Table 2. Refined re,MD Parameters from the GED Refinement for
Si8O12H8, 1a

independent parameter re,MD re
b restraint

p1 rSi-O 161.41(3) 162.9
p2 rSi-H 145.4(8) 145.3 145.3(10)
p3 ∠ Si-O-Si 147.9(2) 147.8

a Distances are in pm, angles are in deg. The numbers in parentheses
are estimated standard deviations of the last digits. b Theoretical results
from MP2/6-311++G(3df,3pd) calculations.

Figure 1. Molecular structures of (a) Si8O12H8, 1, and (b)
Si8O12Me8, 2, including atom numbering.

Table 3. Refined re,MD Parameters from the GED Refinement for
Si8O12Me8, 2a

independent parameter re,MD re
b re

c X-rayd restraint

p1 rSi-O 161.74(5) 163.2 162.9 161.4(2)
p2 rSi-C 182.9(3) 183.7 185.3 182.7(5)
p3 rC-H 110.1(7) 108.9 108.6 87.5(30) 108.9(10)
p4 ∠ Si-O-Si 148.9(2) 148.6 149.9 149.2(5)
p5 ∠ Si-C-H 110.9(7) 110.5 110.8 110.5(10)

a Distances are in pm, angles are in deg. The numbers in parentheses
are estimated standard deviations of the last digits. b Theoretical results
from MP2/6-311++G(3df,3pd) calculations. Coordinates and energy are
given in TableS9. c Theoretical results from RHF/6-31G** calculations,
ref 52. d Average experimental values from an X-ray crystallographic
study.53
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given in Table S10. A further flexible restraint was applied to u15

[Si(1) · · ·Si(7)], using an uncertainty of 10% of the absolute computed
value. With these restraints in place all parameters and many significant
rms amplitudes of vibration were refined. The final RG factor for the
fit between the theoretical scattering (generated from the model) and
the experimental data for 1 was 0.051 (RD ) 0.032). The final RDC
is shown in Figure 2a, and the corresponding molecular-intensity
scattering curves are shown in Figure S1. Coordinates for the final
structure are given in Table S11, and the least-squares correlation
matrix is in Table S12.

For 2 restraints were applied to the C-H distance and the
Si-C-H angle and to u1, the C-H amplitude of vibration. All
other parameters and most amplitudes of vibration were then
refined, giving a final R factor of 0.077 (RD ) 0.054). A full list
of the amplitudes of vibration and their corresponding distances is
given in Table S13. The radial-distribution curves and molecular-
intensity scattering curves are shown in Figure 2b and Figure S2,
respectively. Coordinates for the final structure are given in Table
S14, and the least-squares correlation matrix is in Table S15.

The structure of the methyl derivative, 2, has been the subject of
far fewer studies than that of 1, but some theoretical data are included
in Table 3 for comparison. The solid-state structure of 2 was also the
subject of an X-ray crystallographic study, which showed the Si-O
bond lengths to fall in the range 161.0(2)-161.7(2) (mean 161.4) pm
and Si-O-Si angles of 148.9(1)-149.6(5) (mean 149.2°).53 These
are not significantly different from the parameters found in the gas
phase (although the C-H bond distance of 87.5 pm found in the solid
state is very short, even for an X-ray study). One must also remember
that GED yields the distances between nuclei, while X-ray diffraction
gives distances between centers of electron density, and so any direct
comparisons must be made with caution. When considering these
X-ray values, it should be noted that an unpublished X-ray structure
of 2 has been deposited in the Cambridge Structural Database

(reference OCMSIO02).55 Unfortunately, no details are given of how
this refinement differs from that in ref 53. It appears to give essentially
the same structure but with more reasonable values for the CH
distances (around 0.98 pm; uncertainty unknown). We think that it is
likely that the unpublished structure has taken account of the freely
rotating methyl group and corrected the hydrogen positions accordingly.

The narrow range in the Si-O-Si angles in the published crystal
structure is much smaller than in many alkyl-substituted POSS
compounds in the solid state. For example, in Si8O12(n-C8H17)8

the Si-O-Si angles fall in the range 141.1-159.8°56 and in
Si8O12[(CH2)3Br]8 in the range 141.7(4)-153.8(5)°,57 although the
average values, 149.3° and 148.8°, respectively, fall close to the
148.9(2)° found in 2 and the 147.9(2)° in 1. A wide range of
Si8O12X8 compounds have been found to have aVerage Si-O-Si
angles of 147-150° in the solid state,23 and the gas-phase structures
for 1 and 2, for which crystal packing is irrelevant, clearly fall
into the same range. The solid-state distortions of the polyhedral
Si8O12 cores substituted by larger, more flexible substituents are
presumably caused by the substituents adopting conformations that
minimize the voids that would be present in the structure if they
were to point ideally toward the vertices of a cube. The larger POSS
molecules distort either by substituents on two opposite faces of
the core closing up toward each other to form a disk-like structure
or the substituents around a pair of opposite faces closing up around
these faces to provide a more rod-like geometry. These distortions
are much less favorable with the small, rigid substituents used in
this study. POSS structures are discussed in more detail in ref 23.

Conclusions

This work provides the first detailed experimental data on
the structures of polyhedral silsesquioxanes in the gas phase
and has enabled comparisons with calculated structures on single
POSS molecules to be made. Calculations at the MP2/6-
311++G(3df,3pd) level reproduce the gas-phase experimental
data for Si8O12H8 and Si8O12Me8 well.
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Figure 2. Experimental and difference (experimental minus theo-
retical) radial-distribution curves, P(r)/r, for (a) Si8O12H8, 1, and
(b) Si8O12Me8, 2. Before Fourier inversion the data were multiplied
by s exp(-0.00002s2)/(ZSi - fSi)(ZO - fO).
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