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Ab initio quantum mechanical calculations have been performed to establish the potentials for alkyl-substituted
polyhedral oligomeric silsesquioxane (POSS) monomghts R(SiO, 5)s. More specifically, we have examined

the unsubstituted POSS (SigM)s cage as well as linear and cyclic alkyl-substituted cages where one of the
terminating hydrogen atoms is replaced by a hydrocarbon group, thatHs(SR0O; 5)s. The results for the
minimum-energy configurations indicate that the presence of the linear hydrocarbon chains and cyclic
intermediates have very little effect on the structure of the POSS cage. Although the POSS monomeric cage
does influence the partial charges of the first few carbon atoms covalently bound to the POSS monomer, its
effect on the structural properties of the alkyl chain is small. Differences arise, however, for cyclic alkyl
substitutents bound to the POSS cage due to the repulsive interactions between the POSS cage and bulkier
cyclic intermediates that result upon rotation of the-Si~C—C dihedral angles. The interatomic potentials

for these rotational, or torsional, terms need to be modified slightly in order to appropriately simulate sterically
hindered substitutents on the cage. Our results suggest that combining an atomistic force field independently
developed to describe silsesquioxanes with an independent atomistic model developed to describe hydrocarbon
chains can be used in classical molecular simulation studies of most alkyl-silsesquioxanes. This avoids the
need to develop specific force fields for each substituted POSS cage studied and opens up the possibility of
using molecular simulation to probe the thermodynamic and structural properties of these unique nanoscale
building blocks.

Introduction a b

Interest in polyhedral oligomeric silsesquioxane molecules
(POSS} has grown considerably in recent years because they
offer the opportunity to construct monodisperse organic
inorganic nanobuilding blocks, which opens up a variety of
possible applications such as the reinforcement of polymeric
materials?~® production of self-assembled nanoparticles,
preparation of thin film$®!* and generation of lamellar d
structures?13 POSS monomers consist of silicon and oxygen "
atoms arranged into a cubic or cage-like structure such that the
silicon atoms are located at the corners of the cage with the
oxygen atoms along the bonds. In Figure la, we report a
schematic representation of the smallest “bare” POSS monomer
in which the silicon atoms are terminated with hydrogens giving
a chemical formula of (SiQ)sHs. The wide variety of applica-
tions for POSS-based materials arises from the ease by which

the hydrogen atoms can be substituted with functional LF%‘ 9
L L

groups such as alcohols, phenols, alkoxysilanes, chlorosilanese
epoxides, esters, isocyanates, and so fdrtithrough the
manipulation of the functional groups on the POSS cage, as
well as the size and shape of the POSS cage itself, it is possible
to modulate the physical properties of POSS monomers, such
as their dissolution in various solvents and/or polymeric
materialst®

&
Figure 1. Structural illustration of POSS molecules: (a) bare POSS,
_ (b) ethyl-POSS, (c) propyl-POSS, (d) butyl-POSS, (e) cyclohexyl-POSS.
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complexity of performing experiments at the nanoscale. Ad- recent theoretical interest has been focused on titanium-
ditionally, simulation allows us to probe the molecular-level substituted POSS molecules that have similar structures com-
behavior that is critical to understanding nanoscale interactions pared to the silicon homologues but appear to be more stable.
for these hybrid materials. Although extensive experimental Current interest is shifting toward understanding the electronic
work has demonstrated, or at least suggested, many possibleénd structural properties of substituted POSS systems in which
applications for POSS-based materials, theoretical studies onany number of hydrogen atoms are substituted with different
these compounds have emerged much more slowly. Notably,functional groups. For example, alkyl silsesquioxanes are found
Choi and co-workers in a combined experimental and mesoscaleto be stable, even though their stability decreases as the size of
simulation study of epoxy resins showed that flexible tethers the molecules increases above (Sif(CHz)s.*

on the POSS cage are responsible for lower glass transition To build a molecular-level understanding of POSS systems
temperatures and elastic moduli but provide higher fracture and their interactions, we examine two basic questions in this
toughness, whereas rigid tethers provide larger glass transitionwork: do the geometric structural features of the POSS
temperatures and elastic moduli but poor fracture toughtfess. monomer depend on the substituents attached at its corners, and
In related work, Bharadwaj et al. used molecular dynamics how do the properties of the tethered substituents change when
simulations to study norborene-POSS polymiéiBheir results ~ they are covalently bound to a POSS monomer? In this work,
suggested that the thermal and elastic properties of POSS-we have focused on monosubstituted POSS molecules, primarily
containing polymers are enhanced because POSS monomerbecause of their simplicity, though such systems have been
inhibit the motion of polymer chains. In previous work, we have studied experimentally and show potentially interesting proper-
studied the crystal structure, melting temperafdfé€, and ties, such as their use as amphiphiles for novel core/shell type
thermodynamic and transport properties of POSS monomerssilicate nanoparticle¥. In particular, in this work we have
dissolved in hexane, hexadecane, and poly(dimethyl Si|oxane)performed ab initio electronic-structure calculations on the
using classical molecular dynamics simulat#r#2 In this, and smallest unsubstituted cubic POSS monomer (Figure 1a) and
the other simulation studies discussed, inter- and intramolecularfor POSS monomers where one hydrogen atom has been
potentials were obtained by combining potentials that were substituted by short linear alkyl chains (Figure-Id) as well
developed independently for the different chemical components@s more sterically constrained cylcohexyl tethers (Figure 1e).
of a POSS monomer, even though no theoretical study assuregn What follows, we optimize the monosubstituted cubic POSS
that this procedure yields reliable results. Such theoretical Systems and establish the relevant structural potentials including
“reassurance” can only be obtained through higher-level elec- Pond stretching (StC), angle bending (SiC—C and O-Si—

tronic-structure calculations for different silsesquioxanes, which C), and torsional angle rotations {@i—C—C, and S-C-C—
is the focus of the current work. C). In addition, we determine a set of partial charges to assign

to each atom in the molecules considered. We discuss to what
extent the geometric and electronic properties of POSS cages
are affected by the substituents and to what extent the properties
of a hydrocarbon chain are altered when it is covalently bound
to a POSS cage.

Previous electronic-structure calculations have investigated
the mechanism for the synthesis of silsesquiox#rasd were
used to derive a consistent force field for typical structural
elements of zeolites including silica cagésXiang et al?®
showed that the nonlocal density approximation is required to
reliably predict the most stable silsesquioxane isomers. They
also investigated the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO, respectively) and Electronic-structure calculations have been performed to
showed that for all the silsesquioxanes considered the HOMOsobtain structures for the bare POSS (§i8)s cage and different
were composed of oxygen p-type atomic orbitals, while LUMOs monosubstituted alkyl POSS molecules, along with information
depend on the molecular size. The theoretical stability of silica on the equilibrium bond lengths, bond angles, and dihedral
cages of different sizes has also been investigated by ab initioangles, and the partial charge distributions for these systems.
methods. In agreement with experimental evidence, Erley HF and MP2 wave function calculations were carried out on
found that molecules containing (8D); rings are significantly the basic POSS cage (Figure 1a) and the ethyl- (Figure 1b),
less stable than molecules containing only larger rings. Wich- propyl- (Figure 1c), and butyl- (Figure 1d) substituted POSS
mann and JWi§ studied silsesquioxane cages containing an using Gaussian 9% The structures were optimized using
increasing number of silicon atoms to investigate the growth restricted HF. Subsequently, single-point MP2 calculations were
mechanism for these molecules and were able to reproduce thecarried out on each of the optimized structures to determine
geometric parameters of (SigsHs cages in reasonable agree- the corresponding energies. All calculations were performed
ment with experimental data. The electronic properties of using the cc-pVDZ basis set.

(SiOy5)sHg POSS monomers chemisorbed on silica surfaces  Calculations were also performed using gradient-corrected
have also been studied by CdParrinello ab initio simulation®’ density functional theory on all of the POSS monomers studied
Experimental studies for the adsorption of atomic hydrogen in (Figure 1a-e). All of the DFT calculations reported herein were
POSS materia¥8 triggered theoretical studies on the trapping performed using DM@&P with all electron double-numerical-
and detrapping mechanisms of atoms or molecules in POSSpolarized (DNP) basis sets with relativistic correction and the
monomers. Mattori et & illustrated the mechanism by which  revised PerdewBurke—Ernzerhof (RPBEY generalized gradi-
hydrogen atoms can penetrate and reside within a POSSent approximation for the exchange-correlation potential. The
monomer without causing a significant deformation to its wave functions were confined within a 4.0 A real space cutoff.
molecular structure. Tejerina and Gorddfound that the energy ~ The electronic density was converged within each self-consistent
barrier for insertion of molecular nitrogen and oxygen into field iteration to within 1x 10°° au, and the geometry was
(SiOL5)gHs monomers is close to the dissociation enthalpy of converged to within 2x 1075 au.

the SO bond but that insertion may be feasible in larger POSS  Additionally, atomic partial charges have been estimated from
monomers. Experimental evidence demonstrates that metalthe results of the MP2 calculations. A common estimation
substituted POSS molecules possess catalytic ac#ftithus, method is Mulliken analysi& however, the results can be

Computational Methods



Ab Initio Analysis of Structural Properties J. Phys. Chem. A, Vol. 111, No. 18, 2003579

TABLE 1: Selected Geometric Parameters Computed for Bare POSS Monomers (Si@gHg?

reference Si-O bond/A Si-H bond/A SD—Si angle 0-Si-O angle

this work DFT 1.654 1.467 1468 110.r
Gaussian 98 (HF) 1.650 1.462 148.7 109.r
Hill and Saue¥ (DFT) 1.626 150
Earley’ (QM) 1.630 149 109.P
Wichmann and J&§ (semiempirical) 1.609 1.467 146.7 108.6
Mattori et al! (DFT) 1.64 1.46 1482 109.6
Xiang et al?® (DFT) 1.68 144.6 111.3
Tejerina and Gordd# (QM) 1.624 1.455 1505 108.4
Lin et al>¢ (DFT) 1.598 1.449 14921 109.r
Pasquarello et & (DFT/LDA) 1.62 151 148.6 109.4
experimental

Auf der Heyde et at™* 1.62 147.5-147.6 109.4-109.7
Earley? 1.619 148
Tornroo$® 1.623-1.628 1.459-1.463 147.25147.45 109.074109.86

aResults obtained in this work are here compared to results from the literature for both ab initio studies (the nature of which are given in
brackets) and experimental investigations. Experimental references are indicated by the symbol “*” in the table.

TABLE 2: Geometric Parameters Computed for Bare and Monosubstituted Alkane Silsesquioxanes from DFT and (Gaussian
98 HF) Results

Si—0 (B1)/A Si—0O (B2)/A Si-O (B3)/A Si-O-Si 0-Si—O0 Si—C/H C1-C2 O-Si—C Si-C—-C O-Si—C—-C Si-C-C-C

POSS 1.654 (1.650) 1.654 (1.650) 1.654 (1.650) 146.8 (148.7) 110.1 (109.1) 1.467
ethyl-POSS 1.661 (1.655) 1.650 (1.647) 1.655 (1.650) 148.2(149.2) 109.0 (108.3) 1.865 1.548 110.3  115195.8

propyl-POSS  1.661(1.656) 1.649 (1.646) 1.655 (1.650) 148.2(149.8) 109.0 (108.2) 1.865 1549 110.0 115.9 178.3 176.9
butyl-POSS 1.661 1.649 1.655 148.2 109.0 1.864 1548 109.9 11651794  —179.0
cyclohexyl-POSS 1.663 1.649 1.655 148.3 108.8 1.872 1557 1100 1125 177.4179.0

aB1 is for the S+-O bonds with the Si atom being the one to which the alkane group is attached; B2 is for the next clo€ebb8ds having
an O atom in common with B1; B3 is for the next closest Qibonds sharing a Si atom with B2. C1 is the C atom attached to the Si atom, and
C2 is the C atom next to C1. This nomenclature is shown on the monosubstituted POSS monomer shown in Figure 1b.

dependent on the basis set employed and there is no unambigu©—Si—O angles that were calculated herein to be 1.654 (1.650)
ous way to assign charge to two atoms within a bthdn A, 1.467 (1.462) A, 146.8 (148.7) and 110.1 (109.1)
alternative approach is to fit the point charges at preselectedrespectively, at the DFT (and Gaussian 98 HF) levels. The
positions to the electrostatic potential surf&&e&¢ however, the results of our calculations are in very good agreement with
partial charges obtained can depend on the molecular conformatheoretical results reported previously from other methods and
tion considered’-*®Approaches used to circumvent this problem - experimental X-ray diffraction dafé: 53 Nevertheless, it should
involve restricting the partial charges to a targeted set of chargespe remembered that the electronic structure calculations were
or to a set of charges that can reproduce a desired property sucterformed on a single molecule in vacuum while the experi-
as the molecular dipole momefitor by including multipole mental data were obtained from single-crystal studies.
analysis to enrich the modified population analysis used in the To understand the effect that an alkyl substituent exerts on

; 1 S .
Mulliken method?* Another possibility, which has been used the structural features of POSS cages, we substituted one of

in this work, involves evaluating the partial charges for several .
different molecular conformations and then averaging the resultsth_e hydrogen atoms on the b_are POSS monomer (Flg_ure 1a)
with hydrocarbon chains of different lengths. We considered

ding to Bolt tatistiés.F h molecul - .
according to Boltzmann statisticSFor each molecular con- ethyl-. propyl-. and butyl-POSS systems (Figure-db

formation, the atomic charge was obtained with the Merz ) " . . .
Singh-Kollman algorithm25Weighted averages for the partial respectively). In addition, we examined the influence of steric

charges, located at the centers of mass of each atom were thefONsiderations by using a cyclic aliphatic substituent, that is, a
calculated using the expression cyclohexyl group (Figure le). We report in Table 2 the
optimized structural parameters for the bare (Figure 1a) and

E, monosubstituted alkyl-POSS cages (Figure-&pdetermined
from the DFT and Gaussian 98 HF calculations. These include
_ 1 the Si-C bond length, the SiO bond lengths, the ©Si—0
q4= E @) angles (where the silicon atom is covalently bound to the
F{ ) hydrocarbon chain), the SO—Si angle (where one of the
silicon atoms is covalently bound to the hydrocarbon chain),
the C-C bond lengths, the ©Si—C bond angle, the SiC—-C
evaluated al = 300 K, where the summation is over all of the  hond angle, the EC—C bond angles, the SIC—C—C dihedral

conformations tested. angle, and the ©Si—C—C dihedral angle. The results indicate
. . that structural changes that occur in the POSS cage itself upon
Results and Discussion the substitution of a single terminal hydrogen atom with an alkyl

Structural Properties. In Table 1, we report the structural ~ substituent are localized and very small. Furthermore, there is
parameters obtained from our calculations at different levels of essentially no influence of chain length on these results because
theory for the bare POSS monomer ((8§8Hs), which includes the ethyl, propyl, butyl, and cyclohexyl groups all lead to very
the SO and SiH bond lengths and the SD-Si and similar structures for the POSS cage.
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Figure 3. Si—C—C bending potentials from DFT for ethyl-POSS (filled
2} 4 circles), propyl-POSS (filled squares), and cyclohexyl-POSS (filled
triangles) monomers. Results for the-B—C bending potential in
cyclohexane are represented by open triangles.
0

Toward the development of an atomistic force field for POSS,
we also noted that the increase in bond energy when th€ Si
bond length varies betweein5% from the equilibrium position
can be described by a harmonic analytical model. The results
Figure 2. Si—C stretching potentials for ethyl-, propyl-, and cyclo- presented in Figure 2 show that the-&l bond potentials can
hexyl-POSS monomers. Filled circles, squares, and triangles are resulthe described by stiff analytical functions; thus, it is unlikely

from DFT for ethyl-, propyl-, and cyclohexyl-POSS, respectively. o these quantities to assume values far from the equilibrium
Included for comparison are the results from Gaussian 98 MP2 parameters

calculations for ethyl-POSS (open circles) and propyl-POSS (open ™77 . . o .
squares). The solid line is a harmonic fitting to the results in proximity 1I- Si—C—C Angle Bending Potentiabi—C—C angle bending

of the equilibrium bond length. The inset shows a magnified view of Potentials for ethyl-POSS (Figure 1b), cyclohexyl-POSS (Figure
the results around the minimum. 1le), and cyclohexane are reported in Figure 3. The optimal Si
C—C (H—C—C) bond angles are 115.%or ethyl-POSS, 1159
Potential Energy Curves.Although there is little change in  for propyl-POSS, 112%for cyclohexyl-POSS, and 109.3or
the POSS cube upon substitution, there may be changes in theyclohexane. The shift between cyclohexyl-POSS and cyclo-
structure of the alkyl substituents due to the presence of the hexane is 3 All four cases take on a parabolic-shaped potential
POSS cage. Herein, we compare changes in the bond stretchinggnergy surface well centered at the equilibrium position. The
angle bending, and torsional angle potentials for the structural shapes and energy penalties for ethyl- and cyclohexyl-POSS
features closest to the -SC contact for the linear alkyl-POSS are alike in that decreasing the angle from its optimal point
(Figure 1b-d) and the constrained cyclohexyl-POSS (Figure (negative angle deviations) suffers a greater energy penalty than
1le) systems. Given the similarity between the structural results increasing it from its optimal value (positive angle deviations)
from the DFT and Gaussian 98 calculations, only the results because of the more repulsive interactions that take place be-
from the DFT calculations are discussed in the text; the Gaussiantween the tether and the cage for the former case. For example,
98 MP2 results are included where practical in the figures for cyclohexyl-POSS has a potential energy of 34 kcal/metsa°
comparison. We also provide comparisons with well-known but 68 kcal/mol at-=50°. The potential curve for cyclohexyl-
hydrocarbon potentials to examine the differences that would POSS is steeper than ethyl-POSS because of the stronger
result due to the influence of the POSS cage. repulsive interactions between the bulkier cyclohexyl tether and
i. Si—C Stretching PotentiaWe focus first on the properties  the cage. The potential for rotation about aI€ bond of
of the SC bond. The optimized SiC bond length was  cyclohexane, however, is quite shallow in comparison with that
calculated from DFT to be 1.854 A for the ethyl substituent for the substituted-POSS system. This is due to the loss of the
(Figure 1b) and 1.870 A for the cyclohexyl substituent (Figure steric repulsive interactions when we substitute the POSS cage
le). Despite the changes in the magnitude of theCSbond here with a hydrogen atom. The cyclohexane potential is not
length between the POSS cage and the alkyl substituent, theonly shallower but also much more symmetric about its optimal
form of the potential remains similar. Figure 2, for example, value, which is due to the symmetry of the molecule about its
shows the energy cost corresponding to the stretching of theC—H bond. Note that the ethyl- and propyl-POSS potentials
Si—C bond from its equilibrium position for the ethyl-, propyl-, are indistinguishable withint-20° of deviation from their
and cyclohexyl-POSS monomers. The results in all three casesequilibrium positions with an energy penalty of 10 kcal/mol.
indicate that a displacement from the equilibrium position of iii. O—Si—C Angle Bending PotentialVe report calculated
+5% of the bond length increases the bond energy by O—Si—C bending potentials for ethyl- (Figure 1b), propyl-
approximately 2 kcal/mol. As might be expected, the results (Figure 1c), and cyclohexyl-POSS (Figure 1e) monomers in
indicate that it is easier to elongate the-8i bond between the  Figure 4. The equilibrium ©Si—C angles are 110°3or ethyl-
alkyl substituent and the POSS cage rather than compress itPOSS, 110.0for propyl-POSS, and 10%6for cyclohexyl-
The results in Figure 2 for ethyl-, propyl-, and cyclohexyl-POSS POSS. All three monomers have similarly shaped potentials in
are essentially indistinguishable, supporting the observation thatwhich negative angle deviations suffer a greater energy penalty
the length of the hydrocarbon tether does not influence the than positive angle deviations because of stronger repulsive
geometric properties of the POSS monomer. In addition, the interactions between the tether and the cage for the former case.
results for the cyclohexyl-POSS suggest that steric features ofCyclohexyl-POSS has a slightly steeper potential well than
the tether do not change the resulting-Sistretching potential. ethyl- and propyl-POSS because of the stronger repulsive

-15 15

% Displacement
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250 T T T T T T 1c), and cyclohexyl-POSS (Figure 1e) monomers are reported
in Figure 5. In all cases, our results show that two equilibrium
angles are obtained at 6@nd 180, both corresponding to the
gauche configuration in classical Newman projections whereby
the terminal carbon atom prefers to align itself as far away from
the POSS cage as possible (Figure 6). For the linear-hydrocarbon-
substituted POSS monomers, the energy barrier to convert from
one equilibrium conformation to the next is approximately 1.5
kcal/mol (equivalently 2&T at room temperature). This is
consistent with classic organic chemistry, which shows the
energy of the anti configuration of butane to be 3 kcal/mol
Ly T R Y T T higher than the lowest-energy gauche configuration. The influ-
0-Si-C angle ence of the constrained cyclohexane ring is quite small,

) ) ) ] increasing the barrier to 2.0 kcal/mol.
Figure 4. O—Si—C bending potentials from DFT for ethyl-POSS

. : : v. Si—-C—C—C Dihedral Potential.In Figure 7, we report
g:::gg t‘;;;ﬂgfe)’s)p;?gz(l)riggs (filled squares), and cyclohexyl-POSS our results for the SiC—C—C dihedral potential for propyl-

(Figure 1c) and butyl-POSS (Figure 1d) and the@-C—-C
25 T T T T T dihedral potentials for butyl-POSS and normal-butane. The
dihedral potentials obtained for n-butyl-POSS and n-butane are,

E/ (kcal/mol)

w
(=3
T
Il

20 for all practical purposes, indistinguishable, suggesting that the
2 presence of the POSS monomer does not alter the geometric
E 15 properties of the hydrocarbon chain to which it is covalently
S bound. The Si-C—C—C dihedral potential obtained for propyl-
¥ 10 POSS and butyl-POSS are indistinguishable, and both possess
= features similar to the €C—C—C— dihedral obtained for the

0.50 butyl-POSS and normal-butane. The most stable structure is that

which occurs at a dihedral angle of £8@nd is the well-known
00 Wz anti conformer. The eclipsed conformer, in which the Si (POSS)
o 30 60 90 120 150 180 and the remaining R group of the second carbon in the Newman

é projection sit at 60, is also a low-energy structure but is about
Figure 5. O—Si—C—C dihedral potentials from DFT for ethyl-POSS 1 kcal/mol less stable due to van der Waals repulsion. This is

(filed circles), propyl-POSS (filled squares), and cyclohexyl-POSS consistent with the energy difference between the anti and

(filled triangles) monomers. Open circles and open squares are Gaussiajauche configurations for butane alone. The structure at 120
98 MP2 results for ethyl- and propyl-POSS, respectively. is @ maximum on the potential energy curve because the Si

(POSS) and R groups now sit in the eclipsed configuration. This
interactions that result from the interactions of POSS with the structure is 2.6:3.2 kcal/mol higher than that for the lowest-
larger cyclohexyl group. A#-50°, the potential energies of  energy anti conformer. This is also similar to the results for
cyclohexyl-POSS, ethyl-POSS, and propyl-POSS are 33, 31,simple butane. The structure at & the highest in energy
and 31 kcal/mol, respectively; at50°, the potential energies  because it combines both the torsional strain for adopting an
are 79, 76, and 84 kcal/mol, respectively. Withi20° of eclipsed structure and the van der Waals repulsive interactions
deviation, the differences between the three potential curves arebetween the two hydrogen atoms on the carbon atom directed
minimal, with the energy penalty less than 12 kcal/mol. A single toward the cage and the two oxygen atoms on the cage.

analytical potential can be used for all three angles with@° The Si-C—C—C and H-C—C—C dihedral potentials for the
of deviation. cyclohexyl-POSS (Figure 1e) and cyclohexane systems, shown
iv. O—Si—C—C Dihedral Potential.The calculated ©Si— in Figure 8, are characteristically different than those for the

C—C dihedral potentials for ethyl- (Figure 1b), propyl- (Figure linear alkyl-substituted POSS. There is only one minimum
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H
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=
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Figure 6. Newman projection plots of propyl-POSS monomer.
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Figure 7. Dihedral potential energies from DFT for-SC—C—C of
propyl-POSS (filled squares),-SC—C—C (filled triangles), and €C— 2 L L L L
C—C (open triangles) of butyl-POSS. Open circles represent results
obtained for the dihedral angle<€C—C—C in normal butane.
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Figure 8. Comparison of HC—C—C dihedral potential of cyclohex-
ane (open squares) and the-8—-C—C dihedral potential of cyclo- ¢

hexyl-POSS (filled triangles) from DFT. Figure 9. Partial charges localized on each atom as a function of the

. . dihedral angle ©Si—C—C ethyl- (top) and propyl-POSS (bottom).
energy at 180for the anti conformation. All other structures  gray lines represent charges on silicon (broken line), oxygen (dotted
are much higher in energy and unstable. This is due to the factiine), and hydrogen (linedot line) atoms in the POSS monomer. Black
that changes in the SIC—C—C dihedral angle would lead to  lines represent charges on carbon (continuous line) and hydrogen (dotted
significant changes in the actual-St—C bond angle, which lines) atoms in the hydroc_:arbon _substituents.i:f:the_carbon atom
will create strain on the ring structure and cause the POSS cagesevalently bound to the Si atom in the POSS cageisCcovalently
to move quite close to the cyclohexyl group, leading to sub- ound to G, and so forth.
stantial repulsion. A similar energy penalty is also seen for carbon chain, though these differences tend to occur at much
cyclohexane, where changing the-B8—C—C angle results in more extreme deviations from the equilibrium structure. The
significant strain in the ring. A comparison of the potential changes close to the optimal angles and torsion angles are not
curves shows that the-HC—C—C potential is slightly shallower  as large. The results suggest that to a first-order approximation
than the Si-C—C—C potential for negative dihedral rotation; standard alkane force fields may used to describe alkyl tethers
on the contrary, the SiC—C—C potential is shallower than  and substituents on the POSS cage. The potentials can be
the H—-C—C—C potential for positive dihedral rotation. Thisis improved, however, by noting the repulsive interactions that
because for negative dihedral rotation, the cyclohexyl group exist at negative deviations from their optimal values due to
moves closer to the POSS cage, adding more energy penalty tancreased steric interactions.
the Si-C—C—C potential compared to the steric effect from Partial Charges. Although much of our initial work on POSS
only a H atom for the HC—C—C potential. For positive di- monomers was performed using published force fields such as
hedral rotation, the strain on the ring increases as the cyclohexylCOMPASS* and UFF® in order to develop a specific force
group is moved away from the POSS cage. Cyclohexane has dield for POSS for use in atomistic simulations it is important
larger energy penalty compared to cyclohexyl-POSS becauseto determine the partial charges localized on each atom. It is
the steric effect for cyclohexane between two H atoms sharing also of interest to understand if these partial charges depend on
the same C atom is larger than the steric effect for cyclohexyl- the morphology of a POSS monomer. In other words, we want
POSS between the Si atom and the nearest H atom on the ringto understand if the charges fluctuate when the POSS monomer

The stretching, bending, and dihedral potentials discussed inundergoes certain structural motions. To investigate these points,
the previous paragraphs indicate that, as a first approximation,we determined the partial charges on each of the atoms in ethyl-
the presence of one hydrocarbon chain covalently bound to aPOSS (Figure 1b) and propyl-POSS (Figure 1c) as a function
POSS monomer does not influence significantly the geometric of the O-Si—C—C dihedral angle. We present the results in
properties of the POSS monomer. The presence of the POSSrigure 9. For both monomers, our results indicate that the partial
monomer, however, can influence the properties of the hydro- charges do not significantly depend on the €—C—C dihedral
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3 T T T . propyl- and butyl-POSS (Figure 1d) monomers. The results are
shown in Figure 10. Again, the partial charges localized within
the POSS monomer do not change when the dihedral angle is
changed or when a different hydrocarbon chain is covalently
bound to a silicon atom. The partial charges on the carbon atoms
of the substituent hydrocarbon chain are perturbed by the
presence of the POSS monomer. In particular, the carbon atom
covalently bound to the silicon atom in the silsesquioxane
monomer (G) always bears a negative partial charge. In Table
3, we report partial charges assigned to each atom for the POSS
monomers considered in this work. The results shown in Table
3 indicate that the hydrogen atoms in each silsesquioxane take
on negative partial charges. This is simply to balance the formal
positive charge on the Si atoms.

Summary and Conclusions

Ab initio quantum chemical calculations have been carried
out to determine the structural properties as well as the
intramolecular potentials for alkyl-substituted polyhedral oli-
gomeric silsesquioxane macromolecules. The aim of this work
was to understand if the geometric features of polyhedral
oligomeric silsesquioxane (SiGsHs molecules are modified
by substituting the terminal hydrogen atoms on the POSS cage
with short hydrocarbon chains. The results show only minor
changes in the minimum-energy configurations for monosub-
stituted POSS monomers compared to bare POSS molecules.
The results indicate that the length of the linear hydrocarbon
chain does not affect the structural or electronic properties of
-2 - ' ' ' the POSS cage to which it is covalently bound.

We have also investigated how the geometric features of the
¢ hydrocarbon substituents (tethers) are modified when they are

Figure 10. Partial charges localized on each atom as a function of the covalently attached to a single POSS molecule as compared to
dihedral angle SiC—C—C for propyl- (top) and butyl-POSS (bottom).  the free hydrocarbon. The results show that although the
Gray lines represent charges on silicon (broken line), oxygen (dotted silsesquioxanes do not appreciably influence the geometric
line), and hydrogen (linedot line) atoms in the POSS monomer. Black  properties of the hydrocarbon chains near the optimized
I!nes represent charges on carbon (continuous Ii_ne) and hydrogen (dotte quilibrium structure, appreciable deviations are found for
lines) atoms in the hydrocarbon substituents iCthe carbon atom oot res that are displaced further from their optimal structure.
covalently bound to the Si atom in the POSS caggjsCcovalently . . . .
bound to G, and so forth. In particular, the more sterically hindered substituents such as
cyclohexane begin to interact with the POSS at smaller bond
angle and that the charges located on hydrogen, silicon, andangles and specific torsion angles. This occurs at (1) smaller
oxygen atoms in the POSS cages are essentially independenBi—C—C bond angles and (2) specific<3i—C—C and Si-
of the position considered. However, the partial charges localized C—C—C torsion angles where the cyclohexyl groups are forced
on the hydrocarbon substituents depend on the position of theto interact directly with the POSS cage. The electronic properties
atom considered. In the case of the ethyl-POSS monomer, it isOf the linear hydrocarbon chain substituents do not appear to
interesting that the carbon atom covalently bound to the silicon be affected by the presence of the POSS cage. In particular,
atom (G) of the POSS cage takes on a negative charge the partial charge assigned to the carbon atom covalently bound
approximately equal te-0.5e whereas the second carbonYC  tO the silicon atom in the POSS monomer is always negative.
is positively charged. In the propyl-POSS monomer@d G The results presented here show that the standard hydrocarbon
take on negative charges, whereasdpositively charged. The  and silica force fields can be used as a first approximation to
charges, however, are not significantly large on any of these describe the alkyl-POSS systems. These potentials, however,
atoms. can be improved upon, by recognizing and accounting for the
We performed similar calculations for the atomic partial steric influences between the bulkier ring substituents and the
charges as a function of the-St—C—C dihedral angle for silica cage at shorter bond angles and specific torsion angles.

TABLE 3: Atomic Partial Charges Calculated for the Plain POSS and Linear Alkyl-Tethered POSS Monomers Considered in
This Work 2

Si (0] Hposs C Hi C H> Cs Hz Cy Ha
POSS 1.93 —1.10 —0.28
ethyl-POSS 1.95 -1.11 —0.29 —0.53 —-0.01 0.06 0.08
propyl-POSS 1.94 —-1.10 —0.28 —0.86 0.16 0.42 —0.07 —0.22 0.04
butyl-POSS 1.91 —1.08 —0.28 —0.90 0.17 0.26 —0.05 0.25 —-0.04 —0.40 0.09

a Partial charges are expressed in atomic unitdshe carbon atom covalently bound to the Si atom in the POSS cagec6valently bound
to Cy, and so forth. H1 indicates the hydrogen atoms covalently bound;tbl{dndicates hydrogen atoms covalently bound to &d so forth.
Heossindicates the hydrogen atoms covalently bound to the silicon atoms in the silsesquioxane monomer.
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These potentials can ultimately be used in classical molecular

dynamic simulations and/or Monte Carlo studies in order to

determine the thermodynamic properties of these organic/

inorganic hybrid silsesquioxane systems.
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