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Calculations based on density functional theory (DFT) were performed on various structural isomers of methyl
silsesquioxanes, [MeSiO3/2]n wheren ) 4, 6, 8, 10, 12, 14, and 16, to study their structural and electronic
properties. The calculated results find the stability of methyl silsesquioxanes, except [MeSiO3/2]4, against
fragmentation and hydrolysis, and of one isomer of [MeSiO3/2]14 against hydrolysis. The deformation density
plots show that chemical bonding in methyl silsesquioxanes is mainly determined by the building block unit,
(MeSiO3/2) as also seen in hydridosilsesquioxanes (HSQ). However, unlike HSQ, the large cages of methyl
silsesquioxanes do not develop a localized electronic state in the HOMO-LUMO gap.

I. Introduction

Spherosiloxane molecules have been a subject of various
theoretical and experimental studies because of their applications
in the microelectronic industry. One example is the H-
silsesquioxanes (HSQ), which constitute a class of inorganic
polymer resins and have become a material of choice in
semiconductor manufacturing for gap filling and planarization
and as an interlayer dielectric.1,2 Research into electronic
properties of silsesquioxane thin films has revealed an electric
bistability of the material.3 In a theoretical work to identify the
electronic origin of states that could induce such a conductivity,
we have analyzed the series of silsesquioxane molecules
[HSiO3/2]n wheren ) 4, 6, 8, 10, 12, 14, and 16, determining
their lowest-energy isomeric conformations, their stability
against hydrolysis and fragmentation, and also their linear and
nonlinear optical properties.4,5 It was found that for cages with
n ) 14 and 16 an electronic mid-gap state appears in the
otherwise large HOMO-LUMO gap because of contributions
from hydrogen bonded to silicon atoms.

While a direct link between the mid-gap states of the
[HSiO3/2]14 and [HSiO3/2]16 cages and the bistability of the
silsesquioxane resin films has not yet been established, we set
out to first understand the effect of substituting the hydrogen
by other functional groups such as methyl or phenyl on the
electronic properties. For example, monosubstituted PhH7Si8O12

and PhH9Si10O15 were prepared and characterized by IR and
Raman spectroscopy.6 The phenyl substituent was not found to
modify the frequency range of the parent molecules. X-ray
photoelectron spectroscopy was used to study the valence band
regions of methyl and phenyl silsesquioxanes. The methyl
groups were found to contribute in the inner valence region of
the spectrum, whereas contributions from the phenyl group also
appeared in the outer valence region of the spectrum.7 Effects
of methyl substitution on the electronic properties of HSiO3/2,
however, were not investigated.

In this paper, we report the results of a theoretical study of
the structural and electronic properties of methyl silsesquioxanes.
Analogous to HSQ molecules, the building block of methyl
silsesquioxanes is [CH3SiO3/2] referred to as [MeT] in the
following discussion. In this nomenclature, the symbol T
represents the trifunctional unit [SiO3/2].

The rest of the paper is organized as follows: In section II,
we describe the computational method employed in this work.
Results and discussion of the geometrical features and stability
against fragmentation and hydrolysis are presented in section
III. The electronic properties of the lowest-energy isomers of
various methyl silsesquioxane cages are also given in this
section. Finally, our conclusions will be given in section IV.

II. Computational Method

All electron calculations were performed within the frame-
work of density functional theory (DFT). The gradient-corrected
(GGA) functional, by Perdew and Wang,8 as implemented in
the DMol9 program, was employed here. The double numerical
basis set (DNP),10 supplemented with diffuse and polarization
functions, was used for all atoms (C, H, Si, and O). The accuracy
of the basis set has been analyzed in detail in our previous study
on H-silsesquioxanes.4 In the present calculations, the density
tolerance was set to 10-5 e/bohr3. The geometric parameters
were fully optimized under the given symmetry group with a
convergence criterion for the energy tolerance and maximum
gradient component of less than 10-3 hartree and 10-3 hartree/
bohr, respectively. It is to be noted here that the calculated
results correspond to the singlet spin state of methyl silsesqui-
oxanes.

To describe the configurations of methyl silsesquioxanes
considered for calculations, we follow the convention of Agaskar
and Klemperer,11 who used the notation ofNn to representn
N-member rings in H-silsesquioxanes. For example, the [MeT]14

cage may have isomeric configurations given by 605643 (six five-
member and three four-member rings), 615444 (one six-member,
four five-member, and four four-member rings), 625246 (two
six-member, two five-member, and six four-member rings), and
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635046 (three six-member and six four-member rings). Not all
of the possible isomers of a given methyl silsesquioxane were
considered for calculations. The choice of isomers for the present
study was based on the results of our previous study4 on
H-silsesquioxanes. Here, [MeT]4, [MeT]6, and [MeT]10 cages
are represented by a single configuration, whereas [MeT]8,
[MeT]12, [MeT]14, and [MeT]16 cages are represented by
multiple isomeric configurations differing in the number of four-,

five-, and six-member rings. Overall, this choice is expected to
reveal the dependence of the structural and electronic properties
on the cage size of methyl silsesquioxane in a consistent and
systematic way.

III. Results and Discussion

The optimized configurations for the methyl silsesquioxanes
in this work are given in Figures 1-4, whereas Table 1 shows

Figure 1. Optimized configurations of [MeT]4, [MeT]6, and [MeT]8.

Figure 2. Optimized configurations of [MeT]10 and [MeT]12.
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their corresponding calculated energies. The structural param-
eters including bond lengths and bond angles of the optimized
configurations can be obtained from the corresponding author
(pandey@mtu.edu). Calculations for larger methyl silsesqui-
oxanes (i.e.,n > 10) were performed usingC1 symmetry.

The calculated relative energy per silicon atom with respect
to the smallest methyl silsesquioxane (i.e., [MeT]4) shows, in
general, an increasing stability of [MeT]n, except for [MeT]14

(635046). It also appears that a larger ring size is preferred with

the increase in the cage size of [MeT]n. For example, [MeT]8
prefers the 46 configuration over the 524232 configuration. On
the other hand, the 615643configuration is predicted to be most
stable for [MeT]16 in this work.

The bond lengths in all of the optimized isomeric configura-
tions (i.e., RSi-O, RSi-C and RC-H) do not show any size
dependence, as expected. However, the bond angleASi-O-Si for
a given [MeT]n shows a large variation in going from four-
member rings to six-member rings, accommodating more atoms.

Figure 3. Optimized configurations of [MeT]14.

Figure 4. Optimized configurations of [MeT]16.
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A similar variation was predicted in our previous study on
H-silsesquioxanes.

In the presence of hydroxyl groups, methyl silsesquioxanes
can undergo a hydrolysis reaction as follows:

The hydrolysis reaction is an endothermic process for all [MeT]n,
except for [MeT]4 and an isomer of [MeT]14. The reaction
energy per silicon atom (Table 1) remains approximately
constant with a value of about 3.5 kcal/mol in going from
[MeT]8 to [MeT]16. It may be noted here that the energy of this
reaction depends on the binding energy and therefore it follows
a trend similar to that of the binding energy. The binding energy

per silicon atom slightly increases from [MeT]4 to [MeT]8 and
thereafter remains nearly constant with a value of 729 kcal/
mol.

We have also assessed the stability of the lowest-energy
isomers of methyl silsesquioxanes by calculating the fragmenta-
tion energy for all possible pathways (see Table 2). The methyl
silsesquioxanes considered here are, therefore, predicted to be
stable, although their stability appears to be decreasing with
the increase in their size. For example, the fragmentation of
[MeT]8 would require about 62.6 kcal/mol, whereas that of
[MeT]16 would need only 3.3 kcal/mol. We note here that these
calculations are based on the total energy of the most stable
configurations of [MeT]n.

The HOMO-LUMO gap remains nearly constant ranging
from 7.27 eV for [MeT]6 to 6.73 eV for [MeT]16. Unlike
hydridosilsesquioxanes, methyl silsesquioxanes do not reveal
the presence of any localized electronic state in the HOMO-
LUMO gap. This finding is relevant to the application of the
silsesquioxanes as an interlayer dielectric material in integrated
circuits because the insulating properties of a material with a
conductive state may be inadequate for device performance. On
the other hand, the control of conductive states in the energy
gap of wide-gap semiconductors by chemical structure, rather
than by elemental doping, is desirable for the development of
novel materials.

The lone-pair p-type atomic orbitals of oxygen atoms form
HOMOs as shown in Figure 5, while a combination of atomic
orbitals associated with Si, O, C, and H form LUMOs. For
example, the HOMO region starts at about-6.9 eV in [MeT]8,
which is closely followed by levels in the region between-7.5
and-8.2 eV. All are formed by lone-pair oxygen p-type atomic

TABLE 1: Composition and Calculated Energies of Isomers of Methyl Silsesquioxanes

composition sym
total energy,

hartree
BE Si,

kcal/mol
relative energy

Si, kcal/mol
energy of hydrolysis

Si, kcal/mol

[MeT]4 ((CH3)4Si4O6) 504034 C2V -1769.6998 721.13 0.0 -4.30
[MeT]6 ((CH3)6Si6O9) 504332 CS -2654.6141 727.84 -6.7 2.42
[MeT]8 ((CH3)8Si8O12) 605046 C4V -3539.4995 728.91 -7.8 3.53

524232 CS -3539.4943 728.54 -7.4 3.12
[MeT]10 ((CH3)10Si10O15) 605245 C1 -4424.3788 729.23 -8.1 3.80
[MeT]12 ((CH3)12Si12O18) 605444 C1 -5309.2539 729.16 -8.1 3.77

625046 CS -5309.2423 728.60 -7.5 3.16
[MeT]14 ((CH3)14Si14O21) 605643 C1 -6194.1302 729.23 -8.1 3.80

615444 C1 -6194.1258 729.04 -7.9 3.60
635046 C1 -6193.5231 701.55 +19.1 -22.80

[MeT]16 ((CH3)16Si16O24) 605842 C1 -7078.9952 728.79 -7.7 3.38
615643 C1 -7079.0043 729.16 -8.0 3.73
645046 C1 -7078.9950 728.79 -7.7 3.37

TABLE 2: Fragmentation Energies for the Lowest Energy
Isomers of Methyl Silsesquioxanes

E (kcal/mol)

[MeT]8 f [MeT]4 + [MeT]4 62.6
[MeT]10 f [MeT]6 + [MeT]4 40.7
[MeT]12 f [MeT]4 + [MeT]4 + [MeT]4 96.9
[MeT]12 f [MeT]8 + [MeT]4 34.2
[MeT]12 f [MeT]6 + [MeT]6 16.1
[MeT]14 f [MeT]6 + [MeT]4 + [MeT]4 73.1
[MeT]14 f [MeT]10 + [MeT]4 32.4
[MeT]14 f [MeT]8 + [MeT]6 10.4
[MeT]16 f [MeT]8 + [MeT]4 + [MeT]4 66.0
[MeT]16 f [MeT]6 + [MeT]6 + [MeT]4 47.9
[MeT]16 f [MeT]12 + [MeT]4 31.7
[MeT]16 f [MeT]10 + [MeT]6 7.2
[MeT]16 f [MeT]8 + [MeT]8 3.3

Figure 5. HOMO (left) and LUMO (right) contours for [MeT]6. Negative (dark solid contours) and positive (light solid contours) regions are
plotted with contours of 0.03 e/bohr3. (It is to be noted here that the surface appearing on the top of the LUMO (negative region), is not an open
surface but a software-related artifact.)

((CH3)SiO3/2)n + (32)nH2O f n(CH3)Si(OH)3 (1)
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orbitals, with weak interactions of the C, H, and Si atomic
orbitals. The next orbitals are found in the region between-8.9
and-10.9 eV, where the contribution of the methyl group (CH3)
was observed. The results of our calculations are in agreement
with the experimental and simulated spectra of poly(methyl
silsesquioxane) showing a peak in the region of 6-11 eV due
to oxygen.7

The deformation electronic density maps generally illustrate
the electronic distribution in the bond formation of any molecule.
For the methyl cages, Mulliken population analysis indicates a
charge transfer from Si to O atoms associating a charge of+1.6e
to Si and-0.9e to O atoms in the cages considered here. Such
a charge transfer is shown in a density map displayed in Figure
6 for [MeT]6 in which deviations from sphericity of the electron
clouds are clearly seen. Like (HSiO3/2)6 cages, Mulliken charges
associated with Si and O atoms in the methyl cages do not show
any size dependence suggesting that the nature of the chemical
bonding in methyl silsesquioxanes is mainly determined by their
buliding block, [MeSiO3/2].

IV. Conclusions

In summary, we have performed first-principles calculations
on various structural isomers of methyl silsesquioxanes,
[MeSiO3/2]n wheren ) 4, 6, 8, 10, 12, 14, and 16, to study
their structural and electronic properties. The calculated results
predict the stability of isolated methyl silsesquioxanes, except
[MeSiO3/2]4, against fragmentation and hydrolysis.
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