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We present the results of ab initio 3-21G* geometry optimizations and valence effective
Hamiltonian (VEH) band structure calculations aimed at determining the evolution of the geometric
and electronic (ionization potential, electron affinities, and band gaps) properties of all-trans
poly(dimethylsilane), poly(diethylsilane), poly(di-n-propylsilane), and poly(di-n-butylsilane) when
increasing the size of the alkyl group. In the latter polymer, we have also studied the 7/3
conformation, in order to analyze the effect of the backbone conformation on the geometric and
electronic structure. The VEH ionization potentials of all-zrans poly(di-n-alkylsilanes) are almost
equal, and as experimental photoemission data show, only slight differences are appreciated. The
band gap decreases in going from poly(di-n-butylsilane) to poly(di-n-propylsilane) and to
poly(diethylsilane), and increases when passing to poly(dimethylsilane), which coincides with
experimental evidences on poly(di-n-alkylsilanes). The change from all-zrans to 7/3 conformation of
poly(di-n-butylsilane) implies an increase of both, ionization potential and band gap, in perfect
agreement with experimental photoemission and absorption data. The applicability of VEH to deal

with poly(di-n-alkylsilanes) is discussed.

I. INTRODUCTION

Polymer chemistry and technology form one of the ma-
jor areas of materials science. Most of the polymers included
in this field are conjugated organic materials mainly com-
posed of carbon atoms linked together or separated by het-
eroatoms such as oxygen or nitrogen.! In this context, orga-
nopolysilanes are linear polymers whose backbone is entirely
made up of silicon atoms,® which structurally, are more
closely related to homoatomic organic polymers such as
polyolefines. They can be obtained as homopolymers or co-
polymers, soluble in common organic solvents, that present
two pendant groups which are typically organic units as alkyl
and aryl groups.>® The properties of these materials depend
greatly on the nature of the substituent groups. They show
considerable promise as ultraviolet acting photoresist for
microelo:‘.ctronics,4 and as photoconductors in elec-
trophotography.® They are active as free radical photoinitia-
tors for polymerization reactions,® and show marked nonlin-
ear optical properties.” Furthermore, organopolysilanes differ
from all other high polymers in that they exhibit sigma-
delocalization, that leads to special physical properties as
strong electronic absorption, photoconductivity, and photo-
sensitivity, that determine many of their technological
applications.>

Experimental works have demonstrated that the wave-
length of maximum absorption, A, , increases with increas-
ing the length of the silicon backbone,® as well as with in-
creasing the size of substituents.’ Furthermore, these
polymers present thermochromic behavior in both, solution
and solid state. In solution, some organopolysilanes show a
reversible thermochromism, with A, usually moving to
larger wavelength as the temperature decreases, that is attrib-
uted to an increase of the portion of trans conformations at

lower temperatures.'® In poly(di-n-alkylsilanes) a strong and
discontinuous wavelength shift is observed experimentally
over a relatively narrow temperature range.!! These results
suggest that two conformational isomers must coexist in so-
lution, and has been explained as a coil-to-rod transformation
or to crystallization of the side chains, either of which would
lead to a larger proportion of frans-junctions in the low-
temperature form.!!

In solid state, the most studied organopolysilane is
poly(di-n-hexylsilane) (PDHS). Interest in this polymer arose
from the discovery that it presents a striking change in ultra-
violet absorption spectrum at 42 °C. Above this temperature
the A, of PDHS is 317 nm and below this temperature a
new phase that presents a A\, of 374 nm grows.'? X-ray
diffraction, electron diffraction, RMN, and Raman spectros-
copy studies have shown that the low-temperature form is
highly crystalline with an all-trans arrangement of the silicon
backbone, while at high temperatures a disordered phase is
observed.!*> For poly(di-n-heptylsilane) (PDHepS) and
poly(di-n-octylsilane) (PDOS) the same behavior as PDHS is
observed.!* X-ray studies show that solid poly(di-n-
propylsilane) (PDPrS),* poly(diethylsilane) (PDES),'* and
poly(dimethylsilane) (PDMS)'® also present an all-trans
conformation. However, the intermediate polymers,
poly(di-n-butylsilane) (PDBS)'” and poly(di-n-pentylsilane)
(PDPS)!"!® are not thermochromic. This feature has been
attributed to the fact that these polymers present a structure
which is different to that observed in the other poly(di-n-
alkylsilanes). In fact, the backbone of PDBS and PDPS
adopts a helical 7/3 conformation,!”'® which implies a twist
of approximately 30° of the dihedral angle on the silicon
chain.

Recently, the effect of increasing the pressure on the

JoGhema.dRhys9 160 (3),19 Mal/ T9845.182.23. Red021+9606/94/1 00{0)/8953/8/$8:08 € or copyri @t gg#Arieritar inglitutg/of (Physics ght.j6853



6954

ultraviolet absorption spectrum of poly(di-n-alkylsilanes) has
been investigated. These studies show that under moderate
pressure PDHS films are transformed into the all-trans crys-
talline form having the A, at 374 nm.!*?® At atmospheric

pressure PDBS'7 and PDPS'7'® display a A, of 315 nm.
With increasing pressure the intensity of the 315 nm band
decreases and a new absorption band develops at 350 nm for
PDBS and 360 nm for PDPS.2! X-ray diffraction'® and
Raman?' studies have determined that this piezochromism is
due to a conformational change from a 7/3 helical conforma-
tion to an all-trans conformation.

A variety of semiempirical and ab initio methods
have been used to investigate the electronic structure of or-
ganopolysilanes. These theoretical studies have consisted
primarely of unsubstituted polysilane chain, i.e., two hydro-
gen atoms attached to each silicon atom. In this paper we
extend our investigations on polysilanes®~3! to the study of
poly(di-n-alkylsilanes). We present a detailed investigation
of the geometrical and electronic structure of PDMS, PDES,
PDPrS, and PDBS. In a first step we analyze the effect of
increasing the size of the alkyl chain in the geometrical pa-
rameters and electronic structure of the all-zrans poly(di-n-
alkylsilanes), in order to study the bathochromic shift of the
absorption maximum. In a second part we turn to the silicon
backbone conformation, as is considered to originate the
thermochromic and piezochromic behavior, and analyze the
changes in both geometrical and electronic structure of
PDBS when passing from an all-trans to a 7/3 conformation.

The geometrical parameters of the unit cell of the poly-
mers have been obtained from related oligomers employing
ab initio methods as implemented in GAUSSIAN-92.3? The
electronic structure of the polymers has been calculated us-
ing the valence effective Hamiltonian (VEH) theoretical
method.®® This methodology has been extensively and suc-
cessfully applied in the field of conducting polymers®*** and
has been shown to provide accurate estimates of essential
electronic properties, including the energies of the lowest
optical transitions. The good agreement between theoretical
VEH and experimental resuits, obtained previously in the
study of methylation®® and phenylation®! of polysilane, has
led us to apply the VEH technique to the study of poly(di-n-
alkylsilanes).

Il. METHODOLOGY

The electronic band-structure calculations presented in
this paper have been performed using the valence effective
Hamiltonian (VEH) technique. This method was first devel-
oped for molecular calculations by Nicolas and Durand® and
extended to polymeric systems by André er al’’ In this
method, the usual one-electron Fock operator is simulated by
a valence effective Fock operator, F .. This operator is taken
as the sum of the kinetic energy, and a summation of atomic
potentials of the atoms, within their specific chemical envi-
ronment, and is written in the polymer case as

A
Feﬁ=_5+EEng
g A
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with the summation over g and A running, respectively, over
the polymer unit cells and the atoms present in one cell, and
the sum over / and m define the angular dependence of V.
The C,, i, and x,;, terms correspond to numerical coeffi-
cients and normalized Gaussian functions, respectively.

The atomic potentials are optimized on model mol-
ecules, in order to minimize the difference between F .+ and
the exact Fock operator. For each molecule the effective
Fock operator is constructed with the occupied valence or-
bitals determined from a minimal basis set, whereas the cor-
responding energies are obtained from double-zeta basis set
calculations. This allows us to obtain one-electron energy
levels of ab initio double-zeta quality when we solve the set
of secular equations using a minimal basis set. One interest-
ing feature of this methodology is that the highest occupied
levels are especially well reproduced. Furthermore as no in-
formation pertaining to the excited states is included in the
atomic potentials, the virtual levels do not suffer from the
usual Hartree—Fock deficiencies. In the Hartree—Fock model
the virtual levels are calculated maintaining the N electrons
in the occupied levels, i.e., calculating a system with N+ 1
electrons instead of a system with N electrons. It must be
stressed that the VEH method is completely nonempirical
and not basis set dependent. Since it further avoids the itera-
tive cycles inherent to all SCF calculations, as only valence
electrons are explicitly considered and only one-electron in-
tegrals need to be evaluated, the method is very fast and
economic in computing cost. This allows us to carry out
calculations on large-size systems.>® Furthermore, the long-
range coulombic interactions problem, that exists in ab initio
calculations® is not present in VEH calculations.*

It should be stressed that in order to achieve for an uni-
versal parameterization, the determination of the atomic po-
tentials was carried out using different model molecules
based on alkyl derivatives of trisilane (trisilane,
2,2'-dimethyltrisilane, 2,2'-diethyltrisilane,...). The param-
eterization has been successfully applied to different
organopolysilanes,”® ! providing accurate predictions of es-
sential electronic properties. The good agreement between
VEH and experimental ionization potentials and energies of
the lowest optical transition demonstrates that VEH provides
accurate description of both occupied and unoccupied va-
lence electronic levels. This is an expected feature since the
effective Fock operator is constructed to yield ab initio
double zeta results only for the occupied levels, and no in-
formation pertaining to the unoccupied levels is included in
the atomic potentials.*® This is a clear indication that part of
the electron-hole correlation is included into the virtual one-
electron levels by this methodology.*!

lil. RESULTS
A. Geometry optimizations

As VEH band structure calculations need as input unit
cell geometries we have used ab initio Hartree~Fock method
to obtain reliable geometrical parameters to build up the
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(a)

(b)

FIG. 1. Projection of the all-zrans (a) and 7/3 (b) helical conformations of
poly(di-n-butylsilane) onto a plane normal to the helical axis. Larger dots
represent silicon atoms, smaller dots represent carbon atoms.

polymer unit cell. We have followed the same methodologi-
cal approach successfully applied in previous instances for
methyl substituted polysilanes29 and poly(phenylsilane),’!
for which the calculated electronic properties were in excel-
lent agreement with available experimental data. Thus, the
geometries  of  the closely related  molecules
1,1',2,2',3,3'-hexamethyltrisilane, 1,1',2,2",3,3'-hexaethyl-
trisilane, 1,1',2,2',3,3"-hexa-n-propyltrisilane, and
1,1',2,2',3 3'-hexa-n-butyltrisilane have been fully opti-
mized subjected to C,, symmetry constraint. We have cho-
sen these molecules because geometric optimizations previ-
ously reported for n-oligosilanes have shown that, the bond
lengths and bond angles obtained for trisilane are almost
equal to those obtained for longer n-oligosilanes.*?

In all cases the optimizations have been carried out as-
suming a dihedral angle £C,C,SiC; of 180° except
1,1',2,2',3,3'-hexa-n-butyl-trisilane for which also has been
optimized the molecule with a £ C,C,SiC| of 0°. These two
dihedral angles reproduce, respectively, the dispositions of
the alkyl chains in the all-trans and 7/3 conformations of the
polymers. The different dispositions adopted by the alkyl
chains in PDBS can be observed in Fig. 1, in which a sche-
matic representation of the silicon backbone and alkyl chains
dispositions adopted to reproduce the all-trans and 7/3 con-
formations of PDBS have been displayed. In order to repro-
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TABLE L. Geometrical parameters used to build up the unit cells of poly(di-
n-alkylsilanes). Distances are in A and angles in degrees.

Polymer Ps? PDMS PDES PDPrS PDBS PDBS
conformation 21 21 2/1 2/1 2/1 3
Bond lengths
Si-Si 23456  2.3522 23876 23871 23876 23594
Si-H 1.4805
Si-C, 1.9045  1.9315 19322 1.9321 1.9326
C,-C, 1.5442 1.5426 1.5421 1.5496
C,-C, 1.5436 1.5434 1.5419
C;-C, 1.5412 1.5412
C,~H, 1.0877  1.0898 1.0907  1.0907 1.0896
C,-H, 1.0858 1.0808 1.0814 1.0840
C3;-H,4 1.0849 1.0857 1.0857
C4-H, 1.0851 1.0850
Cr~Hy 1.0876  1.0802  1.0851 1.0845 1.0845
Bond angles®
SiSiSi 11091 112,93 111.57 111.30 112,18 111.20
HSiSi 109.49
C,SiSi 108.72 112.79 112.86 112.58 106.46
C,C,Si 12630  126.68 [26.50  120.40
GGGy 110.79 111.37 111.61
C4GC, 111.96 112.05

*Values from Ref. 29.
£ HCC bond angles are all about 110° and are not included in the table.

duce the environment of SiR, units in the polymer, the geo-
metrical parameters used to build up the unit cell of each
polymer in the all-frans (£SiSiSiSi=180°) and 7/3 confor-
mation, have been taken from those related to the central
silicon atom of the corresponding molecule. The geometrical
parameters used to reproduce the backbone of 7/3 PDBS
have been obtained maintaining the Si—Si bond length and
£SiSiSi bond angle calculated for 1,1',2,2',3,3'-
hexa-n-butyltrisilane with £ C,C;SiC; = 0°, and adopting
the £SiSiSiSi dihedral angle (148.71°) that yields the 7/3
conformation.

All the geometry optimizations have been performed us-
ing the 3-21G* basis set as implemented in the GAUSSIAN-92
package.>? This basis set adds a complete set of six supple-
mentary d Gaussians on silicon atoms, which has been
shown to yield equilibrium geometries in excellent agree-
ment with experimental structures for molecules containing
second-row elements.*>*?

Table I collects the geometrical parameters used to build
up the unit cells employed in the electronic band structure
calculations. As can be seen, the change of hydrogen atoms
of polysilane by methyl groups to yield PDMS, only pro-
duces a small increase in the Si—Si bond length passing from
2.3456 A in polysilane to 2.3522 A in PDMS. However the
changes observed in the £SiSiSi bond angle are more accen-
tuated (110.91°-112.93°), because of the steric hindrance be-
tween methyl groups in 1 and 3 positions.

The substitution of methyl groups by ethyl groups shows
important changes in the geometrical parameters. The Si-Si
bond length increases from 2.3522 A in PDMS to 2.3876 A
in PDES and the Si-C, bond length increases from 1.9045 to
1.9315 A, when passing from PDMS to PDES. The C,SiSi
bond angle shows an important increase, from 108.72° to
112.79°, in going from PDMS to PDES, and consequently
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FIG. 2. VEH band structures calculated for all-trans polysilane (a), poly(diethylsilane) (b), and poly(dimethylsilane) (c). Energies are in atomic units. Solid
and dashed lines denote symmetric and antisymmetric bands respect to the backbone plane, respectively. Unoccupied bands with energies larger than 0.0
atomic units are not shown. VB denotes valence band and CB denotes conduction band. HOCO and LUCO denote the highest occupied and lowest unoccupied

crystal orbital, respectively.

the £SiSiSi bond angle slightly decreases from 112.93° to
111.57°. These important changes are due to the strong in-
teraction between the hydrogen atoms of the terminal carbon
of the ethyl group that are linked to consecutive silicon at-
oms that appear in PDES. Moreover, this interaction pro-
duces that the C,C,Si bond angle of PDES displays an im-
portant deviation from a typical tetrahedral angle (109.47°).
This very larger value (126.30°) increases the distance be-
tween the hydrogen atoms and decreases this interaction.

The geometrical parameters calculated for PDPrS and
PDBS are very similar to that obtained for PDES, being the
differences in the bond lengths and bond angles less than
0.001 A and 0.5°, respectively. This is an expected result
since the incorporation of a new methylene group in the
alkyl chain, in going from PDES to PDPrS and to PDBS,
does not introduce any strong additional interaction between
hydrogens of adjacent silicon atoms.

The geometrical parameters obtained for PDBS in the
7/3 conformation show that the bond lengths are very similar
to those calculated for the all-trans, except for the silicon—
silicon bond length (2.3594 and 2.3876 A in 7/3 and all-
trans, respectively). The Si—Si value calculated for the 7/3
conformation is almost equal to that obtained for all-trans
PDMS (2.3522 A). This is due to, as in all-trans PDMS, in
7/3 PDBS the interaction between the alkyl chains linked to
consecutive silicon atoms, that takes place in the all-trans
conformation of the other poly(di-n-alkylsilanes), is not
present. The bond angles of both 7/3 and all-trans PDBS
show that the larger differences are found in £C,SiSi and
£C,C,Si angles. These angles decrease about 6.1° in going
from all-trans to 7/3 PDBS because in the 7/3 conformation
the interaction between the alkyl chains is due to the two
chains linked to the same silicon atom, but in the all-trans
conformation this interaction takes place between alkyl

chains linked to consecutive silicon atoms (see Fig. 1).
Therefore, the decrease of the £.C,SiSi bond angle in going
from all-trans to 7/3 PDBS, produces an increase of the dis-
tance between the alkyl chains and a decrease of the interac-
tions between them. The £C,C,Si angle in the 7/3 confor-
mation (120.40°) is also larger than a tetrahedral angle, but is
less than that obtained for the all-trans PDBS (126.50°). This
is due to these two angles allow that, in both conformations,
7/3 and all-trans, the smaller distance between the hydrogen
atoms is almost equal (~2.32 A).

B. Band structure calculations of all-trans poly(di-n-
alkyisilanes): Influence of the size of the alkyl
group on the electronic properties

The VEH band structure caiculated for all-trans polysi-
lane (PS),” poly(dimethylsilane) (PDMS), and poly(diethyl-
silane) (PDES) using the helical unit cell (SiR,) are dis-
played in Fig. 2. The band structures calculated for poly(di-
n-propylsilane) (PDPrS) and poly(di-n-butylsilane) (PDBS)
are very similar to that calculated for PDES and are not
displayed in Fig. 2. The electronic bands depicted in this
figure are classified as o, or m-like, bands depending on
whether one-electron wave functions are either symmetric, or
antisymmetric, with respect to the reflection plane containing
the silicon backbone.

As can be seen, only four bands are depicted in the band
structure of PS, three occupied bands and one virtual %0
Going from the bottom to the top of the valence band struc-
ture, the lowest band is a sigma band mainly built from 3s
atomic orbitals of silicon atoms but important contributions
from hydrogen 1s orbitals and silicon 3p, orbitals are also
present (x axis is the polymeric backbone direction, y axis is
that defines the plane that contain the silicon atoms, and z
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axis is the axis perpendicular to this plane). The second oc-
cupied band is a ar band that comes from the bonding inter-
action of the hydrogen 1s orbitals with the silicon 3p, orbit-
als. The highest occupied or valence band is a sigma band
and is composed of hydrogen 1s and silicon 3p, contribu-
tions at the center of the Brillouin zone (k=0), but only
silicon 3p, contributions are present at the edges of the Bril-
louin zone (k= * w/a), where the highest occupied crystal
orbital (HOCO) is located. The lowest unoccupied or con-
duction band is a sigma band and results from silicon 3p,
atomic orbitals at k=0, where the lowest unoccupied crystal
orbital (LUCO) is located, while silicon 3s and 3py and
hydrogen 1s contributions constitute this band at k= * m/a.

The VEH band structure of PDMS and PDES show simi-
lar features to those observed for PS. The main difference is
the appearance of couples of C—H bands, one symmetric and
one antisymmetric respect to the silicon backbone plane, be-
cause of the attachment of alkyl groups. The first two bands
of PDMS, and the first four bands of PDES, are mainly com-
posed of carbon 2s and hydrogen 1s but weak contributions
from silicon orbitals are also observed. These bands are lo-
cated at the bottom of the diagram, below the first band of
PS. The appearance of these bands provokes a shift of the
first band of PS to higher energies, which is more pro-
nounced at the bottom of the band. As a consequence, the
width of this band decrease in going from PS (5.04 eV) to
PDMS (3.73 eV) to PDES (3.21 eV).

Above the first PS band appear the other C-H bands,
four in PDMS, and eight in PDES. These bands are located
approximately between —0.6 and —0.5 atomic units (1 a.u.
=27.21 eV), as can be seen in Fig. 2. They are almost de-
generate and show very small bandwidths. In these bands the
most important contributions come from hydrogen 1s atomic
orbitals. The appearance of these bands produces a shift of
the two highest occupied bands of PS to higher energies. The
antisymmetric band of both, PDMS and PDES, shows the
same shift along the Brillouin zone, and consequently the
antisymmetric band of three polymers is parallel and pre-
serves the width. However, the valence band shows a very
pronounced shift at the bottom of the band that decreases
progressively when moving to the top of the band, and pro-
duces a narrowing of the width of the valence band. It should
be noted that, as a consequence of this progressively decreas-
ing shift, the edges of the valence band of three polymers,
where the HOCO is located, almost coincide. This orbital
(HOCO) is mainly composed of silicon 3p, orbitals with
weak bonding contributions from 2p, orbitals of the carbons
linked to the silicon chain, and from the 1s orbitals of the
hydrogen atoms laying out of the C,SiC| planes, attached to
these carbons.

The attachment of alkyl groups in the polysilane back-
bone implies the appearance of new unoccupied bands below
0.0 a.u. These bands provoke an important narrowing of the
lowest unoccupied band, or conduction band, of PS, that in
three polymers (PS, PDMS, and PDES) is a sigma band.
However, while in PS the LUCO is located at k=0 in both,
PDMS and PDES, this orbital is located at k= =* 7r/a. This is
due to the bonding interaction between carbon and silicon
atoms that takes place at the edges of the Brillouin zone, that
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TABLE II. VEH values calculated for Koopmans’ ionjzation potential (IP)
and electron affinity (EA), direct band gap (£,), bandwidth of the highest
occupied or valence band (BW-VB), and bandwidth of the lowest unoccu-
pied or conduction band (BW-CB). All the values are in eV.

Polymer Conformation IP* EA®? E'g’ BW-VB BW-CB
PS¢ 2/1 8.01 3.51 4.50 (k=0) 4,10 345
PDMS 2/1 7.81 449 3.32 (k=0) 3.04 1.71
PDES 2/1 7.74 4.29 345 (k=0) 3.01 1.20
PDPrS 2/1 772 433 3.39 (k=0) 3.03 1.07
PDBS 2/1 7.78 442 3.37 (k=0) 295 1.04
PDBS /3 794 436 3.62 (k==*mla) 236 1.12

°IP and EA values are those obtained for and isolated polymeric chain and
no factor has been substracted to take into account the polarization energy
of the lattice.

®Minimum direct-absorption-type band gaps using translational unit cells.
The & point of the Brillouin zone where have been calculated are in paren-
theses.

“Values from Ref. 29.

leads to the stabilization of the crystal orbital at k= £ 7r/a
that becomes the LUCO.

The band structures calculated for larger poly(di-n-
alkylsilanes), PDPrS and PDBS, are very similar to that ob-
tained for PDES and only an increase of the number of C~H
bands, with a larger shift of the occupied bands of polysilane
to higher energies and a displacement of the unoccupied
bands to lower energies is observed.

The VEH values obtained for Koopmans’ ionization po-
tentials (IP) and electron affinities (EA), direct band gaps
(E,), and bandwidths of the valence (BW-VB) and conduc-
tion bands (BW-CB) of all-trans PS, PDMS, PDES, PDP:S,
and PDBS are collected in Table II. As can be seen in the
table, the IP values of all organopolysilanes are very similar.
This is an expected result since the HOCO is mainly com-
posed of silicon 3p, orbitals, and only small contributions
from the alkyl groups are present. The decrease of the IP
observed in going from PS (8.01 eV) to poly(di-n-
alkylsilanes) (7.7-7.8 €V), is mainly due to the increase of
the length of the unit cell when passing from PS (3.86 A) to
poly(di-n-alkylsilanes) (3.92-3.96 A), as a consequence of
the steric hindrance between the alkyl groups. This similarity
of the IP is in good agreement with experimental photoemis-
sion data obtained for all-trans PDMS (5.73 eV) and ali-
trans poly(di-n-hexylsilane) (5.78 eV).* The difference be-
tween theoretical and experimental solid-state IP values is
typically on the order of 2.0 eV and is due to polarization
effects in solid state. These effects cannot be included, a
priori, in band structure calculations, that are performed on
isolated chains. The difference between VEH and experi-
mental IP of PDMS is 2.08 eV, that is in perfect agreement
with the correction factor usually considered to account for
the polarization of the solid.>

In contrast to the IP, the value calculated for the EA
depend on the alkyl group attached to the silicon backbone.
The bonding interaction between silicon and carbon atoms
that takes place at the edges of the Brillouin zone in PDMS,
produces the stabilization of the LUCO of PDMS in relation
to that of PS. As a consequence, an important increase of the
EA value of PDMS (4.49 eV) with respect to that of PS (3.58
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eV) is observed. When passing to PDES, the increase of the
silicon—~carbon bond length produces a decrease of the bond-
ing interaction between these atoms, and therefore, the EA
value of PDES (4.29 eV) shows a decrease in relation to that
of PDMS (4.49 eV). The introduction of larger alkyl groups
only leads to a slight progressive increase of the EA values,
4.33 and 4.42 eV for PDPrS and PDBS, respectively, be-
cause of the progressive appearance of unoccupied bands
below 0.0 a.u. that smoothly move the conduction band, and
therefore the LUCO, to lower binding energies.

As can be seen from Table 1I, the direct band gap (E)
decreases with the attachment of alkyl groups because of the
larger EA values poly(di-n-alkylsilanes) display. The E,
value of poly(di-n-alkylsilanes) increases when the size of
the alkyl group attached to the silicon backbone decreases
(3.37, 3.39, and 3.45 eV for PDBS, PDPrS, and PDES, re-
spectively), except for PDMS (3.32 eV). This behavior is in
very good agreement with experimental trends, which show
that the energy of the solid-state UV absorption maximum
measured for all-trans poly(di-n-alkylsilanes) increases when
passing from PDBS (3.54 ¢V)'*?! to PDPrS (3.60 eV)!>!?
and from this to PDES (3.73 eV).'>!? In contrast, and unlike
that found by other methodologies,”**® when passing from
PDES (3.45 eV) to PDMS (3.32 eV) a decrease of the E <
value is observed. This is due to the larger EA value PDMS
presents, as a consequence of the short Si—C bond length.
This different behavior coincides with that observed experi-
mentally for A, values of these polymers [3.73 and 3.63 eV
for PDES'>!® and PDMS, 164 respectively].

C. Influence of the backbone conformation on the
electronic properties of PDBS

Among the polymers studied in this paper only PDBS
has shown experimental evidences of both, all-trans and 7/3
conformations. The 7/3 helical conformation is the most
stable conformation at atmospheric pressure,17 and only
when the pressure is increased the all-sfrans conformation is
observed.?! In this section we compare the electronic prop-
erties of PDBS in both, all-trans and 7/3 conformations.

The VEH electronic band structure calculated for 7/3
PDBS is totally similar to that calculated for all-trans PDBS,
and only small differences, in the width of the bands, are
appreciated. The VEH values obtained for the electronic
properties of 7/3 PDBS have been collected in Table II, to-
gether with those of all-trans poly(di-n-alkylsilanes). In go-
ing from all-trans to 7/3 conformation a decrease of the in-
teractions between the silicon 3p, atomic orbitals (x axis
corresponds to the polymeric backbone direction) that con-
stitutes the HOCO is observed. This is due to the minor
overlap of the 3p, orbitals in 7/3 conformation. This de-
crease induces a narrowing of the valence band (2.95—2.36
eV) and therefore, a reduction of the delocalization of the
electrons in this band. This behavior is similar to that ob-
served previously when passing from all-trans to 7/3 PS,*
where the width of the valence band decreased from 4.10 to
3.50 eV. This narrowing leads to an increase of the value of
the ionization potential, which goes from 7.78 eV (all-trans)
to 7.94 eV (7/3). This increase is in perfect agreement with
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that observed experimentally for the ionization potential of
PDHS, when passing from the ordered all-trans conforma-
tion (5.78 eV}, to the disordered phase (5.94 eV),* in which
a melting of gauche and all-trans sequences is present.

The LUCO of all-zrans PDBS is mainly composed of 3s
and 3p, atomic orbitals of the silicon atoms, and 2s and 2p,
orbitals of the carbon atom linked to the silicon atom, with
weak contributions from the other carbons forming the butyl
group. When passing to the 7/3 conformation the antibond-
ing interaction between the 3s atomic orbitals of the silicon
atoms increase, because of the major proximity of the silicon
atoms (see Table I). Therefore, the LUCO is slightly desta-
bilized and produces a change of 0.06 eV in the EA value,
which decreases from 4.42 eV in the all-trans to 4.36 eV in
the 7/3 conformation.

As a consequence of the increase of the IP and the de-
crease of the EA values the band gap of PDBS increases 0.25
eV when passing from the all-frans (3.37 eV) to the 7/3 (3.62
eV) conformation, that correlates with VEH calculations on
PS (0.18 ¢V)*® and EHT calculations on PDMS (0.3 eV).?’
This increase is in very good agreement with the red-shift of
0.40 eV observed experimentally for the UV absorption
maximum of PDBS films in going from a 7/3 (315 nm, 3.94
eV)' to an all-trans (350 nm, 3.54 eV)?' conformation,
when the pressure is increased.

IV. SUMMARY AND CONCLUSIONS

We have investigated the evolution of the geometric and
electronic structure of poly(di-n-alkylsilanes). On one hand
we have analyzed polysilane, poly(dimethylsilane), poly(di-
ethylsilane),  poly(di-n-propylsilane), and  poly(di-n-
butylsilane) in the all-frans conformation. We have studied in
detail the changes induced in the geometry and VEH band
structure by the increase of the size of the alkyl group. On
the other hand, we have compared poly(di-n-butylsilane) in
the all-trans and 7/3 conformations, in order to analyze the
influence of the backbone conformation on the geometrical
and electronic properties.

The geometric parameters, bond lengths, and bond
angles, obtained at the 3-21G* show that methylation only
induces small changes in the Si~Si bond length
(2.3456—2.3522 A) which are more accentuated when pass-
ing to the £ SiSiSi bond angle (110.91—112.93°) because of
the steric hindrance between methyl groups in 1 and 3 posi-
tions. The change of methyl groups by ethyl groups, when
passing from PDMS to PDES, produces an increase of both,
Si-Si (0.035 A) and Si-C, (0.027 A), bond length. The
£.C,SiSi bond angle increases from 108.72° to 112.79° and
consequently the ~SiSiSi bond angle decreases from
112.93° to 111.57°. The £C,C,Si bond angle displays an
important deviation from a typical tetrahedral angle, because
of the strong interaction between the hydrogens of the termi-
nal carbon of the ethyl group that are linked to consecutive
silicon atoms. The geometrical parameters calculated for all-
trans PDPrS and PDBS are totally similar to that obtained
for all-trans PDES. The geometry of both, all-trans and 7/3
PDBS are very similar except for the Si—Si bond length that
shows and important decrease (2.3876 A for all-rrans and
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2.3594 A for 7/3) and the £C,SiSi and £C,C;Si bond
angles that show a decrease of about 6.1°, in order to de-
crease the interactions between alkyl groups.

The VEH electronic structure calculated for poly{(di-n-
alkylsilanes) shows that the increase of the size of the alkyl
group produces the appearance of new couples of C-H
bands. These bands produce the shift of the occupied bands
of PS to higher energies, a displacement of the unoccupied
bands to lower energies and a narrowing of the width of
these bands.

The IP displays similar values in going from PDMS to
PDBS (7.7-7.8 eV), which is in good agreement with ex-
perimental photoemission data obtained for all-trans PDMS
(5.73 eV) and all-trans poly(di-n-hexylsilane) (5.78 eV). The
direct band gap decreases when the size of the alkyl group
increases (3.45, 3.39, and 3.37 eV for PDES, PDPrS, and
PDBS, respectively) except for PDMS (3.32 eV). These fea-
tures are in good agreement with the shift measured experi-
mentally for the energy of the solid-state UV absorption
maximum of all-zrans poly(di-n-alkylsilanes).

Both IP and E, of PDBS increase when passing from
all-trans to 7/3 conformation. The IP goes from 7.78 eV
(all-trans) to 7.94 eV (7/3), which coincides with the differ-
ence of 0.16 eV observed experimentally for PDHS, when
passing from an all-trans to a disordered phase. The increase
of the E, of PDBS in going from all-trans (3.37 eV) to 7/3
(3.62 eV) conformation is in very good agreement with the
red-shift observed for the UV absorption maximum of PDBS
films (0.4 eV).

The very good agreement between VEH and experimen-
tal values for the IP and E, when increasing the size of the
alkyl group, and when change the backbone conformation,
shows the applicability of the VEH technique to deal with
organopolysilanes.
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