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ABSTRACT: X-ray diffraction and molecular modeling have been used to investigate the near planar
solid-state phases of poly(di-n-hexylsilane) (pdHexSi) and poly(di-n-butylsilane) (pdBuSi). Structure
refinement of diffraction data in conjunction with oligomer cluster energy calculations provides a more
unified picture of both the main chain and side chain conformations. In both polymers the alkyl side
chain construction is closely identified as an asymmetric cisoid—transoid conformational arrangement.
Full refinement of the pdHexSi data identifies subtler features in the alkyl chain organization. All major
trends and key structural features are paralleled in empirical MM3 based modeling of isolated di-n-
butylsilane and di-n-butylsilane oligomers. Zero-temperature gas-phase calculations identify a well-defined
topology of energetically accessible main chain and side chain conformations. Increasing the side chain
length, from butyl to hexyl, changes both the distribution and make up of the low energy structures. A
combination of intrachain and interchain packing energy constraints stabilize the planar form of poly-

(di-n-hexylsilane). Intrachain interactions are significantly weaker in poly(di-n-butylsilane).

I. Introduction

Organopolysilanes!™ are well-known o-conjugated
high polymers which exhibit a strong o—o* ultraviolet
(UV) absorption band in close analogy to the w—=*
transition of z-conjugated polymers. The exact details
of the Si—backbone interband transition>8 are inti-
mately related to the specific side chain constituents,
the explicit main chain conformation, and various subtle
completing molecular level interactions. Accurately
determining the key structural attributes in these
polymers remains a centrally important goal in the more
general quest for developing a complete molecular level
picture of charge excitations and electron transport in
these unusual materials. First and foremost is to simply
identify what are the physically accessible chain struc-
tures and how these impact the structural ordering both
along the conjugated backbone and between chains.
Organopolysilanes are especially interesting in this
regard because of the extreme sensitivity in local
structure and photophysics to very small changes in the
side chain length and/or physiochemical treatments.

The symmetrically substituted poly(di-n-alkylsilanes)
([-SiR2—]m, R = (CH2)nCH3) have historically been the
most heavily studied polysilanes. Of these, poly(di-n-
hexylsilane) (pdHexSi) is often viewed as an archetype
and pdHexSi, whether in solution or the solid-state,
manifests a very distinctive thermochromic order—
disorder transition (ODT).>~12 Analogous behavior has
been reported for most other substituted polysilanes
(and in numerous z-conjugated systems as well). Bulk
pdHexSi films and powders are, at temperatures below
about 45 °C, associated with a well ordered crystalline
phase that approximates a trans-planar conformation
of the backbone and a 372 + 2 nm peak in the 6—0o*
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interband transition. Increasing temperature initiates
a “melting” of the aliphatic side chains which, in turn,
couples to a conformational disordering of the Si back-
bone and thereby leads to the formation of a columnar
liquid crystal mesophase with a strong “blue-shifted”
315 nm peak in the UV absorption. This transition is
first-order-like with the appearance of a latent heat and,
in the absorption spectrum, an isosbestic point.

The apparent simplicity of this description belies the
true structural complexity displayed by these polymers
in the solid state. At ambient pressures both poly(di-n-
butylsilane) (pdBuSi) and poly(di-n-pentysilane) (pd-
PenSi) are reported to form 7/3 or more complex
helices'®144° while, at higher pressures!®6 or at reduced
temperatures!’ (in pdPenSi), they undergo a sluggish
transformation to more planar backbone conformations
and a crystalline phase comparable to that of pdHexSi.
Symmetric poly(di-n-alkylsilanes) with shorter side
chains only appear in a more planar form.18 In contrast
slightly longer hydrocarbon side chain containing poly-
mers, such as poly(di-n-octylsilane) and poly(di-n-de-
cylsilane), exhibit a diverse polymorphism with variable
chain conformations, UV absorption spectra, and side
chain packing motifs.19-22

Even the exact nature of the crystalline phase in
pdHexSi itself is not fully resolved. The most compre-
hensive analysis reported so far combines a structure
refinement by Patnaik and Farmer with earlier com-
puter modeling studies.?324 These reports suggest the
presence of an all-anti Si backbone in conjunction with
a symmetric, tilted orientation of the alkyl side chains.
More recent studies by Furakawal®25-27 have consis-
tently proposed a highly asymmetric anti—syn packing
of the alkyl side chains in which the hydrocarbon side
chains are oriented nearly perpendicular to the Si
backbone. These two forms, shown in Figure 1, may also
be referenced in terms of the two core C1—-Si—C1'—C2’
and C1'—Si—C1—C2 dihedral angles as either gauche—
gauche (g+g-) or syn—anti (sa) conformations, respec-
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Figure 1. View down the molecular axis of all-anti pdBuSi chain having the side chain clan conformations syn—anti (at left,
C2—-C1-Si—C1’, 0°, and C1—-Si—C1'—C2', 180°) and gauche—, gauche+ [at right, C2—C1—-Si—C1’, —55°, and C1—-Si—C1'—C2,

+55°] proposed in refs 25 and 24 respectively.

tively. Fully specifying a polysilane conformational
repeat requires both a Si backbone conformation (a so-
called “family”) and that of the side chains (a pair of
“clans”) as defined in refs 28 and 29.

The solution properties of pdHexSi have also been
revisited and revised. A recent UV absorption solution
study of pdHexSi3° has successfully isolated a third Si-
backbone conformation intermediate to that of the
already cited ordered and disordered forms. With re-
spect to the crystalline phase of solid pdHexSi, the
nominal 372 nm absorption band often appears to
contain a distinguishable shoulder near 360 nm. The
interband o—o™* transition of solid pdHexSi displays
sensitivity to its processing and/or thermal history with,
in at least one instance, the anomalous appearance of
an additional 390 nm UV absorption peak.3!

Other studies have convincingly demonstrated the
existence of Si backbone conformations other than the
conventional trans-planar (or anti, A), gauche (G), and
helical forms. Methyl/ethyl or all ethyl oligosilane mod-
eling studies?®?° have identified a large number of ther-
modynamically stable intermediate Si backbone confor-
mations and these are referred to as transoid (T),
deviant (D) and ortho (O) with approximate Si—
Si—Si—Si dihedral angles of 170°, 150° and 90° respec-
tively (with T+/T— and D+/D— for both positive and
negative helicities).2%3233 Direct structural studies®* of
atactic poly(methyl-n-propylsilane) have proposed a
local T+D+T—D— motif. Modeling studies of individual
di-n-alkylsilane oligomers typically report that the
energy barriers to Si backbone conformational changes
tend to be rather small and very sensitive to the specific
side chain characteristics.3>~3” This property has been
exploited through the addition of chiral side chain
substituents to produce a novel family of optically active
polysilane polymers.38:39

In view of these unresolved issues and the desire to
establish a concise molecular level framework we have
reexamined the stated planar forms of pdHexSi and
pdBuSi. Through a combination of molecular modeling
and Rietveld powder refinements this work unambigu-
ously substantiates variants of the asymmetric syn—
anti side-chain packing, originally proposed by Furaka-
wa,?® as the dominant poly(di-n-alkylsilane) motif for
these structural phases of pdHexSi and pdBuSi. This
study also yields further insight into the roles that side
chain and interchain interactions play in the formation
of planar, helical, and more complex conformations.

I1. Experimental Details

All polysilane studies were prepared from the corresponding
dichlorosilanes by dehalogenated coupling with sodium under
standard conditions for polysilane synthesis by Wurtz coup-
ling.4%41 These polysilanes were typically purified by repeated
precipitation from toluene with isopropyl alcohol. GPC analysis
of the poly(di-n-butylsilane) sample showed a monomodel
distribution of chain lengths (polydispersity 1.06, M, = 3.0 x
10° and M,, = 2.8 x 10°). The resulting powder was pressed
into a thin disk using uniaxial applied pressure of under 0.5
kbar. In the case of poly(di-n-hexylsilane), moderately thick
films were obtained by simple casting from toluene solution.

The experimental X-ray system employed a powder diffrac-
tometer mounted to a 15 kW rotating anode X-ray generator
(Cu Ake = 1.542 A). This diffractometer used an elastically bent
LiF crystal monochromator in combination with a 120° 26
position sensitive detector and full He gas-filled beam paths
to minimize absorption and air scatter. Useful scattering data
were obtained in the 260 range of 1.5—40°. Minimum scan times
were on the order of a few minutes but the powder data shown
represent 10—30 min data acquisition times. Most samples
were approximately 0.5 mm thick, but in the case of pdHexSi,
it was possible to pull (from a warmed toluene-swollen sample)
short, approximately 100 um diameter fibers. The equatorial
scattering from a single pdHexSi fiber was then acquired
although it required substantially longer counting times.

Comparisons with the X-ray scattering data employed
structural modeling software based on a custom configured
link-atom least-squares (LALS) Rietveld refinement scheme.*?
The LALS algorithm included additional terms, such as a
Lennard-Jones (L-J) hard core packing repulsion (01/r?),
which constrained the nearest-neighbor distances of the non-
bonded C and Si atoms. Additional intramolecular constraints
were applied to the alkyl side chain dihedral angles through
a simple cosine function and referred to as Bintramolecutar- The
primary motivation was to effectively constrain the parameter
space searches and not to accurately reflect the actual energet-
ics of the polyalkylsilanes. Rigorous adherence to real energet-
ics based on, for example, empirical force-field (such as MM3)
may obscure issues arising from higher order effects not
adequately reflected by this approach (finite size, entangle-
ment, disorder, etc.). The actual form of the refinement
residual was typically
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where the relative contribution, x, and the L-J scaling coef-
ficients, ajj, and the rewir Were arbitrarily determined. By
selectively increasing and decreasing the relative contribution
of these two components, trapping in local minimum was often
circumvented. Analogous procedures have proven helpful in
studies of other polymers.*® A slowly varying background was
also necessary and this reflects the presence of residual air
scatter, trapped disorder, amorphous phase fractions, and
other artifacts. All atomic species, C, H, and Si, were included
in the structure factor calculations.

The choice of representative polydialkylsilane unit and
intrachain degrees of freedom were also important aspects of
the structure refinement process. For planar phase data, a two
monomer chain axis repeat is consistent with the experimental
results. A repeat of this length will only reflect the average
unit cell structure and cannot address any structural issues
associated with variations in the short-range order. For fitting
these data we have introduced a four monomer repeat in order
to test the overall impact of small to modest deviations from
rigid anti Si backbone conformations. Bond angles and lengths
were generally kept fixed. Because of the artificial nature of
this approach the actual resemblance of the refined structures
to real, energetically stable conformations may be suspect.

To adequately address the merits of these refined structures
and to assess the relative contribution of intrachain and
interchain interactions these models were subsequently ana-
lyzed by molecular modeling using modified MM3 force field
parameters* (i.e., MM3%). In this work all individual polymer
chains (in the unit cell) were doubled in size to give eight
dialkylsilane oligomers for the planar type models. Reference
to modeling of 7/3 and 9/4%% helices used 14 and 18 dialkylsi-
lane oligomers, respectively. These chains were then arranged
into a molecular aggregate consisting of up to seven oligomers
close-packed on lattices consistent with the refined unit cell
parameters of this work and those of previous studies.'®23
Energy minimization of the entire aggregate was executed
until reaching the predefined convergence criteria. Some
changes in the bond lengths, bond angles, and dihedral angles
in the central core were observed but in all instances the basic
structural organization of the central oligomer was main-
tained. This oligomer was subsequently used for determining
the intrachain energies (per dimer or two dialkylsilane units).
To extract interchain energies the intrachain energy of all
seven oligomers was first subtracted from the total energy,
next reduced by 12 (which represents the total number of
neighboring chain pair interactions in the cluster of seven) and
finally quoted in terms of kcal/mol per two dialkylsilane units.
Default cutoff distances (van der Waals 7 A, electrostatic 12
A) were typically used for cluster calculations. This approach
will necessarily include systematic failings. In general the
intermolecular equilibrium distances will tend to be overesti-
mated because of the finite number of oligomers and arbitrary
cutoff distances. Thermal expansion effects are also not
considered. Since these cluster models generally used the same
attributes (and therefore similar systemic limitations) they
provide for relative qualitative comparisons. In one case, that
of pdHexSi, we also examined a larger cluster of 19 oligomers
(structurally similar to a reported multioligomer dimethylsi-
lane energy calculation).*® The increased number of neighbor—
neighbor interactions resulted in a slight reduction in the
interchain distances (of less that 0.01 nm) and also energies
similar to those of the smaller seven oligomer clusters.

The last part of this paper focuses on extensive analysis of
isolated hydrogen terminated di-n-butylsilane (dBuSi) and di-
n-hexylsilane (dHexSi) oligomers. All MM3* calculations
employed a 14 di-n-alkylsilane length oligomer without any
cutoff distances. This led to downward shifts in the calculated
intramolecular energies of up to 1.6 kcal/mol per dialkylsilane
dimer (as compared to the cluster calculations). At this length
the innermost dialkylsilane units roughly approximate the
environment of isolated polymer chains while still allowing
for reasonable computational turnaround times. An n-butyl-
silane side chain is also sufficiently short that interchain
interactions will not necessarily dominate the structural phase
behavior. Initially all monomer segments were given identical
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Figure 2. Comparisons of experimental (small dots, at room
temperature) and calculated (thin line) X-ray diffraction
profiles in pdHexSi using (a) powder data and family/clan pair
model set to A/g+g-, (b) powder data and model set to A/c.t A/
c-t_, and (c) equatorial fiber (hkO) data and model of part b.

torsional constraints with respect to the Si backbone and the
two aliphatic side chains. Zero temperature energies were then
obtained as both Si—C torsion angles [i.e., C2—C1-Si—C1’
(¢si—c1) and C1—Si—C1'—C2' (¢si-c1’)] were varied for three
representative helical pitches (approximating all-transoid, all-
deviant and all-gauche). All significant minima from these
calculations were subsequently used to specify energetically
favorable clans. These were combined with all proposed Si—
Si dihedral families (A, T+, O+, D+, and G+) to specify more
complicated skeletal residues. Energetically favorable repeat-
ing dyad sequences were identified in both di-n-butylsilane and
di-n-hexylsilane oligomers.

I11. Experimental X-ray Structure Refinements

A. Poly(di-n-hexylsilane). A key step is to convinc-
ingly and unambiguously ascertain the alkyl chain
conformation in pdHexSi. PdHexSi crystallizes ex-
tremely well and, as such, is an ideal candidate for
detailed study. Figure 2 displays comparisons of the
Rietveld refinements to X-ray powder data (Figure 2,
parts a and b) and equatorial fiber data (Figure 2c)
between the more symmetric A/g+g--type model of refs
23 and 24 and an optimized A/sa-based model of ref 25.
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Table 1. Unit Cell Parameters from Structure Refinements and the Respective Cluster Model Energies

oligomer cluster model®

lattice repeat (nm) angles (deg) density

polymer/phaseb a b c a p y (gm/cm?3) a b c intra inter
PdHexSi, A/g+g- 13.73 23.95 3.99 90 90 90 1.01 13.2 23 4.13 21.1 -3.4
AlcitiAlc-t- 13.71 24.04 7.90 96 91 90 1.02 13.8 24 8.10 16.5 —-3.7
D+/g-a, 7/3 helix not obsd 15.5 27 13.7 22.4 -2.9
PdBuSi, Alc. ts 10.1 22.2 8.0 91 91 90 10.0 22.0 8.1 11.6 -2.9
D+/g-a, 7/3 helix 11.8 21.2 13.7 90 90 90 155 21.2 13.7 12.4 -1.8
Tgt+/g-a, 9/4 helix 121 21.9 18.2 103 91 95 10.0 27 18.2 105 -1.8

a PdBuSi helical phase data taken from ref. 63. b All unit cells given, primitive and nonprimitive, contain two polymer chains. ¢ Intrachain
and interchain energies in terms of kcal/mol per diakylsilane dimer (MM3* potential with cutoff distances: van der Waals 7 A, electrostatic

12 A).

The calculated intensities for the A/g.g- model are
comparable to prior work and there is reasonable
agreement at 20 angles below 26°. Major discrepancies
between the calculated profile and experimental data
are apparent. Particularly troublesome are an overly
large intensity of the (020), (110) superposition peak,
the undershoot of the (150) reflection, and the near
absence of a (230) reflection in the experimental data.
Significantly more problematic is the mediocre agree-
ment at 26 angles in excess of 26°; a scattering region
not fully covered in previous studies. This latter short-
coming implies failure of this model to accurately reflect
the short-range order. While increasing the A/gig-
model degrees of freedom (not shown), by lowering the
symmetry of both the chain conformation and unit cell
structure, improved the fit somewhat these cited sys-
tematic failings could not be avoided.

Although comparisons with the original model of
Furakawa?® (also not shown) are somewhat better than
those of the A/g+g- model, a full accounting required
the alkyl side chains to adopt appreciable tilts and a
symmetry lowering distortion of the unit cell from
orthorhombic to a marginally triclinic one. In addition
the two chains comprising the unit cell are not identical
but are mirror images (and this seen in ref. 25 as well).
The anti C—Si—C—C dihedral angles are more ac-
curately identified as transoid (t+ or t— clans, for positive
and negative helicities) and the syn as cisoid (cy and c-
clans). This best-fit actually alternates between c; t+
and c_t_ side chain conformations with angles of 15° &+
5° and 160° 4+ 10°, respectively. Overall, the R factor
for this model,*” exclusive of packing constraints, is
three times less than that obtained using the A/g.g-
model. A significant majority of this reduction arises
from improvements in the fit at large 26 angles. The
most significant disagreements in the resulting Alc; t A/
c-t- refinement occur for the (210) reflection and the
(150), (240) superposition peak. The dramatic improve-
ment at higher 26 angles is especially noteworthy.

This best-fit required a 7.90 A repeat for the four
monomer base model. This is slightly less than the 8.00
A repeat (i.e., 2 x 4.00 A) typically seen in fiber data.1248
The four di-n-alkysilane model also required, on aver-
age, £5° torsional twists along the Si backbone sugges-
tive of an imperfectly planar backbone in pdHexSi. A
transoid structure would have Si—Si—Si—Si dihedral
angles ranging between 165 and 175°.

Comparison of the equatorial (hkO) fiber data to the
Alcit Alc_t— model is shown in Figure 1c. A notable
characteristic of these data is the relatively weak
intensities of (hk0) reflections at 26 angles in excess of
21°. Thus, the aforementioned improvements to the
refinements at larger 26 angles in Figure 1b correspond
almost entirely to fitting of nonequatorial (hkl) reflec-
tions. Assuming the artificially doubled unit cell repeat

(i.e., the c axis) this intensity corresponds to peaks along
the | = 2 layer line.

Since the Figure 1c (hk0) data actually originate from
a different sample, the refined unit cell depicted in
Figure 1b was used as a starting point but then allowed
to further refine against the equatorial data. The best
fit for these data is qualitatively similar to that of Figure
1b but there are inconsequential quantitative differ-
ences in the explicit parameters. The overall fit to the
equatorial data is also quite good.

Table 1 lists the unit cell and both intrachain and
interchain energies associated with the two proposed
structural models after energy minimization of seven
oligomer clusters based on the structure refinements.
The calculated A/g+g- model intrachain energy (of 21.1
kcal/mol per dimer pair) is comparable to that of ref 48
and significantly greater than the 16.5 kcal/mol/dimer
obtained after minimizing the Alc,t;Alc_t_ cluster. This
result also extends to the interchain interactions with
a cluster based on the AlcitiA/lc— t- model, again
yielding a lower energy although, in this case, the
difference is quite small. All alkyl side chain dihedral
angles, with the exception of that immediately adjacent
to the Si backbone, adopt a nearly perfect anti confor-
mation with no unphysically close nonbonding contact
distances. There are other notable differences. The final
molecular modeling measured interchain distances of
the AlcitiAlc_t- oligomer cluster are virtually un-
changed from those of the crystallographic refinements
while the final A/g+g- model oligomer cluster became
more tightly packed. On average, there is an ap-
proximate 4% reduction in the interchain spacing
perpendicular to the chain axis. This response is inter-
esting in light of Patnaik and Farmer’s finding?* of an
“unexpectedly large gap” at the side chain ends. Inter-
chain interactions apparently work to eliminate this
void. As a compensating factor the intrachain, four
monomer repeat lengthens to 8.25 A primarily through
an increase in the Si—Si—Si bond angles. This suggests
that the A/g+g- model achieves a topologically distinct
local energy minimum but this model does not ac-
curately reflect the crystalline packing of pdHexSi in a
more thermodynamically stable structure.

Implicit to any of the syn—anti clan based models are
hexyl side chains which, on average, include two dif-
ferent local structures. This aspect is fully consistent
with NMR studies!! that have resolved two slightly
different alkyl environments. Unfortunately there are
also a few discrepancies which cannot, at present, be
fully reconciled. The c-axis repeat is longer in both the
cluster model and in reported fiber data (as already
noted) than the 3.95 A obtained through this powder
refinement. Additionally (and with respect to the model-
ing energy minimization) the central monomers of the
cluster model include only very small deviations from
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Figure 3. Comparisons of experimental XRD powder profile
for pdBuSi in the “planar” phase (solid line) and in the more
common helical form (dashed line). Inset: Differential scan-
ning calorimetry measurements of a 13 mg sample orginally
in the “near planar”-type phase before and after thermal
cycling to the phase identified with 7/3 helices.

backbone planarity of under 2°. It may be that the
MM3* parametrization simply does not have sufficient
accuracy. Alternatively, the model itself is just too small
and simplistic to include the possibility for larger Si
dihedral angles occurring in the vicinity of conforma-
tional defects in either the core or at the periphery of
crystallites. Rietveld refinements only reflect the aver-
age chain structure within a unit cell.

B. Poly(di-n-butylsilane). PdBuSi is significantly
less well ordered than crystalline pdHexSi, and as noted
in the Introduction, this polymer has been observed in
both “planar”- and helical-type ordered phases.31¢ X-ray
scattering data attributed to the presence of a helical
phase and a profile that is identified with a planar-type
phase are shown in Figure 3 in combination with
example DSC curves. All these data are from a pressed
disk sample that had not been subjected to extremely
high pressures (i.e., in excess of 0.5 kbar). Upon heating
to temperatures above that of the thermotropic me-
sophase transition temperature this sample, after sub-
sequent cooling, underwent an irreversible transforma-
tion to the structure identified with 7/3 helices. Both
pdBuSi and poly(di-n-pentylsilane) are known for sen-
sitivity to the thermal and processing history.17:50 The
“planar”-type pdBusSi shows a strong endothermic peak
in advance of the transition to the high-temperature
mesophase. This is suggestive of a solid-state transition
to the helical phase. More unusual is the presence of
reproducible low-temperature endotherms (on heating)
which have no obvious analogue on cooling. The specific
underlying reasons for this behavior are unknown.

From a modeling perspective the shorter side chains
should reduce the overall complexity. Once again the
Alg+g- model had significantly higher single chain
energies than those employing sa-type clans (or close
variations such as ct., c.a, etc.) because of the signifi-
cant hydrogen—hydrogen repulsion present at the core
methylene units. Single-chain minimum energies, after
constraining the A/g,g- and A/sa models to Si—Si—Si—
Si torsional angles of 180°, yielded 14.4 and 10.6 kcal/
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Figure 4. Comparisons of experimental (small dots, sample
at —25 °C) and calculated (thin solid lines) X-ray diffraction

profiles in pdBuSi using (a) planar phase powder data and
model set to A/ct (family, anti; clans, cisoid—transoid).

mol/dimer respectively exclusive of the constraint en-
ergy. Experimental “planar” phase pdBuSi X-ray powder
data are shown in Figure 4 (for this sample held at —25
°C) in combination with a refined profile starting from
the sa-type clan model. The data actually reflect a
mixture of helical and planar-type phases (with the
latter clearly in the majority).

All A/g+g--type models were wholly unsatisfactory in
subsequent refinements because a suitably packed unit
cell could not be constructed having even qualitative
agreement with experimental intensities and/or peak
positions. The A/gig- model exhibits an equatorial
aspect ratio quite different than that of the sa construc-
tion. Although the overall fit of Figure 4 is mediocre®!
(especially in comparison to the pdHexSi results), the
calculated profile of this cisoid—transoid-type model is
qualitatively consistent with much of the data (and
somewhat better than the earlier work of Furukawa).'®
Some unphysically close H—H distances and open areas
are obtained as well.#” The refined X-ray model again
included an artificially doubled unit cell that required,
on average, just over 12° Si—Si—Si—Si torsional angle
deviations from planarity. The actual model here roughly
approximates a TTTD-type repeat structure. This in-
dicates the presence of significant nonplanarity in the
form of transoid and/or deviant structural conformers.
Improvements in the fit to peaks identified with equato-
rial reflections (not shown) can be made if the deviant-
(D-) type conformer incorporates a change of clan to give
a D+/g-g- skeletal unit. As the next section will show
this conformer is associated with the lowest energy TD-
type dyad construction. Quantitative fitting of X-ray
diffraction intensity associated with nonequatorial scat-
tering was problematic.

Since this structure does not appear to be truly planar
its optical properties were examined in greater detail.
A thin film was prepared by friction transfer to a thin
sapphire substrate and then monitored by near simul-
taneous UV-—vis absorption and photoluminescence
spectroscopy using a system described previously.52
These results are also more consistent with the proposal
of a “near” planar-type phase. In fact the UV absorption
most resembles that from the phase attributed to 7/3
helices. Hence even the assignment of a near planar
structure may be questionable. However, on cooling,
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there is a slow development of long wavelength PL
emission centered near 370 nm. This signifies the
presence of regions with increased planarity. This long
wavelength emission is not seen in helical phase
samples.5® XRD studies below 245 K were not per-
formed, but a large scale structural phase change at
these temperatures appears unlikely.50

A final 7-fold oligomer cluster energy calculation,
equivalent to that for pdHexSi, resulted in final intra-
chain and interchain energies of 11.6 and —2.9 kcal/
mol/dimer, respectively. Hence there is a slight increase
in the intrachain energy (from 10.6 kcal/mol/dimer) but
a considerable gain from the interchain interactions.
Once again the lowest energy oligomer model obtains a
Si backbone torsion angles which are close to anti.
Although the results for the near planar-type phases of
pdHexSi and pdBusSi are qualitatively different, in both
cases (and in view of the results that follow) only
structures incorporating a majority of T/cisoid—transoid
skeletal units have substantive merit. Of the two
polymers, pdHexSi and pdBusSi, indications are that
neither polymer is truly all anti, and the “planar” phase
of pdBuSi is notably far less planar. For this reason,
we suggest the descriptive term “near planar” is more
accurate. In the case of pdBusSi, this description may
well be an overstatement. To fully address these at-
tributes more sophisticated modeling and structure
refinement procedures are necessary.

1V. Molecular Modeling of Oligomers

All modeling calculations presented so far are used
solely in conjunction with the aforementioned Rietveld
refinements and these are generally sample and struc-
ture specific. Additional calculations are now presented
which provide a more global context for specifying
energetically accessible conformations. Analogous cal-
culations appear for short dimethylsilane and diethyl-
silane oligomers,22:3254 permethylated polymers,*6 and,
to a lesser extent, for other poly(dialkylsilanes).>> Al-
though first principle calculations are preferable, algo-
rithms employing empirical force fields are still better
for surveying large numbers of candidate structures.
Because of the limited accuracy of these empirical force-
field calculations®® the results that follow should be
generally viewed as qualitative or, in certain limiting
cases, as semiquantitative.* In addition interchain
interactions are expected to modify these results in the
solid state but many general characteristics of the single
chain topology must still be in evidence. All oligomer
models employed MM3* force-field parameters and, as
a first step, invoked strong, uniform torsional energy
constraints across all Si—Si and Si—C linkages. The
alkyl side chains were set (but not constrained) to an
all anti conformation. With exception of the just stated
dihedral restrictions, all other structural parameters
were allowed to freely relax (i.e., bond lengths, bond
angles, C—C torsion angles). Only models with Si torsion
angles of 170° (approximating a 15/7 helix or an all-T+
family), 150° (approximating a 7/3 helix or an all-D+
family), and, finally, 55° (an all-G+ family) are reported
here. The alkyl side chains, especially those for 15/7 and
713 helices, remained close to the original all-anti
configuration. Figure 6 displays two-dimensional isoen-
ergy contour maps, based on a 36 x 36 grid of calculated
conformations, for each of these three representative Si
backbone families. The overall topology, which is not
apparent in prior studies, is best characterized by a
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Figure 5. UV absorption and photoluminescence spectra from
a friction transferred film of pdBusSi (onto sapphire) in the near
planar-type phase. All curves except those at 270 K have been
offset for clarity.

modest number of deep minima often separated by
relatively high energy barriers. This general topology
is likely paralleled in di-n-hexylsilanes as well although
extensive energy calculations were not performed.

An all-T+ helix, as seen in Figure 6a, includes nine
noteworthy energy minima with side chain clans of
9-9-, 9-0+, 9+9-, 9+0+, g-a, ag-, ac+, c+a, and tt;. Of
these only six are unique (when invoking a single
monomer construction). The side chains themselves are
generally all anti at sites beyond the Si—C linkage. The
g+g- and g-g+ clans correspond to the model structure
proposed by Patnaik and Farmer?* and the syn—anti-
type clan is actually an unstable conformer situated
between g-a and cya (or, equivalently, ag- and ac4) clan
pairs. At a Si—Si torsion angle of 170°, all four gg clan
pairs have approximately the same minimum energy.
All but one of these nine minima, the t.ty, are similarly
observed®’ in diethylsilane tetramer studies.282°

The lowest energy minimum belongs to the cia clan
and this feature is very close to a global minimum with
respect to changes in the Si torsion angles. The g_a clan
minimum is not close to its absolute minimum with
respect to variations in the Si—Si torsion angle. This
clan’s true minimum occurs at a Si—Si—Si—Si dihedral
angle of 161° which is intermediate to that of the T+
and D+ conformational families. The only other deep
minimum exists for the g_g- clan pair and this can be
best seen in the all-D+ isoenergy contour map shown
in middle panel of Figure 6. The D+/g-g- structure
corresponds most closely to the deviant conformer
identified in oligomer studies.?° Both the c;a and g-a
clan pairs are representative of transoid backbone
conformations, but because of the physical asymmetry
of alkyl side chain orientation, there are now secondary
packing effects which differentiate the respective minima
for these two transoid conformers. To distinguish them,
we employ subscripts of Tg+ and T¢+. Of these two
minima it is the T¢/c+a family/clan conformer which is
structurally closest to the proposed models for both



7344 Winokur and West

0g_cp dihedral angle

—-1001

-1501"

~150 -100 -50 0 50 100 150
a 05.¢; dihedral angle b

-150 -100 -50
9, ¢; dihedral angle c

Macromolecules, Vol. 36, No. 19, 2003

0 50 100 150 -150 -100 -50 0 50 100 150

0g, ., dihedral angle

Figure 6. Zero temperature MM3* energy surface and isoenergy contours of a uniformly constrained pdBuSi oligomer with
fixed Si backbone torsion angles at (a) 170° or all T+, (b) 150° or all D+, and (c) 55° or all G+ as the two alkyl side chain clans

(¢si—c1 and ¢cr—si) are varied (see Figure 1).

pdHexSi and pdBusSi in their respective “planar” phases.
The T4 conformer best approximates a 9/4 helix.

Direct comparisons of the three isoenergy contour
maps are also instructive. In general the ¢si—c1,¢si-c1
positions of all major minima are only mildly sensitive
to changes in the Si backbone dihedral angle. There are
however significant changes in the overall topology. Of
particular note is the rapid loss in the minima associ-
ated with 15/7 helices (i.e., T¢+/ac and T.+/cta) so that
the all D+ contours maps contains only seven significant
minima of which five are symmetry inequivalent. Of
these it is the D+/g_g- conformer which has the lowest
energy. In contrast, the g-g+ and g+g- energies are
relatively insensitive to changes in the Si torsion angle
and this characteristic has been noted in earlier pd-
HexSi reports.?* The last gg-type conformer, g+g+, is
substantially higher in energy. The two t.g- and g-ty
clans are next to lowest in energy and topologically
connected to the ag- and g-a positions in the all T+
map. Thus, the lowest energy Ty conformers are best
described as T¢+/t+g- or Tg+/g-t+. A local minimum at
the tit; position is also seen in the all D+ map, but
this feature is very high in energy.

The all G+ oligomer isoenergy contour map is shown
in Figure 6¢, and there are many qualitative similarities
to the all D+ map. Two new local minima, labeled g-s
and sg-, appeared as wings surrounding the D+/g-g-
conformer in the all D+ contour map. The g+g+ and t4t+
minima are now very much diminished. Quantitatively
all conformational energies are typically higher than in
either of the two previous maps. Thus, seven distin-
guishable minima are now identified and, of these, only
four are unique. The two lowest energy conformations
are the tic_, c_t; clan pairs.

While the mapping in Figure 6 can identify the simp-
lest conformational building blocks, real polysilanes will
likely incorporate more complex local structures. The
next modeling step was to identify candidate conformers
based on repeating skeletal dyads. A full coarse-grain
search, similar to that just described, requires at least
six torsional degrees of freedom and is therefore com-
putationally prohibitive. Although still cumbersome we
adopted a combinatorial approach, analogous to that
used for assessing the shorter polysilane oligomers,
which samples only Si backbone families and side chain
clans identified by the single repeating monomer study.
An obvious drawback of this restricted search is that

some energetically favorable conformers may be inad-
vertently missed. Nevertheless, it is likely that the well-
defined topology of the simple single monomer repeat
study extends to the dyad sequences so that a large
number of low energy conformations can be similarly
isolated.

In all just under 2500 different dimer family/clan
pairs were sampled using the families and clans identi-
fied here and in prior studies (e.g., the ortho conformer
0). Thus, a total of 11 different families were included
[A (anti), T+, Tgx, D+, O+ and G£]. Both di-n-
butylsilane and di-n-hexylsilane oligomers were exam-
ined using the identical sets of repeating dyads in the
hopes of identifying systematic trends with increasing
alkyl side chain length. Many of the family/clan com-
binations were found to be unstable and gave either
disordered oligomers or reverted to a repeating dyad
which was stable. Energy minimization was executed
as a two-step process whereby a first iteration was
performed with both the family and clan torsion angles
constrained. Thereafter, the torsional constraints were
relaxed and a subsequent energy minimization con-
ducted. Because many of the starting conformations
were highly unphysical the first stage often produced
conformational changes at odds with the initial assump-
tion of all-anti C—C torsion angles. The criteria for
eliminating unstable dyads were set arbitrarily and we
simply excluded family/clan models whose root-mean-
square torsional deviation exceeded 6° using only C1'—
Si—C1-C2, C2'-C1'-Si—C1, and Si—Si—Si—Si dihedral
angles within each oligomer’s interior.

Table 2 lists those unique dyads resulting in energies
below 10 or 17 kcal/mol/dimer for dBuSi and dHexSi
respectively in tandem with the low energy single
monomer conformers. About 10% of the starting dyad
conformers tested qualified as “stable”, and of these,
very few actually had energies which approached those
of the lowest single conformer helices. A significant
fraction include fragments of the original low energy
conformers (i.e., T¢t+/acy, D+/g-g-, or Tgt+/ag- and their
symmetry equivalent counterparts) although there are
many new family/clan designations.>® A small number
of low energy repeating dBuSi dyads actually include a
gauche conformer and so gauche defects, which disrupt
o-conjugation, are a real possibility. The vast majority
of low energy dyads are “conrotatory twisted” (i.e., both
Si—Si dihedral angles have the same helicity) and
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Table 2. Low Energy Single Monomer Repeats and Dyad Conformers in Single 14 Repeat Unit Di-n-butylsilane and
Di-n-hexylsilane Oligomers

oligo(di-n-butylsilane) oligo(di-n-hexylsilane)

dihedral angles (deg) dihedral angles (deg)

families clans E2 Si-Si C-Si Si—-C Si-Si C-Si Si-C E2 Si-Si C-Si Si-C Si-Si C-Si Si—-C
Tt To+ ace acy 7.2 171 175 32 130 171 176 31
D+ D+ gg g¢gg 72 153 -56 —56 137 153  —-57 —57
Tyt Tyt ag-  ag- 9.1 161 180 -55 163 161 -177 —59
Tyt Tgt g+g- g+g- 123 164 47 68 19.9 166 45  —67
G+ G+ ac. ac. 136 57 177 —19 209 59 175  —20
T+ G+ gt ca 7.6 170 -57 173 47 42 180 147 170 55 174 46 43 178
Te+ G+ acy tig. 7.8 170 —180 42 47 174 -57 149 170 180 43 46 174 55
Tyt Tyt aa gg- 80 165 —178 —-177 165 -57 —58 147 165 —177 —177 165 —62 —62
D+ G- gg gc 81 148 —42 56 —66 —55 —42
D+ Tq+ gg9- g-a 82 154 -58 54 160 -56 —177 151 155 —60 —56 158 —57 —178
Tyt Tyt ag- g-g- 82 154 —177 -56 160 -54 -59 150 155 —178 -57 158  -56 —59
Tyt T+ tg- tier 84 164 —175 —61 172 175 33 151 166 —175 —63 172 176 32
Tyt Tk ity gt 85 164 33 175 172 —61 -175 151 166 32 176 172  —64 —175
D+ O- c¢g. ag. 86 157 -39 -56 —77 180 —49
Tqt O— gt tg- 87 159  —48 165 -84 165 —47
A A ot ct 154 178 26 174 178  —20 -176
T+ T+ ¢ty ca 154 175 29 173 175 -15 180
Tgt O— g-a  ge0- 155 159  —49 —177 -82 70 -55
Tt T+ aa  gig- 157 172 -179 180 167 42 -73
T+ T+ aa g 157 172 -179 180 172 —72 —40
T+ T+ aa g 157 167 180 -179 172 -T2 41
Tt T+ cia g0+ 158 167 32 -178 172 -T2 42
Tk T+ aa  cicy 159 172 177 177 172 38 38
Tt Tt acy  cig- 160 172 178 32 167 42 =72
Tk G+ giCs  Cits 160 176 54 35 51 41 164
Ted G+ go: gits 161 171 71 —38 48 54 162
Tq+ T+ acs  g-g- 88 164 178 37 166 -57 —60 160 165 179 35 168 —60 —64
D+ O+ tg- gt 89 145 -170 -48 76 —48 —169 161 145 —171 -49 76  —48 —170
T+ Tyt cia g-g- 89 166 37 178 164 —57 —60 159 168 36 179 166 —63 —60
Tyt T+ acs  gcr 9.0 163 179 36 174 -72 38 159 166 179 34 174 -73 39
Tgt T+ cig-  aa 9.0 165 40 -71 171 179 -178
Tyt T+t aa  gcr 90 165 —177 -178 171 71 39
D+ O- gg g9 90 150 —-43 -58 -—71 -77 —58 147 153 —40 —62 —82 42  -58
Tyt Tk aa  gic. 91 165 —178 —178 171 71 -39
Tgt T+ cig- cra 91 164 39 -72 174 37 178 158 165 39 -73 175 35 179
Tgt Tet cig- ace 9.2 165 42 -72 172 177 33 159 167 42 -72 172 178 33
Tt Tk cia  gcr 92 165 33 177 172 -T2 42 161 166 32 179 172 72 42
T+t G+  city city 163 172 28 171 53 44 173
Tk Tob oty ticy 92 174 34 169 172 170 34 154 174 33 169 173 169 34
Tgt Tt cg- gt 93 157 38 -70 174 —61 -172 165 158 38 -72 175 —63 —173
T+ T+ at,  ticy 105 173 177 169 173 168 34 166 174 178 169 174 168 33
D+ T+ tg- gc. 93 157 —172 61 174  —69 37
D+ O- gc. g9 94 156  —58 40 -81 41 -57 147 153  —60 —42 —82 42  -58
T+ C+ gty g9 94 172 49 173 42 45 -72 173 172 —50 172 43 45 -73
Tt To+ aa g9+ 96 171 177 177 171 42 42 161 172 177 177 172 39 38
T+ O+ ct city 96 174  —-33 -163 72 34 174 171 175 29 -—164 72 40 175
Tt To+ cicy  ticy 96 172 40 37 170 176 33 160 172 36 35 171 176 32
Tt T+ oty cicp 96 172 33 176 170 37 39 158 172 33 176 171 36 37
T4+ O- ga g9+ 96 167 —47 —179 -82 76 45 158 166  —47 -178 —80  —77 43
Tqt G+ tgs gig- 97 166 —175 48 62 72 —68
D+ O+ tg g:a 97 154 —169 —46 71 49 -176 170 153 —168 —42 70 50 —174
D+ To tg gt 98 154 —169 -56 172 56 —169 17.1 155 —166 —58 174 58 —168
T¢t G+ tec tg- 100 159 -169 -37 56 169 —63 167 158 —170 -36 56 172 —63
Tqt G+ gti ct 100 159 -63 169 56  —37 —169 167 158 —63 171 56  —37 —170
Tt O+ ticy tc. 100 174 173 36 72 -161 —31 168 174 174 37 73 -163 31
Tg+ D+ tyg- g-ty 100 157 169 —55 143  —55 168

a MM3* energies are in terms of kcal/mol per diakylsilane dimer.

typically include T, D, or Tg family pairs. This implies
a strong tendency toward extended sequences consisting
of a single helical pitch. The only consistent exception
are pairs with disrotatory twist character consisting of,
in this case, a positive family and a O— negative
conformer. The latter would tend to both reverse the
helical pitch and disrupt o-conjugation. This parallels
recent findings for o-conjugation of chiroptical polysi-
lanes in solution.®® A 7/3 helix, with its nominal 150°
Si torsion angle, actually represents a limiting case,
assuming the MM3* torsion angles are reasonably

accurate, because it necessitates an all D+/g-g- con-
struction.

Many aspects of the di-n-hexylsilane dyad calculation
tend to mirror those of dBuSi but there are notable
exceptions. The dHexSi modeling identifies many more
low energy T +/T.+ dyad combinations, and in one
instance, a true AA conformer is found to be stable. This
conformer, AlcitiAlc_t_, is the same as that found
independently during the pdHexSi Rietveld refinement.
This AlcitiAlc_t— conformer is unstable in the case of
a di-n-pentylsilane oligomer. A more general implication
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is that both intrachain and interchain interactions act
to stabilize planar-type conformations in longer poly-
(di-n-alkylsilanes) although the major outcome of in-
trachain interactions is to give mostly transoid con-
formers. This is very different than the situation in, for
example, regioregular poly(3-alkylthiophenes) wherein
the alkyl side chain repeat and interchain packing is
nearly ideal for strongly reinforcing mainchain planar-
ity.60 Finally, we note that the incidence of disrotatory
twisted dyads is lower and the relative energies of the
gauche containing dyads are disproportionately higher
in the dHexSi oligomer. Thus, one would expect these
dyads to be statistically less likely in pdHexSi, and on
this basis alone, pdHexSi would be expected to exhibit
sharper absorption and emission spectra. In addition it
is now possible, for the first time, to identify and
construct prospective low energy helices. These group-
ings are very different than the pairing interrelation-
ships that are found in permethylated organosilane
oligomers.5® The occurrence of longer local conforma-
tional motifs, such as the proposed T+D+T—D— se-
guence,?? may be justified through modeling studies as
well.

V. Conclusions

In regards to the “near” planar phases of the short
poly(di-n-alkylsilanes), there is convincing evidence that
the asymmetric side chain structure of Figure 1a is the
dominant conformational motif. Both the Rietveld re-
finements and the molecular modeling are fully self-
consistent and unambiguous in this respect. The most
energetically favorable pdHexSi planar conformation,
AlcityAlc_t—, has side chains which are only mildly
tilted to the ¢ axis. This finding reconciles prior spec-
troscopic studies which report the side chains as being
tilted!? or orthogonal®! to to the chain axis direction.

The asymmetric side chain construction is also key
to understanding the crossover from a nearly planar Si
backbone, in the case of pdHexSi, to helices in poly(di-
n-pentylsilane) and poly(di-n-butylsilane). The syn anti
clan pair lacks bilateral symmetry, and when intramo-
lecular interactions are dominant, almost all torsional
settings of the alkyl side chains automatically lead to
helical-type structures. This property may be termed a
physically induced chirality and is probably quite
general in polymers which include dialkyl-substituted
structural moieties.5? z-Conjugated polymer helices
would tend to frustrate formation of interchain s-stack-
ing arrangements and thereby reduce interchain excita-
tions that act to quench exciton luminescence.

In contrast to prior claims of large numbers of
available low energy conformations, this molecular
modeling study identifies a relatively well-defined topol-
ogy and specifies a modest set of energetically favorable
conformers. Still there is far more complexity in these
polymers than in, for example, conventional linear
alkanes or fluorocarbons. The distribution of stable
dimers neatly parallels the well-known trends seen
experimentally. Di-n-butyl (and likely di-n-pentyl as
well) substituted polysilane is dominated by T/Ty/D
pairings which reinforce a helical construction while di-
n-hexyl has a far greater proportion of the more planar
T./T. dyads. A full accounting of the backbone confor-
mational sequences will require that triad and higher
order conformers are similarly tested.
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is available free of charge via the Internet at http://pubs.ac-
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