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ABSTRACT: Semicrystalline films and powders of poly(di-n-octylsilane) and poly(di-n-decylsilane) have
been investigated using in situ quenching studies by X-ray scattering and UV—vis absorption in
combination with detailed model calculations. These polymers displayed a surprisingly rich array of
monotropic and enantiotropic structures during thermal cycling. Poly(di-n-decylsilane) was observed to
have no less than five distinct ordered forms (crystalline or semicrystalline) which varied in their respective
chain structure, packing, and optical properties. Of these only one appeared to be thermodynamically
stable. One of the metastable polymorphic structures exhibited an unprecedented tripling of the basic
unit cell structure. Poly(di-n-octylsilane) samples also exhibited up to five distinct structural forms at
temperatures below that of a 25 °C transition to the thermotropic mesophase. Three of these were clearly
ordered while the other two are mesophases with features suggestive of a less ordered state. Suggested
structural models are used to document and identify the predominant side chain and main chain packing

motifs in the various crystalline polymorphs.

Introduction

Polymorphic behavior is quite common among poly-
meric and other highly anisotropic materials.=3 In
many instances the polymorphism seen in polymers
requires very specific and, at times, laborious processing
conditions. Recent studies of conventional polymers and
oligomers have begun to clarify the role that kinetics
play in establishing the conditions under which meta-
stable phases may develop.#=8 While these former
attributes are rather general in nature, one exclusive
feature that differentiates the g-conjugated polysilanes
and other m-conjugated conducting polymers is the
delocalization of the electron wave function along the
polymer backbone and the profound impact that these
structural forms can have on the resulting electronic
and optical properties.”8 In these latter materials there
can be a pronounced interplay between competing
molecular level interactions which alter the main chain
conformation and, as a direct consequence, the associ-
ated interband transition with the appearance of, for
example, thermochromism,®~14 solvatochromism,*® iono-
chromism,® and piezochromism.”

Numerous polysilane studies!®!® (and references
therein) have clearly demonstrated that alkyl side chain
substitution creates semicrystalline polymers with var-
ied main chain conformations and thermotropic meso-
phases exhibiting thermochromism. The shortest sym-
metric polysilanes (with a monomer unit specified as
—Si[(CH2)nCHgs]o,— and n = 0—2) primarily form crystal-
line films or powders2%2! dominated by a nearly planar
backbone conformation??223 with little or no thermo-
chromism.2* In di-n-butyl (n = 3) and di-n-pentyl (n =
4) substituted materials the net influence of the side
chain’s bulkiness becomes more pronounced, and there
is experimental evidence for a 7/3 helical structure.2526
Recent molecular modeling and oligomer studies suggest
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the existence of backbone conformations intermediate
to the well-known anti (i.e., trans-planar, A or Ty) and
gauche (G) arrangements.?2’”~2% These new conforma-
tions® are referred to as ortho (O), “deviant” (D), and
transoid3! (T) with approximate dihedral angles of 90°,
145°, and 170°, respectively (with T4/T_ and D./D_ for
both positive and negative helicities). Of these three,
an all-D; (or D-) conformation is qualitatively consist-
ent with a 7/3 helical structure. Side chain packing and
crystallization become especially important issues in
the longer symmetric dialkylsilanes, and this yields,
once again, an all-anti backbone conformation or pos-
sibly some form of anti-gauche arrangement.3® The
thermochromism is much more pronounced in these
latter samples (n = 3) with the appearance of a thermo-
tropic mesophase marked by a conformationally disor-
dered arrangement of the Si backbone and a claimed
near hexagonal packing of the molecules. This phase is
conventionally referred to as a hexagonal columnar
mesophase (HCM or, hereafter, just M).

There are also prior reports of crystallographic poly-
morphism and extremely slow ordering kinetics32737 in
polydialkylsilanes. This result is not unexpected given
the complexity of the main chain conformational ener-
getics in combination with the variations in alkyl
packing that can potentially occur. However, the specific
details of the main chain and side chain structures are
less well established, and in-depth structural refinement
studies are sparse.3®-40 Of the many longer (n > 6)
symmetrical polydialkylsilanes, we are aware of only a
single crystalline polydihexylsilane (pdHSi) phase, in
the work by KariKari and co-workers,*1:42 that has seen
full crystallographic powder refinement.

One step in elucidating the full range of structure/
property relationships is to simply identify the various
structural forms and ascertain what are the key struc-
tural attributes in terms of main chain structure, side
chain structure, and interchain packing. In the case of
the two symmetrical polydialkylsilanes studied in this
work, we report on the existence of a large family of
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monotropic and enantiotropic phases. This structural
diversity is paralleled by an equally extensive set of
variations in the UV—vis absorption spectra. The paper
that follows initially presents a combination of X-ray
diffraction and UV—vis absorption data which provide
complementary information. X-ray diffraction is prima-
rily sensitive to the intrachain and interchain packing
of the alkyl side chains. Since these are chemically
anchored to the polysilane backbone, this constrains the
main chain conformations. In contrast, the UV—vis
absorption is, to first order, insensitive to the specific
side chain packing but provides some indication of the
overall backbone conformation. Differential scanning
calorimetry (DSC) has also been used to characterize
these phase transitions.

Thereafter, a series of proposed unit cells and model
structures are compared to the X-ray scattering results.
These simple models qualitatively clarify many of the
underlying structural features although many specific
details are not fully resolved. Through this modeling we
verify the presence of at least two distinct molecular-
level ordering mechanisms, intrachain and interchain.
The intrachain ordering processes proceed with rela-
tively rapid time scales while the interchain ordering
can require substantially longer times. In all ordered
phases there is little or no support for a significant
proportion of either gauche or ortho type linkages along
the silicon backbone. All low-temperature structures are
likely dominated by a combination of the D and T
conformations. This paper also presents evidence that
the HCM phase itself contains appreciable local ordering
closer to that of the low-temperature structures rather
than of a more random coillike structure.

Experimental Details

PdOctSi and PdDecSi were prepared from the corresponding
dichlorosilanes by dehalogenation coupling with sodium under
standard conditions for polysilane synthesis by Wurtz cou-
pling*344 Molecular weights were determined by GPC relative
to polystyrene standards: PdOctSi, 1 080 000 (My/M, 3.0), and
PdDecSi, 412 000 (MyW/Mj, 2.0).

The two primary experimental probes were X-ray scattering
and UV—vis absorption. The X-ray data acquisition employed
a powder diffractometer mounted to a 15 kKW rotating anode
X-ray generator (Cu Ak, = 1.542 A). This diffractometer used
an elastically bent LiF crystal monochromator in combination
with a 120° 26 position-sensitive detector (Inel CPS-120) 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 data shown typically represent 30—60 min
acquisition times. The resolution (full width at half-maximum)
of the detector is better than 0.1° (26), and upward of 4000
total counts per second were recorded. Individual plotted
curves contain up to 107 integrated counts.

For the quenching experiments we employed a simple
customized peltier-based heating/cooling stage (200 to —50 °C)
suitably modified to accommodate an inlet jet which directed
a spray of CO, powder onto polymer compacted powder or film
samples of nominal 1 x 4 x 0.5 mm?3 dimensions. The existing
design achieved cooling rates in excess of 50 °C/s. This rapid
undercooling was especially necessary to stabilize and observe
the buried metastable crystalline polymorphs of PdDecSi. For
the in situ X-ray studies the quenching chamber was isolated
by a pair of thin Be windows.

UV—vis absorption spectra were recorded using a Hewlett-
Packard HP8452A diode array UV—vis spectrophotometer.
Spectra at various temperatures were obtained from polysilane
films deposited on thin quartz microscope coverslips. The
general procedure was to first cast films from dilute toluene
solution and then wait over 12 h before scanning. The same
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basic CO, spray methodology was used to thermally quench
the ~2 um cast films. In the UV—vis studies the quenching
cell also used quartz windows. X-ray scattering by the as-cast
thin films was comparable to that of the precipitated powders.
Ultrathin films (under 50 nm)*54¢ have been shown to exhibit
reduced crystallinity.

DSC spectra were recorded using a Netzsch model DSC2000.
The disparate time scales for the various structural phase
transitions complicated implementation of this method. Cool-
ing/heating rates ranging from 1 to 10 °C/min were typically
employed. Molecular processes occurring with shorter or longer
relaxation times were not well resolved. Quenching was
simulated by immersing the aluminum DSC capsules into
liquid Na. In this case weak but sharp artifacts, due to
condensation of water, were typically observed at 0 °C.

Comparisons with the X-ray scattering data employed
structural modeling software based on a custom configured
link-atom least-squares (LALS) Rietvelt refinement scheme.*’
To reduce to the effective parameter space of available
configurations, the LALS algorithm included a second term,
a Lennard-Jones (L-J) hard core packing repulsion (O 1/rij12),
which constrained the nearest-neighbor distances of the non-
bonded C and Si atoms. The actual form of the refinement

residual was
Z_“Qalc - ngptl it cell
unit ce aij

R=x—m+(1— —_—
X - ( X) "
Zlexpt

Tij=Tcut—off rij

where the relative contribution, x, and the L-J scaling coef-
ficients, aj, and the rqeof Were arbitrarily determined.
Analogous procedures have proven helpful in studies of other
polymers.*¢ By selectively increasing and decreasing the
relative contribution of these two components, trapping in
many local minimum was avoided. The exponent n was
typically chosen to be either /, or 1 to alter the relative
weighting of the peak intensities. We note that while the
specifics of the chosen background profiles and the various
aforementioned fitting parameters are subjective, this proce-
dure can rigorously avoid physically impossible structural
variations. In general, the background profiles at wide angle
(about 20 = 20°) had a smoothly varying line shape intermedi-
ate to that of the high-temperature mesophase and the
quenched samples. Enhancements in the modeling algorithm
are still necessary for further optimization of the structural
refinements.

The choice of the representative polydialkylsilane unit and
intrachain degrees of freedom was also important aspects of
the structure refinement process. Since the oriented film
studies of ref 33 clearly delineate a nominal 7.8 A repeat along
the chain axis, a chain repeat employing four SiR, monomers
was adopted. A longer chain sequence is necessary to more
accurately explore the 7/3 helix which is often cited. For this
work bond angles and bond lengths were generally kept rigid
while the dihedral angles were allowed to vary over a large
range of angles. At first the side chains were constrained into
four functionally independent pairs (of the eight), but once the
calculated structure factor bore some resemblance to the
experimental data, all eight side chains were allowed to
reorient freely. No attempt was made to introduce intrachain
energetics. In general, little or no improvements in the R
factors were obtained for changes in the dihedral angles at or
near the terminating methyl group at the side chain ends. As
a consequence, these were fixed to an anti conformation, and
only changes in the Si—C and four (or five) C—C linkages
nearest the backbone were freed. This treatment is consistent
with the proposed side chain packing for poly(di-n-tetradecyl-
silane).3® The actual resemblance to real, energetically favor-
able conformations may therefore be marginal. This process
however does allow the side chain to, on average, point in an
appropriate direction and, because of the hard-core packing
constraints, move in an orchestrated fashion. Specific details
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Figure 1. Representative powder diffraction profiles from the
four crystalline polymorphs of PdDecSi seen during thermal
cycling from the high-temperature mesophase. A fifth crystal-
line form (type 11* at top) is observed only during casting from
solvent. All curves have been offset for clarity.

of the side chain and main chain structures are likely to be in
error, but the overall “average” chain attributes should have
qualitative merit in the discussion that follows. All atomic
species, C, H, and Si, were included in the structure factor
calculations. Of these, clearly the contributions by the carbon
and silicon atoms dominate, but disregarding the hydrogen
may lead to undesirable systematic errors.

Experimental Results

A. Poly(di-n-decylsilane) X-ray Scattering and
UV—vis Absorption. Figure 1 displays, for PdDecSi,
six essentially “single”-phase X-ray scattering profiles
for the various claimed phases and their designations.
PdDecSi can be thermally cycled or solvent cast to form
at least five nominally crystalline polymorphs. They are
hereafter referred to type I1*, I, II, 11, and QM (for
guenched mesophase). Of these, only two phases, | and
11, are explicitly cited in the literature.®336 Intermediate
X-ray spectra (not shown) exhibited a simple coexistence
of two ordered structural phases, one of which, at the
appropriate temperature regime, exhibited a monotonic
increase in intensity while the other smoothly de-
creased. These data also contain scattering features
indicative of a small portion of noncrystalline material.
The time evolution of the X-ray scattering was sensitive
to both temperature and thermal history. This latter
topic, crystallization kinetics and growth, will appear
in a separate publication and therefore is not discussed
in depth here.

PdDecSi phases | and 111 appear to be monotropic*®
while the type Il structure is clearly enantiotropic. The
QM form may be only representative of a kinetically
limited structure and so cannot be assigned. The QM
phase can be warmed to sequentially give the type IlI,
type I, and, finally, type Il structures (using the
nomenclature of Mueller et al.%6). This sequence is
irreversible because each ordered phase, once formed,
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Figure 2. Selected DSC curves, at heating/cooling rates of 5
or 10 °C/s, for PdDecSi after modest cooling and after quench-
ing (from 70 °C). The top two curves have been slightly rescaled
and offset.

does not revert back to its prior form on cooling. The
type 11* structure is metastable and only appears during
solvent casting or precipitation of PdDecSi (in this
instance using toluene) and has a very distinctive low
260 angle scattering profile and packing motif. This latter
attribute will be shown later to have significance for
justifying the postulated interchain packing of the type
Il phase.

Selected DSC thermograms are shown in Figure 2.
In general, one strong exotherm was seen on cooling
while two (or sometimes three) endotherms were typi-
cally resolved on heating. The relative intensity ratios
were very sensitive to the specified sweep rates and
thermal histories. The exotherm seen on cooling corre-
sponds to transformation from the high-temperature
mesophase (M) to the type | form. The very slow kinetics
of the M — Il transformation obscure its signature. In
the initial heating run (labeled 2) these two endothermic
peaks are identified as “melting” of the type Il and type
I fractions. The presence of significant, sweep-rate-
dependent, hysteresis is typical of polymer samples.
However, the presence a possible third peak (not shown)
suggests that the “disordering” of type | phase proceeds
through a two-step process with the formation of a
transient intermediate structural state. Quenching,
followed by heating, produces at least two new features.
The first is a broad endotherm centered near —22 °C,
and the second is an exotherm near —2 °C. The first
corresponds to the QM — 111 transition while the second
is suggestive of a cold crystallization process in the
transformation from the type 111 to the type | phase.

With respect to the X-ray data in Figure 1, an
equivalent progression of the PdDecSi UV—vis absorp-
tion spectra is shown in Figure 3. Simultaneous X-ray
and UV—vis measurements were not possible due to
incompatibilities in the required sample dimensions and
instrumentation. Although thermal histories were kept
as consistent as possible, the respective data sets had
temperatures that commonly varied by a few °C. The
distinctive changes in the polymer structure are paral-
leled by equally dramatic changes in the UV-vis
absorption. In general, intermediate data, as shown in
the inset of Figure 3, typically exhibited one or more
isosbestic points. This typically implies that the struc-
tural evolution also proceeded through a simple two-
phase coexistence. The slow, stepwise progression of
temperatures during the UV—vis data acquisition would
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Figure 3. Representative UV—vis absorption spectra from the
four crystalline polymorphs of PdDecSi seen during thermal
cycling from the high-temperature mesophase. A fifth crystal-
line form (type 11* at top) is observed only during casting from
solvent. All curves have been offset for clarity. Inset: the full
set of data recorded during the type I — type Il transition.

not be expected to resolve the presence of a transient,
intermediate state. It is also important to note that
the presence of multiple UV—vis absorption peaks in
PdDecSi may originate from a single structural phase.
The X-ray scattering data are unequivocal in delineating
a stepwise progression of distinct structural phases on
slow heating.

Referring back to Figure 1, the high-temperature
mesophase scattering profile (at bottom) includes three
arrows. These are used to identify the position of the
first three sharp features whose relative wave vector

positions are approximately in the ratio of 1:4/3:2
(appropriate for a 2-dimensional triangular lattice).
Immediately above this curve is the scattering profile
of the QM form. While the QM phase peaks are
guantitatively different from those of the M phase, they
still include three analogous lower angle reflections with
the same nominal wave vector ratios. This suggests that
the general interchain packing of the QM is comparable
to that of the HCM. The lack of strong distinguishable
peaks, as compared to the type I, I, 11*, and I11 phases,
at higher 20 angles implies that ordering of the alkyl
side chains has been strongly suppressed by the rapid
cooling. Alkyl side chain substituted polymers that
include appreciable side chain ordering typically display
sharp scattering peaks at 260 positions qualitatively
comparable to the (110) and (200) reflections of crystal-
line alkanes or polyethylene.%°

Despite the observation that the QM and M phases
have qualitatively similar X-ray profiles (and, by con-
jecture, interchain packing), it is apparent that the
average Si backbone conformation is drastically differ-
ent. The QM phase of PdDecSi exhibits essentially a
single narrower absorption maximum centered at 352
nm. Typically a persistent weak shoulder in the vicinity
of 310—320 nm remains in all low-temperature spectra.
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The relative intensity of this feature increases with
respect to each passing structure (i.e., QM — Il — | —
I1). Naively, this may be attributed to a stepwise
increase in the proportion of less-ordered regions of
polymer. However, there are no clear-cut features in the
X-ray data indicative of this process (at least not at the
three lowest temperatures).

The QM phase is sequentially followed, on heating,
by the metastable type Il1 structure. The most intense
peak, centered near 26 = 5.6°, is retained, but all other
peak positions bear little resemblance to those of the
QM phase. Of particular interest are the appearance of
four new peaks (sl1 to sl4, sl = superlattice), two at
lower 26 angles of 1.9° and 3.85° and two at higher
angles of 6.9° and 7.75°. These new peaks have widths
and profiles comparable to the other scattering features.
This behavior suggests that they are intrinsic compo-
nents of the type 111 unit cell. The low angle sl1 and sl2
features imply formation of a larger repeat with new d
spacings of 4.65 and 2.30 nm, and as the modeling
section will demonstrate, these features are consistent
with a uniaxial tripling (3 x 1) of the basic unit cell
structure within the equatorial plane. While such
processes are often seen in intercalation compounds®!
or by reconstructions at crystal surface interfaces they
are not often observed in nascent homopolymers. There
are also two clearly distinguishable peaks at 20 = 20.1°
and 23.7° superimposed on the “amorphous” background
scattering halo which is now centered about 20 = 21°.
Hence, the type 111 phase must also include appreciable
interchain ordering of alkyl side chains.

The UV—vis absorption spectrum for this type 11l
phase develops a new peak near 378 nm and a slight
increase in the 310 nm shoulder. This indicates that
some regions of the polymer have increased planarity
(peaks near 380 nm are typically associated with an all-
anti conformation), and some regions have reduced
planarity and/or increased main chain disorder.

At higher temperature the type Il phase transforms
to the known type | phase with no residual trace of the
superlattice peaks. The type | pattern is actually
qualitatively most similar to that of the QM phase at
lower 26 angles. This signifies that the average inter-
chain packing is retained throughout the QM — 11l —
I sequence. However, there are distinctive changes at
wider 20 angles with a minimum of at least four
distinguishable scattering peaks at 26 angles above 20°.
This implies evolution in the overall packing of the alkyl
side chains as well. Changes also occur in the UV—vis
absorption spectrum with a continued increase in the
310 nm shoulder (now a peak nearer 313 nm) and the
presence of a distinguishable peak centered near 365
nm.

Finally, at temperatures above 0 °C, the originally
guenched PdDecSi sample undergoes one last crystal—
crystal transition to the type Il phase. As discussed in
the recent report of Mueller et al.,®® this transition is
very sluggish. The scattering profile for this phase is
markedly changed from that of the type | structure with
fewer distinguishable reflections and significantly dif-
ferent 26 positions. The new low angle peak at 3.2° is
quite strong and identifies a new interchain 2.76 nm d
spacing. The UV—vis also continues to evolve with, as
best seen in the inset of Figure 3, a continued increase
in the 313 nm peak and an intensity loss of the 365 nm
absorption feature. The 378 nm peak remains un-
changed.
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After extended annealing times there are no scatter-
ing features indicative of any residual type | phase.
However, one may claim that the broader peak centered
at 20 = 5.4° reflects the presence of a significant
proportion of a HCM-like phase which forms after
warming the metastable type | phase above some
threshold temperature before passing on to the ther-
modynamically stable type Il structure. NMR studies,
by Mueller and co-workers,3¢ resolve a narrow peak that
is consistent with this scenario. In fact, if the 260 = 5.4°
peak is excluded, then the type Il scattering profile
bears a resemblance to the type IlI* scattering profile
shown at the top of Figure 1.

As noted previously, the type 11* polymorph appeared
during casting from solution. Its pattern is noticeably
different because it contains a single relatively narrow
peak at 20 = 3.4° and only a very weak broad feature
centered near 20 = 5°. There are additional less
pronounced components at higher 26 angles as well.
This clearly indicates dramatic changes in the inter-
chain packing of the type II* structure. The UV—vis
absorption is also striking (at top in Figure 3) because
this profile is dominated by a single broad peak with a
Amax Of 318 nm. While there are weaker features near
350 and 380 nm the implication is that, overall, the 11*
phase adopts a conformation different from all other
crystalline forms.

If the type Il phase truly represented a superposition
of type I1* phase and a M-like phase, then one would
expect the UV—vis absorption to be dominated by a
single peak centered below 320 nm. The type Il profile,
shown in Figure 3, is clearly inconsistent with this
scenario. Alternatively, one might claim that this “M”-
like phase is actually associated with the long wave-
length absorption feature. (The following PdOctSi re-
sults will show that this novel idea may actually have
merit.) On closer inspection we note that there are small
but noticeable discrepancies in the peak positions of type
Il and II* diffraction profiles. Moreover, the clear
isosbestic point seen in the inset of Figure 3 during the
type | — Il transition is more consistent with formation
of a single, heterogeneous type Il phase after prolonged
annealing. At present a single type Il phase seems more
likely.

B. Poly(di-n-octylsilane) X-ray Scattering and
UV—vis Absorption. Figure 4 contains the best rep-
resentative “single”-phase X-ray scattering profiles and
specific sample thermal history for PdOctSi. Although
there are similarities to some of the PdDecSi spectra,
the actual thermal progression in PdOctSi appears even
more complicated. PdOctSi yielded at least three or-
dered structures, and these are referred to as QM, I,
and Il. All three appear to have qualitatively similar
analogues in the literature.333752 PdOctSi samples
evidence two additional structures which are, from their
X-ray spectra, reminiscent of the higher temperature
thermotropic mesophase, type M, and so are designated
M' and M". This M’ phase can best be distinguished by
other characterization methods. Isolating the claimed
M" was especially problematic because it is transient
and only appeared as a minority phase in PdOctSi
during the type I — Il transition. Assuming solely a
simple two-phase superposition of the type I and Il
phases does not fit the indicated M" profile.

For this PdOctSi sample the type Il structure is
monotropic and appears only after warming from either
the QM or type | phases above 10 °C. In the latter
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Figure 4. Representative powder diffraction profiles from the
various polymorphs of PdOctSi during thermal cycling from
the high-temperature mesophase. Top: structural phases
observed after rapid cooling to 8 °C. Bottom: scattering data
observed during a low-temperature quenching cycle. All curves
have been offset for clarity.
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Figure 5. Selected DSC curves, at heating/cooling rates of 5
or 10 °C/s, for PdDecSi after modest cooling and after quench-
ing (from 70 °C). The top two curves have been slightly rescaled
and offset.

instance this process occurs extremely slowly. The
PdOctSi type | phase itself forms only on cooling from
the mesophase within a narrow temperature window
spanning from 5 to 10 °C. The precise conditions for
formation of the M' and M" phases are not fully
clarified. In this study the M’ phase was only observed
on heating, but there is evidence that this phase may
also form on cooling at sufficiently slow cooling rates.3’
The PdOctSi type Il and M’ structures both appear
thermally stable at up to 25 °C. Thus, the reported 10
°C crystal-HCM transition3” represents alternative
structural pathways (on heating, either QM — M’ or |
— M").

Example DSC thermograms are shown in Figure 5.
In general, only one large peak was seen on either
cooling or heating. Because of the relatively slow kinet-
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Figure 6. Representative UV—vis absorption spectra from the
various polymorphic forms of PdOctSi during thermal cycling
from the high-temperature mesophase. Top: structural phases
observed after rapid cooling to 8 °C. Bottom: scattering data
observed during a low-temperature quenching cycle. Inset:
final UV—vis absorption spectrum after rapid cooling to 0 °C.
All curves have been offset for clarity.

ics associated with the formation of the type I or Il
phases, the —10 °C exotherm on cooling is correlated
with formation of the QM phase while, on heating (and
labeled as curve 2), the +10 °C endotherm corresponds
to a transformation to the M' phase. The expanded the
vertical scale of Figure 5 (inset) identifies a much
weaker, but reproducible, endothermic peak occurring
just above 20 °C. Clearly, melting of the side chains (at
10 °C) involves substantially more entropy than does
the disordering of the silicon backbone (at 20—25 °C).
Work by Kanai et al.3” and others®3 also resolve these
features. Additionally, a very weak endotherm near —20
°C is reported. Quenching, again by immersion of the
warmed aluminum DSC container into liquid N, sig-
nificantly increases the relative intensity of the third
endothermic peak near —20 °C. This feature is cor-
related with the formation of the single 373 nm peak
in the PdOctSi UV—vis absorption. At slower cooling
rates, 1 °C/min (not shown), a weak exotherm could be
observed near +8 °C, which is suggestive of marginal
formation of the type | phase.

Representative UV—vis absorption spectra, in this
case for PdOctSi, are shown in Figure 6, and once again,
there are dramatic changes in the UV—vis absorption
with, in many instances, multiple absorption features.
Initially the QM phase of PdOctSi exhibits two peaks
centered near 355 and 373 nm. In the case of PdDecSi
all spectra contained a persistent shoulder in the
vicinity of 310—320 nm which could, in part, be at-
tributed to residual, less-ordered (i.e., amorphous)
regions of polymer. Thus, the overt lack of a shoulder
in the PdOctSi QM absorption spectrum is an enigma
and, by its absence, indicates that this short wavelength
feature may have an entirely different origin altogether.

With the exception of the M — QM quench, the
progression of the PdOctSi QM phase on heating differs
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from that of PdOctSi. Because of the slower Kinetics,
rapid quenching of PdOctSi is unnecessary, and a QM-
like structure has been observed previously®” at a
cooling rate of 10 °C/min. As the temperature is raised
above 10 °C, the QM phase X-ray scattering profile
nominally reverts back to that of the M phase. Hence,
the UV—vis absorption spectrum for this PdOctSi film
is remarkable because it is clearly dominated by a
single, moderately broad absorption feature at 372 nm.
There is also a much weaker peak centered at 320 nm.
This result demonstrates that a HCM-like phase, des-
ignated M’', can develop while having a significantly
different and far more planar backbone conformation.
A preliminary finding is that suppression of side chain
crystallization may also lead to improved o-conjugation.
The UV—vis absorption reverts to that of the M phase
at temperatures above 25 °C. Since the side chains are
already disordered, disordering of the backbone requires
relatively small changes in the overall entropy, and this
would involve only a very small latent heat.

Only one of the other two designated crystalline
phases of PdOctSi, type Il in Figure 4, has an X-ray
scattering profile which bears a qualitative resemblance
to that of PdDecSi. There are also pronounced differ-
ences in the thermal pathways as well. Preparation of
the type | form, within its narrow temperature window,
is always accompanied by a small quantity (in this case
under 10%) of the type Il phase. Hence, direct compari-
sons are difficult without referring to the modeling
calculations that follow. The PdOctSi type | and Il
phases both include extensive side chain ordering with,
in the case of the thermodynamically stable type Il
phase, a low-angle scattering peak suggestive of a
fundamentally different chain-to-chain packing scheme.
The PdOctSi type | X-ray pattern is also quite unusual
for the large number of distinguishable reflections,
measurable Bragg scattering out to 20 = 40°, and
splitting of the generic 260 = 5° peak into two narrowly
separated components. The type | UV—vis absorption
shown in Figure 6 qualitatively resembles that of the
PdDecSi type | phase with a broad peak at 320 nm and
two additional peaks centered near 360 and 375 nm.
Primarily on the basis of X-ray film studies of oriented
fibers, KariKari and co-workers®® assign an all-anti
conformation to this phase. With respect to the UV—
vis absorption, a proportion of the PdDecSi type | phase
is consistent with an all-anti backbone conformation,
but a significant fraction of this sample includes less
planar backbone structures as well.

Warming the type | PdOctSi, above 10 °C, initiates a
pronounced decrease in the absorption of the longer
wavelength features in conjunction with an increase in
the “320 nm” peak intensity (and a 5 nm shift to shorter
wavelength). This is subsequently followed by a subtle
and much slower intensity increase of a single peak in
the vicinity of 357 nm. None of these absorption spectra
so far are fully consistent with those reported by Kanai
et al.3” Rapid cooling, to temperatures ranging between
0 and 5 °C, provides yet another possible outcome
(shown in Figure 6, inset), and this UV—vis absorption
does match that of ref 37. The relationship of this last
result to other structural attributes is still under
investigation.

C. Structural Modeling. Modeling establishes a
framework for further discussion of the predominant
structural characteristics. The type | structures, shown
in Figure 7a,b, are treated first because they are
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Table 1. Calculated Unit Cell Parameters for the Various Structural Phases

lattice repeats (nm)

angles (deg)

polymer/phase a b c o B y chains (unit cell) density (g/cm3)
PdDecSi | 2.79 1.69 0.79 98 89 144 1 0.96
PdOctSi | 2.27 1.63 0.795 96 91 142 1 0.95
PdDecsSi I1* 291 0.98 0.79 105 104 94 1 0.98
PdDecSi Il 2.75 2.02 0.79 105 102 94 2 0.97
PdOctSi Il 2.23 1.97 0.79 105 91 95 2 1.01
PdDecSi 111 8.54 1.67 0.795 100 90 146 3 1.02
PdDecSi QM 3.07 1.79 0.79 92 93 149 1 0.93
PdOctSi QM 2.86 1.65 0.79 150 1 0.91
(hexagonal) 1.65 1.65 0.79 120 1 0.91

commonly reported elsewhere3® (after moderate cooling
from the thermotropic mesophase), and these scattering
profiles have a significant number of resolvable reflec-
tions. In addition, they have been tentatively assigned
orthorhombic unit cells containing two polymer chains
and ToG4+ToG- (in PdDecSi) or all-anti (in PdOctSi)
main chain conformations in ref 33. As noted earlier,
most scattering peaks at 260 angles under 19° are
primarily equatorial (hkO) in nature while many of those
at higher angles are correlated with ordering of the side
chains and are often nonequatorial. Hence, the three
main peaks, in PdDecSi and PdOctSi, near 20°, 23°, and
24° yield d spacings of 0.44, 0.39, and 0.37 nm, respec-
tively, values consistent with interchain spacings seen
in crystalline alkanes and polyethylene.>°

For the PdDecSi sample, which had been quenched
prior to heating, the wave vector of the first three
observed peaks (at 0.39, 0.65, and 0.77 A*l) and, as

noted earlier, roughly approximates a ratio of 1:4/3:2.
This is suggestive of a near hexagonal packing of the
polymer chains with a 1.86 nm repeat. Assuming a
hexagonal packing with this repeat yields a calculated
mass density under 0.89 g/cm?3, which is somewhat too
low be physically realistic. Modeling calculations (not
shown) using a rigorously hexagonal construction or the
unit cell of ref 33, in combination with a ToG+ToG- Si
backbone or other configurations, are unsatisfactory for
either indexing the main scattering peaks or obtaining
a reasonable match to the experimental scattering
intensities.>

There are a few telltale features in the PdDecSi data
(and the PdOctSi data as well) which cast into doubt
the presumption of hexagonal packing. Inspection of the
third “sharp” peak, at 26 = 10.9°, indicates a shoulder
on the high angle side and, hence, a superposition of
two partially overlapping peaks. Reasonable agreement
in both peak positions and intensities is obtained using
a triclinic unit cell®® specified in Table 1. This single
chain unit cell is close to a two-chain orthorhombic
approximate of 2.79 x 1.95 x 0.79 nm3. It is important
to reemphasize that with a limited number resolved
reflections (as compared to molecular crystals) the
uniqueness of a given structural model is suspect
although other structural models are likely to have
many of the same overall features. The known chemical
linkages and architecture represent a significant set of
constraints. We also find that small orchestrated changes
in the unit cell dimensions can be accommodated by
systemic variations in the local polymer structure. This
can alter the specific indexing of the nonequatorial
peaks.

The most important aspects of this modeling are the
description of the general Si backbone conformation, the
alkyl chain orientation and packing, and the overall
chain-to-chain packing. From a modeling perspective it

is unlikely that a ToG+ToG- backbone conformation can
be accommodated to any great extent. In the case of
PdDecSi any ToG+ToG- conformation simply cannot
span the nominal 28 A a-axis repeat. The specific model
used in Figure 7a has two Si backbone dihedral angles
(of the four) which deviate, on average, +20° from
planarity. Given this result, we suggest that the Si
backbone is dominated by T°¢ and D conformers with
an T,D_TD+ construction (with small integer values
of n and n') which includes considerable conformational
disorder both along the backbone and within the side
chains (a condis crystal®”). A sequence of this kind would
have three basic Si environments with a Si surrounded
by two T linkages, a T and a Dy (or D-), or even a D
and D_, a result qualitatively consistent with solid-state
NMR studies.36

The major observation, with respect to this side chain
construction, is that ordering occurs first and foremost
along neighboring alkyl chain pairs along opposite sides
of a single polymer chain, as shown in Figure 8a, and
then coordinates with the alkyl units of neighboring
chains. This motif contrasts very strongly with the inter-
digitated nesting seen in polydihexylsilane*! (pdHSi)
and schematically depicted in Figure 8b. Recent studies
of tetra-n-alkylammonium salts® demonstrate a similar
crossover, from a so-called “tetraradial” to a “biradial”
construction, in their alkyl chain packing when the side
chains are close to 12 carbon atoms in length. Calcula-
tions of the packing energy have shown that correlated
pairs of gauche linkages occur near the core nitrogen
atom, thereby enabling structural registry of adjacent
alkyl chains. Our, admittedly primitive, modeling ex-
hibits some similarities. The basic PdDecSi structural
packing unit therefore resembles a “bow-tie” shaped
object as shown in Figure 7a (inset) which packs
laterally in the type | phase as staggered bricks in a
wall. Although the unit cell specified in Table 1 high-
lights the lamellar aspects of this construction, there is
also an underlying near hexagonal packing of Si back-
bones which maps onto the high-temperature HCM
phase.

The PdOctSi type | phase data,>? shown in Figure 7b,
appear to differ from that of PdDecSi because there are
now two closely spaced peaks at 5.5° and 6.4° and a
surprisingly large number of peaks present at higher
angles. In addition, a small percentage of the type Il
structure introduces distinct scattering artifacts at 20
= 4.2° and 5.9° and much weaker features elsewhere.
Shortening the side chain by two CH, units, to give an
octyl branch, alters the equatorial aspect ratio of the
polymer host. This effect is paralleled by analogous
changes in the equatorial unit cell repeat along the
a-axis direction. Combining the basic “bow-tie” building
block of Figure 8a with the proposed type | packing
scheme also yields reasonable refinements to the ex-
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Figure 7. Comparison of the calculated powder profile (thin
line) and experimental data (filled circles) for the type | phase
of (a, top) PdDecSi and (b, bottom) PdOctSi using the model,
as viewed along the chain axes, in the respective insets. The
specific unit cell parameters are given in Table 1. In addition,
each of these figures includes an arbitrary background profile
(thick line) and the underlying Bragg contributions (as thin
vertical bars).

perimental data in both position and, for the most part,
intensities. Discrepancies are still present in both these
claimed type I models (and in the additional data sets
that follow). Thus, some aspects of the local ordering
are incomplete. The UV—vis absorption results clearly
suggest that these crystal “phases” incorporate more
than a single backbone conformation, and so, at the very
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Figure 8. (a) Schematic of the proposed interchain packing
motif adopted by the type | phases of PdOctSi and PdDecSi.
(b) Schematic of the intrachain and interchain packing pro-
posed in ref 41 for crystalline PdHSi. (c) Schematic of the
proposed interchain packing motif adopted by the type II*
phase of PdDecSi in combination with its relationship (via the
sequence 1 — 2 — 3) to the type | phase of (a).

least, a more accurate model should make allowances
for this attribute. Our assumed unit cell construction
will tend to interpolate between these related structural
forms.

The specific lattice constants are again given in Table
1 and approximate a two-chain orthorhombic cell with
dimensions of 2.28 x 1.96 x 0.79 nm3. With respect to
the specific details of the PdDecSi model, the refined
model structure in PdOctSi appears to contain a some-
what less uniform packing of the alkyl side chains
within a single polymer chain entity. Hence, PdOctSi
is likely situated near or at a crossover regime between
the noninterdigitated “biradial” construction of PdDecSi
and the nested structure of PdHSI. These differences
may have important implications for the crystallization
Kinetics and, in part, be responsible for the distinctive
variation in the low-temperature structural phase be-
havior between PdOctSi and PdDecSi. Analogous stud-
ies of quenched PdHSi would help address this issue.

Prior to discussing the other known class of PdOctSi
and PdDecSi crystalline polymorphs, the type Il form,
the peculiar metastable type I1* phase is introduced
because this phase represents another limiting case for
the interchain packing and leads naturally into a
discussion of the proposed type Il packing. As shown in
Figure 9, the low-angle region of the type II* phase
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Figure 9. Comparison of the calculated powder profile (thin
line) and experimental data (filled circles) for the type I1*
phase of PdDecSi using the model, as viewed along the chain
axes, in the inset. This figure also includes an arbitrary
background profile (thick line) and the underlying Bragg
contributions (as thin vertical bars).

scattering is dominated by a single sharp peak at 20 =
3.4° and only a broad feature centered near 5°. The
latter is most likely due to the scattering from noncrys-
talline regions of the polymer film which approximate
the packing of the type I form. Modeling of these data
referenced a single chain unit cell of nearly equal
dimensions to that of the type | structure but with a
strikingly different packing motif depicted in Figure 8c.
Qualitatively, these two motifs differ by a pair of
translational displacements of the polymer chains within
the equatorial plane. With this construction there is
considerable open space in the region immediately
adjacent to the silicon backbones. As such, it is likely
that PdDecSi can include increased main chain confor-
mational disorder, and this would lead to a net shift to
lower 1 of the interband transition maximum. The UV—
vis spectrum of this phase is very sensitive to temper-
ature variations even though there are no distinctive
changes in the diffraction pattern until 25 °C, at which
point it transforms into the HCM structure.

The type Il phase structures, referring back to Figures
1 and 4, exhibit a limited number of new, well-dif-
ferentiated scattering peaks. In PdDecSi the first two
peaks occupy 26 positions near the most intense peak
of the type I1* and type | phases, respectively. However,
at higher 20 angles, there is poor resemblance of this
type Il phase to a superposition of the type | and I1*
structures. (This scenario has absolutely no merit for
the type Il phase of PdOctSi because of the pronounced
split in the two narrow low-angle peaks of the type |
phase.) As mentioned previously, a linear combination
of the type 11 and HCM phases is clearly inconsistent
with the UV—vis absorption data. One possibility, for
PdDecSi, is that a “transient” type M"-like phase forms
(analogous to that in the PdOctSi progression) and
persists at long times in advance of a partial transfor-
mation to the type II* structure. While this type M"
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Figure 10. Sketch of proposed single-phase type Il structure
which is intermediate between the type | and type II*
structures. The bold arrow shows the reorientation of the alkyl
side chain ordering in this motif.

form would resemble, from an X-ray scattering perspec-
tive, the HCM (M) phase, there would necessarily be
distinct differences. In particular, the long wavelength
UV—vis absorption features would have to be associated
with this phase.

Still we note that long time annealing of the type I
structure gave essentially single-phase materials in the
PdDecSi NMR studies of Mueller et al.®6 X-ray diffrac-
tion patterns from comparably prepared PdDecSi films
yielded results similar to that of the type | phase shown
in Figure 1 (which was obtained from warming of the
type Il phase). Hence, another alternative is that the
type Il scattering pattern is dominated by a single
structural phase intermediate between the two limiting
cases, type | and I1*. A example sketch approximating
this intermediate is shown in Figure 10. Modeling (not
shown) of either the PdDecSi and PdOctSi data in terms
of a single structure were not as satisfactory as in the
previous models although tentative unit cell parameters
are given in Table 1. A transformation of this kind
clearly requires large-scale translations parallel to the
a-axis from its starting point, the type | phase, and two
chains per unit cell are now necessary. The translational
displacements, which are proposed for the type Il — |
transition, tend to reorient the interchain nesting of
alkyl chains from a direction that is perpendicular to
the a—c plane to, as depicted by the bold arrow Figure
10, a direction rotated by approximately 30°. This large-
scale migration would be very sluggish, and this clearly
correlates very well with the reported slow kinetics of
the type Il — | transition.

The large unit cell type Il structure can also be
addressed using the brick-wall-like template of Figure
8a. Tripling the unit cell along the a-axis direction in
combination with other modest changes in the lattice
parameters gives peak positions in excellent agreement
with the data shown in Figure 11. All four claimed
superlattice reflections can be indexed. More impor-
tantly, their relative intensity variations can also be
reproduced by introducing rotational displacements of
+5°, 0°, and —5° about the c-axis (a setting angle) in
each of the three chains forming the larger unit cell.
All three chains are identical otherwise. This rotation
alters the alkyl chain packing so that the intensity of
the 20 = 20° peak is strongly affected. It is likely that
increasing the degrees of freedom by independently
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Figure 11. Comparison of the calculated powder profile (thin
line) and experimental data (filled circles) for the type 11l phase
of PdDecSi using the model, as viewed along the chain axes,
in the inset. This figure also includes an arbitrary background
profile (thick line) and the underlying Bragg contributions (as
thin vertical bars).

altering the side chain structure within each polymer
chain would significantly improve the fit to the non-
equatorial scattering peaks. This reproducible large
length scale uniaxial distortion of the unit cell structure
is very surprising given the high level of disorder which
exists within these heterogeneous materials. The spe-
cific underlying molecular-level origins for this behavior
are unknown.

The QM structures, in light of their rapid cooling,
include diffraction peaks whose wave vectors clearly
reflect the hexagonal symmetry of the starting hexago-
nal columnar mesophase. As shown in Figure 12, many
of these peaks exhibit wavevector ratios that map onto
a 2D hexagonal lattice. Hence, it is of interest to know
the extent to which the QM phase retains the structural
characteristics of the preceding high-temperature phase.
Despite this similarity to a hexagonal lattice, it should
be recalled that only in the case of PdDecSi could rapid,
deep thermal quenching lead sequentially to a type |
structural motif (in PdOctSi this only occurred within
a narrow temperature window). In PdDecSi the basic
structural template of Figure 9a can actually be used
to model the QM data by assuming a triclinic unit cell
having highly anisotropic crystal coherence lengths of
20 and 10 nm and Debye temperature factors in excess
of 0.1 and 0.6 nm? for the equatorial and c-axis direc-
tions, respectively. For PdOctSi the model template
must fail at the onset (Figure 12, inset) because the
requisite 2D unit cell parameter of 16.3 nm creates an
unphysical interchain packing of the alkyl side chains
with too much free volume appearing at the alkyl chain
ends. Alternatively, if a hexagonal packing were as-
sumed, then PdOctSi would have to undergo enormous
changes in its equatorial aspect ratio in order to adopt
a type | phase structure. We suggest that, in the case
of PdOctSi, quenching effectively locks in the hexagonal
packing of the mesophase at low temperature and that
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Figure 12. Comparison of the calculated powder profile (thin
line) and experimental data (filled circles) for the QM phase
of PdDecSi using the model in Figure 8a. This figure also
includes an arbitrary background profile (thick line) and the
underlying Bragg contributions (as thin vertical bars). The
relative ratios of the PdOctSi (also a QM phase) and PdDecSi
data in terms of a 2D hexagonal lattice are also shown. Inset:
same model in the case of PdOctSi showing gaps at the chain
ends.

PdOctSi includes a more open (less biradial) alkyl
chain packing. When combined with the secondary
attribute of a far more planar backbone (as inferred by
the long wavelength features in the UV—vis absorption),
the exceedingly slow kinetics seen for the M' — I
transition can be rationalized by claiming more inter-
chain entanglement of the alkyl side chains. Although
speculative, there is some evidence that within the
thermotropic mesophase (M) there may be distinctive
differences in the alkyl chain packing between PdOctSi
and PdDecSi.

Discussion and Conclusions

The extensive polymorphism notwithstanding, this
study provides insight into the subtle structure/property
relationships within the o-conjugated polysilanes and
clearly identifies a hierarchal sequence of molecular
level ordering processes in PdDecSi. First and foremost
are the intrachain ordering of the Si backbone and the
side chains. These processes dominate the structural
evolution at the shortest time scales. Subsequent to
these are alkyl interchain rearrangements that enhance
three-dimensional order but do not alter the underlying
chain packing motif. These occurs at intermediate times.
The slowest structural evolution is relegated to struc-
tural transformations requiring large lateral transla-
tions of the polymer chains.

There is also strong evidence indicative of a crossover
in the intrachain and interchain ordering of the alkyl
side chains when progressing from a hexyl to a decyl
moiety. PdOctSi can exist in either form. At tempera-
tures above 10 °C a more open, splayed packing of the
alkyl side chains dominates, while between 5 and 10
°C, there is sufficient side chain mobility to slowly
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convert to the biradial “bow-tie”-shaped motif of Figure
8a. Rapid cooling, from the mesophase, below this
window effectively traps the side chains in the splayed
form. Clearly the specific Si backbone conformations are
constrained by the organization of the side chains, and
in the case of PdOctSi, a more planar conformation is
achieved when the nested side chain motif of Figure 8a
is suppressed. The actual thermodynamically stable low-
temperature form should be the type Il phase.

These processes are often, but not always, accompa-
nied by concurrent changes in the optical properties. In
some cases a single conformational arrangement ac-
companies one structural phase (e.g., the single 350 nm
UV—vis absorption peak in the QM PdDecSi sample).
At other times two, or possibly more, backbone confor-
mational forms are evident. The dual peak nature of
the PdOctSi QM phase UV—vis absorption supports this
characteristic. More recent follow-up studies of the QM
phase®® in PdOctSi indicate that the relative peak
intensity ratios are both temperature- and time-depend-
ent. All told, there is evidence for three distinct back-
bone conformations in these samples, and these yield
UV—vis absorption peaks centered near 350, 365, and
375 nm. The specific Si sequencing is still a mystery.
All models presented in this work employ Si backbone
conformations intermediate to an all-D or all-T se-
guence. Unfortunately, the overall contribution by the
alkyl side chains to the calculated structure factors was
sufficiently dominating that even a qualitative deter-
mination is precluded.

Since rapid cooling is always accompanied by the
appearance of an UV—vis absorption maximum at 350
nm or longer wavelengths, it seems improbable that the
stated hexagonal columnar mesophase includes a coil-
like meandering of the silicon backbones. Large twists
across gauche-like linkages would require extensive
alkyl interchain interdigitation, and these would most
likely dictate slower ordering kinetics. Hence, some
revision in the conventional view of this hexagonal
columnar mesophase may be warranted. We suggest a
more nearly planar average backbone conformation with
greater disorder of the alkyl side chains to “fill out” each
hexagonal column. Recent studies of polysilanes in
solution have also concluded that the narrow temper-
ature range over which thermochromism changes often
occurs requires structural evolution between two or-
dered states.®°

There are also interesting future prospects. The clear
stepwise structural progression in the PdDecSi may
provide a relatively facile framework for studying the
kinetics of nucleation and growth for buried metastable
states. In the case of the PdOctSi the existence of a
mesophase-like structure whose single UV—vis absorp-
tion maximum is red-shifted over 50 nm from that of
the HCM may provide a clearer picture of the relation-
ship between side chain ordering and the Si backbone
conformation. Finally, we note that these extensive, but
by no means exhaustive, observations may not have
revealed all facets of the diverse polymorphic behavior
in either PdOctSi or PdDecSi. Analogous studies of other
closely related polysilanes or other thermochromic
m-conjugated polymers are also likely to generate equally
interesting results.
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