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The smectic A Cholesteric liquid crystal phase transition of rigid-rod helical

polysilane was studied by means of synchrotron radiation small-angle X-ray

scattering (SR-SAXS). The information on the smectic trans-layer electron

density distribution was clarified by fitting the model of electron density distri-

bution to the diffraction data. Each of the layers was approximated by the box-

like function to introduce the molecular form factor of the polymer. The

distribution of the molecular center of gravity within the layers due to the

thermal motion was taken into consideration by convolution with the Gaus-

sian function. The elucidated smectic layer structure was not like the conven-

tional structure with their ends packed into the interlayer space. The layers

with bumpy surfaces interdigitate in a key-and-keyhole manner to pack the

molecules with different lengths into layers due to their finite molecular weight

distribution.

Keywords: box model; cholesteric; liquid crystal; phase transition; polysilane; smectic A

INTRODUCTION

The smectic A nematic liquid crystal phase transition is the most intensely
studied liquid crystalline phase transition experimentally, and especially
theoretically, from the viewpoint of the rodlike molecular model.

In the 1970s, McMillan and Kobayashi individually extended the Maier-
Saupe mean field theory to evaluate the free energy of the smectic A phase,
assuming a sinusoidal density distribution of the molecular center of gravity
along the layer normal to describe the smectic A nematic phase transition
behavior [1–4]. Indeed, subsequent experimental studies reproduced the
theoretical prediction, revealing that the rodlike molecular model can
reasonably depict the phase transition behavior of conventional liquid crys-
tals with mesogenic cores and aliphatic tails [4–6].

The smectic ordering in rigid-rod particle systems, which can be
assumed to be actual rods without tails, has been reported with some
viruses and polypeptides [7–10]. These can be ideal systems to evaluate
the efficiency of the model; however, its phase transition behavior has
not been reported so far.

Very recently, we reported a columnar smectic A cholesteric phase
sequence with a second-order–like smectic A cholesteric transition found
in the thermotropic system of rigid-rod helical polysilane with very narrow
molecular weight distribution [11–12]. Due to the severe steric requirement
of neighboring chiral side chains, the polymer main chain adopts a rigid
helical conformation so that it acts as a rod [13]. A typical polysilane that
shows the phase sequence is poly[n-decyl-(S)-2-methylbutylsilane]
(PD2MBS), with the following formula:

58 K. Okoshi et al.
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In this article, we discuss the temperature variation of the smectic A
trans-layer structure of PD2MBS with narrow but finite molecular weight
distribution at around its smectic A cholesteric phase transition temperature
by means of synchrotron radiation small-angle X-ray scattering (SR-
SAXS), which affords decisive information on the one-dimensional density
wave of the smectic A layer structure, leading to elucidation of the phase

FIGURE 1 Corrected SR-SAXS profiles of PD2MBS with Mw ¼ 18, 800 and

Mw=Mn ¼ 1.11 taken at designated temperature over the smectic A cholesteric

phase transition temperature. The samples were annealed at designated tempera-

ture for 30min before measurement. Solid lines are Gaussian function fitted to

the data for the purpose of guide for eyes.
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transition mechanisms peculiar to the rigid-rod particle system with finite
polydispersity.

EXPERIMENTAL

Sample Preparation

The detailed synthetic procedure of PD2MBS has previously been reported
[11,14]. The polymers obtained were carefully fractionated from a toluene
solution with 2-propanol, ethanol, and methanol as precipitants to isolate
the samples with narrow molecular weight distributions. The resulting sam-
ples were characterized by GPC (JASCO CO1560) with Shodex K-200K, at
40�C in chloroform (Nacalai Tesque, Kyoto, Japan) as an eluent, based on a
calibration by polystyrene standards.

FIGURE 2 Corrected WAXD profiles of 8OCB taken at designated temperature

over the smectic A nematic phase transition temperature. The samples for these

measurements were kept in a glass capillary tube and annealed at designated tem-

perature for 30min in a Mettler FP82 hot stage before measurement. Solid lines are

Gaussian function fitted to the data for the purpose of guide for eyes.

60 K. Okoshi et al.
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For a controlled experiment a typical low molecular weight liquid crys-
tal, (n-octyloxy)cyanobiphenyl (8OCB), which has the formula

with a phase sequence of K–327.68K–Sm A–340.37K–N–353.39K–Iso [15],
was properly synthesized and then recrystallized three times in ethanol
before use.

Measurements

The SR-SAXS experiment was carried out at the Institute of Materials
Structure Science, Tsukuba, Japan (Photon Factory), with small-angel
X-ray equipment installed on a beam line, BL10C, under the approval of
the Photon Factory Program Advisory Committee (No. 2001G277). Details
of the optics and instrumentation are described elsewhere [16]. The sample
was annealed at designated temperatures for 30 min in a copper heat-block
with the optical window fixed on the beam line, in which the temperature
was regulated within �1�C, to erase the previous thermal history before
measurement.

The SR-SAXS intensity was collected with point-focusing optics as an
accumulation of the scattered intensity during 600 s with a one-dimensional
position-sensitive proportional counter (PSPC) having an effective length
of 200mm. The scattering profiles measured by SR-SAXS were normalized
for a minor decrease in the ring current during the measurement, which

FIGURE 3 Schematic depiction of boxlike electron-density distribution model to

represent the molecular form factor of PD2MBS, which is convoluted with Gaussian

function to describe the distribution of the molecular center of gravity within the

layers due to the thermal motion. s is the standard deviation of Gaussian function,

and a and d are width of the box and layer spacing, respectively.
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was continuously monitored by an ionization chamber placed just before
the sample, and then were corrected with the calibration using the 6th
reflection of collagen standard samples.

The SAXS profiles measured by SR-SAXS were then corrected for back-
ground scattering and the Lorentz factor. They were obtained as a function
of q defined by

q ¼ 2 sin h
k

; ð1Þ

where 2h is the scattering angle and k is the X-ray wavelength used,
0.1488 nm. Since the optics is of the point-focusing type, the intensity
data were used without slit correction for further data treatment. We also
disregarded the smearing effect by the finite cross section of the primary

FIGURE 4 Temperature dependency of s and N evaluated with the corrected SR-

SAXS diffraction profiles of PD2MBS with Mw ¼ 18800, Mw=Mn ¼ 1.11 over the

smectic A cholesteric phase transition temperature. Filled circles and Open circles

denotes s and N, respectively.
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beam and sample thickness, which is convoluted with the profiles, and
also the absorption factor because the reflection angle was sufficiently
low.

A wide-angle X-ray diffraction (WAXD) measurement was also per-
formed using a Rigaku-Denki X-ray generator with Ni-filtered CuK a radi-
ation and a flat imaging plate for the low molecular weight liquid crystal,
8OCB, as a control sample, which was contained in a 1mm Linderman glass
tube. The intensity was corrected for background scattering, absorption of
the sample, the geometrical effect of Laue camera, polarization, and the
Lorentz factors.

FIGURE 5 Obtained values of a, width of the box, d, layer spacing by the para-

meter fitting to the corrected SR-SAXS diffraction profiles of PD2MBS samples with

different molecular weights and layer spacing calculated from diffraction peak pos-

ition plotted against molecular weight. Open circles, filled circles, and open squares

denote a, d, and layer spacing, respectively. Solid lines are linear regression func-

tion fitted to the data.
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RESULTS AND DISCUSSION

Figure 1 shows the corrected SR-SAXS profiles of PD2MBS (Mw ¼ 18800,
Mw=Mn ¼ 1.11), which display the columnar smectic A cholesteric phase
sequence. The profiles were obtained at designated temperatures around
the smectic A cholesteric phase transition that cannot be detected by ther-
mal analysis. The solid lines are the Gaussian function fitted on the data for
easy identification. With temperature elevation, the smectic layer reflection
became diffuse, while the peak maximum of the profile shifted toward the
small-angle region over the smectic A cholesteric phase transition tempera-
ture.

For comparison, corrected smectic layer reflections in WAXD profiles
of 8OCB in that around the smectic A nematic phase transition are shown
in Figure 2. This can be a control experiment because no substantial

FIGURE 6 Temperature dependency of s and N evaluated with the corrected

WAXD diffraction profiles of 8OCB over the smectic A nematic phase transition

temperature. Filled circles and Open circles denotes s and N, respectively.

64 K. Okoshi et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
0:

45
 1

1 
A

ug
us

t 2
01

2 



difference has been reported between the cholesteric phase and nematic
phase except chirality. There is a striking difference between PD2MBS
and 80CB in that the smectic layer reflection of only 8OCB became weak
without broadening (which is not the case with PD2MBS), while the reflec-
tion peak position remained unchanged on heating.

The information about the trans-layer structure can be extracted by fit-
ting the electron density distribution model to the diffraction data. We con-
structed the following model of the one-dimensional electron-density
distribution to be fitted to the diffraction data.

The reflection intensity Ireal(q)canbedescribedby theFourier-transformed
electron-density distribution function, J qðrÞ½ �, as follows:

IrealðqÞ ¼ C J qðrÞ½ �j j2; ð2Þ

where C is a constant.
In the model, each of the layers was approximated by the boxlike

electron-density distribution to introduce the molecular form factor of
PD2MBS convoluted with the Gaussian function to describe the smearing

FIGURE 7 Schematic depiction of the smectic A layer structure of PD2MBS with

finite molecular weight distribution.
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of the distribution of the molecular center of gravity within the layers due
to the thermal motion, as depicted in Figure 3 [17–19].

Here, the value of s is the standard deviation of the Gaussian function: a
and d are the width of the box and layer spacing, respectively; and N

denotes the number of boxes and stands for the correlation length of the
layers. The obtained Fourier-transformed electron-density distribution
function can be seen below:

J qðrÞ½ �j j ¼ 1ffiffiffiffiffiffi
2p

p exp � 1

2
s2q2

� �
� sinðpaqÞ

pq
� sinðpqNdÞ
sinðpqdÞ : ð3Þ

To define a, the width of a box for PD2MBS, and d, its layer spacing,
we carried out parameter fittings of this model, using Equations (2) and
(3), to the corrected SR-SAXS profiles of PD2MBS samples with different
molecular weights taken in the smectic-phase temperature region. These
were carried out with s and N left open because these parameters cannot
be constant for different samples due to the molecular weight dependency
of the transition temperature of the polymer. The resulting a and d were
plotted against the molecular weights in Figure 4, in which both of them
show linearity, and d almost corresponds to the layer spacing calculated
from the diffraction peak position plotted along with it. We adopted the
value of a=d ¼ 0.62, calculated from the linear regression function in
Figure 5 for further calculations of PD2MBS.

We performed a parameter fitting with the model mentioned above on
the corrected SR-SAXSprofiles of PD2MBS (Mw ¼ 18800,Mw=Mn ¼ 1.11)
with an elevated temperature at around the smectic A cholesteric phase
transition temperature. Figure 4 shows the temperature dependence of
the obtained values of s and N. It shows that N abruptly decreases while s

gradually increases with temperature elevation.
Assuming that the liquid crystal domain is sufficiently large, smectic

layers gradually lose their correlation to the smectic A cholesteric phase
transition, which we thought could be the origin of layer destruction.
The loss of the correlation explains the peak shift toward the small-angle
region, which was predicted by Hosemann’s theory [20].

The parameter fitting with the same model to 8OCB was carried out with
the value of a=d ¼ 0.66, calculated by fitting the data at 60�C, which is a
well-ordered smectic A phase because the exact conformation of 8OCB in
the liquid crystal state cannot be clarified. Figure 6 shows the temperature
dependence of the obtained values of s and N for 8OCB.

The obtained results showed that the smectic layer order parameter of
8OCB decreased at around the smectic A nematic phase transition tem-
perature, which was defined as the first kind of distortion in Hosemann’s
theory [21], while the correlation length kept constant. Evidently, it is

66 K. Okoshi et al.
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attributed to the thermal motion of the molecules along the layer normal,
resulting in the blurring of the layer interface. However, the correlation
length of PD2MBS was dramatically shortened, which was defined as the
second kind of distortion in Hosemann’s theory [21], while the smectic layer
order parameter slightly decreases at around the transition temperature.
Unquestionably, these results cannot be explained by the thermal motion
of the molecules along the layer normal alone.

The decrease of the correlation length of PD2MBS is ascribed to the mol-
ecular weight distribution because a rodlike system with length distribution
cannot substantially have a long-range correlation. In order to interpret the
change in correlation length with the system of finite molecular weight dis-
tribution, it is an indispensable idea that the molecules are packed with
their ends interdigitated at the layer interface to compensate for their mol-
ecular length distribution. In this case, the correlation length decreases
with increasing temperature, probably due to random thermal molecular
displacement within the layer.

In other words, molecules are packed with their center of gravity on
a plane to minimize their potential energy, while their bumpy layers
are interdigitated in a key-and-keyhole manner to maximize the packing
entropy in the low-temperature region, as schematically depicted
in Figure 7. However, with temperature increase, random molecular dis-
placement destroys the key-and-keyhole stack and reduces the correlation
length.

CONCLUSION

We elucidated the unexpected molecular packing structure of the smectic A
phase of PD2MBS with a molecular weight distribution. The PD2MBS
system did not form the conventional structure with their ends packed in
the interlayer space to gain packing entropy as predicted by Onsager’s
theory.

The molecules kept their center on a plane to minimize potential energy,
which is consistent with the Maier-Saupe mean field theory, while the
bumpy layers stacked in a key-and-keyhole manner to gain packing
entropy. The phase transition to the cholesteric phase was mainly attribu-
ted to the destruction of the stack due to the random displacement of the
molecules of thermal motion.

This structure may be a plausible explanation of how rodlike molecules
with a wider molecular weight distribution take the smectic A phase, and
afford an explanation of the specific change in the SR-SAX diffraction pro-
file at the phase transition.

SAXS Analysis of LC Transition in Rigid-Rod Polymer 67
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