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ABSTRACT

Small angle neutron scattering (SANS) is a versatile and convenient method to investigate the higher order structure of molecular assembly
systems. However, the more complicated a system of interest, the more difficult the interpretation in the SANS profile. In order to increase
the reliability of structural analysis on a complicated system, it is desirable to obtain different kinds of structural information from the same
sample simultaneously. Polarized infrared spectroscopy is able to provide information about the molecular structure, concentration, and
orientation of each chemical species in a system. In order to utilize these advantages of polarized infrared spectroscopy, a simultaneous
measurement system was built by incorporating a Fourier transform infrared (FTIR) spectrometer into a time-of-flight small angle neutron
scattering instrument covering a wide Q range. Using this system, simultaneous measurements of wide- and small-angle neutron scattering
and polarized FTIR spectroscopy was realized for the first time.
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I. INTRODUCTION

Small angle neutron scattering (SANS) is a powerful method
to investigate the higher order structure of molecular assembly sys-
tems1,2 and has expanded its presence even in the research con-
cerning time-dependent structural evolution. In combination with a
partial deuteration technique, SANS is able to characterize a specific
part in a complex system. Since its scattering pattern is determined
by the scattering length density (SLD) profile, the interpretation in a
SANS profile is not so easy for a complex system. On the other hand,
vibrational spectroscopy, which is able to provide local molecular
level structural information of each component, has been employed

as a complementary tool to diffractometry. In particular, Fourier
Transform infrared (FTIR) spectroscopy is a convenient method to
follow a time-evolution of the structure in a system. We had devel-
oped a simultaneous SANS/FTIR spectroscopy measuring system
at a steady-state SANS instrument [KWS-2 diffractometer, Heinz
Maier Leibnitz Zentrum (MLZ), Germany]. By using this measuring
system, we studied the structure of a syndiotactic polystyrene (sPS)
film including various guest molecules.3,4 We intended to observe
higher order crystalline structures by SANS and that local molecular
configuration and molecular packing by FTIR. It was showed that
the FTIR data were useful for interpreting and analyzing SANS pro-
files. In the previous studies, however, it was impossible to directly
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observe the changes of lattice reflections caused by guest inclusion
and obtain detailed information about the structure and orientation
of guest molecules.

We expect that the structural information related to guest
molecules is reflected in the Q-range higher than that for SANS and
also in the polarization of IR bands. Therefore, we need to extend
the measurableQ-range for wide-angle neutron scattering (WANS).
This is seemingly easily achieved by installing an additional high-
angle detector. However, since the Q-resolution of a SANS profile
is dominated by the wavelength resolution, it is actually not easy to
carry out neutron scattering measurements at high resolution in the
high-Q range without losing SANS intensity in a steady-state SANS
instrument.

To overcome this problem, we have newly developed a simul-
taneous SANS/FTIR system on a time-of-flight SANS instrument.
The small and wide angle neutron scattering instrument (TAIKAN)
installed at the Material and Life Science Experimental Facility
(MLF), Japan Proton Accelerator Research Complex (J-PARC) can
simultaneously cover a wide-Q range.5 In the development of this
new system, we have totally redesigned the optical system includ-
ing FTIR spectrometer for easier optical-path adjustment and higher
light utilization efficiency. Furthermore, to obtain information about
the orientation of constituent molecules, we have introduced a
device for the measurement of polarization-dependent infrared
absorption. To evaluate the performance of this system, we have
carried out temperature dependent measurements on two kinds of
sPS cocrystal containing toluene and diethylene glycol dibenzoate
(DEGDBA) as guests, respectively. Toluene is a typical and well
known guest of sPS and occupies one cavity in the unit cell. On the

other hand, DEGDBA consisting of two aromatic rings and a con-
necting bridge portion is a newly found guest; it is expected that the
two aromatic rings are separately accommodated into two cavities.
We are interested in whether polarized IR spectroscopy would pro-
vide the information about the orientation of these guest molecules,
in particular, of their aromatic rings and whether this new system
would clearly differentiate in thermal behavior between sPS/toluene
and sPS/DEGDBA cocrystals. In this paper, we will describe the
detail of the newly developed system and show the obtained results
for temperature dependence of the two kinds of sPS cocrystal
films.

II. INSTRUMENTATION

A. TOF SANS instrument

The TAIKAN instrument was installed on the BL15 beamline at
MLF, J-PARC, Tokai, Japan.5 More than 1500 3He one-dimensional
position sensitive detectors are arranged in the four detector banks:
small, middle, high-angle, and backward detector bank. Using large-
area detector banks and white neutron beams in the wavelength
(λ) range of λ ∼ 0.7–8 Å together with the TOF method, TAIKAN
can simultaneously cover a Q-range from 5 × 10−3 to 15 Å−1.
Using a high-resolution position sensitive scintillation detector, the
accessible lower Q-value achieved the order of 10−4 Å−1.

B. Simultaneous SANS/WANS/FTIR measuring system

Figure 1 shows a newly designed measurement system installed
at TAIKAN instrument.5 An optical system adopted in the present

FIG. 1. (a) Schematic representation of
the arrangements of optical elements
for the simultaneous measurement sys-
tem (left: the previous system and right:
the present one). The letter S and the
letter M with a digit stand for sample
and mirror, respectively. (b) Schematic
representation of the polarizer system
for polarized FTIR measurements. There
is a combination of two remote con-
trol stages for translational and rotational
movements shown by a straight arrow
(i) and a curved arrow (ii), respectively.
An IR polarizer is mounted on the rota-
tional stage. The IR polarizer is moved
in and out of the IR light path by the
translational stage, and its orientation
is adjusted by the rotational stage. (c)
Actual experimental setup at TAIKAN.
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simultaneous measurement system is simpler than that in the previ-
ous system,3,4 which is realized by replacing the FTIR spectrometer.
The portable spectrometer used for the previous system (Figure 1a
left) is a conventional type equipped with a sample chamber. In
order to focus the infrared (IR) beam at the sample position outside
the spectrometer, the optical system consists of six mirrors: mirrors
1 and 6 are ordinary flat mirrors, mirrors 2 and 5 are concave mir-
rors, and mirrors 3 and 4 are Al coated quartz plates with thickness
of 0.5 mm that transmit the neutron beam efficiently and reflect only
the IR beam. Therefore, mirror 3 acts as a mixer of neutron and IR
beams and mirror 4 beam as a separator of them, allowing the two
kinds of beams to irradiate the same sample position coaxially.

The renewed FTIR spectrometer (JASCO, VIR-200) of the
present system [Fig. 1(a) right] is the one designed for conducting
FTIR measurements under a variety of conditions; it has no sam-
ple chamber and instead is equipped with two optical ports in the
same lateral face; one is an outlet port for emitting parallel light and
the other is an inlet port for the incoming light. The optical-port
arrangement gives us great flexibility in designing the optical sys-
tem. As a result, the number of optical mirrors has been remarkably
reduced. Only the two Al coated quartz plates are left, which con-
tributes to the benefits of much easier optical-path adjustment and
higher light utilization efficiency.

For polarized IR measurements, the current FTIR system is
equipped with an IR polarizer unit, which consists of an IR polarizer
(KRS-5 wire grid type) and a combination of remote control trans-
lational and rotational stages (Sigma Koki Co., Ltd.) [(i) and (ii) in
Fig. 1(b)]. During polarized FTIR measurements, the IR polarizer is
inserted into the optical path just after the outlet port and its orien-
tation is adjusted, both of which are remotely operated through the
control software system for TAIKAN instrument.

III. EXPERIMENTAL SECTION

A. Samples

As demonstration for this measurement system, sPS cocrys-
tal films6 were prepared by the following procedure.7 Fully deuter-
ated sPS (d-sPS) (weight average molecular weight: 2.3 × 105) was
synthesized through the coordination polymerization using a rare
earth catalyst from fully deuterated styrene with an isotopic purity
of 98%.8 Uniaxially oriented amorphous d-sPS films, about 50 μm
thick, were prepared by quenching a melt of d-sPS in an ice–water
bath, drawing the melt-quenched film four times at 373 K and clip-
ping well oriented portions from the drawn films. d-sPS cocrystal
films containing toluene as guest (d-sPS/h-toluene) were obtained
by exposing the oriented amorphous films to a vapor of toluene. To
obtain d-sPS cocrystal containing DEGDBA (d-sPS/h-DEGDBA),
some of the d-sPS/h-toluene films were subjected to the plasti-
cizer assisted guest exchange procedure. These films were kept in
a vacuum drier at 40 ○C for 1 h before measurements.

B. Simultaneous SANS/WANS/FTIR measurement

We installed the FTIR system with the two mirrors and the
IR polarizer unit at the sample position of TAIKAN. The sample
cell was set between two mirrors. Figure 1(c) shows a photograph
of the FTIR system installed on TAIKAN. The measured sample
area was a circle with a diameter of 10 mm. The temperature of the

sample cell was controlled within the accuracy of ±0.5 ○C by circu-
lating thermostated oil. Transmission IRmeasurements were carried
out at a resolution of 4 cm−1 and at about 5 min interval with a
D-TGS detector. Polarized spectra in the range of 4000–400 cm−1

were taken with IR radiation polarized parallel and perpendicular to
the drawing direction.

IV. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show temperature dependence of two-
dimensional (2D) scattering profiles measured on TAIKAN. The
drawing direction of the sPS cocrystal sample is shown by an white
arrow, and therefore, the equator and ordinates are parallel to the
x and y axis of Figs. 2(a) and 2(b). The distribution of protonated
guest molecules in the d-sPS cocrystal film is reflected sensitively
in the 2D profile, especially in the lamellar reflections appearing
on the meridian of the SANS region (Qy = 0.063 Å−1) and the 010
reflections appearing on the equator of the high Q region (around
Qx = 0.58 Å−1), respectively.

The lamellar reflections are caused by the scattering length den-
sity (SLD) contrast between the amorphous and crystalline regions
of sPS cocrystals. Accordingly, the appearance is not necessarily
related to the presence of guest molecules in the crystalline region.
Not only a higher guest concentration in the crystal lamellae but
also a higher guest concentration in the amorphous region gives
rise to the lamellar reflections. On the other hand, the 010 reflec-
tions are directly related to the cocrystal structure.9,10 It corresponds
to the repeat distance between polymer sheets that sandwich guest
molecules [Fig. 2(c)]. If protonated guest molecules are stored in the
lattice, the SLD contrast between polymer sheets and guest arrays
increases, leading to the appearance of the 010 reflections.

As shown in Figs. 2(a) and 2(b), both d-sPS/toluene and
d-sPS/DEGDBA cocrystals show the 010 reflections at 25 ○C, but
the reflections gradually wane as the temperature increases, which
demonstrates that the crystalline region of d-sPS certainly contains
the guest molecules at 25 ○C and gradually releases them as the tem-
perature rises in both cocrystal systems. With respect to the lamel-
lar reflections, d-sPS/h-toluene and d-sPS/h-DEGDBA cocrystals
show quite different temperature dependence. The lamellar reflec-
tions of d-sPS/h-toluene cocrystal gradually decrease as the tem-
perature increases. On the other hand, d-sPS/h-DEGDBA shows
no clear lamellar reflections at 25 ○C, but they start to appear and
increase in intensity on heating. Since the samples employed for
this study consist of deuterated sPS matrix and protonated low-
mass molecules, the distribution of the latter in the samples deter-
mines the SANS profile, as schematically shown in Fig. 2(d), where
the solid state of d-sPS cocrystal is depicted as a one-dimensional
array of crystalline lamellae (yellow boxes) and interlamellar amor-
phous regions (white parts). The green circles represent guest
molecules. The blue rectangle wave below represents the variation
of scattering length density between the crystalline and amorphous
regions.

The SANS profile at room temperature is considered to reflect
the characteristics of each guest compound. Since the molecu-
lar weights of toluene and DEGDBA are 92.1 and 314.3, respec-
tively, toluene is much more volatile than DEGDBA. Therefore,
toluene tends to dissipate to the air from the amorphous region of
d-sPS cocrystal films and DEGDBA tends to remain there. It can be
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FIG. 2. (a) Temperature dependence
of neutron scattering profiles observed
in d-sPS/h-toluene, (b) those observed
in d-sPS/h-DEGDBA cocrystals, (c) a
schematic drawing of sPS cocrystal lat-
tice viewed along sPS helices where the
010 plane and the guest location are
drawn with broken lines and gray yel-
low ellipses, and (d) a schematic draw-
ing of temperature dependent guest dis-
tribution changes in d-sPS/toluene and
d-sPS/DEGDBA systems. In (c), the
drawing direction of the sPS cocrystal
sample is perpendicular to the ac plane.

inferred that most toluene molecules are removed from the amor-
phous region by the vacuum drying process subsequent to the guest
exchange procedure whereas a substantial amount of DEGDBA
molecules remain in the amorphous region even after the vacuum
drying.

Consequently around the room temperature, toluenemolecules
are mostly located in the crystalline region, whereas DEGDBA
molecules are distributed in both the crystalline and amorphous
regions. These leads to a high SLD contrast between the crys-
talline and amorphous regions in d-sPS/h-toluene cocrystal and a
low SLD contrast in d-sPS/h-DEGDBA cocrystal, as schematically
shown in Fig. 2(d). When released from the crystal lattice at ele-
vated temperatures, only DEGDBA molecules accumulate in the
amorphous region because of the low volatility, which results in a
high SLD contrast. A similar influence of guest molecular weight
was seen in the lamellar reflections of d-sPS/polyethylene glycol
dimethyl ether cocrystals in the previous simultaneous SANS/FTIR
study.11 The simultaneous SANS/WANS measurements clearly pro-
vide additional information on this matter.

The polarized FTIR spectra measured in parallel shown in
Fig. 3 are consistent with the behavior of guest molecules described
above. Both toluene and DEGDBA have monosubstituted ben-
zene rings, which results in the appearance of IR bands due
to benzene ring C–H stretch modes in 3100–3000 cm−1.12 The
methyl group of toluene shows two bands due to antisymmetric
stretch modes at about 2945 and 2920 cm−1 and a band due to

symmetric stretch mode at about 2860 cm−1. At 25 ○C, the d-sPS/h-
toluene film exhibits clear polarization in this 3100–2800 region,
suggesting that toluene molecules are kept oriented in the crystalline
region. As the temperature increases, the toluene bands, both the
benzene-ring andmethyl-group bands, decrease in intensity keeping
their polarization, which means that the toluene molecules released
from the lattice dissipate smoothly to the outside and the remaining
toluene molecules are still highly oriented in the lattice. Such sig-
nificant intensity changes are not observed for d-sPS/h-DEGDBA,
as shown in as shown in Fig. 3(b). However, there occurs a change
in polarization. Although the benzene ring C-H stretch bands in
the 3100–3000 cm−1 region are polarized to some extent at 25 ○C,
they show no clear polarization at 125 ○C. Since the polarization
in the 3100–3000 cm−1 region reflects the oriented benzene rings
of DEGDBA in the crystalline region just like the guest toluene
in d-sPS/h-toluene cocrystal, the temperature dependent changes
in IR polarization provide another crucial evidence that the inten-
sity increase of the lamellar reflections at the high temperatures is
caused by the migration of h-DEGDBA molecules from the crys-
talline region into the amorphous region. Two benzoate groups in
DEGDBA are linked by a C2H4OC2H4 group. The broad absorp-
tion around 2950 and 2900 cm−1 are assigned to the antisym-
metric and symmetric CH2 modes of this portion, respectively.13

It can be inferred that a significant conformational change of the
C2H4OC2H4 group takes place when DEGDBA molecules migrate
from the crystalline region to the amorphous region on heating
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FIG. 3. Temperature dependent changes of FTIR spec-
tra measured with polarized radiation parallel (black line)
and perpendicular (red line) to the drawing direction;
(a) d-sPS/h-toluene cocrystal and (b) d-sPS/h-DEGDBA
cocrystal.

process. Therefore, the observed temperature dependent changes
around 2900 cm−1 are ascribable to the conformational change of
this portion, but a more detailed study is required to confirm this
supposition.

The IR bands due to host d-sPS exhibit quite different tempera-
ture dependence from those due to the guest molecule. There are two
kinds of frequency shifts when host sPS is deuterated: vibrational
modes where hydrogen atoms are mainly involved show significant
lower frequency shifts, e.g., the CH stretch modes appearing in the
range of 3100–2800 cm−1 shift to the region of 2300–2000 cm−1,
whereas those ascribable mainly to the displacements of carbon
atoms do not show any large shifts, e.g., the phenyl ring CC stretch
band shifts from 1600 cm−1 to 1570 cm−1. Irrespective of the extent
of frequency shift, the IR bands due to the host d-sPS do not exhibit
any marked changes not only in frequency but also in dichroic ratio
on heating up to 125 ○C, which is a strong contrast to the remarkable
spectral changes in the bands due to the guest molecule. This nature
of d-sPS bands can be regarded as a reflection of the thermal stability
of sPS helices.

A series of solid-state transformations, cocrystal→ γ→ α, take
place before the α phase finally fuses at around 270 ○C.14 According
to the X-ray scattering studies using drawn sPS samples, the confor-
mation of sPS helices remains unchanged until the transformation
of γ to α around 200 ○C and the orientation of the sPS chain main-
tains up to the fusion of α.15 The present observation that host d-sPS
does not exhibit distinct IR spectral changes on heating up to 125 ○C
is consistent with such thermal tolerance of sPS crystalline region.

V. SUMMARY

We successfully developed a simultaneous measurement sys-
tem for SANS/WANS and polarized FTIR, which provides differ-
ent kinds of structural information. Owing to the extension of the
Q-range, structural information in a wide range of scales has become
available. The hierarchical structures in crystalline polymers are

accessible. Furthermore, we can access the information about the
amount and orientation of some chemical species. With the help of
the combined information, more reliable structural analysis can be
achieved. This simultaneous system has clearly indicated differences
in thermal behavior between sPS/toluene and sPS/DEGDBA cocrys-
tals. We believe that the methodology presented here is applicable to
a wide range of soft matter systems.
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