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1. INTRODUCTION

The glass transition phenomena of polymers, low-mass mol-
ecules (LMs), and their mixtures have been studied so far formany
years.1�15 It is now widely accepted that the glass transition is not
thermodynamical transition but kinetic transition. In polymers,
approaching the glass transition temperatureTg from abovemakes
the micro-Brownian motion of the chain backbone slow down.
This process can be monitored by several dynamic methods such
asmechanical and dielectricmeasurements. In the case of dielectric
measurements, the major relaxation observed in the vicinity of Tg

is called “α relaxation” or “segmental relaxation”.16,17

Addition of LMs into polymers usually makes the glass
transition temperatureTg decrease since LMs generally havemuch
lowerTg than polymers: this is referred to as “plasticization”.

4 LMs
practically used as plasticizers should not be volatile (should have
high boiling points) and thus have relatively large molecular sizes
(e.g., di-n-butyl phthalate, tricresyl phosphate, and so on). Since
single but broad glass transition for such plasticized polymers has
been often observed, the molecular motion of polymers such as α
(segmental) motion and the rotational motion of LMs are thought
to be cooperative.

Fluorescent LMs dissolved in polymers have been often used
to probe the dynamical environment of polymer matrices
especially in order to study the glass transition phenomena. Such
probe methods are premised on the cooperativity between
motions of the polymers and LMs. However, it is not always

the case that the two-component motions are cooperative. There
are some miscible mixture systems which exhibit decoupling of
two-component motions: e.g., Adachi et al. studied temperature
dependence of the complex dielectric constant for polystyrene
(PS)/toluene mixture and reported that two dielectric loss peaks
corresponding to the segmental motion of PS and the rotational
motion of toluene appeared in different temperature region. The
similar behavior is also seen in miscible polymer�polymer
mixtures when the two components have largely separated
Tgs.

12,18�20 Such decoupling phenomena of the component
dynamics is called “dynamic heterogeneity”. In systems with
high dynamic asymmetry (both polymer�LM and polymer�
polymer mixtures), broad glass transition observed by calori-
metric measurements can be sometimes resolved into two-
component contributions.14,15

Urakawa et al. studied molecular size effect on the dynamic
heterogeneity in the mixture of PS and several LMs through
dielectric relaxation measurements.12,18,19 They found that the
rotational relaxation of LM appeared near the calorimetric Tg

when the LM size became comparable to the Kuhn segmental
size of PS. By assuming that α (segmental) motion of PS should
take place in the vicinity of Tg for the mixtures with high PS
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ABSTRACT: We conducted dielectric and viscoelastic relaxa-
tion measurements for polystyrene (PS)/4-pentyl-40-cyanobi-
phenyl (5CB) and PS/4-pentyl-400-cyanoterphenyl (5CT)
mixtures in the miscible state with the weight fractions of
5CB or 5CT from 0.04 to 0.27 to examine the relationship
between two-component dynamics in the mixture. Dielectric
relaxation measurements mainly probed the dynamics of low-
mass molecule (LM), 5CB or 5CT, because of the much larger
dipole moment of LMs compared to that of PS. PS/5CB
mixtures exhibited bimodal dielectric relaxation, while PS/
5CT showed unimodal relaxation. The observed two relaxation
modes (slow and fast modes) in PS/5CB were attributed to the
full rotational motion and partial rotational motion of 5CB,
respectively. The latter motion is allowed in the restricted space surrounded by less mobile PS matrix. In the case of 5CT, the fast
mode was suppressed due to the larger size of 5CT molecule, and only the slow mode (rotational mode) appeared. The relaxation
times of slow mode for 5CB and 5CT had approximately the same (non-Arrhenius-type) temperature dependence with the
viscoelastic relaxation time for the terminal flow zone of PS at high temperatures (at least 20�30 K higher than the glass transition
temperature). This result suggested that the slow modes of 5CB and 5CT are cooperative with a global motion of PS-chain. In
contrast, relaxation time for the fast mode observed in PS/5CB had weaker (Arrhenius-type) temperature dependence than the slow
mode, which indicated that the fast mode of 5CB is decoupled with the PS chain motion.
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content, they concluded that α-motion and LM motion became
cooperative for LMs with comparable or larger size than the Kuhn
length of the polymers. Since α-relaxation of PS could not be
dielectrically observed due to its small dipole moment, the above-
mentioned assumption was necessary to deduce that conclusion.
Similar study was made by van den Berg et al.21 and Hains and
Williams,22 in which polymer motion was implicitly assumed to be
cooperative with LM motion. According to Urakawa’s result, the
reason for dynamic heterogeneity in PS/toluene mixture can be
attributed to the small size of toluene molecule compared to the
Kuhn length of PS. In this study, we aim to clarify whether the both
motions are really cooperative or not in two PS/LM mixtures—
PS/5CB and PS/5CT—through the examination of the tempera-
ture dependence of the component relaxation times. As described
previously, due to much lower dielectric relaxation (DR) intensity
of PS than that of LMs, the DR method is a powerful tool to
selectively observe the LM dynamics. In contrast, viscoelastic
relaxation (VR) in the terminal region reflects only the response
from polymer component, so that VR measurements can be used
to evaluate the PS component dynamics. By conducting both
measurements, the two component motion in the mixture can be
clarified. From the comparison of the obtained DR time of LMs
with the VR time (terminal relaxation time) of PS and alsowith the
calculated relaxation time for the Rouse segment unit from the VR
time, dynamic cooperativeity of the two components was exam-
ined. Furthermore, the dependence of the DR time of LMs on the
molecular sizes will also be discussed.

2. EXPERIMENTAL SECTION

2.1. Samples. Polystyrene (PS, Figure 1) was synthesized by living
anionic polymerization of styrene (Wako Pure Chemical Industries, Ltd.)
in benzene using sec-butyllithium (Sigma-Aldrich) as an initiator. The
weight-average molecular weight (Mw) and molecular weight distribution
index (Mw/Mn) of PS were determined to be 15.9 � 103 and 1.07,
respectively, by gel-permeation chromatography (GPC) using PS stan-
dard samples (Tosoh). Two LM samples, 4-pentyl-40-cyanobiphenyl
(5CB, Figure 1, purity >97%) and 4-pentyl-40 0-cyanoterphenyl (5CT,
Figure 1, purity >97%), were purchased from Wako Pure Chemical
Industries, Ltd., and used as received. PS/5CB and PS/5CTmixtureswere
prepared by the freeze-drying method from a benzene solution and
subsequent removal of the residual solvent at an elevated temperature
(100�150 �C) in vacuo. We confirmed that all samples were transparent
and thus homogeneously mixed.

The weight fractions of 5CB and 5CT in the mixtures, W5CB and
W5CT, were determined just before the dielectric or viscoelastic mea-
surement, from the integrated 1HNMR intensities of the corresponding
component signals measured with Excalibur-270 (JEOL Ltd., Tokyo,
Japan) for the deuteriochloroform solutions of the mixtures. The
obtained values are listed in Table 1.
2.2. Measurements.Dielectric relaxation (DR) measurements of the

PS/5CB and PS/5CT mixtures at various temperatures (�25 to 150 �C)
were carried out by using two LCR meters, 4284A (Hewlett-Packard,

angular frequencyω=1.26� 102�5.03� 106 s�1) and 7600 (QuadTech,
ω = 62.8�1.26 � 107 s�1), and a homemade apparatus consisting of a
Current Amplifier 428 (Keithley) and a fast Fourier transform (FFT)
analyzer VC-2440 (Hitachi, Japan) which covers the frequency range ofω=
1.57� 10�2�6.28� 103 s�1. Samples were set in parallel plate electrode
cell with a glass spacer. After annealing at Tg + 50 K in vacuo for 2 h,
dielectric measurements were carried out.

Dynamic viscoelastic relaxation (VR) measurements were performed
above the Tg of mixtures with two dynamic stress rheometers (SR-500R,
or SR-200, Rheometrics Inc.) using 25mmparallel plates fixture after the
DR measurement.

The glass transition temperature Tg of each mixture was determined
by differential scanning calorimetry (DSC 6220, EXSTAR-6000, Seiko
Instruments Inc., Japan) in the heating process with a rate of 10 Kmin�1.
For all the samples, the Tg values were checked to be unchanged before
and after the DR and VRmeasurements to confirm that the composition
did not change during the measurement.

3. RESULTS AND DISCUSSION

3.1. Composition Dependence of Glass Transition Tem-
perature. Figure 2 shows DSC traces for bulk PS and PS/5CB
mixtures. For all samples, a single glass transition was observed as
already reported by Hori et al.23 Judging from the reproducibility

Table 1. Weight Fractions of Low-Mass Components
(W5CB, W5CT), Glass Transition Temperatures (Tg),
Dielectric Relaxation Intensities, Δε, and Activation
Energies, Ea, in PS/5CB or PS/5CT Mixtures

code

W5CB or

W5CT Tg/K Δεtheo
a Δεtotal

b Δεslow
b Δεfast

b Ea/kJ mol�1

PS 373 0.039 0.04 126c

PS/5CB 0.067 348 0.72 0.90 0.40 0.50 180d

0.13 331 1.34 1.35 0.35 1.00 135d

0.19 319 2.10 2.08 0.48 1.60 130d

0.27 301 3.35 3.58 0.64 2.94 124d

PS/5CT 0.040 364 0.31 0.37

0.11 352 0.95 0.75
aTheoretical values were calculated by Onsager’s theory represented by
eq 5 atTg + 20 K for eachmixture. bThese values were obtained by fitting
with eq 6 atTg + 20 K.

cβ-relaxation of PS. dFast relaxationmode of 5CB.

Figure 1. Chemical structures of polystyrene (PS), 4-pentyl-40-cyano-
biphenyl (5CB), and 4-pentyl-40-cyanoterphenyl (5CT).

Figure 2. DSC curves of bulk PS and PS/5CB mixtures at various
compositions. The numbers represent the weight fractions of 5CB,
W5CB. The glass transition temperature, Tg, is indicated by the arrows.
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of the DSC data and also the transparency of all samples, we
regarded PS/5CB mixtures to be homogeneously mixed without
undergoing phase separations. The glass transition temperature,
Tg, was determined from the inflection point of the curve as
indicated by arrows in Figure 2. Table 1 summarizes Tgs of PS/
5CB and PS/5CT mixtures. It is seen that Tg decreases with
increasing 5CB or 5CT concentration, meaning that these LMs
work as ordinary plasticizers. Since the Tg of PS/5CB was lower
than that of PS/5CT at the same composition, the ability of
plasticization of 5CB is stronger than that of 5CT.
3.2. Viscoelastic Relaxation Behavior of PS/5CB and PS/

5CT Mixtures. Figure 3 displays the composite curves of the
complex shear modulus, G*(ω) = G0(ω) + iG00(ω) for bulk PS
and PS/5CB mixtures at the reference temperature of 373 K.
G0(ω) and G00(ω) are storage and loss moduli, respectively. The
method of reduced variables4 worked well for all the systems in
the temperature range examined here. Since molecular weight of
PS is 15.9 � 103 being lower than the entanglement molecular
weight (Me ∼ 20 000), the obtained viscoelastic curves are
compared with the Rouse model,24 which is known to reproduce
the viscoelastic relaxation spectra very well for nonentangled
polymers. This model assumes a polymer chain composed of
N + 1 beads linearly connected with N springs and the Brownian
force acting on each bead. The expression forG0 andG00 is given by

G0ðωÞ ¼ cRT
M ∑

N

p

ðωτpÞ2
1 þ ðωτpÞ2

ð1Þ

G}ðωÞ ¼ cRT
M ∑

N

p

ωτp

1 þ ðωτpÞ2
ð2Þ

Here, c, R, T, and M are the polymer concentration, gas constant,
absolute temperature, and polymer molecular weight, respectively.
The relaxation time of the pth normal (Rouse) mode, τp, is given by

τp ¼ τ1
p2

¼ ζb2N2

6π2p2kBT
ð3Þ

Here, ζ, b, N, and kB are friction factor, effective bond length,
number of the Rouse segments, and the Boltzmann constant,
respectively. Particularly, τ1 is the longest relaxation time approxi-
mately given by the terminal relaxation time, τL, for narrow
molecular weight distribution polymers. Furthermore, the fastest
mode corresponding to the case of p = N in eqs 1 and 2 is the
fundamental process for the Rouse dynamics, that is, the relaxation

of the Rouse segment unit. The fastest relaxation time, τN, is given as
τ1/N

2 fromeq3. As seen in Figure 3, theG0 andG00 curveswerewell
fitted by the Rousemodel (solid lines) with τ1 as an only parameter.
The terminal relaxation time, τL, was determined from the crossing
frequency of two power law lines,G0(ω)�ω2 andG00(ω)�ω1, as
shown by the dotted lines in Figure 3, and we found τL ≈ τ1.
Figure 4 illustrates the temperature dependence of τL for PS

and PS/5CB at various compositions. With increasing 5CB
concentration, τL curve shifts to lower temperatures, reflecting
the decrease of the friction factor due to the decrease of Tg. In
Figure 5, τL values are plotted against temperature difference,
T� Tg. All the τL values overlap and can be expressed by a single
universal curve as a function of T � Tg. In Figures 4 and 5, the
solid lines represent calculated results with the following
Williams�Landel�Ferry (WLF) equation.25

logðτLðTÞ=τLðTgÞÞ ¼ � c1ðT � TgÞ
c2 þ T � Tg

ð4Þ

Here, c1 and c2 are constants and approximately regarded to be
independent of concentration. The obtained c1 and c2 values

Figure 3. Composite curves of bulk PS and PS/5CB mixtures at 373 K.
Solid lines are the fitted results by eqs 1�3. Dotted lines on G0 and G00
data represent the power law relations: G0 ∼ ω2 and G00 ∼ ω1.

Figure 4. Temperature dependence of τL for PS and PS/5CB at various
compositions. Solid curves represent the fitted results by using the WLF
equation given by eq 4.

Figure 5. Dependence of τL onT� Tg. A solid line is a curve calculated
from the WLF equation (eq 4) with c1 = 12.5, c2 = 60 K, and Tr = Tg.
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were c1 = 12 and c2 = 60 K, which are not so different from the
reported general vales, c1 = 17.44 and c2 = 51.6 K.26

3.3. Dielectric Relaxation Behavior of PS/5CB Mixtures.
Figure 6 shows the angular frequency, ω, dependence of di-
electric losses, ε00, for PS/5CB mixture with W5CB = 0.13 at
several temperatures.With decreasing temperature, the dielectric
spectra become broader. This indicates the breakdown of
time�temperature superposition (TTS) principle for ε00 curves
of the PS/5CBmixture. In addition to that, the ε00 spectra exhibit
bimodal distribution particularly in the vicinity of and below the
Tg. Mixtures with different compositions (W5CB = 0.067, 0.19,
and 0.27) also showed the similar trend concerning the tem-
perature dependence of the spectrum shape.
Figure 7 compares the ε00 spectra for PS/5CB mixtures with

various compositions around the Tg of each mixture. In this
figure, ε00 reduced by W5CB (ε00/W5CB) are compared since,
as will be discussed in detail later, the observed dielectric
relaxation can be attributed to the motion of only 5CB
component. From Figure 7, it can be noted that the peak
frequencies of two relaxation (slow and fast) modes do not
change so much, but the relative intensity of the two modes
changes with composition: the fast mode becomes stronger
with increasing W5CB.

According to Onsager,27 a dielectric relaxation intensity,
Δε (= ε(0) � ε∞), of a polar molecule is given by

ðεð0Þ � ε∞Þð2εð0Þ þ ε∞Þ
εð0Þð2 þ ε∞Þ2

¼ FϕNA

M
μ2

9ε0kBT
ð5Þ

Here, ε(0) and ε∞ are dielectric permittivities at ω = 0 and ∞,
respectively, ε0 is the electric constant (or the vacuum permittivity),
NA is Avogadro’s number, and F is the density of the system.M and
ϕ are the molecular weight and the volume fraction of a polar
molecule having electric dipole moment, μ, in the mixture, respec-
tively. The densities of PS and 5CB are almost the same (FPS = 1.04
and F5CB = 1.0128 in the isotropic state); thus, ϕ can be replaced by
the weight fraction, W. From eq 5, the dielectric intensities, Δε, of
PS and 5CB components in the mixtures can be estimated by using
the μ values calculated by WinMopac software (Fujitsu): μ
(repeating unit of PS) = 0.21 D and μ (5CB) = 4.4 D (1 D =
3.33564 � 10�30 C m). Thus, calculated theoretical values of
dielectric intensities, Δεtheo, are summarized in Table 1. Δεtheo for
bulk PS (0.039) is less than 1/18 of that from 5CB in the mixture
even at the lowestW5CB (=0.067). This large difference in dielectric
intensities indicates that the contribution of PS relaxation is
negligibly small, so that only the 5CB relaxation is observed in the
dielectric spectra for the mixtures. In conclusion, both the fast and
slow modes in the bimodal spectra can be attributed to the
relaxations of the 5CB molecule.
Figure 8 shows the dielectric spectra of PS/5CBmixture (W5CB

= 0.13) at 330.5 and 349.5K. As seen in these spectra, the dielectric
relaxations of the mixtures were much broader than the Debye
type relaxation29 (the single mode relaxation shown by a dotted
line). Therefore, the broad dielectric spectra were fitted by the sum
of the two Cole�Cole type relaxation functions30,31 given by eq 6.

ε�ðωÞ ¼ ε∞ þ ∑
j¼ slow, fast

Δεj
1 þ ðiωτjÞαj

ð6Þ

Here, αj is the symmetric broadening parameter for jmode. In the
case of the Debye type function, this parameter is equal to 1. For

Figure 6. Angular frequency dependence of dielectric loss, ε00, for
PS/5CB (W5CB = 0.13) at various temperatures.

Figure 7. Comparison of dielectric spectra for PS/5CB mixtures at
various compositions. The vertical axis is reduced by the weight fraction
of 5CB,W5CB, for each mixture. With increasingW5CB, intensity of the
slow component becomes weaker while the fast component becomes
stronger.

Figure 8. Typical dielectric spectra of PS/5CB mixture (W5CB = 0.13)
at 330.5 and 349.5 K. The solid line represents the best fitted curves
obtained by using eq 6. The broken lines show the Cole�Cole function.
The dotted line represents a single Debye type relaxation.
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many glass-forming materials, in order to fit the α relaxation
spectrum related to the glass transition, the Havriliak�Negami
(HN) function32 (given by eq 7) has been often used. The main
reason why eq 6 instead of HN function was used is that smaller
numbers of fitting parameter (αj, Δεj, τj) compared to the HN
function (αj, βj, Δεj, τj) minimize the ambiguity in fitting
procedure. Specifically, the usage of HN function resulted in a
good fit, but several combinations ofαj andβj valueswere possible,
and the parameters strongly depended on temperature due to the
limitation of experimentally available frequency range. Addition-
ally, eq 6 was enough to reproduce the ε* shapes around the peak
frequencies, since the purpose of this fitting was to determine the
average relaxation times τj. For these reasons, the Cole�Cole
function was used to fit the data this time. The fit curves for PS/
5CB (W5CB = 0.13) are shown by solid lines in the figure. The
values ofαslow andαfast were 0.35 and 0.33 at 330.5 K and 0.55 and
0.42 at 349.5 K, respectively. This means that the dielectric
relaxation spectra of these two modes became broader with
decreasing temperature, indicating the broadening of the relaxa-
tion time distribution for 5CB in the mixture. The two distinct
relaxation times of 5CB in the mixture, τslow and τfast, obtained by
this fit, are plotted against the reciprocal of temperature in Figure 9
(so-called the Arrhenius plot). As seen in Figure 9, τslow steeply
increases in the vicinity of Tg with decreasing temperature while
τfast on a logarithmic scale (log τfast) is proportional to T�1: the
former shows the non-Arrhenius WLF type temperature depen-
dence given by eq 4 and the latter the Arrhenius type temperature
dependence. For all other mixtures with different compositions,
the τslow and τfast values were also determined and shown as
functions of T � Tg in Figure 10A. It can be seen that both τslow
and τfast form single-universal curves in this temperature range.
This suggests that the fast and slowmodes of 5CB are both related
to the glass transition of the mixtures.
The dielectric intensitiesΔεslow,Δεfast, andΔεtotal (=Δεslow+

Δεfast) obtained from the fitting procedure with eq 6 are
summarized in Table 1. It is noted that Δεtotal and Δεtheo values
are similar, meaning that both slow and fast modes are related to
the rotational relaxation of 5CB. Furthermore, the similarity of
Δεtotal and Δεtheo indicates that 5CB molecules are well dis-
persed in the mixture without dipole�dipole correlation, deny-
ing the formation of dimers or other higher order aggregates,

which change the effective dipole moment of 5CB molecule.
From the Δε data shown in Table 1, it is noted that the relative
intensities of the slow and fast modes depend on W5CB.
3.4. Relaxation Mechanism of 5CB in PS/5CB Mixtures. As

described in the previous section, two relaxation modes
(slow and fast modes) were observed in dielectric spectra for
PS/5CB mixtures, and both modes could be attributed to the
rotational motion of 5CB. Now, the detailed relaxation mechan-
isms for these two modes will be discussed. It is obvious that the
concentration fluctuation (CF) effect makes the relaxation time
distribution broad but cannot give bimodal distribution. There-
fore, the observed bimodal relaxation spectra cannot be ex-
plained by the CF effect. Concerning the possibility that two
kinds of 5CB species having the slow and fast relaxation times
exist in PS/5CBmixtures, two cases can be considered: (1) phase
separation and (2) formation of small aggregate of 5CB, like
dimer, trimer, etc., due to dipole�dipole interactions. Hori et al.23,33

reported that the two components in the PS/5CB mixture are
homogeneously mixed within the composition range studied here,
so that the mixtures did not undergo phase separation. Therefore,
the possibility (1) of phase separation was excluded. The possibility

Figure 9. Temperature dependences of dielectric relaxation times, τslow
and τfast, for PS/5CB mixture at weight fraction of 5CB, W5CB = 0.13.

Figure 10. (A) Temperature dependence of three relaxation times,
τslow, τfast, and τL for PS/5CB mixtures at various compositions. Blue,
red, green, and orange symbols correspond toW5CB = 0.067, 0.13, 0.19,
and 0.27, respectively. The factor k = 5000 was used to superpose the
viscoelastic relaxation time τL/k to the τslow. This k value is larger than
the square of the Rouse mode number (192 ≈ 360). The dashed line
shows β relaxation time of bulk PS, τβ, taken from the literature data.40

(B) Temperature dependence of τfast, τL/k, and τβ, which were plotted
against Tg/T.
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(2) of the formation of small aggregates of 5CB molecules was also
denied from the discussion in the previous section concerning the
dielectric intensity based on eq 5. From these considerations, it is
reasonable to think that themotion of a 5CBmolecule takes place in
two steps which correspond to slow and fast processes as suggested
by Urakawa et al.12

Since rotational relaxation times of a rodlike molecule such as
5CB around long and short axes are known to be different,34,35

there will be a possibility that these twomodes correspond to the
fast and slow modes. However, the dielectric intensity of the
rotational motion around long axis is very small in the isotropic
state. Therefore, this assignment will not be correct. From these
viewpoints discussed above, the previously made assignment, i.e.,
the slow and fast modes correspond to the rotation of whole 5CB
molecule coupled with the α relaxation of PS and fluctuation
(wobbling) motion of 5CB permitted in a restricted free space by
the less mobile PS chains, seems to be reasonable at this point. In
the next section, the relaxation times of the slow and fast modes
are compared with the PS chain relaxation to consider the 5CB
dynamics in more detail.
3.5. Comparison of the Dielectric and Viscoelastic Relaxa-

tion Times. In Figure 10A, we showed that the slow relaxation
time, τslow, had the WLF type T dependence, expressed by a
universal function of T � Tg. This means that the slow mode of
5CB has a strong correlation with glass transition phenomena of
the PS/5CB mixtures. In general, glass transition is related to the
segmental motion (α relaxation) of polymer chains and the
relaxation time at Tg becomes 1�100 s.36 Since τslow at Tg takes
about 1 s (cf. Figure 10A), the slow mode of 5CB around Tg has
the same order of time scale with the α relaxation of PS.
In order to compare the component dynamics, the terminal

relaxation time, τL, which is related to the global motion of PS
chain, is also shown in Figure 10A along with τslow and τfast. The
temperature dependence of τslow seems to be similar to that of τL
although the time scale of τslow is about 3 orders shorter than τL.
To compare them more clearly, τL curve is vertically shifted
downward by multiplying a numerical factor k�1. By setting k =
5000, the τL/k could be superposed to the τslow in the T range of
T > Tg + 20 K as shown in Figure 10A. This means that the slow
mode of 5CB is cooperative with the PS chain motion. Since the
global (viscoelastic) relaxation time of polymers is known to have
the same T-dependence with the segmental relaxation time at
high temperatures (T>Tg + 20�30 K),37�39 it can be considered
that the segmental dynamics of PS is dominating the slow mode
of 5CB component.
To examine the meaning of k (=5000), it is interesting to

compare τL/k with the fastest Rouse relaxation time in eq 3, τN
(N is the number of the Rouse segments), which is considered to
be in the same order with the dielectric segmental relaxation
times. The fastest Rouse mode corresponds to p = N in eq 3 and
can be regarded as a fundamental process for the global chain
motion of polymers. Inoue et al. determined the molecular
weight corresponding to the Rouse segment, Ms, for PS to
be 850 from a rheo-optical method.41,42 By using this Ms value,
N for PS in this study (Mw = 1.59� 104) is estimated to be 18.7.
This gives the relaxation time of the fastest mode, τseg(Rouse)
(= τL/N

2) = τL/350, which is longer than τslow (= τL/5000).
From this comparison and the same T dependence of τL and
τslow, it can be concluded that, while the slow mode of 5CB
reflects the smaller scale motion than the Rouse segment, the
fundamental dynamic process for these two types of motion is
the same in the temperature range of T > Tg + 20 K.

In contrast, T dependence of the fast mode is obviously
different from that of the PS chain motion as shown in
Figure 10A,B. This indicates that the fast mode is not cooperative
with the PS chain dynamics. In the previous studies,12,19,43 the
fast mode was considered to be the spatially restricted motion of
5CB in a “cage” mainly formed by PS matrices. Since the fast
mode is uncooperative with the α-motion of PS, it is natural
that the temperature dependence of τfast will obey the Arrhenius
equation: τ = τ0 exp(Ea/RT). Here, R is the gas constant, τ0 is the
relaxation time at limiting high temperature, and Ea is the
activation energy. In Figure 10B, τfast data for all the PS/5CB
mixtures are plotted againstTg/T. It seems that all the data can be
approximately represented by a single straight line, meaning that
the activation energy is almost proportional to Tg. This suggests
that the fast mode is related to the free volume fraction, which
may have the connection with the degree of the spatial restriction
for the fluctuation motion of 5CB. The activation energies,
Ea(fast), determined from the slope of the straight line were
120�180 kJ mol�1, which are summarized in Table 1. These
energies are 3�6 times larger than that of the rotational motion
for 5CB in the pure and isotropic state (30�40 kJ mol�1),44

which was determined by a dielectric measurement. Therefore,
the fast mode of 5CB is not a free rotational motion like in
isotropic liquid but strongly affected by the existence of PS chain.
The spatial scale of the constraint for the 5CB motion should be
smaller than the segment size of PS, since the fast mode is not
directly driven by the segmental motion of PS.
Yano andWada40 reported that dielectric β relaxation of bulk PS

obeyed the Arrhenius equation and had the activation energy, Ea(β),
of 126 kJ mol�1. The energy is in the same order of the activation
energies of the fast mode in PS/5CB mixtures. The similarity of Ea
for τfast and τβ suggests that the fast mode of 5CB may have the
similar activation process with the β relaxation of PS. Although the
mechanism of the β relaxation was speculated to be the local
fluctuationmotion of the backbone chain of PS, the actual motional
unit of the β relaxation is not specified. As seen in Figure 10A,B, τfast
is longer than τβ, indicating that the fast mode has larger dynamical
scale than theβ relaxation of PS. Asmentioned inTable 1,Ea(fast) is a
slight decreasing function of W5CB, suggesting that the fast mode
would not be coupled with the β relaxation of PS because Ea of β
relaxation is considered to be independent ofW5CB. The fast mode
of 5CB may be rather governed by the size of free space which

Figure 11. Fraction of dielectric relaxation intensity for the fast mode
hfast as a function of W5CB.
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induces the wobbling motion of 5CBmolecules, and the Ea(fast) will
be determined by the local free volume size.
The fraction of the dielectric relaxation intensity for the fast

mode, defined as hfast = Δεfast/(Δεfast + Δεslow), is calculated to
be 0.56, 0.74, 0.77, and 0.82 for W5CB = 0.067, 0.13, 0.19, and
0.27, respectively, at Tg + 20 K from the values shown in Table 1.
Therefore, the relative intensity of the fast mode increases with
increasing the concentration of 5CB compared at T = Tg, as seen
in Figure 7 and also in Table 1. Since the intensity of the fast
mode reflects the amplitude of the fluctuating motion of 5CB
under the restriction of the cage formed by PS matrix, the
increase of hfast suggests that the cage size around 5CB molecule
increases with W5CB. Figure 11 shows the W5CB dependence of
hfast. From the extrapolation of hfast to W5CB = 0, it can be seen
that fast mode of 5CB does not disappear at infinite dilution. This
means that a cage with a certain size around 5CB molecule is
created even at infinite dilution for PS/5CB mixtures.
3.6. Dielectric Relaxation of 5CT in PS/5CT Mixtures.

Figure 12 shows dielectric loss spectra of PS/5CT mixture at
W5CT = 0.04. In contrast to the spectrum shapes of PS/5CB
shown in Figure 6, those of PS/5CT mixture are apparently
unimodal and sharper. As previously reported,12,19 the isochronal
ε00 curves as functions of temperature more clearly showed the
unimodality of the relaxation time distribution for PS/5CT
mixtures. The reason why the ε00 curves apparently become
unimodal was explained by the suppression of the fast mode for
PS/5CT system; i.e., the wobbling motion in a restricted cage
becomes difficult for the large-size 5CTmolecule. In more detail,
there will be a critical length, lc, for the apparent disappearance of
the wobbling motion: lc will be in between the lengths of the long
axis of 5CB and 5CT molecules. With increasing temperature,
the peak position shifts to the higher frequency side and the
shape of ε00 curves become narrower. Since the Cole�Cole
function given by eq 6 could not perfectly fit these spectra shown
in Figure 12 due to the asymmetry in the shape of the ε00 curves,
the Havriliak�Negami function32 given by eq 7 was used instead
of eq 6 to fit the data.

ε�ðωÞ ¼ ε∞ þ Δε

ð1 þ ðiωτHNÞαÞβ
ð7Þ

Here, τHN is the characteristic relaxation time and β is an extra
parameter to represent the degree of asymmetry of the spectrumshape.

The fit curves are also shown by solid lines in Figure 12. The
obtained parameters α and β were 0.45 and 0.60 at 364 K and
0.95 and 0.55 at 407 K, respectively. β did not change so much
but α decreased with decreasing temperature, meaning the
relaxation time distribution became narrower with increasing
temperature without changing the symmetry of the ε00 curves.
The relaxation intensities,Δε, were obtained to be 0.37 and 0.75
for PS/5CTmixtures ofW5CT = 0.04 and 0.11, respectively, from
the fit of the data with eq 7. These intensities are close to Δεtheo
(0.31 and 0.95 forW5CT = 0.04 and 0.11, respectively) estimated
by eq 5 with the dipole moment of 5CT (μ5CT = 4.8 D), meaning
that each 5CT molecule is well dispersed in PS matrices without
aggregation in the same way with 5CB.
It is known that the relaxation time in the Havriliak�Negami

function, τHN, does not correspond to the peak frequency, in the
case of β 6¼ 1. The relaxation time, τmax, representing the peak
frequency is given by the following equation:45

τmax ¼ τHN

sin
παβ

2ðβ þ 1Þ
� �

sin
πα

2ðβ þ 1Þ
� �

2
6664

3
7775

1=α

ð8Þ

From this equation, the average relaxation time of 5CT, τ5CT
(=τmax), was determined and plotted against T�Tg in Figure 13.
The viscoelastic relaxation time divided by k, τL/k (here we set
k = 2000 to superpose them), for PS/5CT mixtures are also
compared in this figure. It is seen that the temperature depen-
dence of τ5CT is the same with that of τL, at least T > Tg + 20 K,
indicating that the rotational motion of 5CT is cooperative with
the PS component dynamics. By comparing τ5CT with τslow
(for 5CB) which is shown in Figure 10, the k factors were
different: 2000 and 5000 for 5CT and 5CB, respectively. This
difference will be explained in the following section.
3.7. Time Scale of Cooperative Motion for 5CB and 5CT.

The relaxation times of 5CB and 5CT in the mixtures compared
at the same T � Tg were slightly different: τ5CT is 2.5 times
longer than τslow of 5CB (the values of k for 5CT and 5CB are

Figure 12. Comparison of dielectric spectra for PS/5CT mixture
(W5CB = 0.04) at several temperatures. The solid lines are best fitted
results by using eq 7.

Figure 13. Temperature dependence of relaxation time τ5CT for PS/
5CTmixtures (W5CB = 0.04 and 0.10). The solid line represents the τL/k
data with k = 2000. The dashed line is theWLF function with c1 = 13 and
c2 = 50 K at the reference temperature, Tr = Tg.
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2000 and 5000, respectively, as explained in Figures 10 and 13).
The difference in relaxation times is considered to be due to a
difference in molecular sizes. By regarding 5CB and 5CT
molecules as cylinder shapes, the rotational relaxation time, τ,
can be estimated by the following equation (rotational relaxation
time for a rod in continuum media).34

τ ¼ πηL3

6kBTðlnðL=dÞ � γÞ ð9Þ

Here, η is the viscosity coefficient of the media and, L and d are
the length of the long and short axes for the rod. γ is a correction
factor concerning the hydrodynamic interaction between rods.34

The value is determined to be 0.8, based on the point force
approximation. Since 5CB and 5CT have flexible pentyl group
attached to the rigid bi- or terphenyl groups, eq 9 is not applicable
in a strict sense. However, assuming that the fluctuation and
rotation of the pentyl chain around the long axis of bi- or
terphenyl group is much faster than the rotational motion of
whole molecules, the contribution of the pentyl group to the total
length of the cylinder-like molecule can be approximately
calculated by using the freely rotating chain model. The calcu-
lated average lengths of the long axis were 1.26 and 1.67 nm for
5CB and 5CT, respectively, and the ratio, τ5CT/τslow, became 2.3,
which was very close to the experimental value of 2.5. Further-
more, eq 9 predicts that the rotational relaxation time, τ, is
approximately proportional to the cube of the rod length, L, i.e., τ
� L3. Figure 14 shows the relationship between the LM length
and the cooperative relaxation time, τc, atTg/T = 0.8 for PS/5CB
and PS/5CT mixtures along with the reported data for other

LMs (derivatives of benzene, stilbene, and 1,4-bis(trans-styryl)-
benzene) dissolved in PS matrix.21 Despite the difference in
chemical structures of LMs, all τ’s seem to show a single straight
line with slope 3 as shown in Figure 14; that is, the τ � L3

dependence given by eq 9 holds for PS/LM systems. This result
indicates that the difference in the relaxation time is due to the
size difference of low-mass molecules irrespective of the LM
structures. Furthermore, it can be said that the dynamics of
LMs are governed by the same effective viscosity coefficient
(η in eq 9). The η value can be roughly estimated to be about
10�1 Pa s, being much smaller than that of typical glass-forming
materials at T = 0.8Tg: 10�109 Pa s which strongly depend on
the material’s fragility.5 This means that the LM motion in PS
matrix is not governed by the macroscopic viscosity correspond-
ing to the glass mode but by a local viscosity which is lower than
the macroscopic one.

4. CONCLUSION

In this study, the component dynamics in the mixtures of two
rodlike low-mass molecules (4-pentyl-40-cyanobiphenyl (5CB)
and 4-pentyl-40-cyanoterphenyl (5CT)) and polystyrene (PS)
were examined by using dynamic viscoelastic relaxation (VR)
and dielectric relaxation (DR) measurements. Temperature
dependence of the viscoelastic terminal relaxation time, τL, of
the mixtures reflecting the global motion of PS could be
represented by a single WLF equation by choosing the reference
temperature Tr = Tg. Viscoelastic relaxation spectra for all PS/
5CB and PS/5CT mixtures could be fitted by the Rouse model;
the relaxation time distribution in the terminal region did not
change so much with the composition.

The PS/5CB mixture exhibited two rotational relaxation
(slow and fast) modes in the DR spectra, both corresponding
to 5CB motion, while PS/5CT mixture exhibited one rotational
mode of 5CT. By comparing the temperature dependences of the
rotational relaxation times of 5CB and 5CT in the mixtures with
that of τL reflecting the PS chain dynamics in the mixture, it was
concluded that the rotational motions of 5CB (slow mode) and
5CT were cooperative with the α dynamics of PS chain. In
particular, the cooperative relaxation time of the low-mass mol-
ecules was found to be proportional to the cube of the length (long
axis) for the molecules as predicted by the theory for rodlike
molecules in a continuous medium. On the other hand, the fast
mode in PS/5CBmixtures attributed to the fluctuation of 5CB in a
restricted free volume (or a cage) showed the Arrhenius type
T-dependence with activation energies of 120�180 kJmol�1. The
relaxation intensity of the fast mode depended on both tempera-
ture and composition which might change the cage size.
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