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Abstract

We studied the relationship between segmental dynamics of matrix polymers and tracer diffusion of low mass compounds by the use of
forced Rayleigh scattering and dielectric spectroscopy. Specifically poly(methyl acrylate), poly(ethyl acrylate) and poly(n-butyl acrylate)
were used as the polymer matrices and six azobenzene derivatives with various substituents as the diffusant. The temperature dependence of
the tracer diffusion coefficient D was measured on methylyellow (MY)/polyacrylate blends at the MY concentration of 1 wt%. The results
indicate that the temperature dependence of D is weaker than the dielectric loss maximum frequencies fm for the a processes of the matrices.
The effect of volume of the dye molecules on D was also investigated at 305 K. Comparison of the tracer diffusion coefficients among various
dye/polymer systems indicates that log D in the same matrix decreases linearly with the molar volume of the dyes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Diffusion of low mass compounds in polymer matrices has
been studied long [1e25] because of its relevance to various
applications such as gas permeation [3], membrane separation
[26], ionic conduction [27,28], thin film [24,25] and controlled
release of drugs [29]. Those experimental studies revealed that
the diffusion coefficient D of low mass compounds above
glass transition temperatures Tg is closely related to the seg-
mental dynamics of the matrix polymers [1e3]. So far most
of the results of measurements of D were analyzed theoreti-
cally on the basis of free volume theories proposed by Fujita
[2] and developed by Vrentas and Duda [5,6]. Various modifi-
cations of the theory have been proposed for precise prediction
of D [14e16]. However, the relationship between D and local
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segmental dynamics of the matrix polymers has not been stud-
ied fully.

In order to explain dynamic and relaxation behaviours of
polymers and supercooled liquids near Tg, many researchers
assume cooperative segmental dynamics [30e32]. The idea
of the cooperative dynamics leads us to expect that components
of a mixture obey the same dynamics and therefore the mobility
of a low mass compound in a polymer exhibits the same temper-
ature and composition dependences as the segmental dynamics
of the polymer chains. Contrary to this expectation, recent stud-
ies on miscible polymer blends revealed that the dynamics of
components in binary mixed systems are distinct [32e35].
This behaviour is called ‘‘dynamic heterogeneity’’ [34]. Al-
though many studies on diffusion of low mass compounds in
polymers have been reported, systematic studies focusing on
the relationship between the segmental dynamics and diffusion
of low mass compounds are rare [7,13,18e20,36]. Ediger and
his coworkers reported the rotational and translational diffu-
sions of probe molecules such as rubrene dissolved in polymers
[18e20]. Inoue et al. found that the rotational correlation func-
tions of the probes depend on the size of the probe molecules
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and that the temperature dependence of rotational correlation
time is similar to the viscoelastic relaxation time of the polymer
matrices [36]. Cicerone et al. [19] and Wang and Ediger [20]
found that the temperature dependence of the diffusion coeffi-
cient of probes is weaker than that of rotational diffusion. Sim-
ilar results were also reported for the other systems [7,13].

Dynamic heterogeneity is most clearly observed in poly-
mer/diluent systems i.e., the motions of the diluent molecules
such as toluene and polymer segments are almost perfectly de-
coupled [37]. We found that the distribution of the dielectric
relaxation times broadens due to concentration fluctuation.
The dynamic heterogeneity depends on the size of low mass
molecules: we reported the dielectric relaxations of phenyl-,
biphenyl- and terphenyl derivatives dissolved in polystyrene
and found that dynamic heterogeneity becomes weak with in-
creasing size of the low mass compound [38,39]. Tracer diffu-
sion of probes in glass forming low mass compounds such as
o-terphenyl was also reported and similar behaviours to probe/
polymer systems were observed [40e42].

We aim to examine the dynamic heterogeneity in polymers
containing low mass compounds focusing on the tracer diffu-
sion and dielectric segmental relaxation of the matrix polymers.
For this purpose we have carried out measurements of forced
Rayleigh scattering (FRS) [9,10,13,40,41,43,44] and dielectric
relaxation on poly(methyl acrylate) (PMA), poly(ethyl acry-
late) (PEA) and poly(butyl acrylate) (PBA) containing a trace
amount of azobenzene derivatives (dyes) in temperatures above
Tg of these polymers. There are two objectives. Firstly we com-
pare the temperature dependences of the dielectric relaxation
frequency (loss maximum frequency fm) of the matrix polymers
and the diffusion coefficient D of the dyes dissolved in the ma-
trices. The dynamic heterogeneity observed in dye/polyacrylate
systems will be discussed by testing the timeetemperature
superposability. As mentioned above the size of low mass mole-
cules plays an important role in local dynamics. The second
objective is to examine the effect of the molar volume of dye
molecules on D. The results will be discussed on the basis of
molecular models including the free volume theory.

2. Experimental

2.1. Materials

Poly(methyl acrylate) (PMA), poly(ethyl acrylate) (PEA)
and poly(butyl acrylate) (PBA) were purchased from Aldrich
(USA). The molecular weights of PMA, PEA and PBAwere 40,
99 and 95 kg/mol, respectively and the glass transition temper-
atures of PMA, PEA and PBAwere 283, 248 and 219 K, respec-
tively. Various dyes having the structure of C6H5eN]Ne
C6H4eR were used where R denotes a group attached at the
para position with respect to the azo-group. Azobenzene
(AB), 4-phenylazobenzoylchloride and methylyellow (MY)
were purchased from Aldrich (USA). Azobenzene derivatives
with the ester groups were synthesized from 4-phenylazoben-
zoylchloride and alcohols or phenols: C6H5eN]NeC6H4e
COClþ R0OH / C6H5eN]NeC6H4eCOOR0 þHCl. The
code and structures of these dyes are summarized in Table 1.
For the sake of later discussion, the van der Waals volumes of
the dyes were calculated by assuming the additivity of the group
volumes [45] and listed in Table 1.

The samples for FRS measurements were prepared by cast-
ing chloroform solutions (ca 20 wt%) of a polymer and a dye
on a piece of slide glass. The solvent was removed completely
under vacuum of 0.01 Pa at 350 K for 3 days. The cast film on
the glass plate was sandwiched with another glass plate and
compressed on a hot-press machine at about 370 K. The thick-
ness of the sample was adjusted to be 150 mm with spacers.
The content of the dyes was mostly 1 wt% but for the MY/
PMA system, the content was changed from 1 to 15 wt% to
examine the effect of the dye content.

2.2. Methods

Measurements of the tracer diffusion coefficient of the dyes
were made by using a homemade apparatus of forced Rayleigh
scattering (FRS) [43,44]. The writing and reading beams were
Ar (l¼ 488 nm, ca. 0.2 W) and HeeNe (l¼ 633 nm, 3 mW)
beams, respectively. The scattering angle was from 2.5� to 15�

corresponding to the Bragg spacing from 7.3 to 1.2 mm. The
intensity of the scattered light was detected with a photomulti-
plier tube (Hamamatsu Photonics Co., C1550-04, Hamamatsu,
Japan). The signal was amplified by a homemade differential
amplifier to compensate the coherent noise (see Eqs. (3) and
(4)). The compensation voltage was precisely adjusted so that
the output voltage became zero before the exposure to the writ-
ing beam. The amplified signal was recorded in a personal
computer equipped with an A/D converter. A typical example
of the signal is shown in Fig. 1.

Glass transition temperature Tg was determined by a differ-
ential scanning calorimeter (Seiko Instruments & Electronics
Ltd., DSC-20, Japan) at 10 K/min. Tg was determined as the
middle point of the stepwise change of the DSC thermograms.
Dielectric measurements were performed by using two RLC
meters (QuadTech, models 1693 and 7600, USA).

2.3. Analyses of FRS data

In FRS measurements, a sample polymer containing a dye
is exposed by two coherent writing beams with the same inten-
sity I0/2 but with different incident angles for a short period of
the order of 1 s [43,44]. The interference of the two beams

Table 1

Structures and van der Waals volumes V of dyesa

Dyesb Code Structure of R V/nm3

Azobenzene AB eH 0.139

Methylyellow MY eN(CH3)2 0.176

p-Carbopentoxy-ABz C5 eCOOC5H11 0.223

p-Carbododecoxy-ABz C12 eCOOC12H25 0.306

p-Carbo(3-methylphenoxy)-ABz CR eCOOC6H4CH3 0.235

p-Carbobiphenoxy-ABz BP eCOOC6H4eC6H5 0.281

a Van der Waals volumes V were calculated by assuming the additivity of the

group volumes [45].
b ABz is abbreviation of azobenzene.



1345S. Maji et al. / Polymer 48 (2007) 1343e1351
causes a sinusoidal change of the intensity of the light being
proportional to cos2(px/d ). Here d is the wavelength of the in-
terference fringe and x is the coordinate along which the fringe
is formed. The dye molecules isomerize in proportion to the
intensity of the writing beam forming a sinusoidal change of
the refractive index. Then the fringe causes scattering of a
reading beam in the direction where the Bragg condition is ful-
filled. The concentrations of the non-isomerized molecules f1

and isomerized ones f2 are given by

f1 ¼ f0�f2 ð1Þ

f2 ¼ xf0I0cos2ðpx=dÞ ð2Þ

where f0 is the total concentration of the dye molecules and x

the coefficient of isomerization. The amplitude of thus created
fringe decreases with time by the diffusion of the dye mole-
cules and hence the intensity I(t) of scattered light decreases
with time t:

IðtÞ ¼ k½aexpð�t=t1Þ � bexpð�t=t2Þ þ g�2 ð3Þ

where k, a and b are the constants and g the coherent noise
mainly due to the light scattered at the surface of the sample
cell and colloidal dusts which have not been removed by a filter
with the smallest mesh size of 0.2 mm. t1 and t2 are the time
constants due to the diffusion of the non-isomerized (1) and
isomerized (2) molecules, respectively. If the diffusion coeffi-
cients D1 and D2 of the non-isomerized and isomerized mole-
cules differ, the decay curve becomes superposition of the four
exponential functions with the time constants t1, t2, 2t1 and
2t2 [44]. In the present experiments, we controlled the exper-
imental condition so that g was much larger than a and b.
Thus the terms of a2, b2 and ab are smaller than the first order
terms and hence I(t) can be written as

IðtÞya0expð � t=t1Þ � b0expð � t=t2Þ þ IN ð4Þ

Fig. 1. An example of the time dependence of scattered light for NY/PEA at

315 K.
where a0 ¼ 2kag, b0 ¼ 2kbg and IN is the base line equal to
g2. The time constants t1 and t2 are given by

1

tj

¼ 16p2Dj

l2
sin2ðq=2Þ þ 1

tdye

ð5Þ

where j¼ 1 or 2, l the wavelength of the reading beam and
tdye is the time constant for thermal isomerization of the
dye. Depending on the values of a/b and t1/t2, the time depen-
dence of I(t) exhibits different profiles as given by Eq. (4) [44].
In the present study, I(t) decreased monotonously conforming
to the single exponential decay curve as shown in Fig. 1. Thus
we were not able to determine t1 and t2 separately. The origin
of the monotonous decay curve is that t1 for the trans-isomer
(the stable form) is close to t2 for the cis-isomer. Thus Eq. (4)
is rewritten as

IðtÞyI0expð � t=tÞ þ IN ð6Þ

The example of the 1/t versus sin2(q/2) is shown in Fig. 2.
The values of the tracer diffusion coefficient of the dyes are
determined from the slope of such plots.

3. Results and discussion

3.1. Dielectric relaxation

Fig. 3 shows the temperature dependences of the dielectric
loss factor 300 at 1 kHz for pure PMA, PEA and PBA. The main
loss peaks locate about 30 K above the glass transition temper-
atures Tg of each polymer and are assigned to the a relaxation
due to segmental dynamics. Broad loss peaks due to the b re-
laxation are also seen in the temperature range below Tg. The
dielectric relaxations of PMA [46,47], PEA [46] and PBA [48]

Fig. 2. Example of the plot of 1/t (s�1) against sin2(q/2).
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were already reported. The present data approximately agree
with those previous data.

Fig. 4 compares the temperature dependences of 300 of pure
PMA and those of the MY/PMA mixture containing 15 wt%
of MY. Measurements were carried out after quenching the
sample from ca 400 to 200 K. It is seen that the a peak of
PMA containing 15% MY locates at temperatures ca 15 K
lower than that of pure PMA at 1 kHz due to the plasticizing
effect of MY. If the MY molecules reorient at a different rate
from that of the PMA segments, the mixture would exhibit two
loss peaks due to the components. In Fig. 4 it is seen that the 300

curves for the MY (15%)/PMA system do not exhibit bimodal
loss peaks and that the 300 peak for the MY/PMA system is
about two times higher than that for pure PMA. This indicates
that the MY molecules having the high dipole moment of
9.2� 10�30 C m reorient at the same rate as the PMA seg-
ments. Recently we reported that the dielectric a loss peak
in polystyrene (PS) containing cyanobenzene (CNBz), alkyl-
cyanobiphenyl (CNBP) and alkyl-cyano-p-terphenyl (CNTP)
[38,39]. The loss curves for the CNBz/PS and CNBP/PS sys-
tems are bimodal due to dynamic heterogeneity, but in the
CNTP/PS system, the loss curve becomes unimodal indicating
that the terphenyl molecules move cooperatively with the PS
segments [39]. The MY/PMA system exhibits behaviour sim-
ilar to the CNTP/PS system suggesting cooperative motions of
the MY molecules and the PMA segments. Although we did
not carry out dielectric measurements on the MY/PEA and
MY/PBA blends, we expect that behaviours in those systems
are similar to those in the MY/PMA system. However, this
view of cooperative motions is not harmony with the data of
tracer diffusion of the MY molecules as discussed later.

3.2. Diffusion of MY and segmental dynamics in PMA,
PEA and PBA

The temperature dependences of the diffusion coefficient D
of MY in PMA, PEA and PBA were measured at the MY

Fig. 3. The temperature dependence of log 300 of pure PMA, PEA and PBA.

content of 1 wt% and plotted in Fig. 5aec, respectively. The
loss maximum frequency fm for the dielectric a processes of
pure PMA PEA and PBA are also plotted for the sake of com-
parison. The data of fm are fitted to the VogeleFulcher (VF)
equation [49,50] and the best fit curves are indicated by the
dotted lines:

log fm ¼ A� B

T� T0

ð7Þ

where A and B are constants and T0 is the critical temperature.
The parameters A, B and T0 are listed in Table 2. The param-
eter B for PBA differs significantly from that reported previ-
ously [48]. The origin of the discrepancy is not clear. In
Fig. 5, we see that the tracer diffusion coefficients at a fixed
temperature increase with decreasing Tg of the polymer matrix
as expected. It is seen that in the MY/PMA system, the tem-
perature dependences of D and fm are different, but in the
MY/PEA and MY/PBA systems, log D changes almost paral-
lel to the VF equation for log fm.

Let us discuss these results. We note that measurements of D
in the MY/PMA system were made near Tg, namely in the range
of 10 K< T� Tg< 50 K, but in the MY/PEA and MY/PBA
systems measurements were made in the range T� Tg> 40 K.
Since it is known generally that dynamic heterogeneity in
mixed systems is enhanced with approaching Tg, the distinct
behaviours among the systems can be explained as the result
of such a general trend. In fact we see in Fig. 5 that the temper-
ature dependence of D and fm in the MY/PMA system tends to
become similar in the high-temperature region.

From these results one may expect that the temperature de-
pendence of D is expressed as a function of Tg/T or T� Tg.
Fig. 6 shows the plots of log D versus T� Tg. It is seen that
the data of log D of different systems do not conform to a com-
mon curve as indicated by the solid lines. The plots of log D
versus T/Tg exhibit similar behaviours to Fig. 6. We expect
that the temperature dependence of D is a function of the pa-
rameters of the VF equation, since Brownian motions of the
dye molecules take place as a result of thermal agitation by

Fig. 4. Comparison of 300 curves at 1 and 10 kHz between pure PMA (closed

keys) and PMA containing 15 wt% MY (open keys).
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Fig. 5. Comparison of the temperature dependence of the tracer diffusion co-

efficient D of MY (open circle) and the dielectric loss maximum frequency

fm of matrices (closed circle) in MY/PMA (a), MY/PEA (b) and MY/PBA

(c). The dotted lines indicate the VF equation with the parameters listed in

Table 2.
segmental motions of the matrix polymer. Therefore we at-
tempted to express the diffusion coefficient as a function of
T, A, B and T0. Among various attempts, we found that the plots
of log D� A and log fm� A with respect to B/(T� T0) conform,
respectively, to common curves as shown in Fig. 7. Since the
temperature ranges of measurements of D in the MY/PEA
and MY/PBA systems are narrow, the data of more wide tem-
perature range are required to confirm the superposability of
the data of the log D� A versus B/(T� T0) plot. Here we dis-
cuss the diffusion behaviour of MYassuming this superposabil-
ity as is often assumed in measurements of viscoelasticity.

The plot of log D� A versus B/(T� T0) does not conform
to a straight line in contrast to log fm� A. This indicates the
dynamic heterogeneity between the diffusion of the MY mol-
ecules and the segmental dynamics of matrix polymers. How-
ever, the fact that log D can be expressed by a function of the
VF parameters indicates the close relationship between diffu-
sion and segmental dynamics. We have sought a function of
temperature to which log D� A becomes linear and found
that the plots of log D� A versus [1/(T� T0)]1/2 conform to
a straight line as shown in the inset of Fig. 7. Therefore the
T-dependence of D is approximately given by

log D¼ AþK1�
K2B1=2ffiffiffiffiffiffiffiffiffiffiffiffiffi
T� T0

p ð8Þ

Table 2

Parameters of the VogeleFulcher equation for the segmental relaxation of

PMA, PEA and PBA

A B T0

PMA 11.2 488 252.6

PEA 10.6 425 222.2

PBA 10.2 341 200.0

Fig. 6. Plots of log D (cm2 s�1) against T� Tg (K) for the MY/PMA, MY/PEA

and MY/PBA systems. The solid lines are guide for the eyes.



1348 S. Maji et al. / Polymer 48 (2007) 1343e1351
where K1 and K2 are constants equal to �11.65 and 3.10, re-
spectively. We have also found that the tracer diffusion coeffi-
cients in the methylacetate/PMA system [7], tetracene/
polystyrene (PS) and rubrene/PS [19] conform to Eq. (8)
with the dielectric data of PS [46]. The value of K2 for the
methylacetate/PMA system is close to 3.1 but those of the lat-
ter two systems are higher than that of the present system. The
parameter A of the VF equation represents the relaxation fre-
quency at infinitely high temperature and corresponds to the
average frequency of thermal vibration. The above-mentioned
results indicate that the diffusion of low mass molecules is
sensitive to such vibration as well as T0 and B.

The dielectric data shown in Fig. 4 have indicated that the
rotational relaxation times of the MY molecules and the PMA
segments are almost the same. In contrast, the results shown in
Fig. 7 and Eq. (8) indicate that the diffusion and the segmental
dynamics obey distinct dynamics, namely they are dynami-
cally heterogeneous. The weaker temperature dependence of
D than fm means that the tracer diffusion occurs faster than
the segmental motions at low temperatures near Tg. This is
demonstrated by calculating the mean square displacement
hR2i of the MY molecule in the period t (¼ 1/(2pfm)) needed
for reorientation of the polymer segment. For the MY/PMA
system, t is 0.016 s and hR2i1/2 becomes 25 nm at 300 K.
This value is much longer than the length of the MY molecule
of 1.6 nm: the distance of the migration of the MY molecules
during one rotation of the PMA segment is ca 16 times of the
size of the MY molecule. The value of hR2i1/2/t increases with
decreasing temperature. These puzzling observations may be
explained as follows.

The present results are similar to those studied by Cicerone
et al. [19,42] for probes of tetracene and rubrene in polysty-
rene (PS): i.e., the temperature dependence of diffusion of
the probe molecules is weaker than that of rotation. Cicerone

Fig. 7. Plots of [log(D/cm2 s�1)� A] and [log( fm/Hz)� A] against B/(T� T0)

for MY/PMA, MY/PEA and MY/PBA where A, B and T0 are the parameters of

the VF equation and are listed in Table 2.
et al. explained the results by assuming a spatially hetero-
geneous distribution of free volume which causes mobile and
immobile regions in PS [19]. They explained that the observed
rotational correlation function of the probe is a weighted aver-
age of the correlation function for the probes locating different
regions and hence the correlation time for the reorientation is
heavily influenced by the slowest motion, but the translational
Brownian motions of probe molecules tend to occur through
mobile regions. Ediger wrote a review on this problem [18].
The present results may be explained in terms of their model.
However, no direct evidences of the heterogeneous structure
have been observed by scattering methods. We also note that
this model predicts that the dielectric relaxation spectra in
pure amorphous polymers broaden significantly with decreas-
ing temperature but such behaviour has not been reported for
typical amorphous polymers such as poly(vinylacetate) [46].

The other explanation may be possible by considering an-
isotropic diffusion of the MY molecules in polymer matrices,
i.e., the mobility in the direction of the long axis is higher than
that in the perpendicular direction. In dielectric measurements,
the overall reorientation of the long axis of the MY molecules
is observed as the direction of the dipole moment coincides
with that of the long axis. Since the length of the long axis
(1.6 nm) of the MY molecule is similar to the average size
of the units of segmental dynamics (1e2 nm), rotational mo-
tions of the MY molecules are hindered by the PMA chains
and hence the relaxation time for reorientation of the MY mol-
ecules becomes similar to that for segmental motions. On the
other hand, translational motions of the MY molecules in poly-
mer matrices occur mainly in the direction of the long axis of
the MY molecules. In this case we expect that the size of the
short axis of the MY molecules governs effectively the diffu-
sion process and hence the MY molecules migrate a long dis-
tance during t for segmental motions of PMA. We need to
investigate the tracer diffusion for low mass compounds with
various aspect ratios to confirm the anisotropic diffusion.

3.3. Effect of volume of dye molecules on diffusion
coefficient

In this section we examine the effect of the van der Waals
volume V of the dyes on D of the dyes. We have calculated V
assuming the additivity of the atomic volumes and are listed
in Table 1 [45]. Fig. 8 shows the plots of log D versus V at
305 K dissolved in PMA, PEA and PBA. The content of dyes
was 1 wt%. Fujita et al. reported the diffusion coefficients of
methyl-, ethyl-, propyl- and butylacetate in PMA [7]. Their
data at 305 K are extrapolated to zero concentration and plotted
in Fig. 8. Although the data points are scattered, log D increases
with decreasing V and the log D versus V curves are approxi-
mately linear:

log D¼ C1�C2V ð9Þ

where C1 and C2 are constants depending on T. At 305 K, C2 is
approximately equal to �6.6� 1.1 nm�1 for all systems and
C1 for PMA, PEA and PBA systems are �7.6� 0.5,
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�6.5� 0.5 and �5.2� 0.5, respectively. Relatively large scat-
ter of the data points indicates that the diffusion of the dyes
depends on the specific shapes and intermolecular interactions
of the dye molecules as well as V. It is seen that the present
data and the data reported by Fujita et al. [7] conform approx-
imately to the same straight line despite the large difference of
molecular structure.

The Stokes law predicts for a spherical particle with radius
a that its diffusion coefficient is proportional to the inverse of
a. Therefore if the classical fluid dynamics holds for diffusion
of the dyes, the log D versus log V plot has the slope of �1/3.
Although not shown here, the plots of log D versus log V for
the present systems are curved and the average slopes are as
high as �5.5� 1.5. Von Meerwall et al. studied diffusion of
n-alkanes in rubbers and that of plasticizers in poly(vinyl chlo-
ride) [51,52]. They determined D at zero concentration of the
low mass compounds by extrapolation of the data of D. In
Ref. [51], they reported that D was proportional to Mb with
b ranging from �0.7 to �1 depending on the polymer matrices
(SB rubber and PI) where M is the molecular weight of the
alkanes. This dependence is higher than �1/3 but is lower
than our result if V is assumed to be proportional to M. How-
ever in Ref. [52], they reported that there was no correlation
between D and M. The V dependence of D will be discussed
on the basis of the free volume theory in the later section.

We attempted to superpose the log D versus V curves by tak-
ing the dye/PMA system as the reference state. Fig. 9 shows the
master curve in which the data of log D of the dyes in PEA and
PBA are shifted by �1.1 and �2.4 decades, respectively. The
plots are scattered largely indicating that D depends mainly
on V but also depends on the specific molecular structure of

Fig. 8. Plots of log D (cm2 s�1) versus the molar volume V (nm3) of the dye

molecules listed in Table 1. The circle, triangle and square keys represent

the polymer matrices of PMA, PEA and PBA, respectively. The indices indi-

cated in the keys represent the diffusants, i.e., 1, AB; 2, MY; 3, C5; 4, CR; 5,

BP; 6, C12; 7, CH3COOCH3; 8, CH3COOC2H5; 9, CH3COOC3H7; 10,

CH3COOC4H9. The data of the indices 7e10 in open circles are those reported

by Fujita et al. [7].
 the dye and specific intermolecular interactions between the
dye and the polymer matrix. The shift factors b obtained above
represent the ratio of the friction z for the diffusion process of
the dye molecules in the different polymer matrices: for exam-
ple log b for the dye/PEA system is equal to log[z(PEA)/
z(PMA)]. On the other hand, the friction for the segmental dy-
namics is proportional to fm

�1. From the Arrhenius plots shown
in Fig. 5, the shift factors of fm

�1 between the PMA and PEA and
between PMA and PBA become �3.2 and �5.1 decades, re-
spectively, which are quite different from log b for the tracer
diffusion of the dyes. This again indicates the dynamic hetero-
geneity between the tracer diffusion of dyes and the segmental
dynamics of matrix polymers.

We see in Fig. 8 that the data of the diffusion coefficients of
alkylacetates in PMA reported by Fujita et al. [7] conform to
the same straight line for the dyes. If the dynamic heterogene-
ity depends on the size of the diffusants, the plots of log D ver-
sus V would exhibit a break at some value of V. Unfortunately
the scatter of data is relatively large and we cannot find such
a cross-over point in Fig. 8.

We again discuss the average displacement hR2i1/2 of the
low mass molecules during the period t (¼ 1/(2pfm)) for reor-
ientation of the polymer segment. From the relation of
hR2i ¼ 6Dt and Eq. (9), hR2i1/2 at 305 K is written by a form:

�
R2
�1=2¼ k� 10�C2V=2 ð10Þ

where k is constant and V the van der Waals volume in nm3.
The values of k at 305 K for the matrices of PMA, PEA and
PBA are calculated to be 175, 10.1 and 8.2 nm, respectively.
This equation indicates that hR2i1/2 of a low mass molecule
in PMA at 305 K is much longer than the segment size but

Fig. 9. Master curve of log D (cm2 s�1) versus V (nm3) of dye molecules in

PMA, PEA and PBA at 305 K where the friction for the dye molecules is

reduced to that in PMA matrix. The data in PEA and PBA are shifted by

�1.0 and �2.2 decades along the ordinate, respectively.
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hR2i1/2 in PBA is similar to the segment size. For example the
benzene molecule having the volume of 0.117 nm3 migrates
72 nm in the period of t of PMA at 305 K, but in the PBA ma-
trix it migrates 3.4 nm which is similar to the size of the seg-
ment. Thus Eq. (10) indicates that the dynamic heterogeneity
is enhanced with decreasing T� Tg. It is expected that Eq. (10)
holds in a certain range of V since the Stokes law holds for
a large diffusant.

3.4. Comparison with free volume theory

Vrentas and Duda proposed the theory of D of low mass
compounds in polymer matrices based on a free volume theory
[5,6]. At the limit of zero content of a low mass compound, D
is given by

D¼ D0exp

 
� E�

RT
�

gV0
pð0Þx

VHF

!
ð11Þ

where D0 is constant, E* the activation energy needed to over-
come the attractive forces of the surrounding molecules, g the
dimensionless overlapping factor, V0

p(0) the specific volume of
the polymer at 0 K and VHF the hole free volume of the poly-
mer per 1 g at T and x the ratio of the critical volume Vlmc* for
jump of the low mass compound and that Vp* of the jumping
unit of the polymer. So far many authors tested this equation
for mixtures of polymers and ordinary solvents such as ben-
zene [3].

Firstly we discuss the temperature dependence of D based
on Eq. (11). The second term in the exponent of Eq. (11)
has a form similar to the Doolittle equation [53]. Duda et al.
expressed the viscosity h of the polymer using the parameters
included in Eq. (11) [54]:

log h¼ Cþ 0:434gVpð0Þ
VHF

ð12Þ

where C is the constant. The T-dependence of log h can be
expressed by the VF equation: log h¼ A0 þ B/(T� T0) where
A0 is the constant. Then Eq. (11) is rewritten to a form:

log D¼ C0 � 0:434E�

RT
� xB

T� T0

ð13Þ

where C0 is equal to log D0� x(A0 � C ). In order to use this
equation, we need to evaluate E* and x¼ Vlmc*/Vp*. The
data of E* and x are not available for the MY/polyacrylate
systems. We roughly estimate x as follows.

Zielinski and Duda proposed an empirical equation:
Vp*¼ 0.6224Tg� 87 cm3/mol [55]. From this equation we es-
timate Vp* of PMA, PEA and PBA to be 89, 67 and 49 cm3/
mol, respectively. For a rigid molecule, the free volume model
assumes that Vlmc* is equal to the van der Waals volume V of
the molecule. Vrentas et al. defined xL¼ V/Vp* and proposed a
theory on the effect of the asymmetrical structure of diffusant
molecules on x [16]. According to their theory, x of an asym-
metrical molecule is less than xL by a factor of j¼ 1/
{1þ xL(1� Y/X )} where X/Y is the aspect ratio of the mole-
cule. The molar volume V of MY is estimated to be
181 cm3/mol as given in Table 1 and the values of xL for
MY/PMA, MY/PEA and MY/PBA systems become 1.9, 2.7
and 3.7, respectively. It is difficult to evaluate the aspect ratio
of the MY molecule as it has a complex structure. We roughly
estimate that X/Y¼ 2.4 for the trans-MY and X/Y¼ 1.0 for cis-
MY molecule from the stereo structure of the MY molecule.
Here we assumed that X/Y¼ 1.09 for the benzene ring as given
in Ref. [16]. Thus we obtain x¼ xL for the cis-MY/polyacry-
late systems. The values of x for trans-MY/polyacrylate sys-
tems become 0.90, 1.3 and 1.8 for the matrices of PMA,
PEA and PBA, respectively.

Thus evaluated x values indicate that the third term of
Eq. (13) has a temperature dependence similar to or stronger
than log fm. The second term �E*/T further enhances the T-
dependence of log D. Therefore Eq. (11) predicts a stronger
temperature dependence of log D than log fm. However, the
experimental results shown in Fig. 7 indicate that the T-depen-
dence of log fm is much stronger than that of log D. Therefore
the present experimental results cannot be explained by the
free volume theory.

Secondly the dependence of D on V is discussed. It is
known that E* depends on combinations of polymer and diffu-
sant [16]. We tentatively assume that E* is independent of the
structures of the dyes used in this experiment. Then Eq. (11)
predicts that log D is proportional to jx. If we further assume
that the values of j of the dyes are similar, log D is expected to
be proportional to �V. In Fig. 8 we see that Eq. (11) holds
roughly. However, as already pointed out in Section 3.3 the
scatter of the data points in Fig. 8 is large. This may be attrib-
uted to the difference of E* and j of the dyes in the framework
of the free volume theory. It is noted that among the dyes used
in this experiments, AB, MY, CR and BP have rigid structure
but the alkyl groups of C5 and C12 are flexible. For flexible
molecules Vlmc* should be equal to the volume of the jumping
unit and therefore the assumption of Vlmc*¼ V does not hold
for C5 and C12. Nevertheless we see in Figs. 8 and 9, that the
data points of these dyes locate approximately on the same
straight lines and hence the flexibility does not affect much
the tracer diffusion coefficient of the dyes.

In this section we have analyzed the experimental results
using the free volume theory. To summarize the temperature
dependence of D of MY in polyacrylates cannot be explained
by the free volume theory. But the V dependence of D of the
dyes is approximately explained.

4. Conclusion

We measured the tracer diffusion coefficient D of azoben-
zene derivatives (dyes) in PMA, PEA and PBA and the dielec-
tric relaxation frequencies fm for the a processes of the matrix
polymers. The temperature dependence of the tracer diffusion
coefficient D of methylyellow (MY) was measured at the MY
concentration of 1 wt%. The dependence of D on the van der
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found that the temperature dependence of D is weaker than fm
indicating that the dynamics of the dye molecules and segmen-
tal motions are dynamically heterogeneous. However, the
dielectric loss curve of PMA containing 15 wt% of MY is
unimodal indicating that reorientation of the MY molecules
and segmental motions are apparently dynamically homoge-
neous. This puzzling result may be explained either by the spa-
tially heterogeneous structure proposed by Ediger et al. [18,19]
or by the anisotropic diffusion of the MY molecules. The values
of log D�A in the MY/PMA, MY/PEA and MY/PBA systems
are found to be linear against�[B/(T� T0)]1/2 and conform to a
common straight line where A, B and T0 are the parameters of
the VogeleFulcher equation for fm of the matrix polymers.

The data of D of various dyes at 305 K indicate that log D
in the same matrix polymer is approximately linear with re-
spect to the van der Waals volume V of the dyes. The slopes
of the log D versus V plots in PMA, PEA and PBA are approx-
imately the same and a master curve has been constructed by
shifting the data of the PEA and PBA systems by �1.1 and
�2.4 decades, respectively. Those shift factors are much
smaller than the ratio of fm of the matrices. The average dis-
placement hR2i1/2 of the dye molecules during the period t

(¼ 1/(2pfm)) for reorientation of the polymer segment is cal-
culated. hR2i1/2 in PMA is found to be much longer than the
size of the dye molecule but in PBA the value is similar to
the size of the dye molecule. The results indicate that the dy-
namic heterogeneity is enhanced with approaching Tg. Those
results have been compared with the free volume theory.
The temperature dependence of D of MY in polyacrylates can-
not be explained by the free volume theory. But the V depen-
dence of D of the dyes is approximately in agreement with the
free volume theory.
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