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ABSTRACT: A holographic fluorescence recovery after photobleaching technique has been used to measure 
the translational motion of tetracene and rubrene (tetraphenyltetracene) in polystyrene (PSI from Tg - 
10 K to Tg + 100 K (Tg = 373 K). At 363.5 K, the translational motion of tetracene is not diffusive; Le., 
the mean-square displacement is not linear in time on the length scale (60 nm) and time scale (10 h) of 
the experiment. Above 370 K, diffusive transport is observed for both probes with diffusion coefficients 
in the range of 10-6-10-15.5 cm2/s. The observed diffusion coefficients have a significantly weaker 
temperature dependence than rotation times for these two probes in PS. At low temperatures, the root- 
mean-square displacement for tetracene approaches 60 nm in one rotational correlation time. It is not 
necessary to conclude, however, that individual probe molecules translate large distances without rotating. 
All these observations can be rationalized without invoking a change in the local relationship between 
rotation and translation if the local dynamics of PS are assumed to be spatially heterogeneous. 

I. Introduction 
The diffusion of small molecules in polymers has been 

actively studied for several decades. Small molecule 
diffusion is integrally related to drug delivery rates and 
polymer dissolution.2 The plasticization, coloration, 
curing, and drying of coatings (e.g., paint) are all 
influenced by the mobility of solvents, dyes, and various 
low molecular weight  additive^.^ Diffusion studies 
provide considerable insight into the fundamental mo- 
lecular motions of an amorphous polymer  matrix.'^^-^^ 
The diffusion of small molecules can also provide 
information about polymer morphology and rates of 
polymerization. 

If we define the diffusion coefficient in terms of the 
mean-square displacement as follows, 

(1) D -1im- 

we can ask how DT for a probe molecule is influenced 
by the dynamics of an amorphous polymer host. DT 
values for gas molecules in amorphous polymers are 
known to have a much weaker temperature dependence 
than that of the viscosity q(T).13114 The picture of gas 
transport emerging from recent computer simulations 
is one of hops of -10 A between cavities in the matrix.15 
These hops are facilitated by high-frequency vibrational 
motions (> lo l l  Hz) with a weak temperature depen- 
dence. 

In contrast to gaseous probe molecules, the transla- 
tional motion of solvent molecules and larger probes is 
coupled significantly with the conformational dynamics 
of the polymer host. In low-T, amorphous polymers, 
Ferry and co-workers found that the diffusion of flexible 
and rigid probes with molecular weights on the order 
of 200 has the same temperature dependence as v.7,s 
In a study of five higher Tg polymers, Ehlich and 
Sillescu found that probes of about the same size had 
diffusion coefficients with a somewhat weaker temper- 
ature dependence than 7 (DT = 7-5 with 0.50 < 4 < 
0.84).* Other experiments on probe diffusion in high- 
Tg polymers are broadly consistent with the work of ref 
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Typically, probe diffusion studies in bulk amorphous 
polymers are interpreted in terms of free volume 
theory.'J7 Using this approach, one interprets the 
temperature dependences of DT and q in terms of 
coupling between probe and matrix motion. If the 
temperature dependence of DT for a rigid probe is 
weaker than that of q, one concludes that the probe is 
too small to be fully coupled with the segmental motions 
of the polymer. This interpretation may need to be 
reevaluated in some cases, however, given recent results 
concerning the relationship between translational and 
rotational diffusion in small molecule glass formers18-20 
and polymers.21 In a number of cases, translational 
diffusion has a significantly weaker temperature de- 
pendence than 7 whi l e  rotat ional  motion h a s  a t emper -  
ature dependence which does not  d i f f e r  signif icantly from 
that of 7. A straightforward application of the free 
volume approach would lead to the odd conclusion that 
translational motion is partially decoupled from matrix 
motions while rotational motion is fully coupled. 

In this paper, we present translational diffusion 
measurements of tetracene and rubrene in polystyrene 
(PSI from Tg - 10 K to Tg + 100 K (Tg = 373 K). A 
holographic fluorescence recovery after photobleaching 
(holographic FRAP) technique was used to measure DT 
from to 10-15.5 cm2/s. A unique feature of these 
measurements is that the rotational correlation times 
for these probes in PS have been recently reported.22 
Thus, for the first time in a polymer system, the rotation 
and translation of the same probe can be compared as 
a function of temperature. We find that DT has a 
significantly weaker temperature dependence than q 
while the rotational correlation times scale with q. For 
tetracene, these two temperature dependencies are so 
different that a t  363 K we observe translational motion 
across 50 nm (40 probe lengths) in one rotational 
correlation time! 

We observe translational motion which is not diffusive 
for tetracene in PS at 363 K. Thus, the time and length 
scales of our measurement are sufficiently small that 
(r2)lt has not reached its asymptotic limit (see eq 1). To 
our knowledge, this is the first report of such anomalous 
probe diffusion across tens of nanometers in a bulk 
amorphous polymer. 
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We can qualitatively account for these observations 
if the local dynamics of PS are spatially heterogeneous 
and if the heterogeneity becomes more prominent as the 
temperature  is lowered toward TP This explanation 
assumes that both rotational and translational probe 
motion are completely coupled with the mat r ix  motions 
responsible for the glass transition. The different 
temperature dependences of probe rotation and transla- 
tion are due t o  the different ways in which rotation and 
translation experiments average over spatially hetero- 
geneous dynamics. The observation of anomalous trans- 
lational diffusion of te t racene near Tg provides some 
indication of t he  length scale of the heterogeneity. 

II. Experimental Section 
Samples. Polystyrene (PSI was obtained from Polysciences 

(M, = 50 000, MJMn = 1.06). Rubrene and tetracene were 
obtained from Aldrich. Samples of rubrene or tetracene in PS 
were prepared by freeze-drying. A dilute solution of PS and 
probe in benzene was sprayed into a round-bottom flask a t  I1 
K. The benzene sublimed under vacuum while the tempera- 
ture of the flask was slowly increased, always keeping T < Ts 
of the remaining Psmenzene mixture. Finally, the sample was 
brought to 360 K for -1 h. Tg values of the probelPS samples 
were checked by DSC and found to agree with the T, of the 
PS as supplied (T, = 373 K at 10 Wmin, using midpoint 
convention), confirming that all benzene had been removed. 
The probe concentration (<25 ppm) was low enough that the 
sample was not plasticized and that the results reported are 
expected to be independent of probe concentration. 

Free-standing samples were used for experiments below 395 
K. To prepare these samples, the p r o b a s  mixture was 
formed into a disk (1 mm thick) using a KEh press. These 
disks were annealed to remove birekgence.  For experiments 
at T t 395 K, the freeze-dried samples were placed in a 2 mm 
x 6 mm cuvette and heated to 413 K under vacuum until an 
optically clear sample was obtained. Either the disks or the 
cuvettes were placed in a 1 cm2 cuvette which was filled with 
silicone oil. The silicone oil acted as both an index matching 
fluid and a temperature bath. The silicone oil did not 
plasticize the PS disks.Z3 Sample temperatures were constant 
to within f0.05 K during any given experiment. The reported 
temperatures are correct to within 0.2 K absolute accuracy. 

All the data presented here (even for temperatures lower 
than the DSC T8) represent dynamics in the equilibrium 
polymer melt. Effects of thermal history were eliminated by 
holding samples a t  constant temperature and repeating mea- 
surements until the results no longer depended upon ageing 
time. At 363.5 K, samples were aged 3-5 days. 

Holographic FRAF’ Technique. The holographic fluo- 
rescence recovery a h r  photobleaching (FRAF’) technique was 
first used by Davoust et al.21 Some details of the method are 
provided here so that we can clearly describe two modifications 
which we have made in order to measure very small diffusion 
coefficients. The basic method is illustrated in Figure 1. Two 
intense writing beams are crossed in the sample to produce 
an interference pattern. Photobleachable probes are selec- 
tively destroyed in regions of constructive interference; these 
regions are darkened a t  the top of the figure. ARer substantial 
attenuation, the same two beams are used to “read” the 
periodic pattern of prohe concentration. The phase of one 
beam is modulated relative to the other so that the reading 
grating is swept across the written grating at a constant 
velocity. Each time the reading grating is out of phase with 
the written grating, a maximum will be observed in the probe 
fluorescence signal; a t  these times, the bright regions of the 
reading grating overlap with regions of the sample where little 
bleaching has occurred, as shown in the figure. The modula- 
tion of the fluorescence signal eventually decays due to 
translational motion of the unbleached probes. A schematic 
diagram of the experimental apparatus is shown in Figure 2. 

Writing the Grating. The holographic intensity grating 
created when two coherent beams are crossed in a sample can 
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Figure 1. Pictoral explanation of the holographic FRAF’ 
experiment. 
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Figure 2. Schematic of bolngrapbic FRAP apparatus: BS, 
beam splitter; P, polarizer; S, shutter; M, mirror; ND, neutral 
density filter; PD, photodiode; A D ,  analog to digital converter; 
EOM, electrooptic modulator; PMT, photomultiplier tube. The 
writing and reading beams are controlled by shutters S 1  and 
S2, respectively. Shutter S protects the PMT during writing. 

be described bf5.26 

1 1  
2 2  I(x,@) = - + - cos(qz + $5) 

Here @ is the phase difference between the two beams. The 
grating wavevectorq and the grating period d are determined 
by the angle 0 at which the beams arc crossed 

(3) 

Equation 3 applies to copropagating beams; for counterpropa- 
gating beams (0 = 1807, ,I in the numerator must be replaced 
by N I I . ~ ~  

A periodic concentration profile of unbleached probe mol- 
ecules C(x,t) is created upon bleaching with crossed beams. 
C(x,t) can be described as  

(4) 

where B.(t)’are time-dependent spatial Fourier components. 
Although, as eq 2 indicates, the light intensity grating only 
contains Fourier components at k = 0 and k = q. C(r,t) can 
contain higher-order components because of saturation or 
nonlinearities in the photobleaching reaction. 
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The relationship between the translational relaxation time TT 
and the diffusion coefficient DT is given by 

Typical bleaching times in these experiments ranged from 
1 ms to  3 s using 0.1-0.5 W at 488 nm; typical spot sizes 
ranged from 0.5 to 3 mm. Grating periods ranged from 0.15 
to 370 ,um. The Ar' laser was operated in single-frequency 
mode. For rubrene and tetracene, photobleaching is believed 
to occur through an excited state reaction with 0 2 . * *  

Reading the Grating. Since the reading beams are 
collinear with the writing beams, they produce a grating with 
the same period. The reading beams are attenuated by 
roughly lo6 relative to the writing beams so that very little 
residual photobleaching occurs during reading. We monitor 
the time dependence of C(x,t) via the intensity of fluorescence 
induced by the reading grating as the phase of one reading 
beam is modulated. The fluorescence signal is given by 

Here 1 is the length of the grating in the sample. In the limit 
that 153 l / q ,  the only Fourier components of C(x,t) which are 
detected are BO and B1: 

112 

F(t,4) JZ(x,@)[B,,(t) + B,(t) cos(qx)l dx (6) 
-112 

Modulation of 4 produces a modulation in F(t,@), allowing the 
separation of Bdt)  and Bl(t). 

Vibrations can have a significant influence on the holo- 
graphic FRAP experiment because they can produce random 
fluctuations in 4. For example, in the counterpropagating 
geometry, sample motion of only 75 nm produces a phase shift 
of n if the optics that guide the reading beams do not move 
with the sample. Use of an air-cushioned laser table effectively 
damped high-frequency (> 10 Hz) vibrations. The existence 
of lower frequency vibrations dictated our choice of a modula- 
tion scheme. The phase of one reading beam is repeatedly 
ramped from 0 through 23 at  10 kHz using an electrooptic 
modulator (Conoptics). Because the transition in phase from 
2 n  back to 0 is very fast (<  1 ,us), the reading grating effectively 
translates at a constant velocity with respect to  C(r,t). This 
modulation scheme concentrates the signal due to Bl(t)  in a 
narrow frequency band regardless of any slow phase changes 
caused by vibrations. This is not the case for the sinusoidal 
modulation previously used with the holographic FRAP ex- 
periment.24~29~30 In the present study, a two-phase lock-in 
amplifier (Stanford Research) was used to determine the 
modulation amplitude (=2Bl(t)). B&) is simply the average 
of F(t,@) over many modulation cycles. 

We define the contrast of the grating written in the sample 
as: 

(7) 

Although we are primarily interested in Bl(t), division by 
Bo(t) compensates for any changes in Bl(t)  due to residual 
bleaching of the probe molecules by the reading beams. 

Translational Motion. Since changes in C(x,t) are moni- 
tored through fluorescence, and since only the unbleached 
probe molecules absorb the laser light and fluoresce, the 
holographic FRAP experiment measures the translation of only 
the unbleached probe  molecule^.^^ The function obtained 
directly from the experiment, c(q,t), is proportional to the 
spatial Fourier transform of the single-particle van Hove 
function: 

When translational motion is diffusive, G,(x,t) is Gaussian and 
the translational relaxation function c ( t )  decays exponentially: 

(9) 

(10) 

In the case that translational motion is not diffusive, c( t )  
will not decay exponentially, and we can define a characteristic 
decay time for the translational relaxation function as 

m 

(11) 

In order to facilitate the integration of eq 11, we ap- 
proximate c( t )  as a Kohlrausch-Williams-Watts (KWW) decay 
plus an exponential as follows: 

&) (12) ae- ' t / " " l j  + (1 - a)e-t/% 

This function fits the data adequately and is used for no other 
reason. Although eq 10 is not strictly valid when the decay of 
c( t )  is nonexponential, we use it in this regime for the purpose 
of comparison to other data. 

Elimination of Rotation Artifacts. The description of 
the holographic FRAP experiment presented above ignores the 
potential influence of molecular rotation on the fluorescence 
induced by the reading beams. If the probe rotation time T, is 
much less than the bleaching time, the above description is 
correct. If 5, is longer than the bleaching time but less than 
d100 ,  some of the contrast created by bleaching will decay 
via rotation, but the shape of c ( t )  will not be affected. Hence 
the correct DT will be calculated. If T, is comparable to TT, 
rotational relaxation can distort the observed decay of c(t). 

The effects of rotation can be removed from the fluorescence 
signal by observing fluorescence at  an angle that is insensitive 
to probe rotation. From the work of Wegener et al.,32 it can 
be shown that if a 90" fluorescence detection geometry is used, 
the writing and reading beams should be polarized at +45" 
and -19.7" from vertical, respectively, and an analyzer po- 
larizer should be set at 35.2" from vertical. This completely 
eliminates any influence of rotation on c(t). We have used this 
scheme whenever rotation could effect the shape of c ( t )  (T, 2 
d100) .  In all other cases, we have not used this scheme since 
higher signal levels are available when reading and writing 
beams are all vertically polarized and no analyzer is used. 

Comparison of Holographic FRAP to Other Tech- 
niques. The holographic FRAP technique is quite similar to 
other FRAP m e t h ~ d s . ~ ~ - ~ j  The major advantage of the holo- 
graphic approach is that d spacings as small as 1/2n can be 
achieved (using the counterpropagating geometry). In addi- 
tion, since the reading grating in the holographic method 
contains only a single wavevector, the signal is exactly the 
Fourier transform of G,(x,t) (eq 8).  Typically, the reading 
patterns used in other FRAF' experiments contain higher 
Fourier components. 

Forced Rayleigh scattering (FRS) has two advantages 
relative to the holographic FRAP technique. Many of the 
probes typically used in FRS have higher quantum yields for 
photoactivation than do rubrene and tetracene. Thus less 
laser power is required to  write the grating. If the FRS probe 
does not absorb light of the wavelength of the reading beam, 
the reading beam will not perturb the written grating. In 
constrast, a very low reading beam intensity is required in 
the holographic FRAP experiment to minimize residual bleach- 
ing. 

The major disadvantage of FRS relative to the holographic 
FRAP experiment is that generally the diffusion of both the 
dye and its photoproduct contributes to grating decay. This 
limits the accuracy with which diffusion coefficients can be 
determined36 and means that information about the shape of 
G,(x,t) is not easily obtained from the observed decay. In 
addition, the holographic FRAP experiment is easier to line 
up and is not influenced by static inhomogeneities in the index 
of refraction of cells, samples, and optics. It is also easier to 
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Figure 3. Translational relaxation function c( t )  for rubrene 
in PS (T = 386 K, d = 0.153 pm). The solid line is a single- 
exponential fit to the data with t~ = 116 s. The structure of 
rubrene is also shown. 
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Figure 4. Translational relaxation times at four different 
grating spacings for tetracene in PS at 396.8 K. The solid line 
is a linear least-squares fit to  the data with intercept at zero 
and a slope of (4n2DT)-', where DT = 1.0 x cm2 s-l. The 
structure of tetracene is also shown. Errors in t~ and d are 10 
and 2%, respectively. 

use at small angles where it can be difficult to separate the 
diffracted and transmitted beams in an FRS experiment. 

111. Results 
Figure 3 shows a typical translational relaxation 

function c( t )  obtained with the holographic F W  tech- 
nique. The sample was rubrene in PS a t  386 K. 
Counterpropagating writing beams were used to pro- 
duce the smallest possible grating period that can be 
obtained on this sample (d = 0.153 pm). As shown by 
the fit in the figure, the data are well described by a 
single exponential. Since the observed signal is the 
spatial Fourier transform of G,(x,t) (see eq 81, the 
observed exponential decay indicates that G,(x,t) is 
Gaussian. Hence, the observed translational motion of 
rubrene molecules in PS is diffusive at this temperature. 

The dependence of the translational relaxation time 
t~ on the grating period provides another method for 
establishing whether translational motion is diffusive. 
Figure 4 displays t~ as a function of d2 for tetracene in 
PS at 397 K. In agreement with eq 10, a linear 
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Figure 6. Translational diffusion coefficients (main figure) 
and rotational correlation times (inset) as a function of inverse 
temperature in PS. Translation: (A) rubrene; (0) tetracene. 
Rotation: (a) rubrene; (0) tetracene. The dashed lines show 
the temperature dependence of T/q (main figure) and qlT 
(inset). Translational diffusion has a significantly weaker 
temperature dependence than rotation. The rotation data have 
been published previously.22 

dependence is observed with an intercept of zero. Thus, 
the observed translation is diffusive; the diffusion 
coefficient can be obtained from the slope. Qualita- 
tively, Figure 4 indicates that the mean-square dis- 
placement is linear in time as expected for diffusive 
motion. 

Translational diffusion coefficients for rubrene and 
tetracene in PS are shown as a function of inverse 
temperature in Figure 5. With the exception of the 
lowest temperature points for tetracene, the grating 
decays for both probes were always well fit by a single 
exponential. As discussed below, a nonexponential 
decay was observed for tetracene at  363 K for this point, 
DT was estimated using eqs 10-12. 

The dashed lines in Figure 5 show the temperature 
dependence of Tlq for PS.37 The comparison between 
DT and Tlq is partially motivated by the Stokes- 
Einstein equation, which predicts the translational 
diffusion coefficient for a sphere in a hydrodynamic 
continuum: 

DT = kTl6nqrs (13) 

Here, K is Boltzmann's constant and r ,  is the radius of 
the sphere. While our probes are not spheres and PS 
is not a hydrodynamic continuum, one might expect the 
diffusion of a sufficiently large probe to have the 
temperature dependence of Tlq. Clearly DT values for 
tetracene and rubrene have a weaker temperature 
dependence than Tlq. 

A second reason for the comparison of temperature 
dependencies shown in Figure 5 is related to the inset 
in this figure. Here rotational correlation times tc are 
shown for rubrene and tetracene near Tg in PS.22 The 
rotation data follow the temperature dependence of qIT 
in the same temperature range where DT has a signifi- 
cantly weaker temperature dependence. 

Figure 6 shows a direct comparison between ZT (ford 
= 0.153 pm) and tc for tetracene in PS. The points for 
T =- 380 K were obtained by scaling t~ values obtained 
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Figure 6. Comparison of relaxation times for tetracene in 
PS: (0) translational relaxation time with d = 153 nm; (0) 
rotational correlation time. At low temperature, the average 
time needed to translate 60 nm is comparable to the rotational 
correlation time. 

at  d's larger than those expected for d = 0.153 pm 
according to eq 10. Remarkably, at the lowest temper- 
atures, the time required for tetracene to translate a 
substantial fraction of 0.153 pm is comparable to the 
average probe rotation time. We will return to this 
comparison in section IV. Both the rotation and trans- 
lation data were obtained from equilibrium samples 
which had been allowed to age until the results were 
independent of sample aging time. Thus these results 
are not artifacts associated with quenched or poorly 
aged samples. 

Anomalous Diffusion. Figure 7 displays c ( t )  for 
tetracenePS at  370.0 (a) and 363.5 K (b). Both data 
sets were obtained with counterpropagating writing 
beams (d = 0.153 pm). The observed decay at  370 K is 
exponential to a good approximation, as indicated by 
the straight line fit in the inset. The decay at  363.5 K 
is clearly nonexponential and appears t o  exhibit two 
distinct time scales for relaxation. The faster relaxation 
can be described by a KWW decay with /3 = 0.8 (see eq 
12). The slower relaxation accounts for -20% of the 
decay and is nearly exponential; it has a characteristic 
relaxation time of roughly 10 times that of the faster 
relaxation. 

The nonexponential decay in Figure 7b indicates that 
G,(x,t)  under these conditions is not Gaussian (see eq 
8). Thus, the translational motion of tetracene mol- 
ecules in PS a t  363.5 K is not diffusive on the length 
and time scales of our experiment. To our knowledge, 
this is the first observation of such anomalous diffusion 
of probes in bulk polymers. This behavior is most 
naturally explained by spatially heterogeneous dynam- 
ics, as we discuss in the next section. 

It would be very difficult to test the dependence  oft^ 
on d2 for the conditions shown in Figure 7b because of 
the very large values of ZT expected at larger d's.  The 
acquisition time for one data set with d = 0.153 pm at 
363.5 K was -10 h. The next larger grating spacing 
available with our apparatus is -10 times larger; thus 
a -40 day decay time would be expected. 

We emphasize that the nonexponential decay shown 
in Figure 7b is not an artifact of the experimental 
geometry since counterpropagating writing beams were 
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Figure 7. Time dependence of the translational relaxation 
function (d = 153 nm) for tetracenePS at two temperatures: 
(a) 370 K. The solid line is a single-exponential fit to data. (b) 
363 K. The solid line is a fit to the data using eq 12. 

used to collect both data sets shown in Figure 7. We 
also considered the possibility that the nonexponential 
decay might be due to the influence of probe rotation. 
In section 11, we describe how changes in the fluores- 
cence signal associated with probe rotation can be 
completely suppressed. This method was used to  ac- 
quire the data in both parts of Figure 7. The exponen- 
tial decay observed in Figure 7a verifies that this 
method works, since at  this temperature probe rotation 
occurs on a time scale of roughly t ~ l 5  and does influence 
the shape of the observed decay if the method is not 
used. Finally, we reiterate that both samples in Figure 
7 were aged until the observed decays no longer 
depended upon aging time. 

IV. Discussion 
Translation vs Rotation. We return to Figures 5 

and 6 in order to emphasize the unusual nature of these 
results. Figure 6 shows that the translational relax- 
ation time for tetracene in PS at 363.5 K (1000/T = 2.75) 
is approximately equal to the rotational correlation time 
tc expected a t  this temperature (based on a small 
extrapolation). How far has the average tetracene 
molecule translated in this time? Although translation 
is not strictly diffusive under these conditions, we can 
approximately calculate the mean square displacement 
as (r2) 6&tc % 3d2/(2n2) = (60 nm)2. Tetracene is -1.3 
nm in length with an average radius of -0.5 nm. Thus, 
on the average, tetracene molecules translate -50 times 
their length in the average time required for a tetracene 
to rotate! This statement does not imply that any 
individual tetracene molecule translates large distances 
without rotating (see below). 

Similar calculations may be done for other tempera- 
tures. At 370 K, the root-mean-square (rms) displace- 



Macromolecules, Vol. 28, No. 24, 1995 

ment for tetracene in a time tc is 26 nm. This indicates 
that strongly enhanced translational motion is observed 
even at  temperatures where diffusive transport is 
observed in the holographic FRAP experiment. The rms 
displacement for tetracene in a time tc at 450 K is 3 
nm, 20 times smaller than the result at  363 K. This 
last calculation assumes that tc is proportional to 7/T 
at higher temperatures than those shown in the inset 
to Figure 5. Probe rotation results in PS covering 13 
orders of magnitude indicate that this is likely a very 
good approximation.21 

We can use the expected behavior for the rotation and 
translation of a sphere in a hydrodynamic continuum 
in order to put these results into perspective. Using the 
Stokes-Einstein and Debye-Stokes-Einstein equa- 
tions, one can calculate that the rms displacement for 
a sphere of radius R in one rotational correlation time 
is -1.M (-0.6 nm for tetracene) independent of tem- 
perature and viscosity. The results of this calculation 
are in reasonable agreement with what one calculates 
using the experimentally observed DT and tc for tet- 
racene in o-terphenyl at  high temperatures;20 under 
these conditions, ( r2 )  6&zC = (0.4 nmI2. Thus, the 
results observed for tetracene in PS are remarkable in 
two respects: (1) translation is significantly enhanced 
over what is expected in a normal liquid, and ( 2 )  the 
relationship between translation and rotation changes 
significantly with temperature. The same pattern is 
observed for rubrene in PS, although here the deviations 
from the expected behavior are not as dramatic. 

Spatially Heterogeneous Dynamics. Ehlich and 
Sillescu4 previously reported that probe translation in 
PS has a weaker temperature dependence than 7 (or 
v/!T), They showed that a free volume treatment could 
account for their observations if it is assumed that probe 
motions are partially decoupled from those of the host. 
While the translational diffusion of rubrene and tet- 
racene has a weaker temperature dependence than 7, 
the rotational motion of these probes shows essentially 
the same temperature dependence as 7. A straightfor- 
ward application of the free volume approach would lead 
to the conclusion that translational motion is partially 
decoupled from matrix motions while rotational motion 
is fiilly coupled. In this section we present an alternate 
explanation which assumes that both the rotational and 
translational motion of the probes are fully coupled with 
matrix motions. 

All of the observations presented here can be ex- 
plained if the local dynamics of PS are spatially het- 
erogeneous; i.e., some regions of the PS matrix have 
significantly faster local dynamics than neighboring 
regions (perhaps 5-10 nm away). The most direct 
evidence for this conclusion is Figure 7b. The nonex- 
ponential decay clearly indicates that (r2)/t has not 
reached its asymptotic limit on the length and time 
scales of this experiment. In other contexts, such 
anomalous diffusion has often been explained in terms 
of spatial heterogeneity. Examples include probe dif- 
fusion around filler particles in a composite38 and 
solvent diffusion through polymer gels,39 around glass 
beads,40 and within spherical droplets.41 The present 
case is different from the above examples in that our 
system has essentially only one component (PSI. 

Qualitatively, in a system where the local transla- 
tional mobility is spatially heterogeneous, one expects 
to observe difisive transport on time and length scales 
long enough that the diffusing species have fully sampled 
all possible environments. Since the effective length 
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Figure 8. Model calculation illustrating that spatial hetero- 
geneity can enhance translation relative to rotation by orders 
of magnitude. The system contains regions that are equally 
likely to have one of two local diffusion coefficients, D1 and 
Dz. Calculation was performed using eq 12 of ref 45, with p1 
= p2 = 0.5, t = -, (r2) = (60 nm)2, and a Stokes' radius R = 0.6 
nm. 

scale of the experiment in Figure 7 is roughly 60 nm 
(the rms displacement during ZT assuming diffusive 
motion), we estimate that the heterogeneities respon- 
sible for the nonexponential decay in Figure 7b are not 
too much smaller than 60 nm, perhaps 10 nm. We know 
of no theory or simulation that would allow a quantita- 
tive estimate of this size based on our results. 

Spatially heterogeneous dynamics also provide a 
natural explanation for the enhancement of transla- 
tional motion relative to rotation (Figures 5 and 61, as 
recently discussed by Chang et a1.,@ Kivelson and 
T a ~ j u s , ~ ~  and Cicerone.44 In a spatially heterogeneous 
system, the rotation and translation experiments aver- 
age dynamics in very different ways. The rotation 
experiment is a snapshot which produces a weighted 
average of the rotational behavior in different regions; 
hence the observed rotation correlation function is 
nonexponential.22 The correlation time tc, defined as 
the integral of the correlation function, is heavily 
influenced by the slowest regions, since they cause the 
correlation function to have a long tail and a large 
integral. The translation experiment, on the other 
hand, measures the time required to traverse a fixed 
distance. DT is primarily influenced by the most mobile 
regions since distance is covered very quickly in these 
regions. 

The different averaging of the rotation and translation 
experiments can be illustrated by a simple calculation. 
Zwanzig has used an effective medium approximation 
to calculate the effective diffusion coefficient Deff for a 
system that has two possible local diffusion coefficients, 
D1 and D2, which occur with a probability o fp l  a n d ~ 2 . ~ ~  
Recent computer simulations have shown that the 
Zwanzig calculation is accurate.46 For concreteness, we 
pickpl =p2 = 0.5 and the lifetimes of the local regions 
to be infinite. By assuming that the Debye-Stokes- 
Einstein and Stokes-Einstein equations apply in each 
local region, we can calculate the local rotation times, 
tl and t2, from D1 and D2. For this system, zc = 0.5(tl + z2), while the time required to diffuse a distance ( r2 )  
is ZT = (r2)/(6Deff). 

Figure 8 shows that translation becomes faster rela- 
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tive to rotation as the system becomes more heteroge- 
neous. The effect of heterogeneity can be very large. 
We speculate that DT and rc have different temperature 
dependencies (Figure 5) because the segmental dynam- 
ics of PS become more heterogeneous as the tempera- 
ture is lowered. This is consistent with probe rotation 
studies which indicate that the relaxation time distribu- 
tion broadens as the temperature is lowered.47 We 
speculate that the temperature dependencies of DT and 
rc for rubrene are more similar than for tetracene 
because the larger probe (rubrene) effectively averages 
over some of the matrix heterogeneity. This is consis- 
tent with the narrower distribution of rotational relax- 
ation times observed for rubrene than for tetracene.22 
The lifetimes of the regions of different dynamics are 
also likely to play a role in a quantitative understanding 
of the different temperature dependencies of rotation 
and translation. Implicit in the above discussion is the 
assumption that the heterogeneities are long-lived 
compared to ST. 

What might be the origin of local variations in the 
translational mobility? Although our experiments pro- 
vide no insight into this question, we suspect that local 
density variations (or free volume fluctuations) are 
responsible. According to Cohen and T ~ r n b u l l , ~ ~  DT is 
approximately proportional to e-(l’fl, where f is the free 
volume fraction. If we take f(Tg) = 0.025, then local 
fluctuations of 1 6 %  in f would produce more than a 100- 
fold variation in D. The corresponding density fluctua- 
tion would be only 10.15%. A similar result can be 
obtained without using free volume theory.49 Small 
length scale density fluctuations of this magnitude have 
been shown to exist in small molecule glass formers50 
and thus seem reasonable in PS. Density fluctuations 
whose magnitude varied only weakly with temperature 
would produce larger variations in DT a t  lower temper- 
atures since dynamics become more sensitive to density 
(or free volume) fluctuations a t  low temperature. This 
could explain the increasing heterogeneity apparent in 
our experiments as the temperature is lowered. 

Because spatially heterogeneous dynamics in PS 
likely occur over a broad range of time and length scales, 
the two-state model of Zwanzig is not a good candidate 
for quantitative calculations. The rotational correlation 
functions for rubrene and tetracene indicate a broad 
unimodal distribution of relaxation times.22 The Zwan- 
zig model also does not predict the length or time scales 
upon which translation becomes diffusive; such infor- 
mation is required for a quantitative interpretation of 
Figure 7b. 

Our view that local dynamics in PS are spatially 
heterogeneous is supported by recent work on PS and 
other p ~ l y m e r s . ~ l - ~ ~  Li et  al. interpreted NMR spin 
diffusion experiments on polycarbonate as indicating 
distinct dynamic domains on the order of 3 nm in 
polycarbonate a t  Tg + 50 K.55 Several groups have 
reported that photochemical reactions in polymer ma- 
trices near Tg do not follow first-order kinetics, with 
deviations becoming more significant at  lower temp- 
e r a t u r e ~ . ~ ~ - ~ ~  These results can be interpreted in terms 
of spatial variations in the local mobility of the polymer 
r n a t r i ~ . ~ ~ , ~ ~  Evidence also exists for spatially heteroge- 
neous dynamics near Tg in other glass-forming materi- 
a l ~ . ~ ~ , ~ ~  

Anisotropic Diffision? As noted above, our results 
show that tetracene molecules in PS at 363.5 K trans- 
late an average of -50 times their length in the average 
time required for a tetracene to rotate. Spatially 

+ + + +  
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1000/T [1/K] 
Figure 9. Comparison of the diffusion coefficients of various 
probes in PS: (0) tetracene; (+) 2,2’-bis(4,4-dimethylthiolan- 
%one (TTI) (A) rubrene; ( x )  cyclophane, tetraethyl[3.31(1,4)- 
naphthaleno-(9,10)anthracenophane-2,2,15,15 tetracarboxy- 
late). The dashed line is a fit reported in ref 12 for diffusion of 
the photoproduct of thymoquinone. A flat line in this figure 
would indicate that DT has the same temperature dependence 
as Tlq. ~(2‘) for 50 K PS was used in calculating the ordinate. 

heterogeneous dynamics can at  least qualitatively ex- 
plain this result. A different explanation postulates 
that each tetracene molecule translates extremely aniso- 
tropically. No spatial heterogeneity is required in this 
explanation. 

We have made no observation that rules out this 
explanation. However, we do not find this explanation 
plausible for four reasons: (1) Rubrene shows substan- 
tial rotational/translational decoupling and is shaped 
like a thick disk; anisotropic translation would seem 
improbable. (2) In a small molecule glass former, it has 
been shown that a more isotropic probe may exhibit 
translational motion which is decoupled from rotation 
to a greater extent than a more anisotropic probe.lg (3) 
Although this model could produce anomalous diffusion, 
it would not produce a c ( t )  decay on two time scales 
(such as Figure 7b). (4) The dimensions of tetracene 
are about 3.6 A x 6.5 A x 12.5 A; this does not seem 
anisotropic enough to make this plausible. While one 
could imagine that holes open up and allow translation 
along the long axis, holes this large in other positions 
around the tetracene could well allow partial reorienta- 
tion. 

Comparison to Other Work. Ehlich and Sillescu4 
and Kim et aL5 have measured translational diffusion 
of TTI and a cyclophane dye in PS, respectively. Their 
results are shown together with ours in Figure 9. The 
results are plotted as DT~JT in order to  emphasize 
deviations from the temperature dependence predicted 
by eq 13. For the purposes of a rough comparison, we 
can consider tetracene and TTI to  be of similar size 
(molecular weights of 228 and 256, respectively). Ru- 
brene and the cyclophane dye are both considerably 
larger (molecular weights of 532 and 674, respectively). 

Figure 9 indicates that the diffusion coefficients of 
rubrene and tetracene fit in reasonably well with 
diffusion coefficients reported in refs 4 and 5. Rubrene 
and cyclophane have smaller diffusion coefficients than 
TTI or tetracene, as expected. Diffusion of the larger 
probes track the temperature dependence of the viscos- 
ity more closely than the smaller probes. This last trend 
is consistent with the hypothesis that spatially hetero- 
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geneous dynamics are responsible for the enhanced 
translational diffusion observed a t  low temperatures. 

Xia and Wang measured diffusion coefficients for a 
number of small probes in PS.I2 Their results for the 
photoproduct of thymoquinone are shown as a dashed 
line in Figure 9. Thymoquinone and its photoproduct 
are both smaller than tetracene. While the large values 
of DT at low temperatures are consistent with other 
results in the figure, the small values of DT at high 
temperatures are difficult to understand. 

Although previous work has not compared the rota- 
tion and translation of a given probe in a polymer 
matrix, Ehlich and Sillescu4 made an observation that 
is consistent with a key feature of our results. Reference 
4 reported that a portion of the signal observed in their 
FRS experiments was independent of the grating spac- 
ing. Below Tg, the time scale of this decay was compa- 
rable to the time required for translation when the 
grating spacing was small. In retrospect, it seems likely 
that the unusual signal was due to probe rotation. 
Using this interpretation, their results are qualitatively 
consistent with our observations in figure 6. 
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V. Concluding Remarks 

We have shown that the translational diffusion coef- 
ficients of rigid probes in polystyrene can have a 
significantly weaker temperature dependence than the 
rotational correlation times of the same probes. For 
tetracene, this results in diffusion coefficients 4 orders 
of magnitude larger than would be expected on the basis 
of rotational correlation times and the assumption of a 
homogeneous matrix. The nondiffusive translational 
motion observed for tetracene at low temperatures 
suggests that the segmental dynamics of PS near Tg are 
spatially heterogeneous on a length scale on the order 
of 10 nm. 

Spatial heterogeneity can qualitatively account for the 
different temperature dependences observed for probe 
rotation and translation in polystyrene. Probe rotation 
times are dominated by the dynamics of slowly relaxing 
regions while translational diffusion coefficients are 
heavily influenced by the more mobile regions. If 
heterogeneity is responsible for enhancing translational 
diffusion near Tg by orders of magnitude, then the use 
of free volume theory to interpret results like these must 
be reassessed. The versions of free volume theory used 
to  interpret probe translational diffusion coefficients 
generally assume a spatially homogeneous system. 

Based on our observations and those of other inves- 
tigators, spatially heterogeneous dynamics appear to be 
an important feature of many bulk amorphous polymers 
near Tg. The combination of probe rotation and transla- 
tion experiments is quite sensitive to spatial heteroge- 
neities and could be used to compare heterogeneity in 
different polymers. Given the appropriate theories or 
simulations, such observations could be used to char- 
acterize the length scale of heterogeneities and the 
extent to which dynamics vary from region to region. 
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