
VOLUME 79, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 7 JULY 1997
Translation-Rotation Paradox for Diffusion in Glass-Forming Polymers: The Role of the
Temperature Dependence of the Relaxation Time Distribution
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Comparisons are made of the translational and rotational diffusion of small-molecule probes
in a polymer near its glass transition temperature,Tg. In the rubbery state,1.1Tg . T . Tg,
translational diffusion is much less temperature dependent than rotational reorientation; in a “quenched”
glass, translation and rotation have similar temperature dependencies. This is explained to be a
consequence of the fact that in the rubbery state nearTg the breadth of the polymer relaxation
distribution is strongly temperature dependent, while in the quenched glass it is temperature invariant.
[S0031-9007(97)03501-1]
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There have been reports [1–10] of behavior, calle
the translation-rotation paradox for diffusion [3,4], wher
two effects have been noted in low-molecular-weight an
polymeric glass formers. The first relates to the tem
perature dependencies of the (probe or self-)translation
diffusion coefficient,D, and the rotational diffusion coef-
ficient, the latter being proportional to the temperature d
pendence of the inverse average rotational relaxation tim
ktl21, or, equivalently, the product of temperature and in
verse shear viscosity,Th21 (T is often not included, given
the strong temperature dependence ofh21). As a glass
former is cooled from far above the glass transition tem
perature,Tg, the temperature dependencies ofD and ro-
tational diffusion are identical; however, atTg , T ,

Tc, where Tc ø 1.2Tg, the temperature dependence o
D is smaller than that ofktl21 or h21. For example,
Fujaraet al. [1] noted in NMR studies of orthoterphenyl
that D , h21 for T . Tc but thatD , h20.75 for T ,

Tc. Similar effects are found in probe studies in rubber
polymers [6,7,9], with the reduction in the temperature de
pendence ofD relative toktl21 or h21 being a function
of probe size. Thus, forTg , T , Tc there is an appar-
ent violation of Stokes-Einstein-Debye scaling for whic
D , ktl21 , Th21. The second related effect is that
during an average rotational relaxation time, a calculatio
of an average probe translational displacement,s6Dktld1y2,
suggests that nearTg probes translate as much as 2 orde
of magnitude or more [2,6,10] than their molecular dimen
sions during an average rotational relaxation time. In oth
words, forTg , T , Tc, there is an apparent “enhance
ment” of translation relative to rotation.

It has been argued [7–10] that these effects are due
spatial heterogeneity and that the apparent enhancem
of translation and the different temperature dependenc
of D and ktl are due to differences in which translation
and rotation studies average the heterogeneous dynam
The correlation between the breadth of the rotation
relaxation distribution, a measure of heterogeneity, an
enhancement of translational motion support this [10].
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Here we report the first measurement of probe rot
tional and translational dynamics in a “quenched” glass
polymer and compare it to the measurement in the ru
bery state forT , 1.1Tg. By obtaining distributions of
rotational relaxation times via second harmonic gener
tion (SHG), we show that, fromTg to 1.1Tg, rotational
dynamics are thermorheologically complex, i.e., there is
strong temperature dependence of the breadth of the ro
tional relaxation distribution. For temperatures access
in the quenched glassy state, rotational dynamics are th
morheologically simple, i.e., there is little or no tempera
ture dependence of the breadth of the rotational relaxati
distribution. These results show that, while an appare
enhancement in translation relative to rotation may be e
plained by the probes sensing a distribution of relaxatio
times, consistent with the existence of local spatial heter
geneity, the different temperature dependencies of rotati
and translation require that the breadth of the relaxatio
time distribution or the extent of local spatial heterogene
ity be temperature dependent [9].

Figure 1 shows structures of the polymer, polyisobuty
methacrylate (PIBMA), and probes, disperse red 1 an
4-(dimethylamino)-40-nitrostilbene (DANS). Probes were
chosen based on their ability to be used in SHG an
fluorescence nonradiative energy transfer (NRET

FIG. 1. Polymer and probes used in this study: (a) poly
isobutylmethacrylate (PIBMA), (b) disperse red 1, (c) 4
(dimethylamino)-40-nitrostilbene (DANS).
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studies for measuring rotational and translational dynam
ics, respectively.

For SHG, PIBMA films containing 0.96 mol % dis-
perse red 1 or 1.6 mol % DANS were spin coated on
quartz substrates patterned with planar chrome electrod
Samples were poled aboveTg [11] using a 30 kVycm
dc field until a steady-state SHG intensity was reach
and then quenched, if necessary, to the measurement t
perature. The temporal decay in SHG intensity from
20 s onward was measured by switching off the d
poling field while the decay from5 ms to 2 s was
measured using a variable time delay for switching o
the poling field with respect to the laser pulse. Fo
NRET, a “sandwich” geometry was used in which
film containing a copolymer with a covalently attache
NRET donor species (99.88 mol % isobutylmethacryla
and 0.12 mol % pyrene-labeled monomer) is layered
top of a film doped with a NRET acceptor (0.21 mol %
disperse red 1 or 0.26 mol % DANS). The sandwich wa
annealed at the measurement temperature, and the
crease in donor fluorescence due to acceptor diffusion w
measured. For glassy-state measurement, samples w
annealed briefly aboveTg [11] and quenched to the mea-
surement temperature. SHG and NRET studies in t
glassy state were done over similar time frames, resulti
in similar small degrees of physical aging during measur
ment [12]. See Refs. [6] and [13] for full descriptions o
experiments.

The square root of SHG intensity is proportiona
to x

s2d
NO, the orientation component of the second-ord

macroscopic susceptibility normalized to 1 at zero tim
when the poling field resulting in probe orientation i
removed, yielding a relaxation to a random orientatio
For low-poling fields,x

s2d
NOstd , kcosul, whereu is the

angle between the probe dipole moment and the poli
field vector. x

s2d
NO decays are fit to the Kohlrausch-

Williams-Watts (KWW) equation [14]:

x
s2d
NOstd  expfs2tytdbg , (1)

where t is the characteristic relaxation time and0 ,

b , 1. Figure 2 shows fits of Eq. (1) to SHG data
The average rotational reorientation relaxation time
determined from

ktl 
Z `

0
exp

∑
2

µ
t
t

∂b∏
dt 

tGs1ybd
b

, (2)

whereG is the gamma function.
The temperature dependencies ofktl, t, andb for dis-

perse red 1 are given in Table I. (Similar results are foun
for DANS.) ktl values demonstrate coupling of probe ro
tational dynamics to the cooperative segmental mobili
or a-relaxation dynamics in PIBMA through several dis
tinct signatures [13]: ktl at Tg is of the order of 100 s;
the temperature dependence ofktl in the rubbery state
fits well to a Williams-Landel-Ferry equation [15] with
the parameters in agreement with those for thea relaxa-
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FIG. 2. x
s2d
NOstd for 1.6 mol % DANS in PIBMA at shd

Tg 2 23 ±C andssd Tg 2 13 ±C. Curves are fits to Eq. (1).

tion, and there is an apparent Arrhenius temperature d
pendence in the glassy state with an activation energy
roughly 200 kJymol.

Figure 3 shows typical NRET results from whichD
is determined. E is the energy transfer efficiency (frac-
tion of excited-state donors returning to the ground sta
via NRET to acceptors).E is determined by monitoring
donor fluorescence intensity,Istd, with increasing diffu-
sion time [6]:

E  fIs0d 2 IstdgyIs0d . (3)

With appropriate experiments [6] and sufficiently shor
diffusion times, E , sDtd1y2, where t is the diffusion
time. Figure 3 shows a strong temperature dependen
of D. No physical aging effects resulting in a significan
decrease in diffusionduring measurementwere apparent.
Thus,D values atT , Tg may be taken to be representa
tive of a quenched glassy state.

The temperature dependencies ofD and ktl21 are
shown in Fig. 4. There is quantitative agreement in th
average rotational dynamics of the two probes (expect
[13] when dynamics are coupled to thea relaxation)
in the rubbery and glassy states and a quantitati
difference in D, the latter is known to be a function
of chromophore size [6]. As expected, aboveTg the
temperature dependencies of translational and rotatio
dynamics differ; each temperature dependence may be

TABLE I. Temperature dependence ofb, t, and ktl [see
Eq. (1)] for 0.96 mol % disperse red 1 in PIBMAsTg  53 ±Cd.

T s±Cd b t ssd ktl ssd
30 0.24 1700 50 000
40 0.24 120 4000
51 0.25 11 300
58 0.29 0.8 8
63 0.34 0.16 0.8
69 0.35 0.04 0.2
74 0.41 0.007 0.02
80 0.42 0.003 0.01
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FIG. 3. Energy transfer efficiency as a function ofsKywdt1y2

(w is donor film thickness,t is diffusion time, andK is a
constant) for disperse red 1 in PIBMA atssd Tg 1 8 ±C,
snd Tg 2 2.6 ±C, and shd Tg 2 9 ±C. Slopes equalD1y2

(see Ref. [6]). Inset: relative fluorescence intensity of pyre
functionality at 376 nm as a function of diffusion time fo
T  Tg 1 8 ±C.

by a modified Williams-Landel-Ferry equation [16,17]:

logaT 
2jC1sT 2 Tgd
C2 1 T 2 Tg

, (4)

whereaT  DsTgdyDsTd or ktsT dlyktsTgdl, andj, rang-
ing between 0 and 1, has been interpreted [17] as
flecting the degree of coupling of probe motion to th
polymer cooperative segmental dynamics. Forktl val-
ues, j  1 (C1  13 and C2  58 K for PIBMA); for
D values, j  0.5. In contrast, in a result unique to
this study,in the glassy statethere is substantial quantita-
tive agreement in the temperature dependencies of pr
translation and rotation. Both fit an Arrhenius expressio
with apparent activation energies of 200–230 kJymol. It
is also clear that, while spatial heterogeneity is necess
for the translation-rotation paradox, heterogeneity alone
insufficient to explain the paradox completely, given th

FIG. 4. Comparison of temperature dependencies ofD [shd
disperse red 1,ssd DANS] and ktl21 [sjd disperse red 1,sdd
DANS] in PIBMA.
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a glass must have spatial heterogeneity (breadth of th
relaxation time distribution) greater than or equal to tha
of a rubber or liquid. This is substantiated in Table I by
the glassy systems having smallerb parameters, consis-
tent with a broader relaxation distribution. Additionally,
for DANS in PIBMA at TgyT  1.038, a calculation of
the translational displacement during the average reorie
tation timefs6Dktld1y2g yields a value of 72 nm, roughly
70 times the length of a DANS molecule and similar to
previous measures of enhanced translation.

Using t and b values from Table I, it is possible to
quantify more fully the temperature dependence of th
rotational relaxation time distribution and its role in ex-
plaining the translation-rotation paradox. Figure 5 show
results from an algorithm [18] developed by Dhinojwala
et al. [19] for interpreting SHG decays. There is a dra-
matic broadening in the distribution upon cooling toward
Tg, indicative of thermorheological complexity, in agree-
ment with a-relaxation dynamics in rubbery polymers
[20] and other glass formers [21] nearTg. However, for
the temperatures accessed in the glassy state, the brea
of the relaxation distribution is temperature invariant, and
the distribution merely shifts to longer times with decreas
ing temperature [22].

An important implication of this is that in the glassy
state the temperature dependencies of the shortest a
longest relaxation time regimes are equivalent, while in
the rubbery state the temperature dependence of the sho
est relaxation time regime is much less than that of th
longest relaxation time regime. With a relaxation time
distribution covering many orders of magnitude,ktl re-
flects only the long-side portion of the distribution. In
contrast,D does not reflectktl but instead can be related
to a summation over all probes of the ratio of the squar
of a diffusive jump length to the relaxation time during
which each jump is made, i.e.,D reflects kt21l rather
thanktl21 in this temperature region [2]. Only when the
relaxation is represented by a single relaxation time o

FIG. 5. Discrete relaxation time distributions calculated using
KWWparameters listed in Table I for disperse red 1 in PIBMA.
Curves are drawn to guide the eye.
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the breadth of the relaxation distribution is temperatu
invariant will kt21l and ktl21 have equivalent tempera-
ture dependencies [23]. These data are the first to prov
evidence for the equivalence in a quenched glass of
temperature dependencies ofkt21l, ktl21, andD.

Problems in exactly quantifyingkt21l are due to the di-
vergence ofkt21l when Eq. (1) is the relaxation function
[24]. One may attempt to estimatekt21l from the relaxa-
tion distribution [25],

kt21l 
Z `

0

Gstd
t2 dt 

X̀
i1

Gstid
ti

. (5)

To make an accurate estimate, accurate values forGstd
are needed over many orders of magnitude in time,
pecially at the shortest times, well below thems range
where finite (very small) relaxation is present. (Sma
differences inGstd at very short times may account fo
the difference inD for DANS and disperse red 1 seen
in Fig. 4.) This requires obtaining data with great ac
curacy on time scales less than ams, not feasible with
our current equipment. While this is an issue for fu
ture work, several points clearly result from this stud
First, the lesser temperature dependence ofD as com-
pared to rotational dynamics in the liquid state very ne
Tg, known as the translation-rotation paradox for di
fusion, can be associated with the strong temperat
dependence of the breadth of the relaxation time distrib
tion, i.e., thermorheological complexity, and is not mere
a consequence of spatial heterogeneity. This is evid
given that belowTg, where relaxation is thermorheologi-
cally simple and the system is more heterogeneous th
aboveTg, D and ktl21 exhibit similar temperature de-
pendencies. Second, the enhancement of translation r
tive to rotation is a consequence of the breadth of t
relaxation time distribution and should be observed at a
temperature (not only forTg , T , Tc) where the ro-
tational relaxation distribution is sufficiently broad tha
ktl21 and kt21l differ greatly, even ifkt21l cannot be
calculated with exactness.
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