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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 temperatufg, In the rubbery statel.17, > T > T,,
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 rigathe breadth of the polymer relaxation
distribution is strongly temperature dependent, while in the quenched glass it is temperature invariant.
[S0031-9007(97)03501-1]

PACS numbers: 66.30.Jt, 61.41.+¢e, 64.70.Pf

There have been reports [1-10] of behavior, called Here we report the first measurement of probe rota-
the translation-rotation paradox for diffusion [3,4], wheretional and translational dynamics in a “quenched” glassy
two effects have been noted in low-molecular-weight ancgolymer and compare it to the measurement in the rub-
polymeric glass formers. The first relates to the tem-bery state forT < 1.17,. By obtaining distributions of
perature dependencies of the (probe or self-)translationabtational relaxation times via second harmonic genera-
diffusion coefficient,D, and the rotational diffusion coef- tion (SHG), we show that, fronf, to 1.17,, rotational
ficient, the latter being proportional to the temperature dedynamics are thermorheologically complex, i.e., there is a
pendence of the inverse average rotational relaxation timetrong temperature dependence of the breadth of the rota-
(r)~1, or, equivalently, the product of temperature and in-tional relaxation distribution. For temperatures accessed
verse shear viscositf,n ~! (T is often not included, given in the quenched glassy state, rotational dynamics are ther-
the strong temperature dependencenof'). As a glass morheologically simple, i.e., there is little or no tempera-
former is cooled from far above the glass transition tem+ture dependence of the breadth of the rotational relaxation
perature,T,, the temperature dependenciesibfand ro- distribution. These results show that, while an apparent
tational diffusion are identical; however, &, <7 <  enhancement in translation relative to rotation may be ex-
T., where T, = 1.2T,, the temperature dependence ofplained by the probes sensing a distribution of relaxation
D is smaller than that ofr)~! or »~!. For example, times, consistent with the existence of local spatial hetero-
Fujaraet al. [1] noted in NMR studies of orthoterphenyl geneity, the different temperature dependencies of rotation
thatD ~ ! for T > T, but thatD ~ %7 for T <  and translation require that the breadth of the relaxation
T.. Similar effects are found in probe studies in rubberytime distribution or the extent of local spatial heterogene-
polymers [6,7,9], with the reduction in the temperature deity be temperature dependent [9].
pendence oD relative to(r)~! or ! being a function Figure 1 shows structures of the polymer, polyisobutyl-
of probe size. Thus, fof, < T < T. there is an appar- methacrylate (PIBMA), and probes, disperse red 1 and
ent violation of Stokes-Einstein-Debye scaling for which4-(dimethylamino)d’-nitrostilbene (DANS). Probes were
D ~{ry"' ~ Tn~'. The second related effect is that, chosen based on their ability to be used in SHG and
during an average rotational relaxation time, a calculatiorfluorescence nonradiative energy transfer (NRET)
of an average probe translational displacem@i{z))'/2,

suggests that nedf, probes translate as much as 2 orders o, S o on Hey /CHs

of magnitude or more [2,6,10] than their molecular dimen-  __, _ L HC N o,

sions during an average rotational relaxation time. In other ™ ﬁ; ﬁ;

words, forT, < T < T, there is an apparent “enhance- d,c\?

ment” of translation relative to rotation. : N\ N\
It has been argued [7—10] that these effects are due to HiC—C —CHy @

spatial heterogeneity and that the apparent enhancement H ©

of translation and the different temperature dependencies NO, O,

of D and(r) are due to differences in which translation

and rotation studies average the heterogeneous dynamics. @ ® ©

The correlation between the breadth of the rotational,5 1 Polymer and probes used in this study: (a) poly-

relaxation distribution, a measure of heterogeneity, angsobutylmethacrylate (PIBMA), (b) disperse red 1, (c) 4-
enhancement of translational motion support this [10].  (dimethylamino)4’-nitrostilbene (DANS).
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studies for measuring rotational and translational dynam- I A B B
ics, respectively.

For SHG, PIBMA films containing 0.96 mol% dis-
perse red 1 or 1.6 mol% DANS were spin coated onto
quartz substrates patterned with planar chrome electrodes.
Samples were poled abovg, [11] using a 30 kYcm a”
dc field until a steady-state SHG intensity was reached =
and then quenched, if necessary, to the measurement tem-
perature. The temporal decay in SHG intensity from
20 s onward was measured by switching off the dc-
poling field while the decay from5 us to 2 s was :
measured using a variable time delay for switching off 10° 0.0001 0.01 1 100 10*
the poling field with respect to the laser pulse. For Time (s)

HRET, a.“s.andwich” iqeometrthas us?d iln Whicr;] 3F|G 2. +2) for 1.6mol% DANS in PIBMA at Q)
ilm containing a copolymer with a covalently attache 4 ANO : iy ,

NRET donor g'Js,pecieg (g9.88 mol % isobutylm)gthacrylateTg —23°Cand(©) T, — 13°C. Curves are fits to Eq. (1).
and 0.12 mol % pyrene-labeled monomer) is layered on ) )

top of a film doped with a NRET acceptor (0.21 mol % tion, and there is an apparent Arrhenlus_temperature de-
disperse red 1 or 0.26 mol % DANS). The sandwich wagPendence in the glassy state with an activation energy of
annealed at the measurement temperature, and the d@ughly 200 kjmol. '
crease in donor fluorescence due to acceptor diffusion was Figure 3 shows typical NRET results from whidh
measured. For glassy-state measurement, samples wégedetermined. £ is the energy transfer efficiency (frac-
annealed briefly abovg, [11] and quenched to the mea- tion of excited-state donorg returning to the grOL_md_ state
surement temperature. SHG and NRET studies in th&ia NRET to acceptors).E is determined by monitoring
glassy state were done over similar time frames, resultingonor fluorescence intensity(z), with increasing diffu-

in similar small degrees of physical aging during measureSion time [6]:
;nxepr:ri[raze]htsslee Refs. [6] and [13] for full descriptions of E = [1(0) — 1(t)]/1(0). 3)

Th(% square root of SHG intensity is proportional\ith appropriate experiments [6] and sufficiently short
to xno. the orientation component of the second-orderiffusion times, E ~ (Dt)!/2, where ¢ is the diffusion
macroscopic susceptibility normalized to 1 at zero timetime. Figure 3 shows a strong temperature dependence
when the poling field resulting in probe orientation isof D. No physical aging effects resulting in a significant
removed, yielding a relaxation to a random orientationdecrease in diffusioduring measurememnere apparent.
For low-poling fields,XI(\%(z) ~ (cos6), whered is the Thus,D values atl' < T, may be taken to be representa-
angle between the probe dipole moment and the polingve of a quenched glassy state.

field vector. y decays are fit to the Kohlrausch- The temperature dependencies bf and (r)~' are

Williams-Watts (KWW) equation [14]: shown in Fig. 4. There is quantitative agreement in the
@ average rotational dynamics of the two probes (expected
xno(1) = exd(—1/7)P], (1)  [13] when dynamics are coupled to the relaxation)

where 7 is the characteristic relaxation time amfd< in. the rub_bery and glass_y states and a quanti_tative
difference in D, the latter is known to be a function

B < 1. Figure 2 shows fits of Eq. (1) to SHG data. )
The average rotational reorientation relaxation time ismc chromophore size [6.]' As expectgd, abo¥eg the_
determined from temperature dependencies of translational and rotational

dynamics differ; each temperature dependence may be fit

® B
0 T B TABLE I. Temperature dependence ¢f, 7, and (r) [see

i ; Eqg. (1)] for 0.96 mol % disperse red 1 in PIBM&, = 53 °C).
wherel is the gamma function. g- (V)] o disp MA, )

The temperature dependenciesof, 7, andg for dis- 7 (°C) B 7 (9 (1) (9
perse red 1 are given in Table I. (Similar results are found 30 0.24 1700 50000
for DANS.) (7) values demonstrate coupling of probe ro- 40 0.24 120 4000
tational dynamics to the cooperative segmental mobility 51 0.25 11 300
or a-relaxation dynamics in PIBMA through several dis- 58 0.29 0.8 8
tinct signatures [13]:(r) at T, is of the order of 100 s; ~ ©3 0.34 0.16 0.8

69 0.35 0.04 0.2

the temperature dependence (@} in the rubbery state
fits well to a Williams-Landel-Ferry equation [15] with
the parameters in agreement with those for édheelaxa-
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74 0.41 0.007 0.02
80 0.42 0.003 0.01
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0.2 B o e e o a glass must have spatial heterogeneity (breadth of the
I relaxation time distribution) greater than or equal to that
] of a rubber or liquid. This is substantiated in Table | by
the glassy systems having smalj@rparameters, consis-
tent with a broader relaxation distribution. Additionally,
for DANS in PIBMA at T, /T = 1.038, a calculation of

the translational displacement during the average reorien-
] tation time[(6D(r))!/2] yields a value of 72 nm, roughly

f b 70 times the length of a DANS molecule and similar to
0755 . 1 previous measures of enhanced translation.

4000 8000 |
[/ L., Tme® A Using 7 and B values from Table |, it is possible to

0 15 10° 3106 45 10° 6 10° quantify more fu_IIy the temperature depe.ndence_of the
rotational relaxation time distribution and its role in ex-

Kw)t'"? (s"*cm) plaining the translation-rotation paradox. Figure 5 shows

FIG. 3. Energy transfer efficiency as a function(&f/w)z'/? results from an algorit_hm [18] developed by Dh_inojwala
(w is donor film thickness; is diffusion time, andk is a  ©t @l-[19] for interpreting SHG decays. There is a dra-
constant) for disperse red 1 in PIBMA 40) T, + 8°C, ~ matic broadening in the distribution upon cooling toward
(A) T, —2.6°C, and (OJ) T, — 9°C. Slopes equalD'/> T, indicative of thermorheological complexity, in agree-
(see Ref. [6]). Inset: relative fluorescence intensity of pyrenement with a-relaxation dynamics in rubbery polymers
;Jrft?n:j\rhtgogt 376 nm as a function of diffusion time for [20] and other glass formers [21] ne#y. However, for

s ' the temperatures accessed in the glassy state, the breadth

by a modified Williams-Landel-Ferry equation [16,17]: of the relaxation distribution is temperature invariant, and
the distribution merely shifts to longer times with decreas-
_§C1(T - Tg)

015

E (t)

1 (1)/I(0)

4) ing temperature [22].

C,+T—T, "~ An important implication of this is that in the glassy
state the temperature dependencies of the shortest and

wherear = D(Ty)/D(T) or(7(T))/{r(Ty)), andé&, rang-  |gngest relaxation time regimes are equivalent, while in

ing between 0 and 1, has been interpreted [17] as r&ne ryphery state the temperature dependence of the short-

flecting the degree of coupling of probe motion 10 theéggt rejaxation time regime is much less than that of the

polymer cooperative segmental dynamics. Korval- |5 0eqt relaxation time regime. With a relaxation time

ues,¢ =1 (C; = 13 and C; = 58 K for PIBMA); for  giqrinution covering many orders of magnitude) re-

D values, & = 0.5. In contrast, in a result unique to flects only the long-side portion of the distribution. In

logar =

With apparent activat_ion ene_rgies of 200_2.3().'1“0" It which each jump is made, i.eD reflects(r~!) rather
is also clear that, while spatial heterogeneity is Necessaman (r)~! in this temperature region [2]. Only when the

for the translation-rotation paradox, heterogeneity alone igg|ayation is represented by a single relaxation time or
insufficient to explain the paradox completely, given that
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FIG. 4. Comparison of temperature dependencie® df((1) FIG. 5. Discrete relaxation time distributions calculated using
disperse red 1(O) DANS] and{7)~! [(H) disperse red 1(®) KWW parameters listed in Table | for disperse red 1 in PIBMA.
DANS] in PIBMA. Curves are drawn to guide the eye.
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the breadth of the relaxation distribution is temperature [9] M.T. Cicerone, F.R. Blackburn, and M.D. Ediger,

invariant will (z~'y and(7)~! have equivalent tempera- Macromolecule8, 8224 (1995).

ture dependencies [23]. These data are the first to providd0] M. T. Cicerone and M.D. Ediger, J. Chem. Phyi4,

evidence for the equivalence in a quenched glass of the 7210 (1996). _ N

temperature dependencies(ef '), (z)~!, andD. [11] SHG and NRET studies used sufficiently low probe con-
Problems in exactly quantifying-—!) are due to the di- centration that does not affect measured polymer dynamics

- . . . (no change irT,). Differing tacticities of PIBMA, affect-
vergence of 7~ ') when Eq. (1) is the relaxation function ing T, were used in SHG and NRET studies. SHG used

[24]. One may attempt to estimate™") from the relaxa- PIBMA with T, = 53 °C while NRET used PIBMA with
tion distribution [25], T, = 64 °C, determined by differential scanning calorime-
. * G(r) = G(1;) try (onset; 10C/min). However, rotational dynamics of
(r77) = j 2 dr = Z - (5) the two samples are equal when normalized to respective
o 7 i=1 i T,'s [A. Dhinojwala, J.C. Hooker, and J.M. Torkelson,
To make an accurate estimate, accurate values;fey J. Non-Cryst. Solid472-174 286 (1994)].
are needed over many orders of magnitude in time, e412] Glassy-state measurements can be affected by physical ag-
pecially at the shortest times, well below thes range ing, decreasing D, and increasifig. Care was taken that
where finite (very small) relaxation is present. (Small ~ samples for SHG and NRET studies experienced similar
differences inG(r) at very short times may account for thermal histories. Samples were quenched from above

T, to the measurement temperature and data collection
begun immediately upon reaching thermal equilibrium.

SHG and NRET data were measured over similar time
scales for a particulal’ < T,; thus, it may be assumed

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 thanu, not feasible with

our current equipment. While this is an issue for fu- that each was affected to the same degree by aging. No
ture work, several points clearly result from this study. measurable effects due to physical aging were observed
First, the lesser temperature dependenceDoés com- during measurement (see Figs. 2 and 3).

pared to rotational dynamics in the liquid state very neaf13] A. Dhinojwala, G.K. Wong, and J. M. Torkelson, Macro-
T,, known as the translation-rotation paradox for dif- molecules26, 5943 (1993); A. Dhinojwala, G.K. Wong,

fusion, can be associated with the strong temperature and J.M. Torkelson, J. Chem. Phy€)0, 6046 (1994).
dependence of the breadth of the relaxation time distribull4] R. Kohlrausch, Ann. Phys. (Leipzig)2, 393 (1847);
tion, i.e., thermorheological complexity, and is not merely G- Williams and D.C. Watts, Trans. Faraday S66, 80
a consequence of spatial heterogeneity. This is eviderHS] (1970).

. O - J.D. Ferry,Viscoelastic Properties of Polymel®Viley,
given that belowr,, where relaxation is thermorheologi New York, 1980).

cally simple and the SyStem ,iS more heterogeneous th3[@6] J.S. Vrentas and J. L. Duda, J. Appl. Polym. 28§, 2325
aboveT,, D and(r)~! exhibit similar temperature de- 1978).

pendencies. Second, the enhancement of translation relg7) p. Enlich and H. Sillescu, Macromolecule23, 1600
tive to rotation is a consequence of the breadth of the  (1990).
relaxation time distribution and should be observed at any18] 1. Emri and N. W. Tschoegl, Rheol. AcB2, 311 (1993).
temperature (not only fof, < 7 < T.) where the ro- [19] A. Dhinojwala, J.C. Hooker, and J.M. Torkelson, ACS
tational relaxation distribution is sufficiently broad that Symp. Ser61, 318 (1995).
(r)~! and (r~!) differ greatly, even if(z"!) cannot be [20] K.L. Ngai and D.J. Plazek, Rubb. Chem. Te@8, 376
calculated with exactness. (1995).
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