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Temporal evolution of relaxation in rubbed polystyrene thin films
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Temporal relaxation of rubbed polystyre(feS thin films (50 nm thick was studied by probing the decay
of the optical anisotropy in the sample. Our results show that the relaxation process is characterized by two
single-exponential decays plus a temperature-dependent constant. Both relaxations are orders of magnitude
faster than the main chaiia) relaxation at temperatures well below L0 °C)T,, with activation energies 3.0
kcal/mol and 5.1 kcal/mol, respectively, either of which are much smaller than that of thlexation(~50
kcal/mo)). The decay time constants are found to be independent of the sample molecular Wgjghtd3.7
K to 550 K DaltonsM,,/M ,<1.1) at these temperatures. This shows the local nature of the relaxation modes
of rubbed PS.
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Rubbing with piled fabrics such as velour and velvet cre-whereg is about 0.38 for PS. The authors further modeted
ates surface scratchgs] and molecule alignmen{®,3] in by a simple Arrhenius relationship below tfig [8,10]:
polymer thin films. After rubbing, the molecular alignment
decreases at elevated temperatures as the polymer relaxes. T= T('l'g)eAE/R(lrr ~1Tg), 2
The understanding of such relaxation dynamics and mecha-
nism is of practical importance. For example, rubbed poly-Here, AE is the activation energy ang the gas constant.
imide films are widely used in the liquid-crystal display in- Using the parameters found in R¢8] based on this model
dustry. Reduction in molecular alignments of rubbed(-€.. 7(Tg)=5s, AE=205kJ/mol, R=8.315J/mol, T4
polymers due to relaxations may lead to failure of the device= 97 °©O. the decay time constant at 20°C belowTy is
since its operation relies heavily on the integrity of the mo-~227 S. Annealing at such temperature for over 1,000 s

lecular alignment, yet little is known about the relaxation ShOU'F’ remove all the anisotropy. This is in_contradiction
with findings of Ref.[3], where a nonzero anisotropy was

dynamics of rubbed polymer films. In addition to the recent” . ) )

fi%dings on the diffeFr)eri dynamical behaviors of ponmerStIII detect_able e}fter 1,800 s of anneal|pg, and the anisotropy

thin films compared to the bulld—], the subject matter is changed little with a longer annealing time. For unrubbed PS
’ films, Forrestet al.[7] studied the structural relaxation using

very interesting fundamentally as well. Let al. used near- - :
o photon correlation spectroscogi?CS. The relaxation dy-
edge x-ray absorption fine StructulSEXAFS) to study the namics were found to follow the KWW function. Further-

absorption anisotropy of rubbed thin polystyrel® films  ore  the relaxation time- was measured to increase by

on Si covered with native oxide, and found that after anneal~. 109 times when the temperature was decreased by 6°C
ing at an elevated temperature, some amount of anisorOR¥elow the T,, consistent with an extrapolation from data
disappeared in the initial 30 min while the rest remainediaken with the microbalance technique at temperatures

unaffected with subsequent annealing at the same temperg--15°C above thely using the Vogel-Tammann-Fulcher
ture [3]. However, when the glass transition temperaflige  (VTF) relation[7]

of the polymer was reached, all of the remaining anisotropy
disappeared over a short time. Recently Schwahl. [8] (7(T)y=7oexpB/(T—Ty), 3
studied the relaxation of rubbed PS films on glass substrates

by measuring the optical anisotropy of the rubbed films asyhere 7, is the asymptotic relaxation time at high tempera-
the sample was heated at a constant rate of 1°C/min. Thgyes T, is the Tammann temperatureT,— 50 K, andB is
authors suggested that the relaxation of the polyfer, 3 constant related to the fragility of the polymer. Assuming
disappearance of the anisotroffgllowed the structural re- the same VTF relation for(T) at temperatures further be-
Iaxati_qn dynamics of polymer bac.kbones related to the glasgyy T,, one may extrapolate thatshould be thousands of
transition, and could be described by the Kohlrauschseconds or more at temperatures several tens of degrees be-
Williams-Watts (KWW) stretched exponential function |y T, [7,8]. If the relaxation of aligned PS films should
[7.9]: follow that of unrubbed PS, no significant decrease in the
sample’s alignment would be expected at temperatures well
belowTg. Contrary to this simple deduction, notable relax-
¢(t)= d)(O)e’“’T)B, (1) ation was found in aligned PS thin films even at temperatures
30 °C or more belowl, [3,8]. Therefore, the assumption that
relaxation dynamics of rubbed PS is the same as that of the
* Author to whom correspondence should be addressed. Electronlgnperturbed counterpart is not justifiable.
address: phtsui@ust.hk We report here on the study of temporal evolution of re-
"Electronic address: phyang@ust.hk laxation in rubbed PS thin films at elevated temperatures
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using the optical anisotropy detection technique. Major find- 1.0
ings of the present paper af®) there is significant amount E
of relaxation occurring in the sample, determined by the 0.82
amount of decrease in the sample’s optical anisotropy, even
at temperatures tens of degrees belgyy (2) the relaxation
process is clearly non-KWW but is characterized by two
single exponentials plus a temperature-dependent constant
C(T), with the fast decay time constant being only 256 s at
~60 °C belowT; (3) the decay time constants are the same
within 20% for PS with molecular weightsl,,=13.7, 44.1,
115, 221, and 550 K Daltons, all witd /M, <1.1, at tem- 0 60 30
peratures well below; (4) the temperature dependence of Temperature (°C)
both decay time constants can be fitted to the Arrhenius re-
lation[Eq. (2)], with activation energies of 3.0 and 5.1 kcal/  FIG. 1. The normalized anisotropy(T)/p(T=20°C) vs tem-
mol for the fast and slow processes, respectively; @nthe  peratureT for aM,,=550K and aM,,=13.7 KPS film. Both films
temperature at whicB(T)=0 is close tdT ;. All these point ~ are 50 nm thick.
out that the relaxation of PS upon rubbing involves mostly
local, noncooperative movements. Global relaxation is sigdata show that the sample anisotropy decreases progressively
nificant only at temperatures nedy . as T increases. AT=40°C (~60°C below theT, of the
Monodispersed P#{,,/M,<1.1) were purchased from polyme), notable relaxation is already evident, which indi-
Scientific Polymer Product§Ontario, NY) and were used cates that the revealed relaxation is orders of magnitude
without further purification. The thin films were prepared by faster than what previous measurements foli@. On the
spin coating solutions of the polymer in toluefie-2 wt%  other hand, data of Fig. 1 also show that the temperafture
onto acid-cleaned Si substrates with a native oxide layeat which the anisotropy becomes zero, occurs~at°C
(~1.2 nm thick. They were then baked at 130 °C for 5 h. above the bulkT, of the polymer. In particular, for th#,,
The resultant film thickness was determined to be 50=550K sample, T =105°C and the bulkT;=98°C (by
+2nm using ellipsometry. Rubbing was done in a homedifferential scanning calorimetyy while for the M,,
made apparatus with a rayon cloth mounted on a metat 13.7 K sampleT =98 °C and the bulki;=90°C. These
block. An electric motor pulls the block at a constant speedesults suggest that the dynamical modes that have led to
of 1 cm/s. All samples used in this paper had been rubbeteduction in the sample anisotropy should, at least at tem-
repeatedly under the same pressure of 10 §/eniil their ~ peratures neaf,, be related to the glass transition of the
optical anisotropy no longer increased with further rubbing.polymer. Ellipsometry measurements of similar polymer
Optical anisotropy of the rubbed samples was measurethin-film systems showed that thigy of a 50 nm thick PS
by reflectance difference spectroscdfy,12. Since all an-  film was comparable to that of the bulk,6]. On the other
isotropy spectra showed a maximum-a800 nm in wave- hand, it was found that the surface of a polymer could be
length, this wavelength was used in subsequent measurstbstantially more mobile than that of the b{ili3]. If the
ments. Samples were placed face up into a heating bloclayer of polymer modified in the rubbing process is highly
stabilized at the measurement temperature to better thdncalized at the free surface, the unexpectedly sizable struc-
+0.1°C using a Lakeshore sensor-heater pair and a Modetural relaxations observed at temperatures well below the
334 temperature controller. To measure the optical anisotulk T, may be explained in terms of such a surface layer.
ropy vs time at temperaturg, the heating block was pre- The fact thatT, corresponds well to and is slightly larger
heated tdl before a freshly rubbed sample was placed insidehan the bulkT of the polymer, however, argues against the
the heating block. Then temporal measurements would conrubbed layer” being more mobile. This is consistent with
mence immediately. Using a FSI Model-812 thermal imag-findings in Ref.[3].
ing camera, we observed that the sample was in thermal It is important to identify the origin of the optical anisot-
equilibrium within seconds of contact with the heating block, ropy in order to understand what kind of relaxation our mea-
and the temperature of the heating block was unaffected bgurements indeed reveal. Atomic force microscope was em-
the addition of the sample. ployed to study the effect of rubbing on surface morphology.
Figure 1 shows the optical anisotropy=Re(Ar/r)] of  Freshly rubbed samples display grooves that a0 nm
two 50 nm thick PS films(one with M,=550K and wide and 0.8 nm deep. The resultant morphology-induced
M, /M,~1.04; the other withM,=13.7K andM, /M, optical anisotropy, being proportional to the groove height,
~1.06 as a function of temperature. Her®r is the com-  should be less than 16 [14], which is much less than the
plex reflectance difference between linear polarization direcobserved anisotropy of 3610 *. Furthermore, after the
tions parallel and perpendicular to the rubbing direction, andsamples were heated to 90 °C for half an hour, the groove
r is the average reflectance. During the measurement, a coheight decreased to 0.3 ntr-40% drop while the width
stant heating power was applied to the block. The resultartemained unchanged. On the other hand, the measured opti-
heating rate was-6°C/min at 20 °C but slowed down to cal anisotropy of the film decreased by more than 95%e
~0.6°C/min at 100°C as the heating block approachedrig. 1). Therefore, it is clear that the observed optical anisot-
steady thermal state. Similar to previous res{iBs3], our  ropy is not due to the surface morphology but rather comes
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FIG. 2. Normalized background-subtracted anisotropy as a func=

tion of time at four temperatures as indicat@gpen circles Solid
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ously (>10* times by second-harmonic generation tech-
nigues in unrubbed PS over the same temperature fddge
Both 71(T) and7,(T) can be fitted to the Arrhenius relation,
leading to activation energies 5.1 and 3.0 kcal/mol, respec-
tive. The relaxation process is unexpectedly fast even at
40 °C, where the time constant of the fast relaxation mode is
only 256 s. This is in drastic contrast with thex30’ s found
atT=47°C in Ref.[10], or the observation by Patterson and
Carroll using PCS that very little relaxation at 60 °C in un-
rubbed PS was observét5]. Single exponential fast decay
(on top of a KWW ong has been reported by Lee, Jamieson
and Simhd 16]. However, this form of decay was only ob-
served within 5 °C from th& of the sample. All these show
that the relaxation characteristics of the rubbed PS films are

lines are fits to the data using the double-exponential decay functiod€ry different from the unrubbed ones.

[Eq. (4)].

To better understand the nature of the relaxations we ob-
served in theM,,=550K rubbed PS films, the decay time

from molecular alignments within the polymer. These obserconstants of thin filmgfixed at 50 nm thick with other

vations are in consistency with previous res(izs3,8. The

molecular weights, namely,,=13.7, 44.1, 115, and 221 K

optical anisotropy measurements should thus reveal the m@altons, were also measured. Bt 60 °C, the same double-

lecular relaxation of the polymer.

exponential decay form was found for all samples of differ-

Figure 2 shows the temporal relaxation data of PS filmsnt molecular weights studied. Furthermore, both time con-

with M,,=550K Daltons and thickness50 nm at four dif-

stants were the same within 20% variation, with no

ferent temperatures as labeled. The vertical axis represengégstematidVl,, dependence detectable. At temperatures close
the background-subtracted sample anisotropy, normalized by the T, of the M,,=13.7 K sample, however, the decay
the value at zero time. We found that the anisotropy data catime constant becomes obviously shorter than the other
be fitted well to a double-exponential function with a con-samples with higheM,,, which is attributable to the lower

stant term:
p()=Ae Y1+ Ae Y2+ C, (4)

An attempt to fit the data to the KWW forrifEq. 1) or to a

T4 associated with loweM,, (see Fig. 1 The insensitivity

of the decay time constants with molecular weight at tem-

peratures well below ; indicates that at these temperatures

the relaxations of rubbed polymers involve only the local

modes. This is consistent with the earlier suggestion that the

function that contains a component with the KWW form anisotropy is due to rubbing-induced alignment in the orien-
always leads to the fitted resy8t=1. The fitting results are tation of the phenyl ringg3], so relaxation of the anisotropy

summarized in Table I. The background paramé&ewhich

can occur at temperatures much bel@y via reorientation

is not shown in the table, ranges from 30% of the total anof the phenyl rings without involving motion of the polymer
isotropy strength at=0 at 40°C to 2% of that at 90°C. backbone. Possible mechanisms for the observed local relax-
Since the anisotropy data have been normalized to thedtions includey rotational motion of the phenyl ringsl7]

value att=0, only the ratio of the decay amplitudes, /A,

and the thermal randomization of the phenyl ring order me-

and decay times are obtained. Evidently, the amplitude ratidiated by an intermolecular field relaxation [17]. We note

A, /A, increases whereas the time constantsfor the slow

relaxation and 7, (for the fast relaxationdecrease with in-

that the reported activation energy of therelaxation~9
kcal/mol[17] is comparable to the value 3.0 kcal/mol found

creasing temperature. At temperatures below 75 °C, the slowere for the fast mode, but that reported for theelaxation

process dominateghe amplitude of the slow one is17

times of the fast one @ =40 °C), while at a high tempera-

ture of 90 °C, the fast process takes over. Betw&er40

~1.6 kcal/mol[17] is much smaller than either activation
energies of the two modes. More work is clearly needed to

fully understand the origins of relaxation in rubbed PS films.

and 90 °C, the time constant of the slow processlecreases At temperatures approachiriy,, the main chaina) relax-
by 15 times and that of the fast processdecreases by 5 ation is expected to accelerate rapidly in accordance with the
times. Both changes are much smaller than that found previWTF relation[Eq. (3)], and will likely become dominating as

TABLE |. Summary of the fitting parameters for the relaxation dat&igf=550 K polystyrene filmgall

50 nm thick at T=40, 60, 75, and 90 °C.

40°C 60 °C 75°C 90°C
Ay lA 0.059+0.004 0.22-0.02 1.04-0.04 4.200.2

m(10°s) 15+1 7.8£0.6 2.8:0.2 1.10.1
75 () 256+10 123+6 101+ 6 50+ 3
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the corresponding relaxation time becomes shorter than thosehy the T dependence results we obtainé@eig. 1) at a
P Y ny dep : a

of the local relaxation modes. AE~90°C the relaxation higher heating ratéaveraged 3.3 °C/mjnstill looks similar
time of the a relaxation has been found to be4000 s to that of Ref[8]. _
[7,10], which is undoubtedly larger than that of the two re- In summary, we have shown that the temporal evolution
laxation modes found a&t=90°C in the present experiment_ of relaxations in rubbed PS thin films at temperatures
This may explain why the KWW relaxation has not been40 °C<T=<90°C did not exhibit the KWW behavior, which
observed in the present experiment, and the measTyrsd IS typically observed near the glass-to-rubber transition tem-
(Fig. 1) are slightly higher than th&, of the polymer. perature. Instead, the temporal relaxation fits well to a

The previous results of Reff8] and[8] on the relaxation double-exponential decay funct!on, with the activation en-
of rubbed PS films versus temperature can be reconciled wit (r;%)l//r(r)]]:)tlh?e?sés}[::/i|SIOmJgLa)s(amt;)llne:ntﬁgﬁstr?slcglﬁéos%nlgcgi/l
the presently found double-exponential relaxation scheme ol that'hadpbeen fgl’md for the relaxation. On the other
\I/Ev\i/tﬁinn ito(l)%ws t/(\a/rr?eezzsturgfsihtehilg\?vsgrg::%iiséllso g%rggleteﬁand, the temperature at which complete relaxation of anisot-

1

. o ropy occurs is at-7 °C above thel; of the PS, suggesting
glaazlaetig.nﬁ?r:égrs]k:gg]epnesri?rgrfl SUSChS a_g;tg ?hact:’otfhteh;aztlowthat thea relaxation may become dominant at temperatures
y ' near T,. The lack ofM,, dependence of;, and 7, at T

relaxation time remains large-1100 3. That is why in the . .
. =60 °C evidences the local nature of the relaxation modes at
NEXAFS experiment of Ref.3], the authors found that upon Jow temperatures in rubbed PS films.

annealing the samples at a present temperature for 30 min,
the sample anisotropy was almost time independent at 10 We thank Dr. X. R. Wang for useful discussions, and W.
min intervals. The relaxation vBdata of Ref[8] can also be T. Leung, J. Y. L. Ho, and F. K. Lee for technical assistance.
interpreted without invoking the KWW decay process. SinceO. K. C. T. acknowledges financial support by the Research
the temperature was raised at a rate of 1 °C/min in that exGrant Council of Hong Kong through the Hong Kong Uni-
periment, the observed anisotropy Vsshould be fully ac- versity of Science and Technology under Project No.
countable by just the fast decay process. This also explaiDAG98/99 S24.
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