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Relaxation dynamics in ultrathin polymer films
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We have used photon correlation spectroscopy and quartz crystal microbalance technigues to examine the
relaxation dynamics of ultrathinh 400 A) polystyrene films in both supported and freely standing geom-
etries. These studies probe relaxation dynamics of polymer films in which the glass transition temp@&gture (
is reduced below the bulk value. Both the shape of the relaxation function and the dependence of relaxation
time on temperature above the glass transition are remarkably similar to that of the bulk polymer, though the
range of relaxation times is shifted according to the shifffjn The results indicate that the microscopic
relaxation dynamics of thin films remain similar to that of the bulk polymer even, in the extreme case in which
the T4 value is shifted more than 70 K below the bulk val{®1063-651X98)50508-9

PACS numbsg(s): 68.60—p, 61.20.Lc, 62.80:f, 64.70.Pf

The increasing number of applications for polymer thin (7)=71,e® T~ T, 2)
films has spurred a surge of activity aimed at increasing our
understanding of the properties of these materials. Polymenmshere the parameter, is a microscopic relaxation tim&
in a thin film configuration may have physical propertiesdescribes the fragility of the glass former, angl for poly-
different from those of the bulk material due to interfacial mers is generallyf;~Ty—50 K. For bulk polymers the re-
interactions and effects of molecular confinement. Of par{axation behavior is well characterized by E¢B.and(2). In
ticular interest are anomalies in the glass transition temperasrder to help elucidate the origin of the largg reductions
ture Ty, which have been recently reported for thin polymerobserved for thin polymer films, a systematic study of the
films. TheTy values have been measured for polymer filmsrelaxation dynamics nedry must be performed. Differences
supported by substrat¢$—5] as well as for freely standing in the relaxation behavior between bulk and ultrathin film
films [4,6]. These experiments reveal that thg values de- samples, such as changes in fealue, the VTF ‘B” pa-
crease for decreasing film thickness unless there is a strongtameter, or the T4—T,) value may indicate finite-size ef-
attractive polymer-substrate interactid. Films of polysty-  fects as the sample size approaches the cooperativity length
rene(PS have been extensively studied on a number of dif-in the glass forming system. If only negligible deviations
ferent substrate materials encompassing both weffir®y5] from bulk relaxation behavior are observed then explanations
and nonwettind4] systems. The measurdg, values show not involving cooperativity must be favored.
only weak substrate dependent behavior. While the strength Segmental mobility is a necessary precursor to polymer
of the polymer substrate interaction does not strongly influchain diffusion, and experiments have been performed to ex-
ence the measured, for supported PS films, the simple amine the chain diffusion in thin polymer films. Lateral dif-
presence of a substrate has been shown to alter dramaticaflysion studies of PS chains in thin filnjg] showed a de-
the T, value in recent studies involving freely standing films crease in the lateral diffusion constant and hefmeer
[4,6]. mobility for films with a thicknes$i=<1500 A, in contrast to
The glass transition temperature is intrinsically related tathe observations of a reducdq,. Direct measurements of
structural relaxation and thus in polymers to the segmentahe relaxation dynamics in ultrathin films are required, espe-
mobility. Structural relaxation dynamics of glass forming cially in samples where th&, is reduced below the bulk
materials are generally well described by the stretched exporalue. Such direct measurements have proven to be ex-
nential function tremely difficult and have been reported only for the special
case of isobutyl methacrylate copolymerized with chro-
P(t)= qboe‘(‘/T)B, (1)  mophore probe moleculef8]. These studies revealed a
broadening of the structural relaxation function for thin films
where the stretching paramet@rdescribes the shape of the (230 A) compared to thick film$5200 A). In a manner con-
relaxation time distribution. The variation of the average re-sistent withT studies in similar methacrylate filniMMA)
laxation time (7)= [ ¢(t)dt with temperatureT generally [2], no change in the average lifetinde) near the bulkT,
obeys the empirical Vogel-Tammann-Fulch&TF) equa- was observed. These studies are not extendable to arbitrary
tion polymer-substrate systems as they necessarily involve large
(=36%) amounts of probe molecule copolymerized with the
sample.
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below the bulk value. The relaxation dynamics can be comthe T, for this film is <297 K, i.e., more than 70 K below

pared directly to both th&, studies(1,3-@ and the polymer  he bulk value of 370 K. We interpolate to estimateT @
chain diffusion studie$7]. Using photon correlation spec- (approximately the temperature at whi¢hr)=200s) of
troscopy we measure the segmental relaxation of freelpgs+ 3K for this film. Extrapolation of previous results for
standing PS films with 4 reduction greater than 70 K. We freely standing films of the sam,, [6] suggests &, for
employ a quartz crystal microbalance technique to measurgis fiim of 287 -+ 10 K, in agreement with the abo?/e esti-

the mechanical relaxation behavior in PS films supported b¥nate TheB parameters obtained for the temperatures at

Au Coated quartz SL.‘bStrat'.":S' The combination of teChanl"%hich the complete relaxation function was collected are all
is applicable to a wide variety of polymer systems.

Polystyrene K,,=767 000, M,,/M,=1.11) was spin §imi|z_ir With an average vall_Jﬁ=0.39i 0.08. This value is
coated from(0.2 um) filtered solutions in toluene onto either identical within error to previous PCS measurements of bulk
gold coated AT cut quartz-crystal substratemipported PS sample$9], showing that the relaxation functions in Fig.
films), or cleaned glass slidegreely standing films The 1 are simply shifted by many orders of magnitude from that
spin coated films were annealed above the Hiylfor ~12 h of bulk PS. The distribution of relaxation times, determined
(then to 420K for~1 h for supported films and subse- by the parametep, is a strong indicator of the system dy-
quently cooled0.5 K/min) to produce samples with a well- namics at the molecular and intermolecular lef#]. The
defined and reproducible thermal history. The supportedact that thep value for the very thin films is indistinguish-
films were of thicknesses as low as 115 A. Freely standingble from that of bulk PS suggests that the microscopic re-
films were prepared, using a water-transfer techniftle  laxation dynamics are not affected despifg;aeduced from
with thicknesses as low as 220 A. the bulk value by more than 70 K. While experimental re-

Photon correlation spectroscoplPCS, commonly used strictions have limited the temperature range of the present
to investigate relaxation dynamics in bulk melts, has in thisnvestigations, we have observed relaxation dynamics similar
work been extended to the study of ultrathin freely standingo those shown in Fig. 1 for at least four different films with
films. In the PCS experiments 400 mW of spatially filtered220 A<h<250 A.
laser light . =532 nm) was focused onto the surface of the Photon correlation spectroscopy is not ideal for studies of
freely standing PS film at an angle of incidence=efi5°.  relaxation dynamics in supported polymer films. Absorption
Temperature measurement was provided by a fine gauge scattering of light by the substrate introduces experimental
thermocouple wire near the surface of the film, and thdlifficulties [11] and, instead, a quartz crystal microbalance
sample temperature was varied by changing the temperatutechnique was employed. We found that for films with
of the experimental enclosure. Light scattered in the direc=6000 A, the nonzero shear viscosity of the melt film re-
tion approximately normal to the film was selected by apersulted in a directly measurable energy loss. The dashed curve
tures and then detected. The pulses from the detector weme Fig. 2 shows theD versusT data for a thick (-3 um)
input to an ALV 5000 fast autocorrelator that calculated thefilm. This demonstrates that at the frequency of oscillation
intensity autocorrelation functiorg,(t) =(1(0)I(t))/{I)2. (10 MH2), the onset of shear relaxation for the bulk PS
The measured relaxation strendth001<g,(0)—1<0.01] sample is aff=390 K, in agreement with other ultrasonic
indicates that only a very small fraction of the light reachingtechniqueg13]. For films withh<6000 A, the addition of
the detector was scattered from dynamical processes in thhe polymer film did not introduce a detectable changP jn
film. The low relaxation strengths indicate that we are in theand the shift in frequencAf was used to accurately deter-
limit of heterodyne detection, the local oscillator being themine the masgand film thicknessof the polymer films.
light scattered by static surface roughness. The measured In order to detect relaxation processes for thin
correlation function is then proportional to the density-(h<6000 A) films, small &1 um) SiC particles were care-
density autocorrelation functidrg,(t) —1c(5p(0)8p(t))]. fully introduced onto the film surface such that no particle
The low count rate restricted the time domain in which theaggregates were observed using optical microscopy. This
relaxation function could be reliably measured. Mechanicaprocedure results in an increase in the dissipation of the
relaxation dynamics in supported polymer films were studiegarticles-film-oscillator system due to the sliding friction of
using[12] a quartz crystal microbaland€®CM) technique. the patrticles on the film during oscillatidgd4]. This can be
In the QCM experiment, which is an ultrasonic techniqueseen in Fig. 2 in which we show versusT plots for a
that measures the shear response of the system at a frequemeymber of the SiC covered PS films. The formation of strong
of 10 MHz, the data are comprised of the frequerficgnd  bonds between the polymer and particles would result in a
per cycle energy los® of the QCM crystal onto which a decrease of the excess dissipation and thuDthalue acts
sample has been deposited. The temperature of the sample a sensitive probe of the adhesion between the SiC par-
was ramped at 4 K/min to 425 K, while a computer calcu-ticles and the polymer film. The behavior of the 5490 A thick
lated thef andD values. film can be described as follows. As the temperature is raised

Figure 1 shows the intensity autocorrelation functions ob+to 390 K (the onset of shear relaxation in bulk Ptfe seg-
tained from a 226 5 A thick freely standing PS film at tem- mental mobility of the polymer is high enough that adhesive
peratures ranging fronT=291 K to 302 K. Raw data are bonds can be formed with the SiC particles. We expect this
shown for three temperatures and best fit lines to(Egfor ~ to result in a sharp decrease in the dissipation, which is in-
all data sets. It can be seen that fbr-297 K the system deed observed over a narrow temperature range. We associ-
completely relaxes within the time window of the experi- ate the onset of relaxation with the small dissipation peak
ment, whereas at=291 K only the initial part of some slow that is observed consistently at a temperatdrg,() just be-
relaxation process is observed. The findings demonstrate thktw the decrease in dissipation discussed above. This pro-
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FIG. 1. Intensity autocorrelation functions for a 220 A thick freely standing PS film. Experimental data are omitted from the 297.7 K
curve for clarity, and fits to Eq.1) are shown for all data sets. The best-fit parameter§ ar296.8,7=1.2 s, and8=0.39; T=297.7,7
=0.62s,8=0.39,T=302.1,7=0.20 s, and3=0.37. Uncertainties iB values are+0.08, and uncertainties in+10%.

vides us with a reproducible signature of the relaxation dy-change significantly(shown in Fig. 2 for the 115 A thick
namics, though it does not reveal the shape of the relaxatiofim). Repeated heating and cooling cycles do not restore the
function. The reproducibility of the shape of the data allowsoriginal dissipation. The qualitative behavior of theversus

us to define the onset of relaxation within3 K. Since the T data is identical for all films studied. This demonstrates
features consistently observed in Fig. 2 are a result of strughat the sensitivity of the technique is independent of film
tural relaxation processes in the polymer films, we can us¢hickness for thicknesses as low as 115 A. We have mea-
the measurement involving a thig6490 A sample(for  sured theT ,,, for five films with 100 A<h<400 A, and the
which the relaxation signature is observed at 39@&Kd Eq. inset of Fig. 2 shows this temperature as a function of the
(2) for bulk PS[13] (solid line in Fig. 3 to estimate a value film thickness. For films with thickness less thiar400 A

of (1)~2x10"* s, which can be identified as the “probe we note a shift in th& . value to lower temperature. Also
time” of this technique. Upon cooling the sample, the par-included in this plot is the best-fit line calculated from thg
ticles remain bonded, and the observed dissipation does ndtta in Fig. 4 of Ref[3] in which a system similar to that of
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FIG. 3. VTF plot using data for both supported and freely stand-
FIG. 2. Dissipation as a function of temperature for a thi@k ing films. The solid curve is calulated using VTF parameters for
um) PS film as well as a representative number of SiC covered PBulk PS[13]. The hollow triangles are calculated from the PCS
films supported on Au coated quartz using the QCM technique. Thelata in Fig. 1, the single hollow square from a second freely stand-
arrows indicate th& ,,, values. The inset shows the measuifegd, ing film with similar thickness, and the hollow circles from the
values as a function of film thickness. The curve in the inset iSQCM data for supported films shown in Fig. 2. Uncertainties rep-
described in the text. resent those of (all datg and T, for the supported films.
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PS on Au were considered. The solid curve was adjusted bgroscopic relaxation dynamics, in the form of the actual re-
the 20 K necessary for agreement between the respectijaxation function and the relation betweén and (T —Tyg),
bulk measurements. Once this shift is applied, the relaxatiofh thin polymer films are not strongly affected Ay, reduc-
data are seen to exhibit a film thickness dependence vetyons in the sample. This suggests that the length scale that
similar to that of theT, value. determines th@, value is much larger than the cooperativity
The similarity betvve?? the film thickness dependence ofength scale for the dynamics of the glass forming polymer
the Tpax value (r~10""s) and that of theT, value melt. The present results do not agree with chain diffusion
(7~ 107 s) suggests that the VTF relationshifpq. (2)], be- sy dies of similar supported filnig]. This demonstrates that
sides a necessary shift ify, is not strongly affected by the hjje segmental mobility is enhanced in thin films, the re-
Ty reductions. In order to more fully explore this idea we g ing chain mobility may not necessarily be similarly en-
combine both supported and freely standing samples anflnceq. The suggestion of a large length scale determining
co_n3|_der the hypo_the3|s that the shift in gvalue fqr the he T4 reductions for thin polymer films is consistent with
thin-film samples is the same as thit ct)’fmtkh_e e)ﬂoe{,me”taluhe M,, dependence of thesg, reductions discussed in
determined glass transitiohy (i.e., Tg—Tg =To—Tg ), Ref.[4].
realizing that deviations from this relation will become evi-  \we have examined the relaxation behavior of ultrathin
dent in our analysis. Using, values, which are determined fjjms of polystyrene. For freely standing films we have mea-
by interpolation of PCS resultéfreely standing films or  gyred a stretched relaxation function with the same shape
from previous measuremgr[is], allows us to plot Fhe mea- (3-0.40) as that of bulk PS, suggesting that the micro-
sured(r) values as a function off(—To), as shown in Fig. 3. - scopic dynamics are not affected in samples exhibifigg
The solid line in the figure is the VTF relation found for bulk eqyctions as large as 75 K. Supported polymer films also
PS using ultrasonics techniqués]. Itis evident from Fig. 3 oyhibit a thickness dependent enhanced segmental mobility
that in this time range there is no systematic deviation beggnsistent with a reduced, value. Collectively the data,
tween the relaxation behavior of bulk PS and that in PS filmsyhich encompass five orders of magnitude in time, suggest
with T4 reductions up to 75 K. With the exception of the 253 tht the VTF relation for bulk PS may be applied to thin film
A thick supported film, all relaxation data are, within experi- samples as long as a shift 1, is introduced:; this shift is
mental error, consistent with E¢2) and bulk values 0B etermined by the observed shift Ty . This provides com-
and (Tq—To). We note that the reasonable alternative appg|ling evidence that cooperativity need not be invoked to
proach of adjusting by keeping the ratid'y/T, constant  eypjain the anomolousT, behavior observed for such
[15] would result in deviations between the measured Value§amples, and that a different physical phenomenon with a
and calculated curve greater than the error limits for all ofy,,ch larger length scale than that of local segmental relax-

the freely standing film data. , , _ation is instead responsible for the obserigdreductions.
The results of the current experiments are consistent with
previous measurements of tiig value in thin polymer films We would like to thank J.R. Dutcher, A. Brodin, and K.
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T4 are concurrent with an increase in the segmental mobilityFunding by the Swedish Natural Science Research Council
which is indicated by a shift in the entire relaxation function (NFR) and by Chalmers University is gratefully acknowl-
to shorter times. We have further demonstrated that the miedged.
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