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Quantifying glass transition behavior in ultrathin free-standing polymer films
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We have used Brillouin light scattering to make a detailed study of the behavior of the glass transition
temperaturel 4 in ultrathin, free-standing polystyrene films. The glass transitions were experimentally identi-
fied as near discontinuities in the thermal expansion. The effects of film thickness, molecular weight, and
thermal history on the measurég values have been investigated. While the size of the glass transition effects
was comparable for all molecular weights, a complicdteddependence suggested a separation of the results
into two regimes, each dominated by a different length scale: aMowegime controlled by a length scale
intrinsic to the glass transition and a hidh, region, where polymer chain confinement induced effects take
over.

PACS numbsefs): 64.70.Pf, 68.60.Bs, 65.78y, 36.20—r

I. INTRODUCTION operative movements were associated only with high mobil-
ity clusters, an observation which suggests that may be
The fundamental physics behind the glass transition reeonsidered as an upper limit f@gq,, [11]. It has further-
mains unresolved. The idea of cooperative motion, intrommore been noted that bot,e; and &.,,, increase as the
duced by Adam and GibH4], suggests that there is an in- temperature is lowerefd,12]. Despite the correlations be-
trinsic length scale for cooperative dynamick,,,(T), tween the two length scales, the exact relation between the
which increases as the temperature is lowered in the vicinityjwo remains unclear.
of Ty. Since the introduction of this idea, many different  One way to experimentally investigate the existence of an
theoretical developments have been formulated around thatrinsic length scale is to study the glass transition dynam-
concept of cooperative dynamif8—4]. A direct connection ics, or the glass transition temperature, in samples confined
between cooperative motion and Vogel-Fulcher dependend® dimensions approaching this length scale. A number of
of transport properties has been established by Edwards amgtperimental studies have concentrated on this isstiaite
Vilgis [5]. Recent computer simulations have further emphasize effect®n the glass transition. A large fraction of these
sized the importance of cooperativity in explaining the dy-studies have been performed on glass-forming liquids con-
namics of glass-forming materials at temperatures approaclined to nanoporous glass, and a range of different tech-
ing Ty [6-10]. It is interesting to note that qualitatively niques have been employed including calorimeffig—15
similar behavior of strongly correlated particle movementsas well as dielectric spectroscof#6,17. Reducedr, values
has been found near the mode coupling critical temperaturand enhanced dynamics for strongly confined systems have
T, [4] for systems as diverse as binary Lennard-Jones mixbeen reported. These effects have often been attributed to a
tures[8—10], a melt of short unentangled polymeric chainslength scale of cooperative motion. One complication of the
[6], and a metallic glass formdsee reference if6]). This  studies of porous glasses is that the interactions with the
indicates that finite size effects due to a length scale inhereribterior of the pore can strongly affect the dynamjds],
to the glass transition should not be strongly affected byand for this reason most studies involve pretreatment of the
chain connectivity. In addition to confirming the existence ofpores[13,16. For polymeric glass formers, the influence of a
stringlike cooperative regions, with a length scale that incharacteristic length scale for glass transition dynamics has
creases as the temperature is lowered, these simulations haveen inferred from relaxation studies of polymers in solution
also revealed a second length scale—that of dynamic heterg18], from analysis of calorimetric or dielectric data by the
geneity,énhe¢. FoOr times shorter than the structural)(relax-  use of fluctuation modelf19,20, or from the relaxational
ation time the systems were found to be composed of dybehavior of naturally confined semicrystalline polymers
namically distinct regions of highly correlated motion. A [21,22. As a result of these types of measurements a length
detailed analysis of the simulation results revealed that coscale of cooperative dynamics near the biilk has been
reported to be of the order of a few tens of Angsiréor a
large range of both polymeric and nonpolymeric glass form-

* Authors to whom correspondence should be addressed. ers. Additionally, a number of experiments on glass-forming
"Present address: Guelph-Waterloo Physics Institute, Universitynaterials have provided evidence for strongly heterogeneous
of Waterloo Campus, Waterloo, ON, Canada N2L 3G1. dynamics at temperatures approachiid 23]. In particular,
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multidimensional NMR experiments have been used to diWWhen supported on substrates for which a substantial
rectly measure the length scale of dynamic heterogeneities ipolymer-substrate attraction is expected, both polymers
poly(vinyl acetat¢ near itsT,, revealing a value of-30 A. showedT values thaincreasedwith decreasing film thick-

In summary, experiments have suggested that the lengthess. Grohenst al.[33] have further investigated the depen-
scale of heterogeneous dynami€ge(T), is similar to that ~dence ofT in films of PMMA of varying tacticity and found
of cooperative motioné.,,(T), although the exact relation a direct correlation between the density of polymer-substrate
between them is not yet clear. It is worth pointing out that ininteractions and the effect on tfig value.
general the existence of a particular length scale, as inferred A way to eliminate the difficulties associated with sensi-
from the analysis of experimental data, is by itself nottivity to the polymer substrate interaction is simply to re-
enough to determine its origin. In addition, most of the ex-move the substrate and study films in a free-standing con-
perimental studies are not able to probe the characteristiéguration. Such measurements have been perforf3&i
length scale over an appreciable range of temperatures. Aand revealed much larger reductionsTip with film thick-
attractive alternative sample choice for studies of finite sizeness than those observed for supported films. Thesduc-
effects in glass formers is that of thin polymer films. In thesetions were also observed for larger film thicknesses
samples the confining dimension, the film thickness, can bé~700 A) than in the supported case. Subsequent studies,
continuously adjusted over many orders of magnitude, anéhvolving an additional molecular weigh26], revealed a
samples can easily be prepared on a variety of substratesybstantiaM, dependence in thg, value for free-standing
even those the polymer melt itself does not wet. The interfilms. For the twoM,, values investigated, reductions ©f
action between the polymer and the substrate is furthewere observed at length scales of the order of the end-to-end
readily quantified by the use of contact angle measurementdistanceRgg for the polymer. ThisM, dependence demon-
The versatility in accessible polymer-substrate combinationstrates thathain confinementay be an important contrib-
as well as the possibility of studying free-standing filmsuting effect toT, reductions in films of highM, polymers.
(which lack the specific interfacial interactions present in anyWhile interesting in its own right, the strong dependence on
supported systejrallow for detailed studies of the various molecular weight suggests that the larfg reductions ob-
interactions and their respective effects on the glass transserved for free-standing polymer films may be restricted to
tion. polymeric materials; a fact that limits the usefulness of these

The first direct measurements of anomalies inTheval-  studies in investigating the more general problem of intrinsic
ues of thin polymer films supported on solid substrates weréength scales for glass transition dynamics. If such length
performed by Keddieet al. [24] using ellipsometry. The scales were the determining factor of thg reductions ob-
samples for these studies were thin films of polystyr@?®  served in those free-standing films, thenMp dependence
on hydrogen passivated Si. For film thicknesses belowvould not be expected. In addition, it is difficult to conceive
~400 A the measured, values were found to be reduced of finite size effects due to an intrinsic length scale for glass
below the bulk value, with th&; reduction increasing as the transition dynamics having a significant effect at such large
film thickness was lowered. Since these initial studies a numvalues of the film thickness.
ber of experiments, using several different techniques, have In looking for finite size effects the glass transition tem-
confirmed these observatiofg5-29. The reductions i, perature may not be the ideal quantity to study, since it is
observed in supported polymer films show no clear depenaffected by both the preparation and thermal histories of the
dence on molecular weight fov , values from~30x10°to ~ sample as well as the mode of measurement. In light of this,
~2900x 10°, although a very weak molecular weight depen-a number of complementary investigations of related physi-
dence cannot be ruled out due to the scatter in the data. lgal quantities have been performed in order to broaden the
addition to theT value itself, interesting behavior has been understanding of anomalous behavior in the structure and
observed in the contrast of the glass transition, i.e., the ratidynamics of thin polymer films. Neutron reflectiviig5] as
between the thermal expansivitgr quantities related to)it ~ well as Brillouin light scattering36] techniques have been
in the melt and the glass. This contrast, which is instrumentaipplied to provide evidence that the mass density in thin
in identifying the glass transition, was measured to be dilms of glassy polystyren¢both supported and free stand-
monotonically decreasing function of the film thicknessing) is the same as in the bulk to within0.5%. For the case
[24,27,3Q. These studies differ, however, regarding whichof free-standing films, where th&; reductions are large,
expansivity (that of the melt or the glagss film thickness such constraints on density anomalies rule out a simple rela-
dependent. X-ray reflectivity30] and positron annihilation tion between the observed, reductions and a reduced mass
lifetime spectroscopy27] data show the expansivity of the density. Structural relaxation due to segmental mobility has
PS glass to be independent of thickness. On the other handeen observed in free-standing films of polystyrene Wigh
ellipsometry measurementd4] suggest that the melt expan- values reduced by 70 K using photon correlation spectros-
sivity is instead independent of film thickness. copy [37]. In addition to providing quantitative agreement

The large surface area to volume ratio of a thin film between measurements Bf [26] and measurements of re-
sample means that effects due to both the release of steriaxation dynamics, the studies also showed that the shape of
constraints at the free surface and specific interactions at thtee relaxation function in thin free-standing films with re-
polymer-substrate interface may affect the segmental dynanttuced T, values was the same as that of the bulk material
ics and hence thél; value. Evidence for the effect of within the experimental certainty.
strongly attractive interfacial interactions on the glass transi- Despite what is now a large body of experimental results
tion was revealed in studies of potgethylmethacrylate [38], there have been only a few attem3®,4Q to provide
(PMMA) [31] and poly2-vinyl pyriding) (P2VP) [32] films.  a theoretical picture for th&, reductions in thin films. A
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number of simulation studies have been performed using TABLE I. Polymers used in the experimexll polymers were
Monte Carlo or molecular dynamics techniques to investifurchased from Polymer Source Jnc
gate glass-forming systems in confined geometries. These

simulations reveal that both structural and dynamical prop- Mhn My /My
erties of polymers can be affected by the confinement 115 900 1.04
[41,42. The studies generally show enhanced segmental mo- 196 700 1.05
tion and meltlike dynamical properties near the free surface, 347 000 1.06
extending some distance into the film. This is consistent with 513 600 1.12
the experimental finding of reduced glass transitions in ultra- 691 000 1.11
thin films. Monte Carlo simulations of a dense polymer melt 1227900 1.13

confined between hard wall¢3] have further provided evi-
dence for a relaxation function shifted to shorter tirffaster

dynamics, but with the same shape as that of the bulk. Thegyidence for two different physical effects which occur on
faster dynamics, which might be used to suggest a loWger  similar length scales. The analysis of the data suggests that
value, occurs for film thicknesses that are of the order ofor molecules withM ,=514x 10° the relevant length scale
severaR, , whereRy is the radius of gyration of the polymer for the T, reductions is the size of the constituent molecules
chain. While many of the above studies show evidence fognd the system is dominated by effects dugatymer chain
anomalous dynamics in a surface regioiiRy, the size of  confinement Conversely, forM,<347x10° the relevant

the simulation molecules is not generally varied and computength scale is one intrinsic to glass transition dynamics and
tational constraints mean that most simulations of this typenpe T, reductions are dominated bfjnite size effectsA
involve molecules of similar sizes. It is thus not clear if the ymodel quantifying the effects of a characteristic length scale
length scales observed in simulations of polymer melts angr glass transition dynamics is discussed. This model, to-
glasses are directly related to the size of the molecules or aggather with the present measurements, provides insight into

instead due to an intrinsic effect on a similar length scale. Ithe |ength scale of glass transition dynamics near and below
addition, most experiments use polymer lengths above thge bulk T, value.

entanglement threshold, while simulations normally are re-
stricted to much shorter chains. Interestingly, simulations on
free-standing films of both polymeric and nonpolymeric ma-
terials[44—-46 have shown very similar dynamical behavior.  The films used in this study were prepared from dilute
This observation suggests the existence of effects with somsplutions of monodisperse polystyrene in toluene. The films
degree of universality. were spin cast onto clean glass slides, annealed above the

The fact that additional studies have so far been unable tbulk glass transition temperature for 14 h, and then slowly
provide an explanation for the observégreductions in thin  cooled at~0.5 K/min to room temperature. Once cooled,
polymer films suggests the need to return to more detdiled the films were transferred onto a specially designed film
measurements. In particular, a number of questions that wetlder using a standard water transfer techni@@. In this
raised by the previous studies on free-standing films remaiprocess, films from the same glass slides were transferred to
outstanding. Foremost among the issues regarfjnig free-  Si wafers for thickness determination by ellipsometry. By
standing films are the details and origins of the moleculawarying the concentration of the polymer solution, films with
weight dependence of the measuiigdvalues. In addition, a varying thickness were produced from six different molecu-
detailed examination of the effects of sample thermal historyar weight polystyrenes(see Table )| ranging from
is necessary to investigate the role of potential nonequilib116x 10° to 1228x 10°. The lowest value oM, represents a
rium effects in the observed behavior. practical lower limit to T, measurements of free-standing

In this paper, we report on the behavior of the glass tranfiims using the techniques described below.
sition with regards to changes in both the film thickness and The thin free-standing films were measured using Bril-
the polymer molecular weight. We also discuss the inferredouin light scattering(BLS). This technigue measures light
behavior of the thermal expansion in the glassy and rubbergcattered from thermally excited phonons in the material.
states and show that free-standing films behave substantial§ince the light is scattered from propagating phonons, it is
differently from supported ones. By making measurement®oppler shifted from the incident frequency with a fre-
of Ty upon cooling samples that have been equilibratedjuency shift that depends on the phonon velocity. In poly-
above the bulk glass transition temperature and comparinmeric materials this frequency shift is typically of
those measurements to samples without such treatment, weveral GHz, corresponding to sound velocities of
rigorously address concerns about the sensitivity of the mea~2000-3000 m/s. The phonon velocities are given by the
suredT 4 values to the sample preparation history. The resultsquare root of the ratio of the elastic constants to the mass
ing insensitivity of theT; values to the preparation and ther- density. This makes the BLS technique very sensitive to
mal histories demonstrates beyond doubt the validity of glasshanges in the mass density, not only through the direct de-
transition measurements in free-standing polymer films. Irpendence, but also through a strong dependence of the elastic
addition, we measure the sensitivity of the thermal expaneonstants on mass densf#7]. In conclusion, the BLS tech-
sivities of the glassy and rubbery states to the thermal historgique is an indirect but highly sensitive probe of the mass
of the film sample. Most significantly, the detail of the study density and hence is very well suited for measurements of
provides insight leading to a qualitative description of thequantities that couple to the density, such as the glass tran-
physical causes for the observed behavior. The data providsition temperature. An additional advantage of using BLS to

Il. EXPERIMENT
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study the glass transition in free-standing films is that it isseries of BLS spectra were collected at fixed temperatures in
relatively insensitivcompared to ellipsometric techniques steps of typically 4—5 K. In a normal run 5-15 spectra were
to surface roughness or even more extreme sample flangcquired for temperatures beldvy, and 4—-10 spectra above
such as wrinkles or small holes in the film. T4. Each spectrum was acquired for a time-65—-45 min.

For the specific case of a BLS experiment on a thin filmThe recordedS,; modes were fitted to an instrumental re-
sample, light scattered from a series of film-guided acoustisponse function using a nonlinear least-squares routine. The
modes is measured. The film-guided modes are dispersiveason for the fewer data points abovg, particularly for
with mode velocities varying as the produggh, whereQ) the thicker films, is the eventual formation of holes in the
is the phonon wave vector component in the plane of thdilms at these temperatures. The frequency versus tempera-
film, and h is the thickness of the film. For very thin free- ture graph shows two linear regions. Where the two linear
standing films there are only two modes that may be converegions intersect we define our experimental glass transition
niently studied as the remaining modes diverge to large vetemperature. We estimate that we can determine the value of
locity values for very small thicknessg86]. The lowest T, to within £3 K.
velocity mode, denotefl,, approaches zero & h—0. For

the thinnest films in this study th&, peak is not usually IIl. RESULTS AND DISCUSSION

resolved from the central elastic peak, limiting its suitability ) -

for T, studies. The second lowest velocity mode, den&igd A. Measuring the glass transition

has a velocity that is a very weak function@fjh, approach- Figure 1 shows a series of BLS runs on free-standing PS

ing a constant value &) h— 0. This means that the relative films with anM , value of 347 10°. In all cases a g value
error (Af/f) in a BLS experiment is independent of the film can be clearly identified as a well defined kink in the tem-
thickness. This should be contrasted with other techniquegerature dependence of the BLS frequency shift. An impor-
applied to measurdj in thin films, which have a relative tant observation, which is readily apparent from the data
error that iscontinuously increasings the film thickness shown in the figure, is that for the thinner films tfig val-
decreases. This relative insensitivity to changeQjnandh,  ues, as determined by the intersection between the two linear
together with its nonvanishing velocity and high sensitivity regions of frequency shift versus temperature, are reduced
to changes in the mechanical properties of the film, makegelow the measured bulk value of 378 K. The measured
measurements of tht& mode velocity ideal for the study of T, values follow a continuously decreasing function as the
small changes in the mass density of thin free-standing polyiim thickness is lowered, reaching a value of only 312
mer films. +3 K for a film with thickness of 216 A. Film thicknesses
As the sample temperature is changed the density variasf this order represent a lower practical limit to the measure-
according to the appropriate thermal expansion. This resultents of glass transitions in free-standing films, as much
in changes in the phonon mode velocities and hence in thghinner films are too fragile for standard room temperature
measured frequency shifts. At temperatures belgwthe  sample preparation.
variation in the phonon velocity with temperature is deter- Recent measurements of dielectric relaxation in thin films
mined by the thermal expansivity in the glass and abigy#  of PS between aluminum electrodes have shown that as the
is determined by the expansivity in the melt. Because thdilm thickness is decreased there is a significant broadening
thermal expansivity exhibits a near discontinuityTat, a  of the relaxation peak28,29. This relaxation behavior sug-
sharp and very well defined kink is observed at the glasgests that these samples may exhibit a broadening of the
transition. This kink can be used to identify the transition.kinetic glass transition. A broadening has also been reported
The BLS measurements probe the density of the sample arid recent ellipsometric studies of supported polymer films
thus the resultindly value is in a low frequency limit. Re- [50]. In this case the broadening, which was observed as an
laxations at the measured frequency GHz) are observed extended region where the temperature dependence of the
only at much higher temperaturg43]. thermal expansivity changed from a value typical of the glass
The BLS studies were performed in air using the back-+to one typical of the rubber, was found to increase as the film
scattering geometry with the sample in an optical furnace, inthickness was reduced. The resulting decredsgdas sug-
which the temperature is controlled to within0.10 K. The gested to be solely a result of this broadening. As seen from
temperature was measured using a fine gauge thermocouphe data in Fig. 1, broadening to this extent is not observed in
junction in close proximity to the film. Each spectrum wasthe glass transitions of the free-standing films. While it is
acquired at constant sample temperature and the heating radpparent from Fig. 1 that there are always sufficient data to
between consecutive measurements was 0.5 K/min. Singieliably obtain aT, value, sample degradation often results
longitudinal mode laser light with a wavelength of in the inability to obtain enough data at temperatures above
=5145 A was focused onto the film at an angle of incidencethe measuredly value to make strong statements about
of 6;=45°. The direction of the light reflected from the film broadening of the transition.
was monitored to ensure that the valueépf and thus also A more rigorous test of glass transition broadening in
Q)= (4m/\)sin(6), remained constant throughout the mea-free-standing films is provided by the data in Fig. 2. The plot
surements. The scattered light was collected and collimateshows results from a 466 A thick film df1,=691x 10°
by the focusing lens and then input to & 81+1) pass polymer. For this film it was possible to obtain data over a
Sandercock tandem Fabry+Be interferometer. A vertical temperature region extending more than 50 K above the
slit was placed in the path of the collimated light to reducemeasuredry, up to temperatures just above the bulk glass
line broadening due to the nonzero light collection aperturdransition. While the large region of temperatures studied is
[49]. To determine the value df, for a free-standing film, a not typical of all samples, the lack of observed broadening is.
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melt region can be seen to be the same both just above, as
well as 40 K above, the measurég. This is most clearly
and easily illustrated by doing independent least-squares fits
to the data for the six data points nearest to the meastyed
value (i.e., the range from 328 to 348)kKand the six data
points at the highest temperatur@e., from 353 to 378 K

This analysis reveals that the slope in the lower temperature
region is— (8.3+0.5)x 103 GHz/K, and that in the higher
temperature region is-(8.2+0.5)x10" 3 GHz/K. These

two values of the slope are practically the same even though
the centers of the two temperature regions are 30 K apart.
Although our measurements cannot totally exclude the pos-
sibility of an increased broadening for thin films, the analysis
rules out any broadening more tharb K, and instead re-
veals very sharp glass transitions.

Finally, we stress the importance of noting that this ob-
servation should not be taken as contradicting the observa-
tions for supported films, but rather as an indication of some
of the qualitative differences that exist betwegnstudies in
free-standing films and similar studies in supported films.

B. Thickness andM,, dependence

The data of Fig. 1 are for a singM,, value. Since it has
been shown that thg; value in a free-standing polymer film
can exhibit a substantia¥l,, dependence, one of the major
goals of this work is to quantify tha¥l,, dependence. We
have placed particular emphasis on measurements of smaller
M, polymers, which are less likely to suffer from nonequi-
librium effects. Figure 3 shows measurgqg values as a
function of film thickness for seven different values Mf,
(the average end-to-end distané®s: are also shown as ar-
rows in the upper part of the graptand includes the data for
the two M, values studied in Ref$26,34]. Where there is

=347x10% as a function of sample temperature. Linear fits to theoverlap in the data between the two studissch as mea-
data used to determine tfTg values of the films are also shown. surements of tht,,=691x 10° polyme the agreement be-

The thicknesses of the film samples are indicated in the figure.

tween the present data and the values reported in those ref-
erences is excellent. For aM, values in the study the

It is evident from the data shown in Fig. 2 that there is nobehavior may be qualitatively characterized by the existence
evidence for broadening of the transition; the slope of theof a film thickness value below which the measuiiggval-
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FIG. 3. T4 values recorded by BLS measurements of seven different molecular wesgbtdable )l plotted versus film thickness. The
unfilled symbols indicate data from this work, while the filled symbols are data included from[R&f34]. End-to-end distances of the
unperturbed polymer molecules are indicated with arrows in the upper part of the graph. The horizontal dotted line marks the location of the
bulk T. Linear fits of theM ,=514x 10°, M,=691x 10°, andM,=2077x 10° data are displayed with dotted lines. The solid line going
through the data of the three lowest molecular weights is a fit to the model discussed in the text. Typical error baFg déteenination
are included, while the estimated accuracy of the film thickness determinatiorti50 A, which is roughly indicated by the size of the
data symbols.

ues are less than in the bulk. The most significant observadistance of the polymer molecules. The fact that these
tion about the data in Fig. 3, however, concerns the venh,/Rg¢ values areall =1 provides strong evidence that the
interesting and complicated , dependence of the measured T reductions for thes#l, values are due to confinement of
T4 values. From the figure it is evident that the relatively the polymer molecules as was originally suggested in Ref.
strong variation ofTy with M,, at constant film thickness, [26]. For the M,=514x 10> and M,=691x 10° polymers
which is seen for samples witM,=514x10% is either e can see that the linear function depicted by €g.pro-
much weaker or vanishes altogether for polymersMyf  yides an excellent description of the data for films with
<347x10°. In addition, the transition from the loM, 0 < _(pulk), though we do not necessarily expect that this
the highM,, behavior is relatively sharp with no data Sets|ing"can be extrapolated to the bulk, value. Fits to other
showingintermediatebehavior. Concentrating on the higher ¢ . tional forms, such as Eq2) (given below, which has

M, data initially, we note that foM , values of 514 10° or been used to describe tfig reductions in supported polymer

greater, a threshold thickness is easily defined because of t s [24], are notably less accurate. While the approximate
linear nature of thd , versush data(discussed in more detail Lo s .
g coincidence of thehy/Rgg values provide evidence of the

below). Figure 3 shows that foM, values ranging from . . . L .
514X 10° to 2077x 10° this threshold thickness shows a con- |mpo_rtance_of_ chain confinement effects, it is no'F possible to
continue this idea and collapse the data by plotting the mea-

siderableM , dependence, which is monotonic in that lower . .
n 6P suredT, values as a function of the reduced variatl&gg .

M, values always lead to lower values of the threshold thick o : .
ness. To further quantify the behavior seen in Fig. gThe reason for this is that the length scale associated with the

we consider fits of the data favl, values of 51& 10° slope of the linear fits{, has a much weaker dependence on

691x 10%, and 207% 10°, respectively, for which there are Ree than that ofho. A detailed study of the higM, regime
enough data points to warrant such fitting, to the linear funchas recently been perform¢@1], and a more complicated

tion introduced in Ref[26]: scaling than that suggested above was found to exist for
those datd52].
Tbulk| 1 _ ho—h h<h The behavior of the film thickness dependditvalues
T (h)= 9 I ' 0 (1) for polymer films with M,,<347x10° is intriguing. For
g

these low molecular weights the film thickness dependence
of the T4 value is quantitatively the same within the scatter
of the data for films of polymers witRgg values differing

In this function the parametdr, is the threshold film thick- by a factor of 1.7 or 170 A. This should be contrasted with
ness forTy reductions. As we conside¥, values from theM,=514x 10° data and thé\l ,=691x 10° data, where a
514x 10° to 691x 10° to 2077x 10° the ratioh,/Rgg varies  very substantial differenc@up to ~30 K for films with the
from 1.1 to 1.2 to 0.8, wherRgg is the average end-to-end same value oh) in the film thickness dependence of thg

Toulk, h=ho.



PRE 62 QUANTIFYING GLASS TRANSITION BEHAVIOR IN . .. 5193

value is observed fdRg¢ values differing by only a factor of effects. The qualitatively different film thickness dependence
1.1 (or only 80 A). This comparison shows that if avi, in the twoM, regions is strongly suggestive of two distinct
dependence exists at all, it is much weaker for polymers wittphysical effects causing reductions in thg value. A more
M,<347x10° than that observed for polymers withl,  detailed discussion of such effects will be given in Sec. IV.
>514x10°.

In addition to the abrupt and qualitative change in thg
dependence of thg, values, theT ; data for the three lowest C. Film stability
values of M,, display a film thickness dependence that is
clearly quite different from that which is found in the high
M, region. This is obvious from the data in Fig. 3, where the

An observation that might provide insight into what mod-
els can best describe the dynamics in these systems concerns
the stability of the thin free-standing films. It has been noted
pefore that very thin films, with measurdg values far be-

very different fitting functions that can be applied to describe/®W the bulk value, appear to be stable to temperatures much

the data. The linear function that is so successful at descrilf00ve their experimental glass transitig8é]. An excellent
ing the data for the higher molecular weight polymers pro_example of this is given in Fig. 2, where data were ac_quwed
vides a poor fit to the lowM, data. A better fit can be UP to 50 K above the measur&g. We can compare this to
obtained, for instance, by using the functional form intro-the behavior of films witth~1000 A for which it is only
duced by Keddiet al.[24] to describeT, data for supported possible to measure to temperature20 K above theT,

films, value (~Tg"") before they burst. In fact, regardless of the
5 measuredTy value of a particular film, the films appear
T_(h)=Toulk 1—(2) } @) stable to temperaturesear the bulk T4 value. In order to
9 ¢ h) |’ understand the stability of films, we first consider the pos-

sible mechanisms of film bursting. One such is the spinodal

For the supported PS films of R¢R4], the best fit to this mechanism proposed by Viip4], where the films are un-
equation was obtained for=32+6 A and §=1.8+0.2.  stable due to the attractive van der Waals interaction between
Applying this same equation to thig, values for the lonM,  the two free surfaces. From this mechanism, we can estimate
free-standing filmgwith Tg"' fixed to our measured value a characteristic film lifetimer=h3» whereh, is the initial
of 370 K, and6=1.8 to allow direct comparisons of the film thickness andy is the viscosity. Let us consider, as an
length scales between free-standing and supported)filies  example, two films of thévl,=691x 10° polymer havingh
find a=78+1 A. While it is noteworthy that samples with values of 500 A and 600 A, respectively. Both films are held
two free surfaces are described by a characteristic length that a temperature 6355 K and if we adapt the temperature
is approximately twice that found for samples with only onedependence of the viscosity for bulk P55], we obtain an
free surface, a detailed discussion of fitting is not warrante@stimate of the characteristic time for film bursting for the
without the context of a physical model. two films differing by more than four orders of magnitude

The results presented above show that the behavior of thenostly due to the differences iR, values of the two films
low M, free-standing films, except for the actual magnitudeEven though we have not quantitatively measured the film
of the effect, is more similar to that of supported polymerstability, we can easily rule out such a difference simply on
films than that of free-standing films of highkr,,. The lack  the basis that measurements such as those shown in Fig. 2
of molecular weight dependence as well as the nonlineaare possible. An alternative mechanism for the eventual de-
dependence oT; on film thickness are characteristics ob- struction of the films is that of nucleation and subsequent
served inT values of lowM, free-standing films and sup- growth of holes. Studies on free-standing PS films have re-
ported polymer films, but not in those of free-standing filmscently revealed that hole growth aboWg for films with
of higher M, values. This striking similarity between the thicknesses=1000 A (Tg~Tg“”‘) is significantly faster
behavior of the lowM,, films and supported films extends far when the film thickness is decreadéms).
enough that to a good approximation thgvalue for a free- These two arguments both lead to the conclusion that
standing film of thicknesk is the same as that of a supported films should become much less stafilelative to their mea-
polymer film with thicknes$/2 [53]. With this in mind we  sured glass transitigras their thickness is decreased. This is
can address the question of whether or not the behavior wig contrast to what is observed experimentally. The addi-
have attributed to lowM, polymers persists for arbitrarily tional observation that all films, regardless of their apparent
small polymer molecules, or whether there also exists somglass transition, rapidly form holes at temperatures (leatr
lower bound ofM,, beyond which the behavior is different. in some cases less thaie bulk T, leads us to suggest that
The quantitative relation described above betweenTipe the film is stabilized by some part having dynamic properties
reductions in free-standing and supported films allows us teharacteristic of a material with &, value near that of the
make comparisons with the supported film data of Refsbulk polymer. This does not necessarily mean that there is a
[28,29. This comparison allows us to suggest that the bepart of the film that remains glassy through an extended tem-
havior exhibited for the lowM , free-standing films might be perature region, but only that there exists, even when the film
expected to persist down i, values of at least 3010°, if is above its measured glass transition, a fraction of the film
such measurements were possible. The effect of supportingwith a substantially higher viscositfor slower dynamics
polystyrene film is hence both to reduce the magnitude of th&Vhile in no way rigorous, this suggestion serves as motiva-
T4 reductions compared with the free-standing case and tton to consider layer models to describe the phenomena ob-
cause an almost complete loss of chain confinement induceskrved for free-standing polymer films.
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oulk of polycarbonate under both isobaric and isochoric cooling
T T, conditions. These studies revealed that, while the isobaric
Film A : and isochoric rubber states were similar, there were large
: differences in the resulting glasses produced upon cooling.
Based on the importance of the history dependence of the
properties of glasses, in general, a very valid criticism may
be presented against any measurement pfthat is con-
ducted upon heating a samplespecially samples with such
complicated thermal histories as ultrathin polymer fiims
from the glassy state. While this fact results in most mea-
surements off; in bulk materials being made upon cooling
1 from the equilibrium melt, the delicate nature of the thin
free-standing samples makes a similar treatment more diffi-
cult. Previous studies have provided some evidence against
i sample preparation details as a dominant factor in the ob-
servedT, reductiong 26], but the most convincing answer to
: criticism concerning the effect of sample preparation history
‘ is to equilibrate the samples above the bulk glass transition,
g C and then perform measurements upon cooling from the equi-
538 o librium melt. While the fragility of free-standing film
Time (h) : samples does not allow such treatment for all samples, we
280 360 ' 3é0 : 33{0 3é0 : 380 have _perfo_rmed some measurements aimed at directly ad-
Temperature (K) dressing this concern. o _
The thermal path dependence for free-standing films with
FIG. 4. BLS measurements of ti& phonon as a function of M ,=347x10° and a thickness di=320 A has been stud-
temperature for two different film samples, film A and film B, both ied in detail. The loweM , samples were chosen despite the
of M,=347x10° and with a film thickness of~320 A. The  more pronounced sample fragility because results from these
circles indicate the glassy and the triangles the rubbery regions isamples may have the most relevance for general statements
the heating cycle, while the squares mark the glassy and the diaxbout finite size effects inherent to the glass transition. Two
monds the rubbery regions in the corresponding cooling cycle. Fogeparate films, prepared under identical conditions, were in-
clarity, the heating and cooling runs are displaced vertically; hOW\/eStigated and th@, values were initially measured upon
ever, the filled diamonds indicate where the first data point on th?leating from the glass. Both the experimental runs are shown
cooling scan is situated on a scale relative to that of the corresponqlh Fig. 4, where the circles indicate the glassy and the tri-
ing heating run. The two samples were subjected to the annealingngles the rubbery regions in the heating experiments, while

procedures described in the text. The vertical dashed lines mark t & -
; . ) res mark the gl nd the diamon he r r
location of theT, values as measured in the two heating runs. Th[e}[ e squares mark the glassy and the diamonds the rubbery

inset shows the relaxational behavidiscussed in the text in detail _reglons in the Correspon_dlng cooling e?(perlments. For Cla.‘r_
for film B. ity, the heating and cooling runs are displaced vertically in

the figure. However, the filled diamonds indicate where the
first data point on the cooling scan is situated on a scale
relative to that of the corresponding heating run.

The complicated sample preparation that is necessary for The two samples were subjected to the following anneal-
all thin film studies, and especially those involving free-ing procedures: After a completed heating run the first
standing films, brings up the importance of path dependenceample(the upper data set, denoted film A, in Fig. was
for the glass transition. In addition to the thermal history offurther heated to 370 K for 1 h. The temperature was then
the sample, polymer films may be further affected by stressesised 2 K to 372 Kwhere it was kept for another hour. At
induced during solvent evaporation and annealing on a solittoth annealing temperatures, measurements were performed
substrate. An example illustrating the importance of the for-and gave values consistent with the melt slope obtained be-
mation path on the properties of bulk glasses is the recerow bulk T,. After this annealing procedure the film was
study by Colucckt al.[57] of the glass transition in samples slowly cooled at 0.5 K/min to 368 K and subsequently a full

@
(=]
T

o
(2]
T

Frequency shift (GHz)

Freg. shift (GHz)

D. Effect of sample history

TABLE Il. Comparison between results obtained upon heating and cooling for two different film samples.

Ty (K) Glass slopgMHz/K) Melt slope(MHz/K)
Film A
Heating 353.43 —4.64+0.20 —11.55+1.02
Cooling 354.0-3 —3.31+0.31 —11.49+1.48
Film B
Heating 350.33 —2.10+0.12 —6.91+0.53

Cooling 351.6-3 —3.40+0.17 —7.01x0.21
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T4 run was performed upon cooling. Individually fitting the Thus the observed sample-to-sample variation in the proper-
two data sets for film A gave the results shown in Table Il. Aties of the PS glass cause at most orl$ K variation in the
number of interesting observations can be made from thes@easuredly value. In summary, these studies have shown
data. We note that the slopes in the melt region are the santtrectly that the properties of the polymer glass are path de-
within 0.5%, while those in the glass show some variationpendent, but those of the melt, and the actual value of the
This behavior might be expected as above the measiyed glass transition temperature, are reproducible and not signifi-
value the sample should be in equilibrium and we expect th&antly dependent on the thermal history. Perhaps most im-
properties to be independent of history. The slightly differengPortantly, the measured, values are the same within the
slopes in the glassy region are most likely a result of differ__quoted precision despite the slight variations in the expansiv-
ent thermal stresses which are frozen into the film. SomdY of the glassy state.

stresses will be relieveerhaps by the formation of small

cracks in the film and these will differ from sample to E. Contrast of the transition

sample. Despite the difference in glassy slopes between the A fyrther observation from the data in Fig. 1 concerns the
heating and cooling curves, the fact that the glassy slopes aopes of the straight line segments of the data which are
much less than those of the melt results in the two measuregseq to determine the, value. As found in previous studies
Ty values being the same within the experimental uncerf3g) the slope of the frequency shift versus temperature plot
tainty. . _in the glassy region did not show any particular trend with
_ The second sampléhe lower data set, denoted film B, in fiim thickness, while the slope of the rubbery region was
Fig. 4) was subjected to the following thermal treatment: it fond to exhibit a significant film thickness dependence. The
was first subjected to a normal heating run, subsequently,ost remarkable consequence of this fact is thattiwrast
heated to 372 K for 15 min, heated briefly (00 s) t0 379 of the transition, which we define as being the ratio of the
K, and then slowly cooled at 0.5 K/min to 364 K, where it gjgpe in the rubbery region to the slope in the glassy region,
was allowed to remain for 54 h in order to equilibrate. Dur-js also a function of the film thickness. The main significance
ing the heating run, close to the bull, this film sample  of this is that a sufficient contrast in the expansivity values is
exhibited a frequency shift changing with time. This wasrequired in order to identify the glass transition. For a con-
most likely due to the onset of film degradation, whereuponyast value of unity there is no discontinuity in the thermal
hole formation can lead to an overall thickening of the f”m'expansion and it becomes impossible to meastig walue.
resulting in a smaller measured frequency sp#]. The | ower values of the contrast necessarily lead to higher un-
pronounced fragility of this sample made a long annealingertainty in the resulting, value. As mentioned previously,
time above bulkT; impossible. Upon returning to a tempera- in sypported polymer films the contrast has been observed
ture of 364 K after annealing above tfig of the bulk, the 124 27 to decrease monotonically as the film thickness, and
frequency shift was lower than on the corresponding initialhence theT, value, is lowered. In some cases the contrast
heating scarisee thex symbo) and the shift in frequency pecomes so small that identification of the transition is not
was seen to change with time. To investigate this effect MOrdossible[30,38. For supported films, this behavior of the
quantitatively, the measured phonon velocity was monitoré¢onirast results in the lowedt, values having the greatest
during the total annealing period of 54 h, and it was found,ncertainty. In free-standing films the behavior is quite dif-
that after ~10-20 h the measured frequency shift, andferent, as can be seen from the data in Fig. 1. As the film
hence the underlying mechanical properties, had reached gfjckness is reduced from 301 A to 262 A, the contrast de-

equilibrium value. The inset in Fig. 4 shows the time depenyeasegto a minimum value of typically-1.7). Further de-
dence of this relaxation process. It is interesting to note that

the time scale of the relaxation behavior shown in the inset is

comparable to that observed in relaxation experiments per- OETM
formed on bulk polystyrene a few degrees below the glass 6 P
transition[58,59. This suggests that the small, but signifi- 3 ol
cant, relaxation effect observed may result from some frac- *;E; 54
tion of the film possessing bulklike dynamical properties, a o o 9
suggestion that quantifies the similar statement based on ob- § 1 o o
servations of film stability. Finally, it is important to notice g 3 6~<5>_ o ° Q.Qq

the very small difference between the last unfilled triangle =E e P g

data point, being recorded before equilibrating, and the filled 2 o J870

diamond data point, denoting the frequency shift after the ‘% o

fgll 54 h ann.ee.lling.period. Even though t'he effect is clearly 1290 310 330 s 3;0
discernible, it is still a small effect that is noticeable only T (K)

because of the high sensitivity of the technique. The results g

for the slopes obtained upon fitting the data for film B are g1, 5. The transition contrastatio of the frequency vs tem-
found in Table II. As for film A, the slopes of the two melt perature slope in the melt to that in the gla&s the low M, data,
regions in the heating and cooling cycles are the same withife M, =116x 108, 198x 10%, and 34% 10°. The vertical dashed

the uncertainty of the fitting. In contrast, there are significaniine indicates the location of the bulk, value. An error bar is
differences in the slopes of the glassy regions between thi@cluded as an indication of the accuracy of the experimental
heating and cooling cycles. Again, note that the two meamethod. The dashed line should be considered as a guide to the eye
sured T, values overlap within the experimental accuracy.and is a fit of the data to a second order polynomial.
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creases of the film thickness normally lead to an increase if61,62 or measurements of the mechanical response of con-
the contrast above the minimum value, making measurefined low molecular weight polymef$3]. Most experimen-
ments of very thin films, with very large reductions in fig  tal studies have investigated the motion of whole polymer
value, relatively simple. Figure 5 shows the measured valueshains, and it is important to note that, in a polymer film,
of contrast for the polymer films wittl,<347<10° as a  such dynamics might be strongly influenced by effects such
function of theTy value. This figure reveals exactly the be- as pinning of segments to the substrate or enhanced density
havior suggested by the data in Fig. 1. The contrast valueguctuations[64]. It is hence not necessarily straightforward
are given as a function df; simply because th&; is such a  to relate changes in diffusion with changes in glass transition
strong function ofh that plotting contrast as a function of behavior[38]. Additionally, it has been proposed that chain
film thickness might possibly obscure the behavior. We notestructure could be significantly affected in ultrathin films
also that we observe a non-negligible sample-to-samplgs5] and hence that the observég reductions might be due
variation in both the melt and glass slopes, though the effeqb conformationally mediated changes in dynanii@g]. In
is much more pronounced in the glassy region. The result o§upport of such suggestions, computer simulations have in-
this is that simply plotting the slope of the melt region as adicated altered dynamics correlated to structural changes in
function of T, does not show the behavior shown in Fig. 5 asconfined polymerg41]. In fact, in the direct vicinity of a
clearly. By studying the contrast instead, we are able to norhard wall(or free surfacethe random walk path of the poly-
malize this variation to reveal the trends shown in Fig. 5. mer chain is subject to reflecting boundary conditions, and
While it is not possible on the basis of these data alone t®ased on this a slight layering of the polymer chains near an
say that the contrast always exhibits a minimum value folinterface is expected66]. Recently, small angle neutron
intermediatevalues of film thickness, it is certainly true that scattering experiments have been performed on polystyrene
the contrast is not a simple monotonically decreasing functhin and ultrathin films on a passivated Si substrate to inves-
tion of the T4 value (or, equivalently, film thicknegs Fi-  tigate to what extent these predicted effects occur in real
nally, we note that in any technigsuch as ellipsometry or physical systems, and thus to what extent they may be ap-
reflectivity) where the measured quantity is directly relatedplied to explain the changes in dynamics observed for poly-
to the film thickness, the increasing relative error in themer films. These measurements did not, however, detect any
slopes as the film thickness decreases results in a high usignificant change in chain size or conformation in the plane
certainty in the contrast for ultrathin films, which might parallel to the film even for strongly confined films, where
make identification of the effects shown in Fig. 5 impossible.h/RU~ 1 [67,6§. One of the most striking contrasts be-
While the scatter in the actual values of the slopes does n@fyeen the glass transition behavior in thin free-standing films
allow us to make rigorous statements about the film thickzompared with that of supported films is the difference in the
ness dependence of the glass and melt slopes, the interestig@lecular weight dependence. While thig values of free-
behavior of the contrasts of the glass transition shows thaétanding PS films withVl,,=514x 10° display a strong de-
BLS measurements are a powerful way to probe the propejendence oM, (see Fig. 3, supported films show no dis-

ties of ultrathin free-standing films. cernibleM , dependence for 3010°< M ,<2100x 10° [38].
This experimental fact strongly suggests that the effect caus-
IV. POSSIBLE ORIGINS OF T4 REDUCTIONS ing M, dependenfly reductions in free-standing films re-

We have already remarked that the data in Fig. 3 sugge
the presence of two different mechanisms that cause redu
tions of theT, value in thin free-standing films. In light of

this, it is necessary to consider what physical effects migh as recently been proposed by de Geri68s The approach

give rise 1o the obgerved results. For polym_ers V\.Mh' introduces a polymer relaxation mog@eferred to as sliding
=514x 10®, the relation between the observed film thickness

dependence of th&; reductions and the polymer size sug- motior) thgt s highly_ ineﬁective in the bulk but becomt_es
gests that the important length scale is that of the macromol: >r¢ efficient for thin films and that eventually for thin

. . . enough films will dominate over the normal bulk dynamics.
ecule itself. This leads to the suggestion that, for these value.Fhe extra mobility provided bv the suddested relaxation
of M,,, the dominant effect comes fropolymer chain con- yp y 99

finement In contrast, the apparent lack M, dependence route originates from chain segments having loops or bridges

- : . in con with thesoft interf where th ivation bar-
exhibited for polymers wittM ,<347x 10° together with the contact with thesoftinterfaces, where the activation ba

litatively diff td 4 at flm thick rier for mobility is much lower. A scaling argument, based
qualitatively different dependence dlg on Mm INICKNESS = . ng the competition between the suggested mechanism
suggest dinite sizeeffect, caused by a length scale intrinsic

to glass transition dynamics itself. In the following theseand the rela>.<a'tional behavior charaqteristic of the bulk, was
o mechanisms will be further dis.cussed ’ found to exhibit anM,, dependence similar to that observed
: both in this work and in studies extending to larger values of
M, [51,52. This approach might provide an explanation for
at least some of the qualitative aspects of the ighdata

It was first suggested by Reitg80], on the basis of ob- for free-standing films. We note that the relevance of this
served dewetting of PS films from glass, that the polymessliding motion may be tested by the investigation of different
chain dynamics in films with thickness less than the unperpolymer systems and/or polymer structures. The proposed
turbed molecular size might be different from that in thickermechanism should be very sensitive to the polymer chain
films. Similar suggestions have also been made based architecture, and the study of statistically branched polymers
experiments of whole-chain diffusion in polymer films in thin films (where sliding should be suppresged of ring

uires the existence of two free surfaces. In addition, the fact

%at the threshold thickness fag, reductionshy~ Rgg sug-

gests that the effect is related to confinement of the polymer
hain. One possible mechanism that satisfies these properties

A. Chain confinement effects
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polymers in the bulk might shed further light on the signifi- A
cance of this relaxation mode for structural relaxation. De- Ts“rf E(T)
spite this recent progress, the strong molecular weight depen- g

dent effects on the glass transition temperature observed for
thin free-standing polymer films still remain to be quantita- bulk
tively explained. Certainly, more experimental work is h Tg
needed in order both to characterize the phenomenology and
to form a basis for further theoretical work.

Tsurf I & (T)

B. Finite size effects v g

For the lowM,, free standing films, as well as all mea-

surements on supported films, the lack Mf, dependence FIG. 6. Sketch showing the model described in the text. The two
. . i _ f H H

suggests that the observag reductions are not influenced surface regions are modeled fhy=Tg"'", while the remainder of
by the polymeric nature of the sample molecules. This indihe film is modeled byl ,=T4"". The film thickness is denoted,
cates that finite size effects due to a length scale intrinsic t§"9 the temperature dependent length scale characteristic of the
the glass transition might be used to describe the obséryed gmzr:e'ﬁzyﬁgr a free surfacg(T), defines the size of the two
values for these systems. In order to describe our My '

data, we have recently incorporated the fundamental idea Qfpserved transitions. The existence of a single glass transi-
such a length scale into a layer mof#8,70. To our knowl-  yio in 4 sample with strongly inhomogeneneous dynamics is
edge this is the first occasion on whidly data from thin g, 5gested by comparisons with simulations of confined glass
polymer films have been analyzed in a context compatiblgyrmers. |n a number of such studies it has been found that,
with explanations proposed to explain a lowlgy and faster  yegpite strongly inhomogeneous dynamics, the kinetic freez-
dynamics in other glass-forming materials. The success Qhg of the sample occurred in all parts of the film simulta-
the approach has suggested that observations from such difsoysiy(42,46,74. The same conclusion was reached for the
tinctly different samples can be explained with the same Ungac6 of a confined binary Lennard-Jones liqiid], a free-
derlying physical cause. A notable aspect of the approach i§tanding metallic glass filni46], and a confined polymer
that in fitting our model to experimental data we may leamm et [42]. In all cases, the dynamic glass transition was ob-
about the temperature dependent characteristic length fQforyeq (o be aollectiveeffect, taking place in all parts of the
glass transition dynamics over an extended temperaturgy simultaneously and seemingly unaffected by the strong
range. In constructing the model, we consider a free-standingy jation in segmental dynamics. These simulation results as
polymer film to contain a region of enhanced segmental MOyl as our own experimental observations of sharp glass
bility near its free surfaces, with the remainder of the film ., sitions support the use of a single averaige With this

having bulklike dynamics. In this picture the film is regarded;, ind we construct an arithmetic avera@®,) as simply
as dynamically inhomogeneous. This dynamical inhomoge- '

neity is simplymodeledby dividing the film into three lay- vuk . 26((Tg)) f o bulk

ers, each having average dynamical properties as indicated (Tg)=Tg""+ T(TZW =Tg"). (©)

by its respectivel y value. The dynamics of the two regions

near the free surfaces are modeled by a surface layer with @ollowing the treatment of Dontf¥3] we write the tempera-
different (lower) glass transition temperature than the bulk.ture dependence of the characteristic lerg(ff) as a power
The remainder of the film, in turn, is modeled as havinglaw expansion about a characteristic temperafiireA natu-
dynamics characterized by tfig value of the bulk material. 3| choice forT* is eitherT2"'¥, since our data are limited to
This simple construction is supported by comparisons withemperatures below this value, or alternativ@ly,, the so
simulation work, where both an enhanced mobility at thecajled cooperativity onset temperature. The latter is the tem-
free surface as well as a dynamically bulklike central parerature below which the dynamics should be influenced by
have been observed4,46. The size of a surface region of ¢ogperative motion and which coincides with several anoma-
lower T4 should be closely related to the length scale charigys pehaviors encountered in supercooled liq{it. For

acterizing the distance over which dynamics in bulk glasspolystyreneT, s has been reported to be 465 K [75]).
forming systems are correlat¢dt least for film thicknesses ﬁ(T) is consequently given by

h>2&(T)], and should be determined by the length scale o
either cooperativity or dynamic heterogeneity. We prefer, EM=ET*)+a(T*—T)". 4
however, to simply state that the surface region is deter-
mined by a characteristic length scale for the dynamics!n fitting the model to our datf63], we have found that the
without specifying its origin. A schematic drawing of the exact choice ofl* used in Eq.(4) is not important, and a
model is shown in Fig. 6, where the temperature dependerigasonable parametrization &fT), which generates a suc-
characteristic length scale is denotg(d). cessful fit to the data, gives similar results for the actual
Since the construction of our model is meant to reflectvaluesof £(T). The value ofT5""" was found to be similarly
inhomogeneous dynamics in the thin films rather than reatobust and insensitive to the parametrizatiorét). In the
physical layers with differenT values, we need to consider following, we will restrict our attention to the case where
whether one would expect to observe either several glast* =Tg"“. We note that the case of a temperature indepen-
transitions(as in Ref.[71]) or a distinct broadening of the dent surface layer leads simply toT,<1/h, and that this
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function is not able to provide a reasonable fit to the presen 380
data. One reason for the success of simpler layer m¢aé]s

to describe effects in supported films is that Tygreductions

in these systems are generally much smaller, and as a rest

the length scale for the dynamics changes little over the tem:
perature range studied.

The fitting function[Eq. (3)], derived from a reasonable <
physical model, has four free parametéte value of 9" ~340r
has been fixed at 372)KWhile this is more than the two
parameters in the empirical relation given by Ef), the
values of(Tg"") and T3""" resulting from any fit must be 30}
physically reasonable, and three of the four parameter value
can be compared with results from other studies. The fitting S ! 0 Temperature (K9 1

. R . ' ! 300 310 320 330 340 350 360 370
procedure is made slightly more complicated by the fact that i i
Eq. (3) is transcendental i{iT;), and hence we solve fdras 300~ 500 ' 400 1000
a function of(Tg4) and perform the fitting witth as the de- Film Thickness (A)
pendent variable. We have also performed the fitting With
as the dependent variable. This procedure gave essentialé)éI

the same results, and hence in the following we use the réy - L i
. ashed lines indicate the upper and lower bounds as determined by

sults whereh was taken .as the _dep_endent v_ar_lable. .. the errors in the parameters. The dotted line marksTthealue of

We should note that in the first instance it is not possiblpe pylk material. The inset shows the characteristic length scale
to perform a fully unconstrained fit, as the fit is relatively ), as obtained from fitting the model described in the text to the
insensitive to a simultaneous variation '63”” and &(Ty).  low M, data. The dashed lines indicate the upper and lower bounds
Since the fit is primarily determined by the lowest measuredf &(T).
T4 values[and thus the largest values &fT)], we can set ] o ] ]
g(Tgulk) to some low value £1 A) in order to ﬁnd-l—gurf. probed by the technique makes it difficult to give a quanti-

This leads to a value 6fs""=305-5 K. We note that if tatlve measure 'o.f the surface region and its associated effec-
9 tive glass transition value.

we use the alternative parametrization, with the power law The most significant aspect of the data analysis, based on
expansion aroundl,,s [53], there is no similar complication e model described above, is the predicted behavior of
as &(Tond andTops are approximately known an? can be ¢T), describing the growth of the characteristic length scale
fixed. This procedure leads to the same valué'gjﬁ‘ =305 4t temperatures in a significant range below the bk
+5 K. value. Figure 7 quantifies th€T) explicitly by showing the
Fixing £(T5""") to 305 K and fitting the rest of the param- range of(T) predicted within the uncertainties of the fitting
eters[including §(Tg) ] produces a best fit to E¢3) for the  procedure. There are a number of notable aspects af(the
fit parameters¢(T2"")=22+3 A, y=0.90+0.05, ande  behavior shown in Fig. 7. Very few experimental studies
=2.1+0.1. The fit generated by the model with these paramclaim to give access to the temperature variation of an in-
eters is shown as the solid line in Figs. 3 and 7. The value oferred length scale of cooperative dynamics. In bulk systems
g(Tgulk):22i3 A is in good agreement with the range for T>Tg, however, the temperature dependence of the co-
25-35 A predicted by Kahlet al.[75] from fitting differen- operativity length, deduced fzr/gm fluctuation arg_uments, has
tial scanning calorimetry data of bulk PS to a fluctuationP€en reported ag=(Tons—T)“" [73]. The analysis of data

model. It is also in agreement with the 20 A surface regionpr.esenteOI in-this work §uggests that the grovvtlrll(g()T)

suggested by DeMaggiet al.[27] to modelT, reductions in _m!ght bea strong_er function of temperature bg'?;d'/" Fhan

thin supported PS films. g it is above. Despite the growth @{T) beIongu , Fig. 7
Some recent experimental work has been addressed %early shows that, a% approaches the Vogel-Fulcher tem-

directly measure the surface glass transition temperature ratt;reTO, f(T) [remallns f'nl'te' -I;E'Sﬁ_'s a:/r\}hqlbwoushcorol-
relaxation properties of the surface. Jestral. have used aarryug d mz?fﬁg?_% %r:/:v:neisn ISiSS 7rae (r)ésentlsetr;%ebeﬁ\e/l(\a/ior
positron annihilation techniques to find a significant surface 9 9. P

. . of a characteristic length scale for the dynamics in the free-

fhﬁiithon ts%e g\y”a'.“'cs of P?hG]% Thesefstudﬁsd_sugglested standing film samples, it is not necessarily obvious that the
at the~ region near the free surtace nad gvaiue ame length scale will describe the dynamics in bulk samples
of 317 K, in reasonable agreement with our obtained value of¢ 1 same material. The lower activation barrier for seg-
305 K. It should be mentioned, however, that the applicationyental motion near the free surface could be simply thought

of positron annihilation techniques is not uncontroversial anchf 55 a source of excefi®e volumeHence, the temperature
contradictory results exi$?77]. In a recent friction force mi- dependence of a length scale characterizing a surface region
croscopy study of the surface dynamics of several polymergight be different from that of the corresponding bulk ma-
(including polystyreng[78], convincing evidence was ob- terial. It is important to find theory, simulations, or other
tained for surface glass transitions reduced by tens of dexperiments to help determine to what extent the results pre-
grees. However, as pointed out by the authors, the difficultysented in Fig. 7 can be applied to describe the length scale of
involved in obtaining exact knowledge of the actual depththe dynamics of bulk glass-forming materials.

FIG. 7. The lowM, data as a function of film thickness. The
id line is a fit to the model described in the text and the two
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V. SUMMARY AND CONCLUSIONS model of the dynamics was introduced to describe the low

We have performed a detailed study of the glass transitior'}/In data. This model makes predictions for the length scale

behavior in ultrathin free-standing polystyrene films. While of dynamics for an extended temperature range below the

the size of the effects was comparable for all molecularbUIk glass transition temperature.

weights, a complicatetl,, dependence suggested the sepa-

ra_ltion of the results into two regime_s each dominated by a ACKNOWLEDGMENTS
different length scale: a lowM, regime controlled by a
length scale intrinsic to the glass transition and a High We thank K. Dalnoki-Veress, R. A. L. Jones, and P. G. de
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