
RAPID COMMUNICATIONS

PHYSICAL REVIEW E JANUARY 2000VOLUME 61, NUMBER 1
Reductions of the glass transition temperature in thin polymer films: Probing the length scale
of cooperative dynamics
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We report measurements of the glass transition temperature,Tg , in free standing polymer films in a lowMn

limit where chain confinement effects are not observed. The measuredTg values areaccuratelydescribed by
a layer model incorporating a mobile surface layer with a size determined by the length scale of cooperative
dynamics. The analysis leads to a surfaceTg value and length scale of cooperative motion near bulkTg which
quantitatively agree with independently determined values. The model and parameters provide a framework
within which all previous measurements ofTg values in thin supported films may be understood and provides
values for the length scale of cooperative motion over an extended range of temperatures below the bulkTg

value.

PACS number~s!: 61.41.1e, 64.70.Pf
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Despite much theoretical and experimental effort@1#, the
nature of the glass transition remains an unsolved probl
Theoretical attempts to describe the glass transition ra
from thermodynamic approaches@2# to purely kinetic ones
@3#. Adam and Gibbs@4# introduced the notion that dynam
cal behavior near the glass transition temperature was a
sult of cooperative motion. Edwards and Vilgis@5# demon-
strated explicitly the importance of cooperative motion
deriving a dynamical theory of the glass transition whe
cooperative motion alone was enough to result in Vog
Fulcher dynamics. Central to most descriptions of coope
tive motion is the existence of a length scalej(T) over
which the dynamics are cooperative; the size of this reg
increasing as the temperature is lowered. The lack of an
equate theoretical description of the cooperativity length
its temperature dependence has led to substantial experi
tal efforts to first prove the existence of such a length sc
and further to determine its magnitude.

The experimental determination of a length scale for
operative motion presents a difficult challenge@6#. Calori-
metric measurements analyzed in terms of a fluctua
model allow a characteristic length for cooperative motion
Tg , j(Tg) of a few tens of Å to be estimated@7#. A more
direct approach has been to study the glass transition be
ior in glass forming systems confined to spatial dimensi
comparable to the cooperativity length. The motivation
such studies is that as the temperature is lowered to the p
where thej(T) reaches the sample dimensions, anomalie
the Tg value and related dynamics should be observed
samples confined to nanoporous glass where the pore
faces have been specifically treated both reductions in thTg
value @8# and faster segmental dynamics@9# have been re-
ported. These studies provide only an estimate of the ac
value ofj(Tg) and more importantly are influenced strong
by the pore surface chemistry@10#. There are other ways to
introduce spatial confinement, and the incorporation
samples into thin films is one approach which is particula
PRE 611063-651X/2000/61~1!/53~4!/$15.00
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suited for the study of polymeric glass formers. Keddieet al.
@11# measuredTg values of supported polystyrene~PS! films
which were reduced belowTg

bulk for films with thicknessh
,400 Å. Since these initial investigations a number of d
ferent groups have reported measurements of anomalouTg
values and dynamics in thin polymer films@12–15#. A key
issue in these thin film studies is the effect of the interact
between the polymer and the substrate. Different strength
this interaction have been shown to lead to qualitatively d
ferent behavior in the thickness dependence of theTg value
@16#. The influence of the substrate may be avoided by m
suring theTg of free standing polymer films. Such measur
ments have been performed and have revealed largerTg re-
ductions than similar supported films@12,17,18# as well as a
strong Mn dependence, which suggests that polymer ch
confinement defines the length scale for theseTg reductions
@12,19#. Despite the promise of thin film experiments, th
have as yet failed to provide further insight into the leng
scale of cooperative motion nearTg .

In this Rapid Communication we report measurements
the glass transition temperatures of thin free standing p
mer films in a lowMn limit where chain confinement effect
are not observed. The symmetry of the system and the
of specific substrate interaction makes such studies idea
investigating finite size effects. We develop a simple lay
model for the glass transition behavior with a size det
mined by the temperature dependent length scale for co
erative dynamics. In spite of its simplicity, the model
found to provide an excellentquantitativedescription of the
data, and the fitting procedure provides us with aTg value of
the polymer surface region,Tg

sur f and the temperature depen
dent j(T) near andbelow the bulk value ofTg . Both the
Tg

sur f and thej(Tg
bulk) values determined from the analys

agree with independent estimates. The model is found
accurately describe previous data of supported films an
general provides a framework within whichall previously
measuredTg values in thin supported films can be unde
R53 ©2000 The American Physical Society
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stood. This surprising universality suggests that the mo
parameters accurately correspond to the real physical p
erties of the near surface region in thin polystyrene film
Even more significant is the ability of the analysis to provi
a length scale for cooperative motion at temperatures be
the bulkTg value.

The samples used in these studies were prepared
monodisperse polystyrenes withMn values ranging from
116k to 347k. The detailed preparation of the free standi
films is similar to previous studies@12#. TheTg values were
determined using Brillouin light scattering@12,18#. This
technique, which involves measurement of the freque
shift of light scattered from film guided acoustic phonon
has previously been shown to be an effective technique
determining the glass transition temperatureTg of thin free
standing polymer films@12#.

A detailed investigation of theMn dependence of theTg
versus film thickness will be published separately@18# and
here we state only that forMn values less than;350k, the
Tg values display noMn dependence which could be dete
mined within the experimental uncertainty of63 K. Figure
1 shows theTg values for free standing PS films withMn
values of 116, 200, and 347k and film thicknesses rangin
from 210 to 2000 Å . The behavior of theTg values for the
low Mn samples clearly differs from the behavior observ
for greaterMn values@12# and, except in magnitude, is mor
similar to the supported film data@11#. This lack of Mn de-
pendence suggests that theTg reductions may be a result o
the characteristic length for glass transition dynamics,
below we motivate and develop a model based on this i
which we use to explain our results as well as previous
sults of other groups.

To describe our results, we incorporate the ideas o
length scale for cooperative dynamics into a simple la
model. We consider the film to have a region near the f
surface with enhanced mobility due to the release of st
constraints in a manner similar to that observed in simu
tions @20# of glassy free standing films. This mobile surfa
region will exhibit an enhanced rate of conformational tra

FIG. 1. Tg vs film thickness for lowMn (<347k) PS. The solid
line is the fit to the data using the model described in the text. In
Size of the surface region of enhanced mobility as determined
the fits of the data to the model. The circles are the values ofj1(T)
and the triangles arej2(T). The straight line is a best fit line used t
fit the supported film data.
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sitions which will extend into the bulk of the film, decayin
with some characteristic length. For simplicity wemodelthis
as a surface layer withTg

sur f,Tg
bulk . Since a surface laye

with constant thickness results in aTg value which varies as
1/h ~a behavior contrary to that observed for either fr
standing or supported films!, temperature dependence of th
surface layer size is a necessary ingredient in constructin
model to accurately describeTg data. A reasonable physi
cally based estimate for the size of a surface region w
different dynamical properties is the length scale of dynam
heterogenieties in bulk glass forming materials, and suc
length can be considered as an upper limit for the coope
ivity size @21#. More quantitative justification for this hy
pothesis will be obtained by comparison of the length valu
we obtain through our analysis to values ofj(Tg) estimated
through methodsnot involving observations of finite size
effects@7#. We stress that while our model requires only t
existenceof a temperature dependent length scale describ
the surface layerwithout specifyingits origin, the same is
true for most studies of finite size effects related to coope
tive dynamics@9#. It is worth qualifying that only experi-
ments with relatively largeTg reductions need to invoke
temperature dependent layer model, and this observation
plains the moderate success of other approaches@14#. We
further note that a surface region of anomalous dynam
whose size increases as the temperature is lowered is
observed in simulations@22#. The remaining step in the de
velopment of a useful model is to parametrize the tempe
ture dependence of the size of the surface region. The co
erativity length increases to larger sizes at smaller value
temperature and, since it is unlikely that there is only a sin
parametrization leading to the correct temperature dep
dence, we consider two physically realistic possibilitie
Donth @7# has suggested that the cooperativity volumeVc
}j3 has a temperature dependence of the formVc}(Tons
2T)2, whereTons is the onset temperature for cooperati
motion. For PSTons is estimated to be 463615 K @7#. A
reasonable parametrization for the size of the surface re
is j1(T)5r 01a(Tons2T)g, where r 0 is the average dis-
tance between monomer units. We do not fix the value og
as the behavior in the temperature region relevant for
present experiments may not be the same as that abov
bulk Tg value. An alternative approach is to writej2(T)
5j(Tg)1a(Tg

bulk2T)g, wherej(Tg) is the size of the co-
operativity length at the glass transition temperature.

The model system is constructed of a surface layer w
Tg5Tg

sur f and sizej(T) and the remainder of the film with a
Tg value the same as the bulk value. We emphasize tha
different Tg values of the layers reflect the inhomogeneo
dynamics, and we do not necessarily expect the sampl
exhibit two distinctTg’s. A single Tg in a film displaying
similarly strong dynamic heterogeneities is also observed
simulations@22#. With this in mind we write the following
simple expression relating theaverage Tg value,^Tg& of the
free standing films to the film thickness as

^Tg&5Tg
bulk1

2j~^Tg&!~Tg
sur f2Tg

bulk!

h
. ~1!

We note that for film thicknessesh,2j(Tg) this relation is
no longer expected to be valid as points throughout the fi
are influenced by both free surfaces; an effect not accou
for in our model. Since both of our parametrizations m
overdetermine the fit, we reiterate that we are really o

t:
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interested in findingj(T) and not necessarily the exact p
rameters. In order to minimize the number of free parame
we fix Tg

bulk and r 0 to their accepted values of 373 K an
6 Å . If we use j(T)5j1(T) we find Tons548566 K,
Tg

sur f530067 K, g52.0060.1, anda52.9560.331023.
If we instead employ our alternative expressionj2(T) we
find Tg

sur f5305621 K, j(Tg)526621 Å, g50.9560.15,
and a51.460.7. The film thickness dependentTg values
from these different fits are essentially indistinguishable, a
the solid line in Fig. 1 shows the best fit line. From t
figure, it is evident that behavior exhibited by the mod
agrees very well with the measuredTg values for the free
standing films.

Since it is only the actual size of the near surface la
j(T) which is important, we comparej1(T) andj2(T) in the
inset of Fig. 1. This comparison shows that both fits g
essentially the same values forj(T) although with different
parametrizations. Differences betweenj1(T) and j2(T) are
evident only forT;Tg where they have little effect on th
calculated averageTg value. The model determines theTg

only through the values ofTg
sur f andj(T), and since both of

these physical quantities are found to be robust and inde
dent of the details of the fitting procedure, we can be co
dent that the final values represent physically meaning
quantities. This confidence allows us to make a numbe
observations about thej(T) determined from the fit to ou
data. First, by inspection we see our model gives aj(Tg

bulk)
of 25–50 Å, a value in excellent agreement with the coo
erativity length range of 25–35 Å for PS estimated by Don
@7#. This agreement demonstrates that the size of the sur
region is approximately equal to other estimates of the co
erativity length, justifying the link tentatively suggeste
above. The data also shows thatj(T) may be very well
approximated by a linear function of temperature forT
,Tg . Finally, we note that, to our knowledge, there are
other measurements or predictions for the cooperati
length at temperatures below the bulkTg value and so the
values presented here are uniquely able to test any new t
ries of the growth of the cooperativity length in this tempe
ture region. While the finite values ofj(T) below the Vogel-
Fulcher temperatureT0;323 K might seem surprising, eve
thermodynamic theories of the glass transition can be sh
to lead to finite viscosities belowT0 @23#. The value of
Tg

sur f5305621 K provided by fitting the model to the fre
standing film data is in excellent agreement with the posit
annihilation measurements of Jeanet al. @24# who reported a
Tg

sur f of 317 K for the 50 Å region nearest the free surface
a supported PS film.

The success of this model to describe theTg data for free
standing films with physical quantities in agreement w
those determined using other methods is compelling
dence for the validity of the underlying physical ideas. If t
predicted values forj(T) andTg

sur f correctly characterize the
near surface properties of polystyrene films, it should be p
sible to directly export them and obtain quantitative agre
ment with other data for the same glass forming system.
do this we consider the results of Keddieet al. @11# for sup-
ported PS films as this is the most extensive collection
such data for a single system. The most straightforward
plication of our ideas to the case of a supported film invo
rs
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ignoring any interaction between the polymer and the s
strate. Such a treatment simply results in a direct mapp
between supported films of thicknessh/2 and free standing
films with a thicknessh. This procedure~usingTg

bulk5375 K
for agreement at largeh) is shown as the lowest dashed lin
in Fig. 2, and provides a remarkably good description of
data. This treatment validates beyond doubt the conclus
of Keddieet al. that theTg reductions in their supported film
samples were caused by the effect of the free surface, an
substrate had little effect. While surprisingly accurate, theTg
values resulting from this direct mapping are still slight
lower than those measured for supported films. To get m
accurate agreement with the data we consider the interac
between the polymer and substrate. This interaction will g
erally result in a region near the substrate with reduced m
bility, and we model this as a region of thicknessl with a
slightly higher glass transition temperatureTg

sub @13#. Since
the region near the substrate will be affected directly by
combination of chain packing constraints and short ran
attraction between the substrate and monomer units, its
will be determined by the persistence length of the polym
For PS the temperature dependence of this region will
negligible (;10%) compared to that of thej(T) values for
330 K,T,373 K, and we use a constant value ofl. We can
then use thej(T) and Tg

sur f obtained above to describe th
near surface layer of supported films. This results in a t
parameter fit with parameters representing the size and
bility of the near substrate region. Applying this layer mod
to Keddie’s data results in the best fit solid line shown in F
2. The best fit parameters correspond to al527613 Å re-
gion near the substrate with aTg value of 39169 K. We
explore the effect of different polymer-substrate interact
by varying theTg value of the layer near the substrate, wi
a fixed layer size ofl527 Å . The results of this procedur
are shown as the dashed lines in Fig. 2 and show that

FIG. 2. Application of the model to theTg values of polymer
films supported by substrates. The circular data points are the
of Keddieet al. @11# for PS on Si-H, and the triangle points in th
inset are the results of Keddie and Jones for PS-COOH grafted
Si-SiOx . The lowest dashed curve is the application of the mo
assuming no effect due to the substrate, the solid line is the be
with parameters of the substrate region given in the text, and
other dashed curves havel527 Å , but with Tg

sub5441 K ~lower
dashed curve! and 491 K~upper dashed curve!.
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pending on the strength of the polymer-substrate interac
the model can be used to describeTg values of supported
films which decrease, exhibit very little dependence, or e
increase with decreasingh.

In our discussion so far, we have described the film thi
ness dependentTg values for cases where some part of t
film has bulk relaxation properties. We may also addr
what happens for film thicknesses less than this for the c
of supported films where such an attempt is more straig
forward. As the temperature is lowered the fact that the va
of l is essentially constant, means that the size of the mo
surface region can increaseonly to the point whereh
5j(T)1l, and for lower temperatures or film thickness
the size of the surface region is not determined by the co
erativity length and we must usej(T)5h2l. This sugges-
tion leads to the behavior shown by the solid curve in
inset of Fig. 2, where for thickness below some critical va
the Tg value actually increases again. While surprising t
behavior is exactly what has been observed by Keddie
Jones@25# and this data is shown by the triangles in the ins
Unfortunately many of the samples in the ultrathin film stu
ies involved grafting the PS to the substrate, and we do
expect the interaction between the polymer and substra
this case to be the same as that for the other data show
Fig. 2. The result is that whileTg values are comparable fo
the thin and ultrathin films of PS, they are not entirely co
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cident. This rules out a direct comparison between our mo
predictions and these data for the ultrathin films, but
qualitative agreement is outstanding.

In conclusion, we have presentedTg values for free stand-
ing film samples which are in a lowMn limit where effects
due to polymer chain confinement are not observed.
present a simple layer model of the films that combines
idea of release of steric constraints at the free surface w
the length scale for cooperative motion. This model is fou
to provide an accurate description of the data over a la
range of temperatures for very reasonable physical par
eters. The model is further applied to previous data of theTg
values of supported polymer films and is found to accurat
describe that data as well. The model predicts length sc
for cooperative motion below the bulkTg value, and the
simplicity and apparent universality of the model sugge
that these values may be used to test theories of cooper
motion in glass forming materials.

We acknowledge many helpful discussions with R. A.
Jones and L. Bo¨rjesson, and critical reading of the man
script by K. Dalnoki-Veress and A. Brodin. Financial su
port for the experimental work was provided by The Swed
Natural Science Research Council~NFR! and by Chalmers
University of Technology. The authors would like to than
L. M. Torell for her support of this project.
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