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Effect of Free Surfaces on the Glass Transition Temperature of Thin Polymer Films
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We report the first measurements of the glass transition temperdgufer thin freely standing
polystyrene (PS) films. We have used Brillouin light scattering to meaBufer freely standing films
of different thicknesses. We find th@t decreases linearly with film thicknessfor # = 700 A, with
a reduction of 70 K for a film withh = 200 A. These measurements characterize unambiguously the
effects of the free surface ofi, of thin polymer films. Results are compared to similar results for
supported PS films [Keddiet al., Europhys. Lett27, 59 (1994)], and we find that their measured
values are influenced strongly by the substrate. [S0031-9007(96)01093-9]

PACS numbers: 64.70.Pf, 68.60.Bs, 78.35.+c

From organic liquids to metals to polymers, almost anyrecently by Keddie, Jones, and Cory [6]. For polystyrene
substance can be transformed into a glassy state. OfES) films on hydrogen-passivated Si(111), the measured
of the fundamental parameters describing a glass is thE, values were lower than the bulk valdg (bulk) for
glass transition temperatufg. For temperatures greater films with thicknesse¢ = 400 A. Because the changes
than 7, the material is a viscous liquid. As the liquid in 7\, occur for film thickness values that are much larger
is cooled below this temperature, the material forms anhan the size of the CRR, th&, reduction is not re-
amorphous solid. Despite the technological significancéated directly to cooperative rearrangement. Data were
of glass forming materials, the glass transition itself iscollected for films made with polymers of,, = 120000
poorly understood. In particular, it is not clear whetherto 2900000 (Rzr from 230 to 1120 A) The results were
the glass transition is a thermodynamic transition [1] orcollectively described by a single empirical relation of the
a purely kinetic phenomenon [2]. Adam and Gibbs [3]form
introduced the concept of cooperative rearrangement in b
an attempt to unify these two views of the glass transition Ty(h) = Tg(bUIk)|:1 - <—> } (1)

) L . h
by demonstrating that such cooperativity, coupled with
a thermodynamic glass transition, resulted naturally irwhereT,(h) is the measured glass transition temperature
system dynamics such as those described by the WLfor a film of thicknessh. The best fit parameters de-
equation [4] for temperatures nedl,. Donth [5] has scribing their data were = 32 Aands = 1.8. Because
estimated the size of such cooperatively rearranginghere is little difference between the results 6y, values
regions (CRR) to be of the order 0 A for a number of that differ by a factor of 25, chain confinement can be
glass forming materials. The introduction of such a lengtiruled out as the cause of tifg reductions. The reduction
scale suggests that studying samples with dimensiona 7T, values was suggested to be a result of the existence
comparable to the CRR may lead to the observation obf a “liquidlike” layer near the free surface of the film.
finite size effects. This two-film model was used to describe the supported

An attractive choice for studies of finite size effects onfilms, with the liquidlike surface layer thickness increas-
the glass transition is the use of polymer molecules. Foing in size as the temperature was increased. The authors
polymers the molecule can be characterized by the endtd not expect that the presence of the Si substrate sub-
to-end distanceRgr ~ 2R,, where R, is the radius of stantially affected the measuréd values [6].
gyration of the molecule.Rgg is typically much larger Subsequent ellipsometry measurements Tof for
than the size of the CRR, anBlzz can be adjusted by PMMA films [7] revealed the strong influence of the sub-
changing the molecular weigh¥,, of the molecules. strate on the glass transition temperature for thin polymer
Polymer molecules can be confined by preparing sampleims. With decreasing film thickness tfig values were
in a thin film geometry. The relevant length scale is theobserved to increase for PMMA films on Si(111) with
film thicknessh which can be adjusted to be comparablethe native oxide layer, and to decrease for PMMA films
to, much larger than or smaller th&ax so that the effects on Au. It was speculated that the observed behavior for
of chain confinement can be investigated. Glassy polymePMMA films on Si(111) was due to hydrogen bonding
films can be cast onto any substrate, even those that theetween the polymer and tt$0O, surface.
polymer melt itself does not wet. In neutron and x-ray reflectivity studies [8,9] of sup-

The first direct measurements of the glass transiported polymer films it has been observed tiiatvalues
tion temperature in thin polymer films were performedincrease with decreasing film thickness, as in the PMMA
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films on SiO, [6]. For the case of PS on hydrogen- of the bulk longitudinal phonon, where, = (c1,/p)"/?,
terminated Si(111) surfaces [8], this was in contrast tac;; is the longitudinal elastic constant, and is the
the ellipsometry measurements [6]. The authors rationaldensity. Since:; is a strong function op, as the sample
ize this apparent contradiction with the suggestion thattemperature is changed, the temperature dependence of
contrary to their own studies, the substrates in Ref. [6] acv; exhibits an abrupt change in slope at the temperature
tually had aSiO, layer. Increases in the measured glassat which the thermal expansivity is discontinuous, i.e.,
transition temperature were especially large for systemthe glass transition temperatufg. For thin films, BLS
for which there was a strong attraction between the polyprobes the elastic properties through observation of film-
mer and substrate [9]. As in Ref. [6], each sample waguided acoustic phonons. The guided acoustic modes
modeled as a two-film system but with a layer of de-are referred to as Lamb modes [15] for freely standing
creased mobility near the substrate and a melt layer abovélms. These modes are dispersive, with the mode velocity
Such modeling emphasizes the effect of the substrate ivarying as a function o,z (whereQ| is the scattering
contrast to Ref. [6] which emphasized the effect of thevector, and: is the film thickness). For thin filmg) s =
free surface. Positron annihilation lifetime spectroscopyl), all but the two lowest order modes diverge to large
[10] has been used to selectively probe the glass transitiovelocities. The lowest velocity mode is denotégl and
of a PS film near the polymer-vacuum interface. Thesdas particle displacements that are primarily transverse.
studies showed a surfadg, value which was the same The velocity of this mode approaches 0 @ — 0,
as the accepted bulk value, providing evidence against thend thus is not suitable for studies on very thin films.
existence of a meltlike surface region. The second lowest velocity mode is denotgd and the
Molecular dynamics simulations of a freely standingvelocity of this mode approaches a constant value in the
glassy polymer film have been performed by Mansfieldow Q4 limit. The particle displacements for th&,
and Theodorou [11]. Their simulations show that themode are primarily longitudinal which makes it ideal for
effect of the free surface is to decrease the density ancomparison to BLS studies of bulk longitudinal phonons
to enhance the mobility of the polymer chain near the[16]. The application of BLS to measurg, for freely
polymer-vacuum interface. The length scale for both ofstanding films has been described in detail in Ref. [14].
these effects was larger thaR,. These findings are This Letter describes a BLS study of freely standing
consistent with the prediction of Keddet al. for PS on films in which we have obtained the first unambiguous
Si(111), i.e., that the presence of the free surface lowersbservation of the effect of free surfaces on the glass
the glass transition temperature. Monte Carlo simulationgransition temperature in thin polymer films.
of static [12] and dynamic [13] properties of a confined Thin freely standing films of PS were prepared us-
polymer melt by Baschnagel and Binder have shown thaing a spin-coating technique. Solutions of P&, =
the presence of confining (but not attracting) walls result§60 000, M,,/M, = 1.10, Rgz = 570 A) [17] in toluene
in an increase in the density and a decrease in the mobilitwere spin coated onto glass slides at 4000 rpm. The re-
near the polymer-wall interface. The length scale forsulting films were vacuum annealed at 385 K for 12-16
these effects was also larger thRp h, and then cooled to room temperature at/bin. This
The results of these simulations, along with the experiprocedure resulted in films with a well-defined and repro-
mental results, suggest that the effect of the free surfacducible thermal history. After cooling, the films were cut
is to lower theT, value, while that of the substrate is to and then floated onto distilled water. A small piece of the
increase thel’, value. What is actually observed in the floating film was picked up onto a sample holder contain-
case of supported films depends on which of these effeciag a 3 mm diameter hole, resulting in a freely standing
dominates for the particular polymer-substrate combinafilm which was then dried in air at 320 K to remove any
tion used. Because of this inherent asymmetry, which isesidual water. Other sections of the same floating film
further complicated by sensitivity to substrate preparationyere transferred to a Si(001) wafer for ellipsometry mea-
it seems unlikely tha’, data for supported films can be surements of the film thickness.
used to understand the effects of either interface on its own. BLS measurements were performed with the sample
An obvious way of avoiding the difficulties with in an optical furnace. BLS spectra were acquired using
interpreting data affected by both free and confininga 3 X (1 + 1) tandem Fabry-Pérot interferometer using
surfaces is to eliminate the substrate entirely and measuf®-100 mW of laser powdn = 5145 A) incident on the
the glass transition of symmetric freely standing films.sample. A slit was placed in the scattered light beam
We have shown recently that Brillouin light scattering to limit the line broadening caused by the nonzero light
(BLS) can be used to measure the glass transition of thirgollection angle [18]. The frequency of th& mode
freely standing polymer films [14]. We have also shownwas measured as the sample temperature was raised from
that theT, values obtained from BLS measurements ofroom temperature through,. The maximum heating rate
bulk polymers are the same as those measured usidmpetween spectra was 1/Kiin, and, during the acquisition
differential scanning calorimetry (DSC) [14]. In BLS of each spectrum, the sample temperature is held constant
studies of bulk polymers, one measures the velogity to within £0.25 K.
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The Sy mode frequency was measured as a functiomegimes[(df/dT )meii/(df /dT)g1ass] ranged from 1.8 to
of temperature for seven freely standing films, ranginglO. These relatively large values of the ratio of the slopes
in thickness fromh = 290 to 1840 A. Figure 1 shows allow us to determine the glass transition to withia K.
the frequency versus temperature data for three film8Ve note that the transition between the glass and melt
of different thicknesses. The data for each film can beegimes occurs over a narrow range in temperature for
represented very well by fitting straight lines of differentall of the films, including those with the smallest film
slopes to the low temperature (glass) and high temperatuthicknesses. This implies that, for each film, the film
(melt) regimes. As for bulk BLS measurements [16],undergoes the glass transition at a single temperature.
the temperature corresponding to the intersection of the Although the slope of the glassy regions in the lower
lines defining the low temperature and high temperaturéwo plots in Fig. 1 are almost identical, the magnitude
regimes is identified ag,. In Fig. 1, theT, values of the slope in the melt region for thé = 640 A
for each film are indicated by vertical arrows. For thefilm is clearly larger than that of thé = 420 A film.
seven freely standing films, the slopes of plots of theBy calculating the dependence of; on density from
phonon frequency versus temperatuif/dT)s1.ss In €xperimental data [14], the slopes of the lines in Fig. 1
the glass regimgT < T,) ranged from—2.9 X 1073  can be related to the thermal expansivity. Figure 1
to —4.8 X 1073 GHz/K. This corresponds to a typical illustrates that, as the film thickness is decreased, the glass
frequency change of only 0.03 GHz for a change inexpansivity remains relatively constant while that of the
sample temperature of 6 K between BLS spectra. Thisnelt region decreases.
frequency change corresponds to only 0.3% of the free The linewidth of theS, mode was measured for all
spectral range of the Fabry-Pérot interferometer, and itspectra, and no increases were observed'for T,. In
measurement is at the limits of the frequency resolution ofhe particular case of the = 420 A film, measurements
the BLS spectrometer. The slopes of plots of frequencyvere performed up tol’ = T, + 40 K. Linewidths
versus temperature in the melt regini€ > 7,) were of 0.5 GHz were measured for all temperatures, and
larger than those in the glass regime, ranging fromwere only slightly larger than the 0.4 GHz instrumental
—3.48 X 1072 to —7.12 X 1073 GHz/K. The glass linewidth.
transition temperature can be determined accurately only The measuredl’, values are shown in Fig. 2 as a
if there is sufficient contrast between the slopes for thdunction of film thicknessi. The film thickness values
melt and glass regimes. For the seven films used iwere determined using room temperature ellipsometry
this study, the ratio of slopes for the melt and glass
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Film Thickness (&) FIG. 2. Measured glass transition temperatilifeas a func-
tion of film thicknessh for freely standing PS films. The solid
FIG. 1. Frequency of the, mode as a function of temper- (and dashed) lines are a fit of the data by Eq. (2) in the text.
ature for three freely standing PS films. The film thicknessedn the inset, which has a logarithmic thickness axis, the data
are, from top to bottom, 1840, 620, add0 A. The assigned for freely standing films is shown (symbols), together with the
glass transition temperatures, as indicated by the vertical adata of Ref. [6] (dashed line), and a fit of our data by Eq. (1)
rows, are 369, 360, and 325 K. described in the text (solid line).
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measurements. The most striking feature of this data isnrichment of chain ends near a polymer surface results in
the large reduction ifT, for very small film thicknesses. a surfacerl’, which is reduced from the bulk value. This
In particular, for the smallest film thickness measuredargument cannot explain the film thickness dependence
(h = 290 A), the glass transition occurs at a temperatureof T, observed in the present and previous work [6,7].
just slightly above room temperatuf€, = 299 K). For  The fact that the best fit to the present data is obtained
the largest film thickness values,= 820 and 1840 A,  for a linear relation betweerf, and i suggests that
the measured’, values were equal (withir:1 K) to that  a simple theoretical picture is possible. The fact that
measured using BLS and DSC for bulk samples of theéhere are no theoretical or simulation results to predict
same polymer with the same thermal history. o  the very pronounced free surface effects on the glass
620 A, the measured’, values decrease monotonically transition described in this Letter is an indication that
with &, and are described very well by a linear function of more theoretical work is required.
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