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Abstract. We have used transmission ellipsometry to measure the glass transition temperature, Ty, of
freely-standing films of atactic and syndiotactic poly(methyl methacrylate) (PMMA). We have prepared
films with different molecular weights, MW, (159 x 10° < M, < 1.3 x 10°) and film thicknesses, h,
(30 nm < h < 200 nm). For the high-MW (M, > 509 x 10%) atactic PMMA films, we find that T}
decreases linearly with decreasing h, which is qualitatively similar to previous results obtained for high-
MW freely-standing polystyrene (PS) films. However, the overall magnitude of the T reduction is much
less (by roughly a factor of three) for the high-MW freely-standing PMMA films than for freely-standing
PS films of comparable MW and h. The observed differences between the freely-standing PMMA and PS
film data suggest that differences in chemical structure determine the magnitude of the T reduction and
we discuss the possible origins of these differences. Our analysis of the MW-dependence of the T reductions
suggests that the mechanism responsible for the MW-dependent T, reductions observed in the high-MW
freely-standing films is different than that responsible for the MW-independent Ty reductions observed in
the low-MW freely-standing and supported films.

PACS. 36.20.-r Macromolecules and polymer molecules — 36.20.Cw Molecular weights, dispersity —

64.70.Pf Glass transitions — 65.40.De Thermal expansion; thermomechanical effects

1 Introduction

The effects of confinement and free surfaces on the dy-
namics of polymers in thin films have been studied exten-
sively since the original observation of reductions in 7},
with decreasing film thickness in thin polystyrene (PS)
films [1,2]. The progress achieved in this area of research
is considerable and has been described in detail in re-
cent reviews [3-6]. For the case of supported PS films,
the dependence of Tj; on film thickness h has been mea-
sured using many different experimental techniques, in-
cluding ellipsometry, dielectric spectroscopy, X-ray re-
flectivity, positron annihilation spectroscopy, fluorescence
spectroscopy and local thermal analysis (see Ref. [4] for
details). The T, values obtained using all of these tech-
niques are in quantitative agreement showing no signifi-
cant dependence on molecular weight (MW) [7], and the

& Present address: Department of Chemical and Biological
Engineering, Northwestern University, Evanston, IL 60208-

3120, USA.

> e-mail: dutcher@physics.uoguelph.ca

dependence on h can be described by [1]
__gbulk |1 (@ o
7,0 =13 1 (7)), )

where TPk is the bulk value of Ty.

One particularly striking result, which is yet to be un-
derstood in detail, is the observation of very large reduc-
tions of T, in very thin, freely-standing PS films using
Brillouin light scattering and ellipsometry [8-13]. For all
MW values, the reductions in T, at a given film thick-
ness were much larger for freely-standing PS films than
for supported films of the same thickness. In addition, the
dependence of T}, on film thickness h for freely-standing PS
films showed an interesting crossover in behavior between
low and high MW values. For low MW values (M,, <
370 x 10%), the T, (h) data are well described by the equa-
tion used to fit the supported PS film data, equation (1),
with no measurable MW-dependence and a T, reduction
at a given value of h that is twice as large as that ob-
served for a supported PS film of the same thickness [14].
For high MW values (six different M, values greater than
370 x 103, ranging from 575 x 10 to 9.1 x 10%), the results
differed qualitatively in several ways from those obtained
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for supported and low-MW freely-standing PS films: 1) the
magnitude of the overall Ty (h) reduction was much larger
than for supported PS films, e.g. a 70 °C reduction for
freely-standing films of A ~ 30 nm compared to a 7°C re-
duction for supported films of h ~ 30 nm; 2) the T, values
decreased linearly with decreasing film thickness below a
threshold film thickness hg, characterized by the equation

h < hg

2
h>h0; (>

TP + a(h — hy),
T, = Tbulk

and 3) the T,(h) behavior was found to depend system-
atically on MW, e.g. the slope a in equation (2) that
characterizes the linear decrease in T, with decreasing
film thickness increased monotomcally with increasing
MW [9,13]. By fitting straight lines to the Ty (h) data for
each MW value (cf. Eq. (2)) and extrapolating the best-fit
straight lines to higher temperatures, all six of the straight
lines, one for each MW value, intersected at a single point
(h*,T;). The existence of the common intersection point
allowed the construction of a universal scaling plot of the
film thickness dependence of the T, reductions in which
all of the reduced T, values measured for different h and
MW values collapsed onto a single line [13].

The dependence of the T (h) values on MW observed
for high-MW freely-standing PS films is surprising be-
cause the length scale associated with the glass transi-
tion, corresponding to cooperative segmental dynamics,
in bulk samples is of the order of only a few hundreds
of monomers [15], which is much less than the lateral ex-
tent of the chain, and the cooperative segmental dynam-
ics in bulk have no measurable dependence on MW. In
thin polymer films, the dynamics on much longer length
scales can be effectively decoupled from segmental dy-
namics, as shown recently by comparing T,; measurements
on freely standing PS films, for which large T, reductions
are observed, with measurements of film rupture and hole
growth in these films, which probe the motion of entire
polymer chains and can be understood in terms of bulk
dynamics [4,16,17]. This discrepancy between dynamics
on different length scales in thin polymer films has also
been observed in ellipsometric measurements of 7, and
measurements of interface healing in PS bilayer films [18].

To date, a satisfactory explanation for the unusual and
complex MW-dependence of the Ty(h) behavior of high-
MW freely-standing PS films has not been found. Cur-
rently the only theoretical model that predicts a MW-
dependence for T, reductions is due to de Gennes [19,20].
He proposed a new mode of mobility, a “sliding mode”,
which becomes the dominant mechanism for segmental
mobility in very thin polymer films allowing for motion
of chain segments within the tube between points of the
tube at the free surfaces of the film: either between points
on the same free surface (loops), or between points on the
two opposite free surfaces (bridges). de Gennes proposed
that the sliding mode becomes dominant as the polymer
film thickness is decreased to values comparable to the
overall size of the polymer coils. Although this model can
provide a qualitative explanation for the observed linear
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decrease in Ty with decreasing film thickness, with a MW-
dependence that is similar to that observed, full quantita-
tive agreement with the experimental data is still lacking.

Theoretical efforts for the T,(h) results in supported
and low-MW freely-standing films have focused on the
concept of increased segmental mobility at the free surface
of the films, and mechanisms by which the increased mo-
bility could be propagated deeper into the films [14,21-26].
Such an approach seems valid since numerous experimen-
tal studies have demonstrated increased mobility at the
free surface [4], which is observed to result in a gradient
in Ty as a function of depth until bulk T} is recovered some
tens of nanometers from the free surface [27]. Several mod-
els have been proposed to describe the supported and low-
MW freely-standing film T,(h) data: a layer model pro-
posed by Forrest and Mattsson [14], a percolation model
proposed by Long and coworkers [21,22], a viscoelastic
model proposed by Herminghaus and coworkers [23,24],
and a coupling model proposed by Ngai [25,26].

Recently T, measurements were performed on high-
MW freely-standing films of a second polymer, poly
(methyl methacrylate) (PMMA), using transmission el-
lipsometry [28]. PMMA was selected because it has root-
mean-square end-to-end distance R.. and bulk T, values
that are similar to those for PS of cornparable molec-
ular weight. These results demonstrated that for atac-
tic PMMA of a single MW value, M,, = 790 x 103, T,
decreased linearly with decreasing film thickness, which
was qualitatively similar to freely-standing PS films, but
the magnitude of the T, reduction was much less for the
PMMA films, e.g. for freely-standing films with thick-
ness h = 40 nm, a T, reduction of ~ 15°C was ob-
served for PMMA of M, = 790 x 10% which is much
less than the Ty reduction of ~ 55°C observed for PS of

M,, = 767 x 10 [28]. Since these measurements were per-
formed on freely-standing films, these differences cannot
be attributed to specific interactions between the polymer
chains and an underlying substrate as was argued previ-
ously for differences in T,(h) data of supported PS and
PMMA films on silicon substrates [1,2]. Instead, it was
reasoned that the differences in the magnitude of the 7},
reductions between the high-MW freely-standing PS and
PMMA films must be due to the inherent differences in
chemical structure between the two polymers [28].

The results presented in this paper extend the ini-
tial study of freely-standing films of atactic PMMA with
a single value of M, = 790 x 10 to investigate the
MW-dependence of the T, (h) behavior for freely-standing
PMMA films. We present the results of T,(h) measure-
ments on freely-standing films with two other high MW
values of atactic PMMA, M,, = 509 x 102 and 1300 x 103,
as well as on freely-standing films with a much smaller
MW value, M,, = 159 x 103, of syndiotactic PMMA. For
films with high MW values (M,, > 509 x 10?%), we ob-
served the same qualitative dependence on film thickness
as was observed for high-MW freely-standing PS films:
a linear decrease in T, with decreasing film thickness,
and a monotonic dependence of the T, (h) results on MW.
However, the magnitude of the T; reductions observed for
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Table 1. Weight average molecular weight M,,, polydispersity index M,, /My, and root-mean-square end-to-end distance Ree
values for the PMMA used in the present study. The glass transition temperature T;“lk, as measured using ellipsometry for
films > 300 nm, is given along with the best-fit values of the slope « and threshold thickness ho obtained by fitting equation (2)

to the data shown in Figure 2.

PMMA tacticity Mw(><103) My, /M, Ree (nm) T;“lk (°C) a (°C/nm) ho (nm)
79% syndiotactic 159 1.09 27 118 - -
atactic 509 < 1.11 48 115 0.156 + 0.026 98 + 6
atactic 790 < 1.11 60 110 0.259 + 0.025 95+ 3
atactic 1300 < 1.11 7 115 0.352 £ 0.041 97 £ 2

the freely-standing PMMA films is observed to be much
less than that for freely-standing PS films of comparable
MW value. The analysis of the results for the high-MW
freely-standing PMMA films suggests that no T, reduc-
tions should be observed for M,, < M} = 236 x 10° due to
the mechanism which causes the MW-dependent T} reduc-
tions in high-MW freely-standing polymer films. However,
for freely-standing PMMA films with M,, = 159 x 103 <
M, we observed Ty reductions that were comparable in
magnitude to those observed for the high MW values, with
a Ty (h) behavior that was similar to that observed for sup-
ported and low-MW freely-standing PS films, as described
by equation (1). The results of the present study suggest
that the mechanism responsible for the 7, reductions in
the high-MW freely-standing films is different than that
responsible for the low-MW freely-standing and supported
films. We discuss the structural and dynamical differences
between PS and PMMA that could explain the observed
differences in the overall magnitude of the Ty reductions.

2 Experiment

Thin films of atactic and syndiotactic poly(methyl
methacrylate) were prepared by spincoating dilute solu-
tions of monodisperse polymer dissolved in toluene. So-
lution concentrations ranging from 1% to 6% PMMA by
mass were spun onto freshly-cleaved mica at spin speeds
between 1500 and 5500 rpm which produced film thick-
nesses h ranging from 20 to 307 nm. The PMMA films
supported on the mica substrates were annealed under
vacuum at 7' = 125°C or 140 °C for 12 h to remove resid-
ual solvent, and then cooled at 1 °C/min to room temper-
ature, to produce a well-defined and reproducible thermal
history. A water transfer technique [9] was used to transfer
the PMMA films from the mica substrates onto 1 cm? ny-
lon sample holders containing 4 or 5 mm diameter holes,
creating freely-standing PMMA films. Nylon sample hold-
ers were used because they prevented the buildup of in-
plane stress in the polymer film upon heating and cooling
due to differences in thermal expansion between the sam-
ple and the holder [13]. Pieces of the same PMMA films
were also transferred onto clean silicon wafers for the de-
termination of the initial film thickness to within +1 nm
using reflection ellipsometry. Table 1 lists the weight aver-
age molecular weight M,,, polydispersity index M,,/M,,
root-mean-square end-to-end distance R.. [29], and the
glass transition temperature "% of very thick films with

h > 300 nm for the PMMA samples studied. The small
differences in T;“lk between the samples result from slight
variations in the tacticity [30].

Transmission ellipsometry was used to determine the
glass transition temperature T, of the freely-standing
PMMA films by measuring the temperature dependence
of the film thickness in the melt and glassy states. The
measured ellipsometric angles, P (polarizer) and A (ana-
lyzer), collected over the range of temperatures T from 85
to 130 °C, were converted to film thickness h and index of
refraction n assuming an isotropic index of refraction of
the polymer film [31]. The h(T") and n(T) values for each
cooling and heating cycle were fit to a function of the form

w; <M> In {cosh (T — Tg)]
2 Wy

+(T -1T,) (M;G) +c¢, i=hn (3)

to obtain a T, value for each thermal cycle. Equation (3)
is an empirical equation we have used previously to fit
the temperature dependence of ellipsometry data mea-
sured for freely-standing polystyrene films [13], which is
derived by integrating an assumed tanh(7") profile for the
transition between the thermal expansion coefficients in
the melt and glassy states. In equation (3), M; and G;
are the dh/dT and dn/dT slope values of the melt and
glassy states, respectively, w; is the width of the transi-
tion, and ¢; is the value of the film thickness or index of
refraction at 7' = T,;. We used this equation to determine
T,, instead of the intersection point of two independent
linear fits to the data in the temperature ranges above
and below Ty, to avoid the subjectivity of choosing the
range of temperatures corresponding to the linear regions
in the data at temperatures above and below T,;. During
the fitting process, the width of the transition w; was held
fixed at 2°C which was found to provide excellent fits to
the data in all cases, as was observed in reference [13]
for the freely-standing PS films. Nonlinear least-squares
fits to equation (3) were performed on both the h(T) and
n(T) data from three to five thermal (heating and cool-
ing) cycles that were performed on each film at a heat-
ing/cooling rate of 0.5, 1.0, or 2.0 °C/min. The T, value
for the film was taken to be the average value calculated
from all of the thermal cycles. We observed no systematic
differences between T}, values obtained on successive tem-
perature ramps, and no differences between T, values mea-
sured using the slightly different heating and cooling rates.
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Fig. 1. Plot of T, — Ty wversus film thickness h for low-MW
freely-standing PMMA films with M, = 159 x 10° (symbols).
The solid curve was calculated using equation (1) and the best-
fit parameter values of @ = 2.9 nm and § = 1.4. The dashed
curve was calculated using equation (1) and the parameter
values of @ = 7.8 nm and § = 1.8, obtained as the best fit
to the low M, < 370 x 10 freely-standing PS film data from
reference [12].

The ellipsometry measurements were performed using
a custom-built, single wavelength (A = 632.8 nm), self-
nulling ellipsometer in transmission mode [13]. Relative
measurements of the ellipsometric angles P and A used to
determine a null in the light intensity at the detector are
accurate to within +0.001°. The measurements were per-
formed using an angle of incidence 6; approximately equal
to the Brewster angle for PMMA, 65 = 56°. At the be-
ginning of each ellipsometry experiment, the temperature
was increased rapidly at a rate of 5°C/min from room
temperature to a temperature of T'= 110°C. At this ele-
vated temperature, the sample chamber was flushed with
approximately 30 liters of room temperature dry nitrogen
gas, with both sides of the freely-standing film exposed to
the nitrogen gas, for typically 30 s to remove any water
vapor in the chamber [32]. This procedure was performed
because water can act as a plasticizer in PMMA which
reduces the Ty value [33]. Following the gas flushing, the
temperature was allowed to equilibrate at 110 °C for 10
minutes before the temperature was further increased to
a temperature that was at least 20°C greater than T}
to begin the measurement of 7Ty upon cooling. Nitrogen
gas flushing was not performed during the ellipsometry
measurements because the gas flow causes vibrations of
the freely-standing films which degrades the ellipsometry
measurement.

3 Results

For all of the freely-standing PMMA films (see Tab. 1),
the measured values of the glass transition temperature
T, were observed to decrease with decreasing film thick-
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Fig. 2. Plot of T, — T;"lk versus film thickness h for high-
molecular-weight freely-standing PMMA films of M,, = 509 X
10% (inverted triangles), M,, = 790 x 10° (circles), and M,, =
1300 x 10% (squares). The solid lines were calculated as the best
fit of equation (2) to the data for h < 100 nm. Representative
error bars are also indicated for both thick and thin films. The
highlighted intersection point (solid circle) of the three solid
lines corresponds to h* = (96£8) nm and T = (Tp"*£2)°C,
as described in the text.

ness h for h < 100 nm. In Figures 1 and 2 we plot
(Ty — T™ ) as a function of film thickness for the low-

molecular-weight (M, = 159 x 10%), and high-molecular-
weight (509 x 10% < M,, < 1300 x 10?) freely-standing
PMMA films, respectively. Each data point represents the
T, value measured for a different film and representative
error bars are shown for a thick and thin film in Figure 2.
The quantity (T, — Tgf“lk) is plotted in Figures 1 and 2
to account for the differences in "% due to slight varia-
tions in tacticity between the different MW samples (see
Tab. 1). The same ordinate scale is used in Figures 1 and
2, indicating that the overall magnitude of T}, reductions
with decreasing film thickness h is similar for the low- and
high-MW freely-standing PMMA films.

In Figure 1, the measured 7T, values for the low-MW
freely-standing PMMA films are shown, as well as a solid
curve that was calculated as the best fit of the data to
equation (1) using the following parameter values: a =
2.9 nm and § = 1.4. For comparison, a dashed curve is
also shown in Figure 1 corresponding to the best fit of the
low-MW freely-standing PS film data from reference [12]
to equation (1) using ¢ = 7.8 nm and 6 = 1.8. We find
that the T, reductions observed for the low-MW freely-
standing PMMA films are similar in magnitude to those
observed for the low-MW freely-standing PS films with a
slight decrease in the size of the T, reduction, e.g. for a
film thickness of A = 40 nm, the T}, reduction for low-MW
freely-standing PMMA films is ~ 10 °C compared to a T},
reduction of ~ 20 °C for low-MW freely-standing PS films.

In Figure 2, we plot the T,(h) data measured for the
high-MW freely-standing PMMA films with different MW
values. We find that, for each MW value, T, decreases
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Fig. 3. The slope a characterizing the linear decrease in Tj
with decreasing h plotted as a function of molecular weight M,
(cf. Eq. (2)). For the parameterization given in equation (5),
the best-fit values of the fitting parameters are b = (0.21 +
0.01) °C/nm and M}, = (236 +25) x 10%, which is indicated by
a vertical arrow as the M., value for which o = 0.

linearly with decreasing film thickness. For a given film
thickness h, films with larger MW have larger reductions
in Ty, e.g. for a thickness of h = 30 nm, a freely-standing
PMMA film with M,, = 1300 x 10® has a reduction in
T, of 23°C compared to a T reduction of only 10°C for
a freely-standing PMMA film with M, = 509 x 103. We
have fit the high-MW freely-standing PMMA data shown
in Figure 2 to equation (2) and we find that the best-fit
value of the slope a that characterizes the linear decrease
in T, with decreasing film thickness increases monotoni-
cally with increasing molecular weight (see Tab. 1). Qual-
itatively, this is the same behavior that was observed for
high-MW freely-standing PS films [13]. However, the over-
all magnitude of the T, reductions observed for the high-
MW freely-standing PMMA films is much less than that
observed for high-MW freely-standing PS films, as dis-
cussed below in more detail.

Remarkably, we find that the best straight-line fits of
the reduced T} data for high-MW freely-standing PMMA
films (h < 100 nm) intersect at a common point (h*,T;).
This behavior was first observed for high-MW freely-
standing PS films [13]. The values of h* for the two poly-
mers are similar: 103 £ 1 nm for PS and 96 + 8 nm for
PMMA. This suggests that the length scale at which 7},
reductions are observed is comparable for both polymers.
The relevance of a length scale which is ~ 100 nm to the
glass transition is not presently understood, but it is found
for a variety of thin-film polymers that 7T} reductions or
deviations from bulk dynamics are observed for film thick-
nesses h < 100 nm [4]. Ellison and Torkelson have sug-
gested that such a large length scale of tens of nanometers
may be required to contain the full breadth of the distribu-
tion of cooperative relaxation dynamics in polymers near
T, [27]. The value of T, however, is markedly different
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Fig. 4. Scaling plot showing the collapse of all of the reduced
T, data measured for thicknesses h < 100 nm for high-MW
freely-standing PMMA films: M,, = 509 x 10 (inverted tri-
angles), M, = 790 x 10 (circles), and M, = 1300 x 10*
(squares). Based on equations (4) and (5) in the text, —(AT, —
ATy)/In(My/My) versus —(h—h™) is plotted using the values
of h*, Ty, and M,, given in the captions of Figures 2 and 3,
and the straight solid line has a slope of b determined from the
fit in Figure 3 and is constrained to pass through the origin.

for the two polymers: (T;lllk +53°C) £2°C for PS, and
T;ulk +2°C for PMMA. A previous analysis for the freely-
standing PS films noted that the value of T3 = 150 °C was
similar to the temperature at which the a and ( relax-
ation modes split, Tog ~ 150 °C for PS [3]. However, this
is clearly not the case for PMMA which has T, = Tgbulk
and T,p ~ 140°C-150 °C for PMMA with 70%-80% syn-
diotactic content [34]. The substantially lower value of T}y
for PMMA could be because h* has the same character-
istic length scale and the magnitude of the T, reductions
are smaller overall for PMMA relative to PS. It is nonethe-
less intriguing that the T,(h) data obtained for different
MW values exhibit common intersection points for both
high-MW freely-standing PS and PMMA films.

The existence of the common intersection point in Fig-
ure 2 allows a straightforward parameterization of the
MW-dependence of the Ty reductions. The reduced T}, val-
ues can be expressed as

(TgiT;) :a(Mw)(hfh*% (4)

where the magnitude of the T, reductions is character-
ized by the MW-dependent slope parameter a(M,,). In
Figure 3 we plot a versus M,, for freely-standing PMMA
films with the three high MW values used in the present
study. As for the high-MW freely-standing PS films [13],
we parameterize the MW-dependent slope parameter as

a(My) = bIn(M, /M), (5)

which allows us to determine values for b = (0.21 £
0.01)°C/nm and M; = (236 £ 25) x 103. This param-
eterization allows us to create a universal scaling plot
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in which all of the reduced T, data collapse onto a sin-
gle line. The universal scaling plot is shown in Figure 4
in which —(AT, — AT,)/In(M, /M) is plotted versus
—(h — h*) for all of the high-MW freely-standing PMMA
film data with A < 100 nm using (h*, ;) = (96 nm, T¥)
and M} = 236 x 10%. The solid line has a slope of
b =0.21°C/nm and is constrained to pass through the ori-
gin. We find that the parameterization specified by equa-
tions (4) and (5) describes the reduced Ty (h, M,,) freely-
standing PMMA film data well. The scatter in the re-
duced PMMA data relative to the solid line in Figure 4
has a standard deviation of 1.4°C compared to a stan-
dard deviation of 0.6 °C for the data shown in Figure 7 of
reference [13] for freely-standing PS films.

The values of b and M. obtained from the freely-
standing PMMA film data are substantially different from
those obtained from the freely-standing PS data. The
value of b is a measure of the overall magnitude of the T}
reduction: for freely-standing PMMA films, the value of b
is roughly one-third (b = 0.21°C/nm) of that for freely-
standing PS films (b = 0.70°C/nm) [13]. This demon-
strates, as was shown in reference [28], that the overall
magnitude of the T, reduction in high-MW freely-standing
PMMA films is much less than that of freely-standing
PS films of comparable MW. My is the M, value for
which the slope a(M,,) = 0, which implies that, for freely-
standing PMMA films with M,, < M}, no T, reductions
should be observed due to the mechanism which causes the
MW-dependent T reduction in high-MW freely-standing
polymer films. For the freely-standing PS films, a small
value of MY = 69 x 10° was obtained which is approxi-
mately four times the entanglement molecular weight M..
Preparing freely-standing films with such low MW val-
ues is very difficult since the films are typically damaged
by the water transfer process. However, for the freely-
standing PMMA films, we obtain M}, = 236 x 10® which
is large enough to allow the preparation of high-quality
freely-standing films with M,, < M. In the present study,
we have measured the film thickness dependence of Tj
for a molecular weight M, = 159 x 10> < M. As dis-
cussed above (see Fig. 1), we observed T, reductions for
the M, = 159 x 103 films with a T, (h)-dependence that
was described very well by equation (1), which is the same
functional form that describes the T, reductions observed
in low-MW freely-standing PS films and supported poly-
mer films. This provides strong evidence that the mech-
anism responsible for the T, reductions in the low-MW
freely-standing and supported films is different than that
responsible for the T, reductions in the high-MW freely-
standing films.

4 Discussion

Differences in the magnitude and sign of T, reductions
observed for thin films of different polymers supported on
substrates are typically attributed to specific interactions
between the polymer and the substrate. Although these
effects are certainly important and may dominate in the
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case of supported films, the comparison of the results re-
ported in the present paper for freely-standing PMMA
films with those obtained previously for freely-standing
PS films indicates that there are also inherent differences
in the overall magnitude of the T, reductions between
polymers with different chemical structures. This is con-
sistent with the results of a recent study on poly(4-tert-
butylstyrene) (PTBS) which showed that the size of the
side group can have large effects on the overall magnitude
of the T, reduction in supported films [7].

We now consider the specific differences in chemical
structure of PS and PMMA that might give rise to the
observed quantitative difference in the T}, reductions. The
strong influence of the free surface on the mobility of poly-
mer segments in the film has been well established [4,27].
Therefore, it is reasonable to consider that there might
exist a difference in the interaction of the PS and PMMA
side groups with air that could account for the observed
difference in the overall magnitude of the T, reductions.
However, this seems unlikely since the surface tensions
of PS and PMMA are essentially identical, particularly
at temperatures near Ty, [35]. Surface tension tends to
strongly hinder the motion of segments out of the plane of
the film, and because of this, computer simulations often
model the free surface simply as a repulsive wall [6]. Mo-
tions parallel to the plane of the film are likely enhanced
at the free surface due to the reduced number of neigh-
boring chains that segments at the free surface slide past.
However, there is no a priori reason why this might affect
PS more than PMMA.

Unlike PS, PMMA has strong polar units which likely
result in interactions between neighboring chains that are
stronger than in PS. This may explain why atactic PMMA
has a bulk T} value that is slightly larger than that of at-
actic PS even though the two polymer chains have similar
persistence lengths [36-38]. However, it is not clear why an
increase in the interaction strength between neighboring
chains might lead to T, (h) reductions with a smaller slope.
In the context of de Gennes’ sliding mode [19,20], a theo-
retical model proposed for the T}, reductions in high-MW
freely-standing PS films, a stronger interaction between
neighboring PMMA chains could imply a larger energy
barrier for the sliding motion to occur [39], which could
conceivably lead to a decrease in the slope of the Ty re-
duction.

For PMMA, the motions associated with a- and
[-relaxations are more complex than for other polymers
due to its molecular structure. It is well known that
PMMA exhibits significantly different 7, values with
changes in tacticity: the T}, value for bulk isotactic PMMA
is ~ 60°C, whereas the T, value for bulk syndiotactic
PMMA is ~ 150°C [40]; the T, value for bulk atactic
PMMA, which typically has ~ 60% syndiotactic content,
ranges from 110°C to 115°C. In 1981, O’Reilly and
Mosher identified infra-red (IR) absorption peaks associ-
ated with backbone motion and backbone—plus—side-chain
motion in PMMA [41]. Subsequently, Grohens et al. used
the ratio of intensities of these IR peaks to show that a
cooperative interaction exists between the side-chain and
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backbone motions in isotactic PMMA, and to a lesser
extent in syndiotactic PMMA [42]. They interpreted their
results by suggesting that a conformational transition of
the backbone in isotactic PMMA may be energetically
compensated by a side-chain rotation, and vice versa.
Rotational isomeric state (RIS) calculations of PMMA by
Sundararajan [43] and Vacatello and Flory [44] showed
that the change in conformational energy of the backbone
and side-group motions were similar in isotactic PMMA,
but not in syndiotactic PMMA, suggesting that an
exchange in energy between backbone and side-group
motions could occur in isotactic PMMA. This unusual
linkage between the side-chain and backbone motions is
believed to explain why the T}, value of isotactic PMMA
is so much lower than that of syndiotactic PMMA [42].
It has been proposed that the coupling of the [-process
to the backbone motions is a result of the asymmetric
geometry of the ester side group in PMMA which causes
steric problems with adjacent segments after 180° flips of
the side group [45,46]. This interpretation is based on 2D
NMR spectroscopy measurements of atactic PMMA show-
ing that the backbone undergoes 20° root-mean-square
amplitude rotations around the local chain axis due to
steric constraints when the carboxyl plane (O=C-O) of
the ester side group undergoes 180° flips [45,46]. This
rocking motion of the backbone in PMMA caused by
side-group flips, which is also present below T}, causes
higher mobility of the backbone above T, compared to
other polymers such as PS. For example, at a temperature
T* = T/Ty = 1.05, the mean correlation time for PS is
12 ms, which is larger by two orders of magnitude than
that for PMMA (0.15 ms), even though PS and PMMA
have similar bulk T values [46]. In addition, the width of
the distribution of correlation times for PS is larger by an
order of magnitude than that for PMMA. Based on all of
these results it appears that an exchange of energy can
occur between backbone (a-) and side-chain (5-) motions
in PMMA. This coupling between «a- and [-motions is
most prominent in isotactic PMMA, but exists to some
degree in all tacticities of PMMA since meso (isotactic)
dyads are present at some level in all PMMA chains.

How could this unusual coupling between the backbone
and side-chain motions of PMMA affect the magnitude of
the T, reductions? We propose that as the film thickness
decreases, resulting in a decrease in Tj; and a correspond-
ing increase in the motion associated with the a-modes,
more energy is present in the a-modes which can be trans-
ferred to the B-modes. To better illustrate this idea, we
consider the simplest possible case in which at a given
temperature a certain fixed percentage of the total ther-
mal energy present in the a- and S-modes manifests itself
as motion associated with the S-modes. In reality, there
will be a continuous exchange of energy from the a- to 8-
modes, and vice versa, but this exchange will quickly reach
a steady state in which a certain percentage of the avail-
able thermal energy will be contained in the S-modes while
the remaining energy will be contained in the a-modes. We
are ignoring all other motions in the system since they do
not interact. Given that PMMA and PS have similar "%
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and R.. values it is reasonable to suppose that, in the ab-
sence of this unusual a-8 coupling, PMMA would have
a T,(h) reduction similar to that for PS. The transfer of
a fixed percentage of the a-mode energy to the g-modes
would result in less energy to be dissipated by the a-modes
at a given temperature, which would result in a decrease of
the slope of the T, (h) data. At every thickness h, the T re-
duction in PMMA would be reduced by a certain percent-
age from the observed T}, reduction in a PS film of equiva-
lent thickness and molecular weight. It is as if the S-modes
“siphon” off more energy from the a-modes for thinner
PMMA films, leading to smaller T, reductions at a given
film thickness than that observed for PS. Further measure-
ments on freely-standing films of a high-molecular-weight
isotactic PMMA would aid in elucidating this idea.

5 Conclusions

We have used transmission ellipsometry to measure the
glass transition temperature T} as a function of film thick-
ness h for freely-standing PMMA films with four different
molecular-weight values (159 x 103 < M,, < 1300 x 10?).
We compare our findings with previous measurements ob-
tained using the same experimental technique on freely-
standing PS films. For the high-MW PMMA films (509 x
10® < M,, < 1300 x 10%), we find that T, decreases lin-
early with decreasing film thickness h in qualitative agree-
ment with the high-MW freely-standing PS films previ-
ously measured. However, we find that the overall magni-
tude of the T, reduction in the high-MW freely-standing
PMMA films is much less (by roughly a factor of three)
than that observed in freely-standing PS films of compara-
ble molecular weight. Since there are no specific polymer-
substrate interactions for freely-standing films that could
lead to differences in T, between the two polymers, this
result suggests that the observed differences in T, with
decreasing film thickness between the two polymers are
due to differences in the chemical structure and dynamics
of the polymers.

By characterizing the MW-dependence of the T, re-
ductions for the high-MW freely-standing PMMA films,
we have identified a molecular-weight value M} = 236 x
103 below which no T, reduction should be observed due to
the mechanism responsible for MW-dependent T}, reduc-
tions. The value of M} corresponds to the MW value at
which the slope a(M,,), characterizing the linear reduction
in T, (Eq. (2)), is equal to zero. For freely-standing PMMA
films with M, = 159x 103 < M}, we observe T,(h) reduc-
tions that are comparable in magnitude to those observed
for the high-MW films and which follow a different func-
tional form (Eq. (1)) corresponding to that used previ-
ously to fit the MW-independent T, (h) behavior observed
for low-MW freely-standing PS and supported polymer
films. These results suggest that the mechanism responsi-
ble for the MW-dependent T,; reductions observed in the
high-MW freely-standing films is different than that re-
sponsible for the MW-independent T, reductions observed
in the low-MW freely-standing and supported films.



448

The European Physical Journal E

Financial support from the Natural Sciences and Engineering
Research Council (NSERC) of Canada and the Province of
Ontario (PREA program) is gratefully acknowledged.

References

1.

2.

3.

10.

11.

12.

13.

14.
15.

16.
17.

18.

19.
20.

21.
22.

23.

J.L. Keddie, R.A.L. Jones, R.A. Cory, Europhys. Lett. 27,
59 (1994).

J.L. Keddie, R.A.L. Jones, R.A. Cory, Faraday Discuss.
98, 219 (1994).

J.A. Forrest, K. Dalnoki-Veress, Adv. Colloid Interface Sci.
94, 167 (2001).

C.B. Roth, J.R. Dutcher, in Soft Materials: Structure and
Dynamics, edited by J.R. Dutcher, A.G. Marangoni (Mar-
cel Dekker, 2004).

M. Alcoutlabi, G.B. McKenna, J. Phys.: Condens. Matter
17, R461 (2005).

. J. Baschnagel, F. Varnik, J. Phys.: Condens. Matter 17,

R851 (2005).

C.J. Ellison, M.K. Mundra,
molecules 38, 1767 (2005).
J.A. Forrest, K. Dalnoki-Veress, J.R. Stevens,
Dutcher, Phys. Rev. Lett. 77, 2002; 4108 (1996).
J.A. Forrest, K. Dalnoki-Veress, J.R. Dutcher, Phys. Rev.
E 56, 5705 (1997).

J.M. Torkelson, Macro-

J.R.

J.A. Forrest, K. Dalnoki-Veress, J.R. Stevens, J.R.
Dutcher, Phys. Rev. E 58, 6109 (1998).
J.R. Dutcher, K. Dalnoki-Veress, J.A. Forrest, in

Supramolecular Structure in Confined Geometries, edited
by G. Warr, S. Manne, Am. Chem. Soc. Symp. Ser. 736,
127 (1999).

J. Mattsson, J.A. Forrest, L. Borjesson, Phys. Rev. E 62,
5187 (2000).

K. Dalnoki-Veress, J.A. Forrest, C. Murray, C. Gigault,
J.R. Dutcher, Phys. Rev. E 63, 031801 (2001).

J.A. Forrest, J. Mattsson, Phys. Rev. E 61, R53 (2000).
E. Hempel, G. Hempel, A. Hensel, C. Schick, E. Donth, J.
Phys. Chem. B 104, 2460 (2000).

C.B. Roth, J.R. Dutcher, Phys. Rev. E 72, 021803 (2005).
C.B. Roth, J.R. Dutcher, to be published in J. Polym. Sci.,
Part B: Polym. Phys. (2006).

7. Fakhraai, S. Valadkhan, J.A. Forrest, Eur. Phys. J. E
18, 143 (2005).

P.G. de Gennes, Eur. Phys. J. E 2, 201 (2000).

P.G. de Gennes, C. R. Acad. Sci. Paris, Sér. IV 1, 1179
(2000).

D. Long, F. Lequeux, Eur. Phys. J. E 4, 371 (2001).

S. Merabia, P. Sotta, D. Long, Eur. Phys. J. E 15, 189
(2004).

S. Herminghaus, K. Jacobs, R. Seemann, Eur. Phys. J. E
5, 531 (2001).

24
25
26

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.

40.
41.
42.
43.

44.
45.

46.

. S. Herminghaus, Eur. Phys. J. E 8, 237 (2002).

. K. Ngai, Eur. Phys. J. E 8, 225 (2002).

. K. Ngai, A.K. Rizos, Mater. Res. Soc. Symp. Proc. 455,
147 (1997).

C.J. Ellison, J.M. Torkelson, Nature Mater. 2, 695 (2003).
C.B. Roth, J.R. Dutcher, Eur. Phys. J. E 12, s01, 024
(2003).

The Rc. values were determined using data given in Ta-
ble XXXIX of P.J. Flory, Principles of Polymer Chemistry
(Cornell University Press, Ithaca, 1953) p. 618.

We have not measured the tacticity content of the atactic
PMMA, but an estimate of the relative isotactic and syn-
diotactic content can be obtained from the value of Tgb“lk.
Higher T;’“lk values indicate a higher percentage of syndio-
tactic content; PMMA with Tgbulk = 110°C typically has
a percentage of syndiotactic content of about 60%.
R.M.A. Azzam, N.M. Bashara, FEllipsometry and Polarized
Light (North-Holland Publishing Company, Amsterdam,
1977).

No differences were observed in the measured T, values
if the sample chamber was flushed for 15 min with dry
nitrogen gas instead of only 30 s.

L.S.A. Smith, V. Schmitz, Polymer 29, 1871 (1988).

H. Shindo, I. Murakami, H. Yamamura, J. Polym. Sci.,
Part A: Polym. Chem. 7, 297 (1969).

S. Wu, J. Phys. Chem. 74, 632 (1970).

D.J. Plazek, K.L. Ngai, in Physical Properties of Poly-
mers Handbook, edited by J.E. Mark (AIP, Woodbury, NY,
1996) Chapt. 12.

K.K. Chee, J. Appl. Polym. Sci. 43, 1205 (1991).

X.Y. Lu, B.Z. Jiang, Polymer 32, 471 (1991).

The possibility of a larger energy barrier for de Gennes’
sliding mode for PMMA relative to that for PS is sup-
ported by the observation that, at 100 °C, the monomeric
friction coefficient ¢ is ~ 50% greater for PMMA than for
PS | see G.C. Berry, T.G. Fox, Adv. Polym. Sci. 5, 261
(1968).

R. Subramanian, R.D. Allen, J.E. McGrath, T.C. Ward,
Polymer Prepr. 26, 238 (1985).

J.M. O’Reilly, R.A. Mosher, Macromolecules 14, 602
(1981).
Y. Grohens, R.E. Prud’homme, J. Schultz, Macro-

molecules 31, 2545 (1998).

P.R. Sundararajan, Macromolecules 19, 415 (1986).

M. Vacatello, P.J. Flory, Macromolecules 19, 405 (1986).
K. Schmidt-Rohr, A.S. Kulik, H.W. Beckham,
A. Ohlemacher, U. Pawelzik, C. Boeffel, H-W. Spiess,
Macromolecules 27, 4733 (1994).

S.C. Kuebler, D.J. Schaefer, C. Boeffel, U. Pawelzik, H-W.
Spiess, Macromolecules 30, 6597 (1997).



