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ABSTRACT: A new methodology was developed to probe glass
transition temperatures (Tgs) of polymer thin films supported on gold
(Au) substrates and confined between two solid (silica and silver)
surfaces based on the surface plasmon polariton (SFPP) signals
generated by sum frequency generation (SFG) spectroscopy. The
measured Tgs for polymer (poly(methyl methacrylate), poly(benzyl
methacrylate) and poly(ethyl methacrylate)) thin films supported on
Au substrates showed similar thickness-dependent trend, that is, the Tg
decreased as the thin film thickness decreased due to the free surface
effect. However, the measured Tg of the (poly(methyl methacrylate))
thin films confined between two solid surfaces increased significantly with respect to the bulk value, indicating the strong
interfacial effect when the free surface was replaced by a buried interface. This method to measure the Tg can be applied to study
different polymer thin films supported on metal surfaces or confined between two solid surfaces with different surface
chemistries. More importantly, SFG has the unique selectivity and sensitivity to study surfaces and interfaces, providing the
feasibility to develop SFG into a powerful tool to detect surface, interfacial, and bulk Tgs of a polymer thin film simultaneously in
the future.

Over the last decades, thermal behaviors of polymer thin
films have been extensively studied due to wide

applications in materials science.1 A fundamental question to
be answered is whether and how the glass transition and the
related dynamic behavior of a polymer thin film deviate from its
bulk. Many techniques suitable for thin film studies including
ellipsometry,2−6 brillouin light scattering,7 neutron reflectivity,8

fluorescence spectroscopy,9,10 near-edge X-ray absorption fine
structure,11 gold nanoparticle embedding,12 X-ray reflectivity,13

and scanning viscoelasticity microscopy14 have been applied to
investigate the glass transition temperatures (Tgs) of polymer
thin films or the structural relaxation dynamics near surfaces or
interfaces. It has been shown the measured polymer film Tg can
be different from the bulk, and several factors were used to
interpret such difference. One factor is the effect of a free
surface, which has a high mobile layer and tends to decrease the
Tg.

2,3,9,12,15,16 The other factor is the effect of an attractive
interface at the supported substrate, which tends to decelerate
the relaxation dynamics or increase the Tg.

3,13,17 Besides, chain
confinement and finite size effects also play important roles.
Regarding the former, the chain conformation18,19 and chain
motion mode20 in a confined environment can be different and
may lead to different dynamic behaviors. Regarding the latter,
the Tg deviation as a function of film thickness may follow
certain scaling relations associated with the spatial inhomoge-
neity of the polymer thin film,2,3,21 as the film thickness
decreases to a critical value. As a nonlinear optical technique,

sum frequency generation (SFG) spectroscopy has also been
used to probe Tgs or dynamic behaviors of polymer surfaces
and interfaces. Examples include polypropylene,22 poly(vinyl
alcohol),23 combed alkyl side chain polyacrylates,24 poly-
(methyl methacrylate) (PMMA),25 and polystyrene.26,27

Owing to the surface and interface sensitivity,28 the temper-
ature-dependent nonlinear susceptibility (χ(2)) from polymer
functional groups probed by SFG can be correlated to the
structural dynamics occurring at a polymer surface or interface
at the molecular level and in situ. Different from the above
studies, in this letter, using SFG spectroscopy as a character-
ization technique and metal as the substrate to generate surface
plasmon polariton (SFPP) signal, we developed a new
methodology to measure Tgs of polymer thin films supported
on metal substrates and confined between two solid (silica and
metal) surfaces.
As a second-order nonlinear optical technique, SFG is

forbidden for materials with inversion symmetry, but allowed at
surfaces or interfaces where inversion symmetry is broken. For
a thin layer of molecules on a metal substrate, the molecular
vibrational transition can be probed by SFG when the
frequency of the input infrared beam is tuned to the resonant
frequency of the corresponding molecular vibrational mode.
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Simultaneously, a strong surface plasmon polariton (SFPP)
signal can be generated by the input visible beam due to the
optical nonlinearity of the metal surface.29 In view of this, we
deposited PMMA (Sigma-Aldrich, Mw = 120000) thin films
(Figure S1) on Au substrates by spin coating. After annealing
the films at 120 °C for 4 h, we collected SFG signals from
PMMA films on Au. Figure 1 shows the SFG ppp (p-polarized

output sum frequency beam, p-polarized input visible beam,
and p-polarized input infrared beam) spectrum of a 30 nm thick
PMMA film on Au. In this spectrum, the molecular vibrational
signals appeared as a distinct resonant peak, denoted by “R” in
Figure 1; while the SFPP signals appeared as the nonresonant
background, denoted by “N” in Figure 1, which interfered with
the resonant peaks. Here, we thermally perturbed the samples
using a programmable temperature controller (Omega
Engineering Series, CN 7800) and monitored the SFPP signal
in the frequency range denoted by “N” in Figure 1. To be
specific, the temperature was ramped at 2 K/min to a preset
temperature, equilibrated for 5 min and then the SFG signal
was collected (e.g., the SFG signals collected at 298 and 393 K
were shown in Figure S2). In the temperature range from 295
to 400 K, the SFPP signals for a 30 nm thick PMMA sample
were collected at 21 different temperatures with 5 K intervals.
So were the SFPP signals for PMMA samples with thicknesses
of 20, 60, and 107 nm. Figure 2A displays the average SFPP
signal intensity in the frequency range “N” as a function of
temperature for these samples. An abrupt change in the
temperature-dependent SFG signal intensity could be observed
for each sample film. To accurately determine the transition
temperature, the data points before and after the abrupt change
were linearly fitted and the transition temperatures were
indicated by the intersection points. Clearly the transition
temperature denoted by the intersection point decreased as the
film thickness decreased, as shown in Figure 2B. When the film
was thick enough, the transition temperature approached the
bulk Tg measured by differential scanning calorimetry (DSC),
indicated by an arrow in Figure 2B. This confirms that the
detected transitions should be originated from the Tg
transitions of PMMA thin films. To verify this methodology
is widely applicable for other polymer thin films, the Tgs of
poly(benzyl methacrylate) (PBMA, Sigma-Aldrich, Mw =
70000) and poly(ethyl methacrylate) (PEMA, Sigma-Aldrich,
Mw = 515000) thin films on Au were also investigated. The
results (see Supporting Information) demonstrated that the Tgs

of both PBMA and PEMA thin films can be successfully
determined using this method.
We believe the detected SFPP signal was generated from the

Au substrate surfaces. Since there is a polymer thin film on Au,
physical properties of the thin film strongly affect the SFPP
signal. Upon thermal perturbation, change of the SFPP signal
reflects change of the physical properties of the thin film, that is,
refractive index and film thickness, which are directly related to
the SFG signal from the metal surface via the optical reflection
and refraction. This is the intrinsic reason why the SFPP signal
can be used to probe the thermal transition of a polymer thin
film on metal. For the SFPP signal intensity, we have

χ∝ | |I F n d( , )iSFPP SFPP SFPP
2

(1)

where ISFPP is the detected SFG SFPP signal; FSFPP(ni,d) is the
local field coefficient responsible for all the reflections and
refractions of the input fields and output field leading to the
SFPP signal; χSFPP is the second-order optical nonlinearity of
the metal surface. Since FSFPP(ni,d) is dependent on the film
refractive index and thickness, change of these two parameters
leads to change of FSFPP(ni,d) and ISFPP. Figure 2 (also Figure
S4) demonstrated that the SFPP signal is sensitive enough for
probing the thermal transitions of polymer thin films on metal.
We then studied glass transition of a polymer thin film

confined between two solid (silica and metal) surfaces using a
sandwiched geometry as we developed before.30,31 The SFG
experimental details of sandwiched geometry are shown in the
Supporting Information. Similar to the above studies, thermal
perturbation could change the physical properties of the
sandwiched films and such a change can be monitored from
change of the SFPP signal from the Ag surface. Figure 3A
shows the SFPP signal intensity as a function of temperature for
PMMA thin films confined between solid silica and Ag surfaces.
For all the PMMA thin films, the SFPP signal initially remained
constant at the low temperature range. Then the SFPP signal
for the films with different thicknesses started to increase at
different temperatures as the temperature continued to

Figure 1. SFG ppp spectrum of a 30 nm thick PMMA thin film on Au.
The molecular vibrational signals appeared as a distinct peak (denoted
by “R”), while the SFPP signal appeared as the nonresonant
background (denoted by “N”).

Figure 2. SFG SFPP signals as a function of temperature for PMMA
thin films on Au. (A) The average SFPP intensities in the frequency
range “N” as a function of temperature. Data are offset for clarity. The
measured transition temperatures are indicated by arrows. (B) The
deduced Tgs (open dots) from (A) as a function of film thickness. The
bulk Tg measured by DSC is indicated by an arrow (see Supporting
Information). The curve shows the fitting result using eq 2, which will
be discussed below.
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increase. Before and after the signal increase, the data points
were fitted linearly to deduce the Tgs (Figure 3A). The
obtained Tg was shown as a function of film thickness in Figure
3B. Remarkably, the Tg for the sandwiched PMMA thin film
decreased as the film thickness increased and finally reached a
plateau. A similar relation between the measured Tg value and
the film thickness has been reported by Keddie et al. for PMMA
thin films on silicon with native oxide layers.3 The higher Tg
than the bulk material was attributed to the attractive
interaction between PMMA and the native oxide layer.
However, the measured Tgs of PMMA thin films were only
several degrees higher than the bulk one in the previous
report.3 Here, in our experiment, the measured Tg is several
tens of degrees higher than the bulk one when the PMMA film
is very thin (Figure 3). Such a difference cannot be attributed to
the effect of the attractive interaction between PMMA and the
silica surface alone. Replacement of a free surface by a solid
(e.g., Ag) interface must play an important role here. This
demonstrates the suppression of the free surface can
significantly alter the dynamic behavior of a polymer thin film
on a substrate. As shown in Figure 3B, only as the film
thickness decreased down to certain values (40 to 50 nm), the
measured Tg started to increase. Taking into account the notion
of cooperativity32,33 and previous experimental results,2,3,21 the
finite size effect may exist for a polymer thin film confined
between two solid surfaces when the polymer thin film
thickness decreases down to a critical value.
Comparing the sandwiched geometry to the supported

geometry, the difference is that the free PMMA surface was
replaced by a PMMA/silica interface. We believe the PMMA/
Au and PMMA/Ag interfaces should behave similarly. Here, it
can be seen a free surface and a strongly attractive (PMMA/
silica) interface induced opposite dynamic behaviors of very
thin polymer films. In order to compare effects of the free
surface and attractive solid interface, the scaling relations similar
to what was introduced by Keddie et al.3 were applied in both
cases to fit the data shown in Figures 2A and 3A, as shown in eq

2. The fitted results are shown in Figures 2B and 3B,
respectively.

= ±
δ
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Here “+” was used for the sandwiched geometry and “−” was
used for the supported geometry. For the sandwiched
geometry, we found Tg,bulk = 370.7 K, A = 2.0 ± 0.4 nm, and
δ = 1.2 ± 0.2. For the supported geometry, we found Tg,bulk =
385.0 K, A = 3.1 ± 2.4 nm, and δ = 0.9 ± 0.3. For the
supported geometry, A should be associated with the length
scale of the near-surface mobile layer leading to the Tg decrease.
For the sandwiched geometry, A should be associated with the
length scale describing the interfacial effect leading to the Tg
increase. δ here stands for the order of magnitude of the Tg
variation in terms of the film thickness. In theory, the bulk Tgs
from fitting for the two films should be the same. However, the
obtained bulk Tgs are different, at 370.7 and 385.0 K,
respectively. This should be due to the temperature calibration
issues in two experiments. For the supported geometry, the
temperature was directly calibrated at the Au surface, while for
the sandwiched geometry, the temperature was calibrated at the
silica top surface, which is far away from the heating device
compared to the polymer film (see Supporting Information).
Therefore, the “real” temperature of the sandwiched polymer
film should be higher than the calibrated temperature. If we
shift the measured temperatures 14.3 K higher than those
shown in Figure 3B, the fitted results indicate that A = 1.9 ± 0.4
and δ = 1.2 ± 0.2, and the deduced bulk Tg is 385.0 K. Figure
3C shows the shifted data and the fitted curve.
In summary, using SFG spectroscopy and metal substrates,

we developed a “metal-surface-plasmon-polariton” method-
ology to probe dynamic behaviors of polymer thin films. The
SFG SFPP signals for two sample geometries, polymer thin
films directly deposited on metal substrates and polymer thin
films confined between two solid surfaces (with one transparent
and one metal substrate surface), could be easily detected as a
function of temperature. For the supported geometry, the Tg
decreased as the film thickness decreased. For the sandwiched
geometry, the Tg increased as the film thickness decreased. This
suggests, without a free surface, the silica−PMMA interaction
can significantly influence the Tg of the PMMA thin film,
evidenced by a Tg several tens of degrees higher than that of the
bulk for a very thin film (9 nm). The methodology developed
in this study can be used to probe polymer thin films confined
between two solid surfaces in situ. It can therefore be further
applied to probe dynamic behaviors of polymer thin films
sandwiched between two solid surfaces with different surface
chemistries. More importantly, by combining the SFG
resonance signal analysis, the dynamic behavior of the entire
thin film detected in this study can be used to compare to the
surface and interfacial dynamic behaviors of polymer thin films,
providing in-depth understanding on the molecular structures/
dynamics of polymer thin film surface, interface, and bulk
simultaneously.
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Chemical formulas of the polymers employed in this study,
DSC experiment, SFG experimental results of the supported
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Figure 3. SFG SFPP signals as a function of temperature for the
sandwiched PMMA thin films. (A) The average SFPP intensities in the
frequency range “N” as a function of temperature for the PMMA films
with different thicknesses. Data are offset for clarity. (B) The Tgs
(open dots) from (A) as a function of the film thickness. The bulk Tg
measured by DSC is indicated by an arrow. The curve shows the fitting
result using eq 2. (C) The fitted curve by shifting the Tgs up by 14.3 K
shown in (B).
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