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ABSTRACT: Incoherent neutron scattering (INS) has commonly reported a
suppression of segmental dynamics for supported thin polymer ﬁlms as
thickness is decreased, which is counter to expectations based on other
measurement techniques such as ellipsometry and ﬂuorescence. Here INS is
utilized to measure the dynamics of thin ﬁlms of comb polystyrene (PS) from 50
to 525 K. There is a signiﬁcant suppression in dynamics as determined from the
∼5 ns Debye−Waller factor, ⟨u2⟩, as measured via INS for ﬁlms as thick as 213
nm, while there is no change in the glass transition temperature (Tg) as
determined by ellipsometry for ﬁlms as thin as 20 nm. This poor correlation
between Tg from ellipsometry and dynamics as measured by ⟨u2⟩ is attributed to
contamination of nanosecond ⟨u2⟩ by incipient relaxation processes, diﬀerences
in sensitivity to the postulated dynamically dead layer near the substrate due to
the relative weighting of the distribution of dynamics between the two
techniques, diﬀerences in the time scales probed, and possible decoupling between fast and slow dynamics under
nanoconﬁnement. These results suggest that branching of PS signiﬁcantly increases the interactions with the substrate to
suppress the dynamics. Both technique-speciﬁc sensitivity to time scales and its weighing of the average over the gradient in
dynamic properties present at the interfaces are important to consider when qualitatively diﬀerent phenomena are inferred from
diﬀerent measurements.

■

INTRODUCTION
Nanoconﬁnement in nanopores,1 thin ﬁlms,2,3 or internal
nanodomains4−6 can dramatically inﬂuence the glass formation
behavior and associated dynamic7 and mechanical properties8
of polymers and other glass-forming materials. Signiﬁcant eﬀort
has been applied to studying nanoconﬁnement eﬀects in
polymer ﬁlms due to their ease of fabrication and broad
applicability in coatings,9 membranes,10 and microlithography.11 However, the observed eﬀect of nanoconﬁnement
appears to depend strongly on the physical property under
consideration. For example, polystyrene (PS) supported on
silicon is commonly observed to exhibit a large suppression in
Tg as measured by ellipsometry12,13 and ﬂuorescence,14 yet
incoherent neutron scattering (INS) measurements of high
frequency dynamics have suggested a suppression in mobility
and corresponding enhancement in Tg.15 Given that PS is
commonly employed as a model system in studies of
nanoconﬁnement,16−18 this apparent discord presents a
considerable challenge to the developing understanding of
nanoconﬁnement eﬀects on the glass transition. Here we
address the observation of apparently opposing trends in high
© 2015 American Chemical Society

frequency dynamics, as measured by neutron scattering, and
low frequency dynamics, presumably reﬂected by measurements of ellipsometric Tg.
A common explanation for deviations in Tg for thin ﬁlms
relative to the bulk is a distribution of dynamics through the
ﬁlm thickness,19 ascribed to interfacial eﬀects at the polymer−
air and polymer−substrate interfaces.20−23 The gradients in
supported ﬁlms are frequently approximated by three distinct
layers:24 a near-surface layer with enhanced mobility and
suppressed Tg;18,25 a central bulk-like layer; and a substrateadjacent layer that, depending on the strength of substrate−
polymer attractions, may exhibit suppressed dynamics and
elevated Tg.12,26 The diﬀerences in the dynamics of these
domains can be quite large; polymer chains are in many cases
found to adsorb irreversibly to the substrate,27−31 even when a
reduction in Tg is observed via ellipsometry for the polymer
ﬁlm. Pseudothermodynamic properties can likewise vary
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supported polymer thin ﬁlms increases linearly with the
strength of polymer−substrate adhesion.12 The aging rate for
star PS is also dependent on f and Mn of the arms.54,55 These
results suggest that chain architecture eﬀects might also display
diﬀerent sensitivities to thin ﬁlm nanoconﬁnement when
probed with the diﬀerent measurement techniques and thereby
provide further insight into the roles of the diﬀerent interfaces
and help to rationalize the apparent “discrepancies” in the
literature.
As Tg measurements are generally interpreted in terms of
dynamics,56 direct measures of dynamics in the thin polymer
ﬁlms can prove quite useful. Unlike dielectric spectroscopy, no
modiﬁcations to the substrate for electrical connections are
required with inelastic neutron scattering (INS), so these
neutron techniques should provide ideal measurement
techniques for direct comparison between standard measurements, such as ellipsometry or ﬂuorescence intensity, and direct
dynamic measurements. However, prior INS measurements of
PS ﬁlms supported on silicon substrates indicate a decrease in
high frequency mobility and suggest a corresponding enhancement in apparent Tg for thin PS ﬁlms,57 which is counter to
most ellipsometry16,38,58,59 and ﬂuorescence intensity14,38
measurements. In the past, seemingly contradictory trends in
apparent Tg have been rationalized in terms of the diﬀering
sensitivity of a ﬁxed-time-window experiment to diﬀerent
relaxation processes.57 A prior comparison of ﬂuorescence
intensity and ellipsometry measurements illustrated the greater
sensitivity of ﬂuorescence to the free surface, leading to a
greater reduction in Tg reported by ﬂuorescence intensity
measurements.38 This implies that INS may be more sensitive
to the slow dynamics associated with the substrate interface
than ellipsometry or ﬂuorescence.
In order to gain further insight into the dependence of the
measurement technique on the reported nanoconﬁnement
eﬀect, here we employ INS to study dynamics of a siliconsupported comb PS that has a thickness-invariant ellipsometric
Tg down to approximately 10 nm (see Figure S3B in
Supporting Information).60 Since INS measurements are
primarily sensitive to hydrogen atom density,60,61 this approach
enables comparison with prior results for diﬀerent architectures
(linear, star,54,55 hyperbranched,61 comb, and centipede60) of
PS by retaining a similar polymer chemistry. Unlike ellisometric
results, INS measurements used here suggest an enhancement
of Tg and concurrent suppression in nanosecond-time scale
dynamics, at all temperatures, as thickness is reduced. This
diﬀerence between INS and ellipsometry measurements is
consistent with prior reports for linear PS.57 Implicit in the
impression of a contradiction between these measurements are
the assumptions that Tg can be inferred from nanosecond time
scale measurements of the Debye−Waller factor ⟨u2⟩ and that
⟨u2⟩ should track in some universal way with the structural
relaxation time of the polymer. Here we argue that neither of
these assumptions is valid and that these two measurements
may therefore be entirely consistent. This outcome is consistent
with a growing body of evidence that suggests commonly held
relationships between Tg and other physical properties, such as
mechanical response62−64 that are valid for bulk polymers may
fail in nanoconﬁned materials.

strongly through the ﬁlm; neutron reﬂectivity of selectively
deuterated PS multilayer ﬁlms has revealed signiﬁcant diﬀerences in thermal expansion for bulk, near-surface, and nearsubstrate regions.32,33 These measurements have shown
enhanced thermal expansion near the free surface with an
associated decrease in Tg, while the layer near the substrate
appears to have a near zero coeﬃcient of thermal expansion
(CTE).32,33 The question of whether the transitions between
these regions are gradual 18,21,34−36 or abrupt remains
unsettled,7 but these interfacial gradients can be quite long
range; for example, the gradient in Tg extends up to tens of
nanometers into the ﬁlm.18,32
These competing eﬀects between the substrate and the free
surface play an important role in determining whether Tg will
increase or decrease for a given polymer−substrate system.37
Furthermore, they suggest that apparent qualitative discrepancies in nanoconﬁnement eﬀects observed through diﬀerent
measurement techniques may be a result, at least in part, of
their relative sensitivities to diﬀerent domains within the ﬁlm.
However, most thin ﬁlm measurements provide only an average
of the Tg (or dynamics), with the time and/or length scale
sensitivies intrinsic to these measurements determining how
this average is obtained. Thus, the sensitivity to these diﬀerent
apparent layers in the ﬁlm may be strongly dependent on the
measurement technique selected. For example, the temperature-dependent thickness variations quantiﬁed with ellipsometry38 or reﬂectivity39 will likely be most sensitive to the more
thermally expansive “layers” (e.g., surface and bulk), and these
measurements tend to ﬁnd that Tg decreases with decreasing
ﬁlm thickness as the fraction of surface layer increases.
To better understand how nanoconﬁnement impacts glass
formation in polymer thin ﬁlms, several groups have begun to
systematically investigate the impact of bulk polymer properties
such as tacticity in poly(methyl methacrylate),40 the pendant
groups on PS,41 or the length of alkyl side chains in
methacrylates42 on nanoconﬁnement eﬀects. No simple
relationship of Tg alteration to bulk glass formation behavior,
such as the size of the cooperatively rearranging regions (CRR)
as determined from the Donth method43 in the Adam−Gibbs44
context, was found in these cases, but simulation work has
suggested that the range of interfacial alterations in dynamics is
related to the size scale of CRRs.34,45,46 Additionally, recent
work from Torkelson and co-workers has suggested that
fragility,47 a measure of the abruptness in temperature glass
formation process, is well correlated with the magnitude of Tg
alterations.48 Since the Adam−Gibbs theory of glass formation
suggests that more fragile glass-formers exhibit larger scale
CRRs,44 these two observations are qualitatively consistent.
Recently, it has become clear that these thin ﬁlm nanoconﬁnement eﬀects are sensitive to subtle diﬀerences in
interfacial interactions40 associated with changes in polymer
architecture, since adsorption interactions49,50 and interfacial
tension51,52 are modiﬁed by chain branching and tacticity. For
example, Glynos et al.53 illustrated that the thickness dependence of Tg with star PS architectures is dependent on the
number of branched chains, f, and the molecular mass, Mn, of
the arm. For small f and large Mn’s on the arms in thin star PS
ﬁlms, the Tg depression is consistent with linear PS, but as f
increases and/or Mn decreases, an inversion occurs with Tg
increasing as the ﬁlm thickness decreases.53 This increase in Tg
has been attributed to stronger adsorption of the PS at the
substrate with increasing number of arms on the star.53 In a
similar vein, Nealey and co-workers suggested that the Tg of

■

EXPERIMENTAL SECTION

Materials. Comb polystyrene (PS) was synthesized as reported
previously.60 The mass average molecular mass, Mw, for comb PS was
determined to be 734 kg/mol with a dispersity, ĐM, of 1.06 from size
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Figure 1. (A) Determination of ⟨u2⟩ from linear ﬁt of −3 ln(I(T)/I(Tmin)) versus q2 for q2 < 1.22 Å−2 for 65 nm comb PS thin ﬁlm at diﬀerent
temperatures. (B) The scattering deviates from linearity at higher q, and the deviation appears to be dependent on ﬁlm thickness as shown for data at
300 K. Error bars throughout the text represent one standard deviation.

■

exclusion chromatography (SEC) equipped with refractive index and
light scattering detection. From SEC, the average number of branches
per chain was estimated to be 6.3 with Mw of approximately 60 kg/mol
for each arm associated with comb branch. DSC measurements of Tg
and the heat capacity, following the method described by Simon and
co-workers,65 suggest that there is no diﬀerence in the fragility, m, of
the PS based on architecture between linear and comb for bulk
samples (m = 144 ± 7.5 and 150.1 ± 6.6). The fragility of the polymer
has been reported to be a key aspect for understanding nanoconﬁnement eﬀects,48 but there are exceptions such as polymethacrylates.
Sample Preparation. To prepare bulk sample, 0.38 g of comb PS
was sandwiched by 4 cm × 9.5 cm aluminum foil layers. The
sandwiched sample was subsequently molded to approximately 0.1
mm thick by compression at 185 °C. 76.2 mm diameter silicon wafers
(Silicon Inc.) with a thickness of 0.2 mm were used as the substrates
for the thin ﬁlms. Prior to spin-coating the comb PS ﬁlms, the silicon
wafers were cleaned using UV-ozone cleaner (Model No. 42, Jelight
Co., Inc.) for 5 min. Comb PS thin ﬁlms were spun-cast from toluene
at 3000 rpm. The thin ﬁlms were then annealed at 120 °C under
vacuum for 2 h to remove the residual solvent.
X-ray Reﬂectivity. The thicknesses of the comb PS thin ﬁlms were
measured using X-ray reﬂectivity prior to performing the neutron
scattering experiments. The reﬂectivity was collected in a θ/2θ
geometry using Cu Kα radiation focused by a bent crystal mirror into a
4-bounce Ge (220) crystal monochromator. The reﬂected beam was
further collimated through a 3-bounce channel cut Ge (220) crystal
prior to detection. The thickness of the ﬁlms was ﬁt by recursive
modeling using REFLPAK software suite.66
Neutron Scattering. Incoherent neutron scattering (INS)
measurements were performed on the NG-2 high ﬂux backscattering
spectrometer (HFBS) at NIST Center for Neutron Research
(NCNR). All measurements utilized 6.271 Å wavelength (λ) cold
neutrons with energy of 2.08 meV. All 16 detectors, 1−3 low angle
detectors and 4−16 high angle detectors, were used to realize an
eﬀective q range of 0.25−1.75 Å−1, where q = 4π/λ sin(θ) and θ is
scattering angle. The instrument resolution is approximately 0.85 μeV
with an associated time scale of 200 MHz for the dynamic window.
The supported ﬁlms were placed into cylindrical aluminum cans (29
mm diameter and 50 mm high) for the HFBS measurements. To ﬁll
the sample cell, the silicon wafers coated with the comb PS thin ﬁlms
were cleaved into rectangular pieces. Each sample cell was ﬁlled with
approximately 16 pieces of the cleaved 75 mm wafers, resulting in
approximately 0.8−15 mg of the active polymer ﬁlm being probed in
the HFBS experiments. Each sample was loaded under helium and
sealed with a lead gasket to ensure excellent heat transfer among
diﬀerent pieces. For the backscattering measurements, each sample
was ﬁrst cooled to 50 K and then heated to 525 K at the rate of 0.2 K/
min (thin ﬁlms) or 1 K/min (bulk sample), and each data point was
averaged over 600 s in the ﬁlms and 60 s in the bulk. The incident
beam was approximately orthogonal to the plane of the supported thin
ﬁlm. The data were analyzed by DAVE software.67

RESULTS AND DISCUSSION
As the scattering intensity is proportional to the number of
scatterers (and thus to ﬁlm thickness), the elastic intensity was
normalized to the intensity at the lowest temperature (T = 50
K) following the same protocol as reported previously68 in
order to enable comparison between diﬀerent thicknesses of
ﬁlms. In order to quantify the mobility of the polymer segments
(apparent Debye−Waller factor, DWF), the mean-squareddisplacement,⟨u2⟩, is determined from the elastic intensity
according to the Debye−Waller approximation as
⎛ q2
⎞
Ielastic = I0 exp⎜ − ⟨u 2⟩⎟
⎝ 3
⎠

(1)

where I0 is purely elastic intensity from the sample. I0 is usually
measured at very low temperatures, which is in our case is 50 K.
This model assumes that the motions responsible for the
decrease in the elastic scattering intensities can be modeled as
simple harmonic (Gaussian) with ⟨u2⟩ representing the average
mean-square-displacement of the hydrogen-containing moieties
moving faster than approximately 200 MHz (resolution of the
spectrometer).
To calculate ⟨u2⟩, the HFBS data is plotted as ln(Ielastic) vs q2,
as shown in Figure 1, with the linear slope directly yielding
⟨u2⟩. This is shown for a variety of temperatures in Figure 1A
for the 65 nm thick comb PS ﬁlm. However, signiﬁcant
nonlinearity is clearly observed for q2 > 1.22 Å−2 as shown in
Figure 1B. Similar deviations have been previously observed in
PMMA ﬁlms as well.69 By combining the Gaussian component
with a non-Gaussian component for the displacement, an
improved ﬁt can be obtained, but this ﬁtting introduces several
additional parameters that combined with the uncertainty in the
data due to the small scattering volume associated with the thin
ﬁlms leads to minimal additional physical understanding. As
such, only the linear, Gaussian contribution at q2 < 1.22 Å−2 is
ﬁt to determine ⟨u2⟩ as illustrated in Figure 1A.
Figure 2 illustrates the temperature dependence of ⟨u2⟩
determined via eq 1 for the comb PS ﬁlms. These data contain
two features that have previously been interpreted57 as
indicating suppression in mobility and an increase in Tg with
reducing ﬁlm thickness. First, the relatively abrupt change in
slope of ⟨u2⟩ as a function of temperature, which is commonly
associated with Tg,57,69 shifts to higher temperature with
decreasing ﬁlm thickness. Second, ⟨u2⟩ is reduced with
decreasing ﬁlm thickness, suggesting a reduction in nanosecond-time scale mobility. These observations are surprising in
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between the spring constant (stiﬀness) determined from ⟨u2⟩
and ﬁlm moduli as measured by wrinkling experiments?
We begin by considering the observation of an apparent
increase in Tg with reduced ﬁlm thickness as measured by the
change in slope of the temperature dependence of ⟨u2⟩. This is
similar to prior reports on Tg as determined by INS
measurements of linear PS thin ﬁlms, which exhibit an inverse
relationship with ﬁlm thickness,57 in apparent contradiction to
the nanoconﬁnement-induced decrease in T g generally
o b s e r v e d u s i n g o t h e r t e c h n i q u e s f o r l i n e a r PS
ﬁlms,18,25,59,70,71 and the absence of Tg-nanoconﬁnement eﬀects
via ellipsometry for comb PS.60 It is now well-established that,
in general, the validity of the position of the bend in ⟨u2⟩
measurements at the nanosecond time scales as a quantitative
measure of Tg is questionable due to contamination by
incipient α-relaxation near and above Tg at time scales
appreciably longer than 1 ps.72 This bend has nevertheless
been used to identify trends in Tg, presumably under the
assumption that qualitative trends in apparent Tg are insensitive
to contamination by α-relaxation.
Although the above view may hold in the bulk, we suggest
that it is highly problematic in thin ﬁlms. Speciﬁcally, if we
recast the problem in terms of the intermediate scattering
function (the time-Fourier transform of the scattering
function), then the amount of contamination of nanosecond
⟨u2⟩ by the α-relaxation process is described by the
Kohlrausch−Williams−Watts (KWW) stretched exponential
form that commonly characterizes the α-relaxation process in
glasses. Combining this relaxation form with the Gaussian
approximation (comparable to the Debye−Waller approximation) to obtain an equation for the Debye−Waller factor yields
(see Supporting Information for derivation) the equation

Figure 2. Change of ⟨u2⟩ with temperature for bulk comb PS and its
thin ﬁlms. The inset more clearly illustrates the diﬀerence in low
temperature dynamics associated with the β relaxation.

several respects. First, the apparent enhancement in Tg based
on the bend in ⟨u2⟩ is inconsistent with the bulk-like Tg
observed in ellipsometric measurements of this system. Second,
whereas ⟨u2⟩ is suppressed compared to the bulk even for the
213 nm thick comb PS ﬁlm, nanoconﬁnement eﬀects on the
physical properties of thin ﬁlms are typically (with limited
exceptions41) not observed for ﬁlms thicker than 100 nm, with
observable eﬀects typically beginning closer to 40 nm. Prior
backscattering measurements with linear PS illustrated a slightly
reduced mobility for 100 nm thin ﬁlms,57 but signiﬁcantly
weaker than observed here for the comb PS. This suggests a
stronger nanoconﬁnement eﬀect for comb PS than linear PS, in
direct contrast to prior measurements of Tg and modulus in
these materials, where a very limited nanoconﬁnement eﬀect
was observed for the comb PS.60 Finally, the reduced mobility
reﬂected in ⟨u2⟩ is again in direct apparent contradiction to the
observed negligible alteration in Tg of this system for
thicknesses greater than 11 nm as determined by ellipsometry.
This begs the question: How can we understand these apparent
discrepancies?
In order to understand these observations, we now address
the following three questions. First, what is the meaning of the
“kink” in ⟨u2⟩? Is it reasonable to identify the position of this
“kink” with Tg for the purpose of quantifying trends under
nanoconﬁnement? Second, what is the relationship between the
measured ⟨u2⟩ and the structural relaxation time (and,
correspondingly, Tg)? Should we expect them to trend in the
same direction in thin ﬁlms? Third, what is the relationship

⟨u 2(t )⟩ = ⟨u 2⟩0 +

β
6 ⎛⎜ t ⎞⎟ KWW
q2 ⎝ τ ⎠

(2)

where βKWW is the stretching exponent, τ is the α-relaxation
time, ⟨u2⟩0 is the value of the Debye−Waller factor on a
picoseconds time scale, and ⟨u2(t)⟩ is its value at some later
time. Thus, for measurements at frequencies corresponding to
time scales shorter than the α-relaxation frequency but longer
than 1 ps, the amount of contamination depends on τ and
βKWW for the α-relaxation process. Speciﬁcally, for a given
frequency measurement, lower τ or βKWW will yield a higher
degree of contamination.

Figure 3. (A) Vibrational spring constants, κ, for bulk and thin ﬁlm PS as a function of ﬁlm thickness for linear78 (●) and comb (■) PS. κ generally
scales directly with elastic modulus, but (B) the modulus as determined by wrinkling60 does not follow this trend for either of these polymers in thin
ﬁlms.
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expected to dominate the measured ⟨u2⟩. Although contamination by α-relaxation is not an issue well below Tg, previous
studies have shown that additional, local, high frequency
relaxation processes commonly take place in the 1 ps−10 ns
window even in the glassy state.82 At all but the lowest
temperatures, it is likely that these processes substantially
impact the measured ⟨u2⟩. Since these processes are highly local
and chemically speciﬁc, it is not possible to deﬁnitively
conclude that trends in ⟨u2⟩ at this time scale have a clear
relationship to α-relaxation and therefore to Tg.
At the lowest temperatures, these additional processes
presumably freeze out such that the nanosecond ⟨u2⟩ reﬂects
the true picosecond Debye−Waller factor. Ideally, in this
temperature range the value of ⟨u2⟩ probed by INS would
reﬂect the true number-average ⟨u2⟩. However, we now show
that this is not the case, as follows. Assuming that both density
and ⟨u2⟩ vary as a function of position within the ﬁlm, this is
given by

Equation 2 indicates that trends between systems in the Tg
inferred from nanosecond ⟨u2⟩ can be viewed as qualitatively
correct provided that βKWW remains roughly constant, since τ at
Tg is an approximate constant. This condition is likely satisﬁed
in many bulk systems. However, evidence suggests βKWW can be
substantially altered under nanoconﬁnement, with βKWW
increasing near the surface73 and being suppressed for the
ﬁlm-average relaxation.7 Since reducing (increasing) βKWW will
tend to enhance (suppress) apparent ⟨u2⟩ at the same
temperature relative to Tg, the “bend” in nanosecond time
scale ⟨u2⟩ vs temperature cannot be employed as a reliable
indicator of trends in Tg in thin ﬁlms in the absence of
knowledge of βKWW.
While this explanation excludes the “kink” in nanosecond
time scale ⟨u2⟩ as a reliable measure of trends in Tg under
nanoconﬁnement, it leaves unexplained the observation of a
reduction in ⟨u2⟩ with decreasing ﬁlm thickness at temperatures
well below Tg, since in this temperature range the α-relaxation
process should not commence until well beyond the ∼5 ns time
window measured by INS. Under the assumption that
structural α-relaxation tracks with Tg, this suggests that ⟨u2⟩
and τα exhibit opposing trends under nanoconﬁnement.
Furthermore, the reduction in ⟨u2⟩ is expected, based on a
Maxwell model, to reﬂect an enhancement in the local elastic
properties of the glass;74,75 well below Tg, ⟨u2⟩ is inversely
proportional to a local spring constant, κ, for harmonic
vibration of segments within a cage of their neighbors:76 κ =
3kBT/⟨u2⟩ where kB is the Boltzmann constant and assuming
harmonic conﬁnement in the glass as suggested by Hall and
Wolynes.76 κ is speciﬁcally expected to scale roughly with the
high frequency shear modulus.77 The suppression in κ observed
in Figure 3 with reducing ﬁlm thickness is therefore surprising
given that the elastic modulus of this system as measured by
surface wrinkling is invariant.60 Again, this is similar to the
situation for linear PS, for which κ has been observed to grow
with decreasing ﬁlm thickness78 despite a concurrent decrease
in modulus as measured by surface wrinkling.79 Why, then, do
these measurements indicate a pronounced reduction in
mobility and enhancement in modulus, while measurements
of Tg by ellipsometry60 and modulus by wrinkling suggest that
mobility and modulus are not substantially altered for the comb
PS? Equivalently, why do prior measurements in linear PS
suggest a reduction in mobility based on ⟨u2⟩ measurements,78
but an enhancement in mobility based upon ellipsometric
measurements13,16,38 of Tg?
One potential explanation may relate to the manner in which
ellipsometric and INS measurements average over local
mobility gradients within the ﬁlm. As discussed in a recent
paper by Forrest and Dalnoki-Veress, ellipsometric measurements reﬂect a thickness-averaged ﬁlm Tg.80 Similarly, INS
measures the mobility of polymer thin ﬁlms based on a mean
⟨u2⟩ that reﬂects some weighted average of the mobility of the
ﬁlm. Since supported ﬁlms are expected to include interfacial
and surface layers of suppressed and enhanced mobility,
respectively, any diﬀerence in the weight given to these
domains by these two methods can be expected to allow for
apparently incongruous trends in Tg and mobility determined
via the two methods. We can understand this weighting eﬀect
in the case of INS as follows.
First, it is well-established that ⟨u2⟩ determined by INS tends
to be weighted toward the lowest frequency processes present
within the time window.81 This fact indicates that any
contamination by relaxation processes beyond 1 ps can be

⟨u 2⟩ =

∞

1
⟨ρA ⟩

∫−∞ ρA (z)⟨u2⟩A (z) dz

(3)

where ρA(z) is the areal number density (number of scatterers
per area) at a position z within the ﬁlm, ⟨ρA⟩ is the thicknessaverage areal number density, and ⟨u2⟩A(z) is the area-average
value of ⟨u2⟩ at a position z within the ﬁlm. However, as noted
above, within incoherent quasi-elastic neutron scattering
experiments, the DWF is obtained from the dynamic structure
factor via the Debye−Waller approximation given by eq 1. ⟨u2⟩
can thus be written as an explicit average over the depth of the
ﬁlm as
⟨u 2⟩INS = −

3
1
ln
2
⟨ρA ⟩
q

∞

∫−∞ ρA (z)⟨S(q , ω)⟩(z) dz

(4)

where ⟨u2⟩INS is the value of the Debye−Waller factor
determined from INS and ⟨S(q,ω)⟩(z) ≡ (Ielastic/I0)z is the
dynamic structure factor averaged over the ﬁlm area at a depth
z in the ﬁlm. If we employ the Debye−Waller approximation
locally at each depth within the ﬁlm, this becomes
⟨u 2⟩INS = −

3 ⎡⎢ 1
ln
q2 ⎢⎣ ⟨ρA ⟩

⎛ q2

∞

⎞

⎤

∫−∞ ρA (z) exp⎜⎝− 3 ⟨u2⟩A (z)⎟⎠ dz⎥⎥⎦
(5)

Neglecting variations in density over the thickness of the ﬁlm,
eqs 3 and 5 can be rewritten as
⟨u 2⟩ =

1
h

∫0

h

⟨u 2⟩A (z) dz

(6)

where h is the thickness of the ﬁlm and
⟨u 2⟩INS = −

3 ⎡⎢ 1
ln
q2 ⎢⎣ h

∫0

h

⎛ q2
⎞ ⎤
exp⎜ − ⟨u 2⟩A (z)⎟ dz ⎥
⎝ 3
⎠ ⎥⎦

(7)

Comparing eqs 6 and 7 indicates that while the true ﬁlm
average ⟨u2⟩ is a simple linearly weighted number average over
the local ⟨u2⟩A(z), in the limit of no contamination by
relaxation processes, ⟨u2⟩INS obtained from INS is an inverseexponentially weighted average over the local ⟨u2⟩. Thus,
outside of the weighing toward lower frequencies,81 ⟨u2(t)⟩INS
weights regions of the ﬁlm with lower local ⟨u2⟩ more strongly,
such that ⟨u2(t)⟩INS ≤ ⟨u2(t)⟩. Furthermore, a modest
enhancement in density due to attractive interactions near
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does not generally correlate with measures of Tg determined by
other commonly utilized techniques.69 For example, the
dynamics as denoted by ⟨u2⟩ have been reported to decrease
for polycarbonate90 upon nanoconﬁnement in thin supported
ﬁlms; however, X-ray reﬂectivity indicates a decrease in Tg from
the kink in the thermal expansion coeﬃcient.91 A similar result
is reported for supported ﬁlms of linear PS with a suppression
in ⟨u2⟩,57 while a decrease in Tg from ﬂuorescence and
ellipsometry is generally reported.18,25,59,70,71
Similar arguments can be made with respect to the
diﬀerences in mechanical properties assessed though κ with
INS and elastic modulus with surface wrinkling. For INS with
the normal incident of the neutron beam to ﬁlm surface, the
measurement is weighed heavily toward the in-plane dynamics.
Thus, κ should provide a measure of in-plane modulus of the
ﬁlms. Conversely, wrinkling probes the elastic modulus through
the thickness of the ﬁlm for selection of the wavelength.92 This
directional sensitivity would be important if anisotropic
properties develop due to the alignment of the asymmetric
rattle volume88 associated with local dynamics. Although
previous INS measurements of PMMA thin ﬁlms did not
exhibit any anisotropy in ⟨u2⟩, insuﬃcient evidence is available
to rule this possibility out in other systems.68 Furthermore,
similar to the discussion above, the manner in which the
apparent ﬁlm modulus probed by these methods weights of the
distribution of moduli in the material (as would be expected
from the gradients93 in Tg) in the ﬁlms is measurement speciﬁc.
It is known that the weighing of moduli from wrinkling from
the simple bilayer model is highly nonlinear and depends on
the spatial distribution.92 For INS, we have already demonstrated herein that this measurement reports an average that is
weighted more heavily toward the slow dynamic regions
(higher κ) in the absence of postpicosecond to nanosecond
relaxation processes. Thus, diﬀerences in the reported properties for diﬀerent measurements may not be unexpected as each
will weigh the distributions of properties present in the thin
ﬁlms by the physics dictated by the technique. The nature of
the averaging of properties may explain the apparent
discrepancies in the thin ﬁlm literature when comparing
signiﬁcantly diﬀerent measurement techniques.

the substrate coupled with a modest reduction in density
proximate to the interface would be expected to further
augment this weighting toward the slow, substrate adjacent
⟨u2⟩. Finally, we note that eq 7 predicts that any spatial gradient
in ⟨u2⟩ should lead to a greater q-dependence of the apparent
⟨u2⟩, in the form of more pronounced nonlinearity in the
normalized intensity vs q2. Because of the large uncertainty in
intensity at high q in these measurements, it is not possible to
draw any conclusions regarding this prediction from the present
data; however, it could provide a potential basis for obtaining
information on the spatial dependence of ⟨u2⟩ in future studies.
This weighting-based enhancement of the measured ⟨u2⟩INS
over the true linear average ⟨u2⟩ is likely to be especially
pronounced in comb polystyrene. Speciﬁcally, prior evidence
has suggested that PS, irrespective of architecture, exhibits a
dynamically “dead” layer near the substrate interface.53,54,78,83
In the present case for the comb polymer, the dead layer for
comb PS would be predicted to be signiﬁcantly more stiﬀ and/
or thicker than linear PS based on the increased κ at 213 nm for
the comb PS. This could be a result of the lower entropic
penalty for contact with the surface49 and increased chain
contacts with surface50 compared to linear polymer at the same
molecular weight. Moreover, the residual layer after near
equilibrium dewetting is more than an order of magnitude
greater for 8 arm star PS (7.8 nm) than linear PS (0.3 nm).84 If
we assume that this residual layer is correlated with the “dead
layer” that exhibits reduced ⟨u2⟩, the presence of a thicker dead
layer in the comb polymer would be expected to not only
reduce mobility, but to yield an even greater apparent mobility
reduction at the lowest temperatures probed by INS due to the
weighting considerations (eq 7). This biasing of the INS data to
low mobility in the absence of relaxational contamination is
similar (but opposite in nature) to the reported biasing of
ﬂuorescence intensity measurements to the high mobility free
surface layer.38
The above discussion suggests that there are several reasons
to question whether the strength of the apparent suppression in
high-frequency mobility probed by ∼5 ns INS measurements
reﬂect the true average dynamics of the system. However, we
note that concurrent observations of enhanced low-frequency
dynamics and suppressed high-frequency dynamics are not
necessarily intrinsically contradictory. Prior evidence from
experiment, computation, and theory indicate that fast and
slow relaxation processes in glasses can be decoupled under
certain circumstances.74,85 For example, antiplasticizer additives
enhance the rate of α-relaxation while simultaneously
suppressing the fast β relaxation and reducing the Debye−
Waller factor;75 these changes are consistent with the
observations here when comparing ellipsometry and INS
measurements of polystyrene. More broadly, although numerous models posit some fundamental relationship between ⟨u2⟩
and τα,76,86−88 the details of this relationship have been shown
to depend on the particular system under consideration, such
that it is not appropriate to assume that shifts in ⟨u2⟩ must
always track shifts in τα.88,89 In essence, it is entirely possible to
enhance long-time mobility while suppressing short-time
vibrational mobility, and this phenomenon may account for
the presently observed results.
To further investigate the biasing toward slow dynamics in
the averaging of the dynamics in thin ﬁlms of polymers by INS,
previous reported results from the literature can be reexamined. For thin supported ﬁlms, there is a general trend
for a decrease in the local dynamics as measured by INS that

■

CONCLUSIONS
The dynamics of thin ﬁlms of comb PS supported on silicon
wafers have been elucidated using INS. Interestingly, there is a
very strong thickness dependence on the dynamics with ⟨u2⟩
suppressed signiﬁcantly in comparison to the bulk, even for 213
nm thick ﬁlm. This behavior is counter to expectations based
on the minor decrease in Tg reported by ellipsometry that
occurs only for thin ﬁlms (<15 nm). Here we have shown that
(1) the “kink” in ⟨u2⟩ cannot be employed as an unambiguous
measure of trends in Tg absent information on the stretching
exponent of the α-relaxation process and (2) for reasons of
both measurement weighting and the nature of the relationship
between nanosecond ⟨u2⟩ and τα, it is unsurprising to observe
inverse trends in these properties under nanoconﬁnement. We
speciﬁcally illustrate that, beyond the known weighting toward
low-frequency processes that can be expected to cause
relaxational contamination to dominate at high temperatures,
at low temperatures where relaxation processes are absent from
the frequency window, ⟨u2⟩ as determined from INS is
weighted toward regions with low ⟨u2⟩ when considering the
averaging of the distribution of dynamics through the ﬁlm
thickness. Moreover as Tg is approached, the measured ⟨u2⟩ is
806

DOI: 10.1021/ma501780g
Macromolecules 2015, 48, 801−808

Article

Macromolecules

(5) Liu, R. Y. F.; Bernal-Lara, T. E.; Hiltner, A.; Baer, E.
Macromolecules 2005, 38, 4819−4827.
(6) Starr, F. W.; Douglas, J. F. Phys. Rev. Lett. 2011, 106, 115702.
(7) Paeng, K.; Swallen, S. F.; Ediger, M. D. J. Am. Chem. Soc. 2011,
133, 8444−8447.
(8) Peng, D.; Yang, Z.; Tsui, O. K. C. Macromolecules 2011, 44,
7460−7464.
(9) Hiller, J.; Mendelsohn, J. D.; Rubner, M. F. Nat. Mater. 2002, 1,
59−63.
(10) Martin, C. R. Science 1994, 266, 1961−1966.
(11) Hawker, C. J.; Russell, T. P. MRS Bull. 2005, 30, 952−966.
(12) Fryer, D. S.; Peters, R. D.; Kim, E. J.; Tomaszewski, J. E.; de
Pablo, J. J.; Nealey, P. F.; White, C. C.; Wu, W. L. Macromolecules
2001, 34, 5627−5634.
(13) Kawana, S.; Jones, R. A. L. Phys. Rev. E 2001, 63, 021501.
(14) Ellison, C. J.; Kim, S. D.; Hall, D. B.; Torkelson, J. M. Eur. Phys.
J. E 2002, 8, 155−166.
(15) Inoue, R.; Kanaya, T.; Nishida, K.; Tsukushi, I.; Shibata, K. Phys.
Rev. E 2008, 77, 032801.
(16) Keddie, J. L.; Jones, R. A. L.; Cory, R. A. Europhys. Lett. 1994,
27, 59−64.
(17) Forrest, J. A.; DalnokiVeress, K.; Stevens, J. R.; Dutcher, J. R.
Phys. Rev. Lett. 1996, 77, 2002−2005.
(18) Ellison, C. J.; Torkelson, J. M. Nat. Mater. 2003, 2, 695−700.
(19) Ediger, M. D. Annu. Rev. Phys. Chem. 2000, 51, 99−128.
(20) Siretanu, I.; Chapel, J. P.; Drummond, C. Macromolecules 2012,
45, 1001−1005.
(21) Kim, S.; Torkelson, J. M. Macromolecules 2011, 44, 4546−4553.
(22) Napolitano, S.; Pilleri, A.; Rolla, P.; Wuebbenhorst, M. ACS
Nano 2010, 4, 841−848.
(23) Roth, C. B.; Torkelson, J. M. Macromolecules 2007, 40, 3328−
3336.
(24) Fukao, K.; Miyamoto, Y. Phys. Rev. E 2000, 61, 1743−1754.
(25) Yang, Z.; Fujii, Y.; Lee, F. K.; Lam, C.-H.; Tsui, O. K. C. Science
2010, 328, 1676−1679.
(26) Qi, D.; Fakhraai, Z.; Forrest, J. A. Phys. Rev. Lett. 2008, 101,
096101.
(27) Napolitano, S.; Capponi, S.; Vanroy, B. Eur. Phys. J. E 2013, 36,
61.
(28) Rotella, C.; Napolitano, S.; De Cremer, L.; Koeckelberghs, G.;
Wubbenhorst, M. Macromolecules 2010, 43, 8686−8691.
(29) Gin, P.; Jiang, N.; Liang, C.; Taniguchi, T.; Akgun, B.; Satija, S.
K.; Endoh, M. K.; Koga, T. Phys. Rev. Lett. 2012, 109, 265501.
(30) Koga, T.; Jiang, N.; Gin, P.; Endoh, M. K.; Narayanan, S.; Lurio,
L. B.; Sinha, S. K. Phys. Rev. Lett. 2011, 107, 225901.
(31) Fujii, Y.; Yang, Z.; Leach, J.; Atarashi, H.; Tanaka, K.; Tsui, O. K.
C. Macromolecules 2009, 42, 7418−7422.
(32) Inoue, R.; Kawashima, K.; Matsui, K.; Kanaya, T.; Nishida, K.;
Matsuba, G.; Hino, M. Phys. Rev. E 2011, 83, 021801.
(33) Inoue, R.; Kawashima, K.; Matsui, K.; Nakamura, M.; Nishida,
K.; Kanaya, T.; Yamada, N. L. Phys. Rev. E 2011, 84, 031802.
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9825.
(35) Varnik, F.; Baschnagel, J.; Binder, K. Phys. Rev. E 2002, 65,
021507.
(36) Hanakata, P. Z.; Douglas, J. F.; Starr, F. W. J. Chem. Phys. 2012,
137, 244901.
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contaminated by artiﬁcial enhancement resulting from incipient
relaxation when measurements are made at time scales
appreciably greater than 1 ps; this leads to a strong bias
toward the kink in ⟨u2⟩ with temperature shifting to larger
temperatures in thin ﬁlms. Thus, the Tg inferred from INS
should be utilized with great caution. Consistent with these
arguments, prior reports from INS generally reported an
increase in Tg or only a modest suppression in Tg.57,68,69,91
Moreover, we note that enhanced low-frequency dynamics and
suppressed high-frequency dynamics for the same system under
nanoconﬁnement are not necessarily intrinsically contradictory
since ⟨u2⟩ and τα do not exhibit an invariant universal
relationship.88,89
In summary, the interpretation of dynamics in thin ﬁlms
needs to consider the distribution of dynamics in the ﬁlm and
the relative sensitivity of the technique to this distribution and
its relative weighing. These diﬀerences in sensitivity of diﬀerent
measurement techniques may explain some apparent discrepancies in the literature associated with glass formation in thin
polymer ﬁlms. Future work in simulations should consider the
averaging of the properties of glass-forming polymer ﬁlms
investigated to provide correspondence to the experimental
limitations in the sensitivity of common techniques such as
ellipsometry to understand if there is signiﬁcant biasing of
experimental results that could impact the fundamental
understanding of glass formation under nanoconﬁnement.
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