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a b s t r a c t

We studied the segmental dynamics of poly(methyl methacrylate) (PMMA) in multi-layered films with
polycarbonate (PC) having layer thicknesses as small as 4 nm. Such a design provides macroscopic di-
mensions enabling macroscopic measurements, while maintaining nm-scale confinement. Of particular
significance, we were able to determine correlation length scales for the polymer under nanoconfine-
ment. Increases of the local segmental relaxation time, ta, and glass transition temperature, Tg, were
observed with decreasing layer thickness. However, neither the fragility (Tg-normalized temperature
dependence of ta) nor the breadth of the relaxation dispersion were affected by the geometric
confinement. More significantly, the dynamic correlation volume, a measure of the degree of coopera-
tivity of the dynamics, was also unaffected; that is, values of the correlation volume for confined PMMA
were equal to those of the bulk polymer when compared at the same ta. This absence of an effect of
geometric confinement on dynamic correlation, even when the confinement length scale approaches the
correlation length scale, suggests a nonspherical correlation volume. The slowing of the segmental dy-
namics of PMMA confined to thin layers is due to admixing of the high Tg polycarbonate. A negligible
mixing enthalpy gives rise to an extended interfacial region, which comprises a significant fraction of
each layer.

Published by Elsevier Ltd.
1. Introduction

The dynamics of polymers approaching their glass transition is
characterized by an increase of the segmental relaxation time, ta,
by several orders of magnitude over a small temperature range.
This dramatic slowing down arises from the cooperative nature of
the local segmental motions. Increasingly upon cooling, the seg-
ments cannot reorient or diffuse independently, so that motion of
each segment becomes more coupled to that of a number of
neighboring segments. The number of correlated units, Nc, grows in
concert with the slowing of the dynamics reflected in the increase
in ta. Thus, quantifying the extent of these dynamic correlations is
essential to characterizing motions in dense, complex systems. This
cooperativity can be associated with a correlation length, x, that has
a lower bound obtained from the assumption of spherical cooper-
ative regions:
asalini).
x ¼ ðvmNcÞ
1
3 (1)

where vm is the volume of a chain segment. On approaching the
glass transition, Nc for polymers attains values on the order of
hundreds [1], so from eq. (1) x can be several nanometers. This
suggests that when the dimensions of a polymer film are of this
order, the geometrical constraint may affect the dynamics and
related properties, such as the glass transition temperature, ionic
conductivity, dielectric loss, etc.

Since the pioneering experiments of Jackson and McKenna [2]
and Keddie et al. [3], a variety of experimental techniques have
revealed a change in the glass transition temperature, Tg, for
confined liquids and polymers. However, due to the non-negligible
effect of the interfaces (free or interacting), the available results do
not always agree concerning even the qualitative nature of this
confinement effect [4e7]. The apparent discrepancies usually are
ascribed to the effect of free surfaces on mobility, which compli-
cates interpretation of true confinement effects. And while dy-
namic correlation is generally accepted as the cause, or at least
being strongly related to the slowed dynamics that lead to glass
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Fig. 1. Dielectric loss spectra for bulk PMMA (open circles; T ¼ 406.6 K) and multi-
layered PMMAwith 8 nm layer thickness (solid circles; T ¼ 406.8 K). For the multilayer
sample, the permittivity of the PMMA was extracted from the measured permittivity
by correcting for the PC contribution as discussed in the text. There is a significant
slowing down of the a process under confinement, whereas the b peak frequency is
unaffected. The ordinate values were normalized by the maximum of the b peak. The
rise of the dielectric loss at low frequency reflects conduction loss from ionic impu-
rities. The dashed and dotted lines are the respective contributions of the a and b
process as obtained from the fit.
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formation [8], there has been no experimental determination of the
effect, if any, of nanoconfinement on Nc. This is an important
question, given the correspondence between the changes in ta and
Nc predicted by the Adam-Gibbs model [9] and the more recent
random first order transition theory [10], as discussed also in
Ref. [1]. Experiments have confirmed the close connection between
Nc and ta [11,12].

2. Materials and methods

In this work we used dielectric spectroscopy to probe the dy-
namics for poly(methyl methacrylate) (PMMA) nanometer layers
confined between similarly sized layers of poly(bisphenol A car-
bonate) (PC). Our measurements were carried out between the
glass transition temperatures of the bulk polymers, Tg ¼ 388 K for
PMMA and 420 K for PC. The samples were composed of 1024
alternating layers of PMMA and PC. The total film thickness was 4.0,
8.2 or 25.6 mm, with all layers in a given sample having the same
thickness, 4, 8 or 25 nm, respectively. For dielectric measurements
aluminum electrodes (diameter 12.8 mm) were deposited under
vacuum on both surfaces of the films (the thickness variation over a
sample was 0.2 mm). These multilayer films were prepared by melt
co-extrusion, using a forced assembly technique developed by Baer
and coworkers [13e15]. Unlike conventional thin films [16,17], the
macroscopic size of these multilayer films makes possible modu-
lated scanning calorimetry (MDSC) to determine the complex heat
capacity, supplementing the dielectric measurements. The ability
to measure both dynamic and thermodynamic properties allows
two independent determinations of the dynamic correlation
length. In a related approach, Hayashi and Fukao [18] stacked
multiple (�300) thin films of glassy PMMA. This yields samples of
sufficient bulk for calorimetry, while still exhibiting thin film dy-
namics. However, such interfaces are different from herein, since
our layering is donewith the components in themelt state, yielding
near equilibrium morphologies.

To obtain Nc(T) we applied the method of Berthier et al. [19].

NcðTÞ ¼ maxfc4ðtÞgy
kT2

cp
fmaxvCðtÞ=vtg2 (2)

in which c4 is a four point correlation function, cp is the configu-
rational heat capacity, k the Boltzmann constant, and C(t) a linear
correlation function, measured herein by dielectric spectroscopy.
When C(t) has the stretched exponential form,

CðtÞ ¼ exp
n
� ½t=taðTÞ�bKWW ðTÞo (3)

with a bKWW a T-dependent constant, eq. (2) reduces to [1].

NcðTÞy kT2

m0DCp

bKWWðTÞ2
e2

�
d lnðtaÞ
d lnðTÞ

�2

(4)

where e is Euler's number, m0 the repeat unit molecular weight
(¼110.12 g/mol for PMMA), and the configurational heat capacity is
estimated as DCp, the difference between Cp of the melt and the
glass. Potential pitfalls in the application of this method, widely
applied for the quantification of dynamic correlation [1,4], have
been discussed [9].

3. Results and discussion

The dielectric loss spectrum of PMMA, ε}PMMA, is characterized by
two dispersions, the segmental relaxation (a) and a prominent
secondary (b) process. To compare the spectra of the multilayered
sample with those of the bulk PMMA, the dielectric response of the
laminate has to be corrected for the contribution of the PC. Since
the layers are in series, the complex permittivity is given by
ε
*
PMMA ¼ f½1=ε*Total � ð1� fÞ=ε*PC ��1, where the volume fraction
f ¼ 0.5. Absent this correction the loss peak artificially shifts to
higher frequency. The corrected spectrum at T ¼ 406.8 K is shown
in Fig. 1, where it can be seen that for 8 nm layers, the a�relaxation
is at a lower frequency than for bulk PMMA (measured at 0.2 K
lower temperature, 406.6 K); on the other hand, the b relaxation
dynamics are unaffected by the confinement. A systematic increase
of the dielectric strength of both processes with decreasing layer
thickness is also evident in the spectra; the effect is larger for the a
than for the b relaxation. This indicates more orientation of the
polar segments by the field, perhaps due to suppression of dipole
fluctuations from the confinement or possibly a different chain
orientation than for the bulk.

The relaxation times were extracted by fitting a linear super-
position of relaxation functions to the experimental loss spectrum,
with the Laplace transform of eq. (3) used for the a�peak and the
Havriliak-Negami equation [20] for the b relaxation. Previously we
showed that themethod used to deconvolute the two relaxations in
PMMA does not influence the values obtained for ta and tb [21].

The respective ta and tb for bulk PMMA and threemultilayers (4,
8 and 25 nm layer thickness) are displayed in Fig. 2. The secondary
relaxation times are invariant to confinement, which is unsurpris-
ing given the local nature of the b-process. However, we observe an
increase of ta for confined PMMA; for example, at 8 nm thickness,
the a�relaxation time is about three orders of magnitude larger
than for the bulk polymer. The Vogel-Fulcher equation

ta ¼ t0 exp
�

B
T � T0

�
(5)

with t0, B, and T0 constants, was fit to the ta, recognizing that the
limited span of the data makes these fits somewhat imprecise. The



Fig. 2. Arrhenius plot of the dielectric relaxation times for bulk PMMA (squares) and
three PMMAmultilayers (diamonds e 4 nm layer thickness; triangles e 8 nm; circles e
25 nm). Open symbols are for the a relaxation and filled symbols for the b relaxation.
The a relaxation time from MDSC for each multilayer sample is also shown (dotted
symbols at logta ¼ 2.40). In the inset are ta versus inverse Tg-normalized temperature,
using ta(Tg) ¼ 10 s, showing that the fragilities of the four samples are essentially the
same.

Fig. 3. Number of dynamically correlated units versus the a relaxation time for bulk
and nanoconfined PMMA samples. Notwithstanding the large changes of Nc due to
confinement (inset), the dependence of Nc on ta is the same as for the bulk PMMA.
Error bars are smaller than the symbol size.
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Tg-normalized temperature dependence (“fragility”), d logðtaÞ
dðTg=TÞ

�����
T¼Tg

, is

the same for all samples within the (large) scatter; using
T(ta ¼ 10 s) to define Tg, we obtain 139 ± 8. This differs from thin
polymer films formed by layering PMMA in the glassy state; such
multilayers exhibit changes of the fragility from the bulk [15]. There
is no apparent change in the a peak shape due to confinement,
bKWW ¼ 0.24 ± 0.02 at Tg, although the overlap with the high-
frequency b peak (Fig. 1) introduces some uncertainty into the fits
to the spectra. An invariant bKWW is consistent with the observed
constant fragility.

MDSC measurements showed similar changes in the glass
transition of the confined PMMA, increases of 5.7 and 6.9 K for 25
and 8 nm confinement, respectively (Table 1). The modulation
frequency was 0.025 Hz, so that the MDSC Tg corresponds to an a
relaxation time of 250 s. Extrapolations of the dielectric ta are
consistent with these MDSC results (Fig. 2).

From eq. (4) we calculate the number of correlating repeat units,
using DCp from MDSC, along with the dielectric relaxation results.
Confinement strongly increases Nc at each temperature (see Fig. 3
inset), by almost a factor of four going from bulk to 8 nm PMMA
layers. Interestingly, the confinement effect seems to saturate at
8 nm, since for thinner layers (4 nm) the dielectric relaxation times
are the same as for 8 nm. However, when plotted as a function of ta
(Fig. 3), there is no significant change in Nc(ta) among the four
samples. This correspondence supports the idea that dynamic
Table 1
Relaxation parameters for PMMA in bulk and under nanoconfinement.

Bulk 25 nm 8 nm 4 nm

T(ta ¼ 10 s) [K] 390.3 ± 0.5 395.8 ± 0.5 398.5 ± 0.5 398.4 ± 0.5
MDSC Tg [K] 387 ± 1 393 ± 1 394 ± 1 395 ± 1
Nc(ta ¼ 10 s) eq. 378 ± 13 364 ± 15 377 ± 16 395 ± 20
x ¼(vmNc)1/3 (ta ¼ 10 s) 3.8 ± 0.2 3.7 ± 0.2 3.8 ± 0.2 3.8 ± 0.2
Nc(ta ¼ 250 s) eq. 50 ± 7 40 ± 6 42 ± 6 38 ± 9
x ¼(vmNc)1/3 (ta ¼ 250 s) 1.9 ± 0.1 1.8 ± 0.1 1.8 ± 0.1 1.7 ± 0.1

vm ¼ 86 mL/mol (0.14 nm3 per repeat unit).
correlation governs the a-relaxation dynamics [8,9,6,7,22]. A lower
bound for the correlation length can be obtained from the data in
Fig. 3 using eq. (1) and the segmental volume at Tg. (This is an
approximation because the equation of state for confined PMMA is
lacking; however, the error is only a few percent and thus incon-
sequential for our purposes.) We obtain x � 4 nm at Tg, and
x � 1 nm at the highest measurement temperature (for which
ta ~ 50 ms). These values are quite small: the lower bound on the
correlation length is comparable with the confined layer thickness
for the thinner layers. The implication is that geometrical
encroachment on the correlation volume does not mitigate the
dynamic cooperativity; consequently, slowing of the dynamics can
occur (due to some other mechanism).

We note that the application of eq. (4) has been found to yield
disparate results when applied to high pressure measurements on
different materials by different groups [9]; however, the trends
obtained herein, based on a consistent treatment of data for the
same polymer at ambient pressure, should be reliable. Neverthe-
less, it is useful to verify the Nc using another method. Donth [23]
proposed extracting the number of correlating units directly from
the breadth of the glass transition, dT, in calorimetry measurements

NcðTÞ ¼
RT2Dc�1

p

m0
�
dT2

� (6)

For the 8 nm layers, dT ¼ 6.6 ± 0.71 K and
DC�1

p ¼ 0.107 ± 0.005 Jg�1K�1 at the calorimetric Tg, for which the
dielectric ta ~ 250 s. This yields Nc ¼ 42 ± 6, and a lower bound for x
equal to 1.9 ± 0.3 nm. This is smaller than the value estimated from
the dielectric measurements (eq. (4)), very similar to the differ-
ences between the two methods when applied to bulk PMMA
[1,24]. Dalle-Ferrier et al. [25] have pointed out that the precision in
the measurement of correlation volumes is highest for dielectric
spectroscopy; thus, the larger Nc herein are more reliable. Both
determinations of x, of course, rely on assumptions, and lacking any
direct experimental means to determine x, we cannot choose be-
tween eqs. (4) and (6). Most relevant, however, is that both ex-
periments yield x that are on the order of the layer size for the
thinner samples, affirming that in these experiments geometric
confinement does not affect the dynamics even when the
confinement is commensurate with the cooperative length scale.
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4. Conclusions

Our main result is the finding that the relationship between ta
and Nc is unaltered, even for layer thicknesses of the PMMA com-
parable to x. Although segmental relaxation in 4 nm multilayers is
three orders of magnitude slower than for bulk PMMA, x (and Nc) is
the same as in the bulk polymer when compared at equal ta. This
absence of a confinement effect on the cooperativity is surprising
since the values of x (Table 1) are equal to or smaller than the layer
thickness. Thus, the dynamic correlation length does not appear to
be limited by the geometric confinement, a result consistent with
nonspherical cooperative regions. Such asymmetry calls to mind
the string-like shape seen in molecular dynamics simulations
[26,27], although the latter are for higher frequencies than the
measurements herein. A non-spherical cooperative region seems to
be at odds with the compact shape envisioned in the RFOT model
[28]. Note that it has been shown recently by MD of polymer thin
films [24] that independently of the interactions at the interfaces,
the correlation between the polymer dynamics and x remains un-
changed, consistent with our results (Fig. 3).

While geometrical encroachment on the correlation volume
does not countervail the slowing down of the dynamics and
consequent increase of Tg, the issue remains concerning the
mechanism for the larger ta. One possibility is densification in the
multilayers relative to the bulk. However, a previous study of very
similar PC/PMMA multilayers [29] found only modest increases in
density (<0.2%). From the known dependence of Tg of PMMA on
density [30], the effect on the glass transition temperature would
be quite small (~0.3 K).

Thus, we ascribe the increase in Tg and ta to interfacial in-
teractions involving the glassy PC. Such an effect has been
described previously [31,32]. The dispersive interfacial energy for
the PMMA and PC can be estimated from the solubility parameters

E ¼ nmðdPMMA � dPCÞ2 (7)

The interaction parameters for the two polymers are nearly
equal, dPMMA ¼ 20.48 ± 2.2 MPa1/2 [33] and dPC ¼ 20.56 MPa1/2 [34].
Thus, from eq. (7) the interfacial energy is vanishingly small,
E~10�4RT. This means the enthalpic barrier to mixing is negligible,
and since the interfacial thickness varies inversely with interfacial
energy [35,36], the interphase in these samples is quite extended
(as much as a few nm [37e39]). Robertson et al. [40] found that in
polystyrene block copolymers, a small solubility parameter differ-
ence caused very large changes in Tg, several tens of K, while a large
solubility parameter difference has been found to result in negli-
gible changes in Tg [41]. Herein, the presence of the PC within the
interfacial region slows down the segmental dynamics of PMMA,
significantly increasing its Tg. (Note that the polymers are not
actually miscible, as seen from the observation of distinct glass
transitions for both.) Recent simulations suggests that interfacial
mixing is not a necessity for large changes of Tg under nano-
confinement. Such changes could be a consequence of interfacial
interaction alone, depending on the rigidity of the confinement
[42]. If the multilayer film were constructed by laminating glassy
polymers, the interface would be sharp, and the behavior is likely
quite different [15].
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Fig.1. MDSC measurement of PC/PMMA multilayer with 8nm thick layers. The red line is a Gaussian fit to 
the imaginary part of the heat capacity.  
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