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Structural Relaxation of 
Polymer Glasses at Surfaces, 
Interfaces, and In Between 

Rodney D. Priestley, 1 Christopher J. Ellison, 1 Linda J. Broadbelt, 1* 
John M. Torkelson 1•2* 

We analyzed the glassy-state structural relaxation of polymers near surfaces 
and interfaces by monitoring fluorescence in multilayer films. Relative to that 
of bulk, the rate of structural relaxation of poly(methyl methacrylate) is re
duced by a factor of 2 at a free surface and by a factor of 15 at a silica substrate 
interface; the latter exhibits a nearly complete arresting of relaxation. The 
distribution in relaxation rates extends more than 100 nanometers into the 
film interior, a distance greater than that over which surfaces and interfaces 
affect the glass transition temperature. 

When cooled below the glass transition tem
perature (Tg), an amorphous material has high
er specific volume, enthalpy, and entropy than 
in its equilibrium state at the same tempera
ture. The resulting material is called a glass, 
which relaxes toward thermodynamic equilib
rium in a process called structural relaxation 
(J-3). With polymers, glassy-state structural 
relaxation, often referred to as physical aging 
( 4--6), can result in a time dependence of end
use properties of critical technological im
portance (4-7) such as increased modulus, 
increased brittleness, and reduced permeability. 
This glassy-state structural relaxation can be 
distinguished from the cooperative motion as
sociated with Tg; the latter is associated with the 
a-relaxation [ i.e., relaxation of cooperatively 
rearranging regions of some tens to hundreds 
of repeat units (J, 8, 9)], whereas the former 
has been commonly associated with the 13-
relaxation (6) (i.e., subsegmental relaxation such 
as the reorientation of an ester side group). 

The glassy state and its associated phe
nomena, Tg and structural relaxation, are 
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central challenges in condensed-matter physics 
(10-14) and are important in fields as varied 
as optical materials and the preservation of 
food and insect life ( 11, 12). Numerous studies 
have established that confinement of amor
phous materials between surfaces and inter
faces at a length scale on the order of 100 nm 
can change Tg relative to its bulk value (9, 
15-29), whereas a limited number of studies 
have provided examples in which Tg is in
dependent of confinement (30, 31). Although 
many advanced technologies and materials 
(e.g., thin-film and asymmetric membranes 
and polymer nanocomposites) demand the 
long-time use of confined glasses ( 4, 28, 29), 
few studies have characterized the effect of 
nanoconfinement on structural relaxation in 
the glassy state. 

Relative to bulk systems, enthalpy relaxa
tion studies have indicated accelerated struc
tural relaxation of a low molecular weight 
glass, ortho-terphenyl, confined to nanopores 
11 to 12 nm in diameter (32). Physical aging 
in ultrathin polystyrene films was shown to 
be dependent on thickness and absent when 
the aging temperature was above the Tg of 
the confined film but below that of bulk poly
mer (33, 34). In contrast, the presence of struc
tural relaxation was observed above the bulk 
Tg for an ultrathin poly(methyl methacrylate) 

equations, which gives the areas of the peaks. We 
also calculated the photon emission probabilities 
using density matrix and Monte Carlo methods, 
which lead to the same result. 
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(PMMA) film supported on a silica substrate 
(34). The latter result was obtained because 
confinement leads to an increase in Tg due to 
attractive polymer-substrate interactions [hy
drogen bond formation (25) between hydroxyl 
groups on the substrate surface and the poly
mer repeat unit]. Other investigations found 
little impact of confinement on structural relax
ation of supported poly(isobutyl methacrylate) 
films (J 8) or superposed studies of structural 
relaxation with solvent evaporation in the case 
of supported PMMA films (35). 

There is now substantial evidence that the 
origin of the Tg -nanoconfinement effect is 
related to surfaces and interfaces modifying 
relevant Tg dynamics in the interior regions 
of glass formers (20). Here, we report how 
surfaces and interfaces modify structural relax
ation and to what extent these effects extend 
into the film interior. We use a fluorescence 
method in which dye-labeled polymer is in
serted into known positions in a film in order 
to study the glassy-state relaxation dynamics. 
The dyes exhibit fluorescence intensities that 
increase substantially with minute increases 
in local density near the dye (36) and thereby 
provide an amplified sensitivity to structural 
relaxation. The method provides for highly 
sensitive, continuous monitoring of aging as 
well as the ability to measure aging rate dis
tributions near surfaces, near interfaces, and 
in between. The distributions have been ob
tained with the use of 4-tricyanovinyl-[N-(2-
hydroxyethyl)-N-ethyl]aniline (TCl )-labeled 
PMMA in single layers of multilayer PMMA 
films (37). We chose TCl dye for the present 
study because its molecular structure allows 
for conformational mobility, which yields a 
high sensitivity of the dye fluorescence to the 
small densification that accompanies physical 
aging (34, 36). 

Figure 1 shows the increase in fluores
cence intensity during relaxation at 305 K 
ofa 400-nm-thick TCl-labeled PMMA film 
[Tg(bulk) = 393 K]. In agreement with specific 
volume and enthalpy relaxation measurements 
during physical aging of bulk polymer (7, 38), 
the fluorescence intensity is roughly linear with 
logarithmic aging time. The intensity increases 
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Fig. 1. Physical aging in single-layer PMMA films monitored via fluorescence. (A) Schematic of 
thin-film geometry. (B) Fluorescence emission spectrum of a 400-nm-thick TC1-labeled PMMA 
film after quenching from 418 K to 305 K taken after aging times of 15 min (solid curve), 100 min 
(dashed curve), and 200 min (dotted curve). Upper inset: Normalized fluorescence intensity at the 
maximum as a function of aging time. Lower inset: Molecular structure of TC1-labeled meth
acrylate monomer used in labeling PMMA. (C) Fluorescence aging/structural relaxation rate 
defined by Eq. 1 as a function of film thickness (h) for TC1-labeled PMMA at 305 K. Data are 
averages of two runs with SD of 0.01 or less. 

16% (after a quench from 418 K to 305 K) as 
aging time increases from 15 min to 200 min. 
By analogy with physical aging rates based 
on volume relaxation (7, 38), an aging rate 
based on fluorescence intensity, Rr, may be 
defined as 

Rf= (l/F0 )[dF/d(log ta)] (1) 

where F is fluorescence intensity at aging 
time ta, and F0 is intensity at reference time t0 • 

Aging rates are a nonlinear function of tem
perature and typically exhibit a maximum. The 
maximum aging rate is a result of the compe
tition between thermodynamic driving forces 
for aging, which is highest at temperatures 
well below Tg, and subsegmental mobility, which 
increases with temperature (38). 

The results in Fig. 1 C were obtained by 
fitting data similar to the upper inset of Fig. 1B 
to Eq. 1 for TCl-labeled single-layer PMMA 
films. The aging rate at 305 K increases by a 
factor of -4 upon increasing film thickness 
from 35 nm to 300 nm (Fig. IC). For film 
thicknesses 2: 300 nm, Rf is independent of 
thickness and is equal to the relaxation rate 
of 0.15 obtained for a TCl-labeled PMMA 
film several µm thick, representative of bulk. 
[All values of the relaxation rate Rf' which is 
unitless, are determined via Eq. 1 with aging 
time ta in units of minutes.] Although the sen
sitivity of TCl fluorescence to aging is tied 
to volume relaxation [ minute increases in lo
cal density near TC 1 reduce the rate of non
radiative decay from the TCl excited state, 
resulting in enhanced fluorescence (34, 36)], 
the physical aging rate determined via TC 1 
fluorescence is amplified by orders of mag
nitude relative to that determined from vol
ume relaxation. For example, the specific 
volume relaxation rate, Ry, of bulk PMMA 
is -0.00055 during aging at 305 K (38). 

The specific volume relaxation rate is de
fined (38) as 

RY= -(l/V0 )[dV /d(log ta)] (2) 

where Vis specific volume at ta, and V0 is 
specific volume at t0 • Over an aging time 
from 20 min to 200 min, this means that 
bulk PMMA at 305 K undergoes a 0.055% 
reduction in specific volume. Relative to Ry, 
Rf is greater by a factor of -275 during 
physical aging at the same conditions. 

We used multilayer films to explore the 
influence of confining substrate and free 
surfaces on glassy-state relaxation. Figure 2 
shows structural relaxation data from a 25-nm
thick TCl-labeled PMMA middle layer sand
wiched between two 1000-nm-thick PMMA 
layers (Fig. 2A), from a 25-nm-thick TCl
labeled free-surface layer sitting atop a 1000-
nm-thick PMMA underlayer (Fig. 28), and 
from a 25-nm-thick TCl-labeled substrate 
layer sandwiched between a 1000-nm-thick 
PMMA overlayer and the substrate (Fig. 2C). 
At 305 K, the relaxation rate is greatest in the 
middle layer, yielding Rr = 0.14, equal within 
error to that in bulk, and is reduced by a factor 
of 2 at the free surface. The substrate layer 
exhibits the slowest relaxation rate of 0.01 at 
305 K, indicating that physical aging is almost 
totally suppressed next to the substrate. 

At an aging temperature of 388 K, the 
free-surface layer exhibits almost no relaxa
tion. This near-absence of aging is consistent 
with the notion that much of the 25-nm-thick 
free-surface layer has a Tg that is equal to or 
below 388 K and suggests that there is a 
rubbery equilibrium layer at the free surface. 
As the aging temperature is decreased, struc
tural relaxation becomes more pronounced at 
the free surface but is always substantially 
less than that in the interior of the film. In 
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Fig. 2. Physical aging monitored by fluorescence 
in multilayer PMMA films with 25-nm-thick TC1-
labeled layers and 1000-nm-thick unlabeled bulk 
overlayers/underlayers. Insets show schematics 
of the film arrangement. Normalized fluores
cence intensity is shown as a function of aging 
time for a trilayer film {A) and two bilayer films 
(B and C) aged at 305 K (circles), 348 K (dia
monds), and 388 K (squares). Data points are 
averages of two runs. 

contrast, the substrate layer exhibits an in
creasing relaxation rate with increasing tem
perature and at 388 K has nearly the same 
rate as the middle layer. The additional ther
mal energy at higher temperatures approach
ing Tg likely reduces the ability of interfacial 
hydrogen bonds to suppress aging. 

Further understanding of the impact of 
confinement on physical aging is obtained 
via buried-layer experiments, where 25-nm
thick TCl-labeled middle layers are placed a 
distance from the free surface or substrate in
terface. Figure 3 shows results from trilayer 
studies at 305 K. As a 25-nm-thick layer is 
moved from the free surface to a buried layer, 
there is a smooth increase in relaxation rate, 
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from 0.07 at the free surface to 0.08, 0.11, and 
0.15 when buried 25 nm, 100 nm, and 250 
nm, respectively, below the free surface (Fig. 
3A). Within error (±0.01), the relaxation rate 
in the layer buried 250 nm below the free 
surface is identical to bulk. The rate of struc
tural relaxation increases sharply from 0.01, 
when a 25-nm-thick layer is located next to 
the substrate, to 0.10, when located 25 nm 
from the substrate (Fig. 3B). Further displace
ment results in a smooth increase in relaxation 
rate, from 0.12 to 0.14 when the layer is lo
cated 100 nm and 250 nm, respectively, from 
the substrate. Thus, the substrate and free sur
face affect the structural relaxation rate in 
supported PMMA films over similar distances, 
but the substrate interactions perturb the struc
tural relaxation to a greater extent. 

Our results are consistent with a sche
matic (Fig. 4) of the surface- and interface
induced gradients in relaxation. At a distance 
of at least 100 nm but less than 250 nm from 
the free surface, there begins a smooth factor
of-2 reduction in structural relaxation rate be
tween the bulk and the free surface. At a 
distance of at least 100 nm but less than 
250 nm from the substrate interface, there 

A h Over layer 

labeled middle layer 

Over layer 
Film Thickness (h) (nm) Relaxation Rate 

0 0.07 

25 0.08 

100 0.11 

250 0.15 

begins a factor-of-15 reduction in relaxation 
rate from the bulk to the interface, the vast 
majority of which occurs within 25 nm of the 
interface. The origins of the perturbations near 
the free surface and substrate differ. Near the 
free surface, there is enhanced cooperative 
segmental mobility and a reduced Tg (20), 
resulting in a reduced thermodynamic driving 
force for structural relaxation. At the substrate 
interface, hydrogen bonds suppress coopera
tive segmental mobility and lead to an in
creased Tg (25). Hence, there is an enhanced 
thermodynamic driving force for structural 
relaxation. However, the interfacial hydrogen 
bonds also suppress smaller motions asso
ciated with structural relaxation; deep in the 
glassy state, this suppression can result in near
elimination of physical aging within 25 nm of 
the substrate and retardation of aging relative to 
bulk at a distance of at least 100 nm from the 
substrate. The manner in which retardation in 
aging occurs over distances of at least I 00 nm 
from a substrate or free surface is not yet un
derstood, but it may relate to the percolation 
of slowly relaxing dynamic heterogeneities that 
has been hypothesized as an explanation for 
the effect of confinement on Tg (21, 22, 39) 

B Bulk overlayer 
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Fig. 3. Structural relaxation rates at 305 K for PMMA multilayer films with a 25-nm-thick TC1-
labeled layer. The trilayer films characterize relaxation rates at known distances from free surfaces 
and substrate interfaces. Bulk overlayers and underlayers are 700 nm thick for trilayer films and 
1000 nm thick for bilayer films. (A and B) Fluorescence relaxation rates of a TC1-labeled layer 
placed (A) at the free surface or at distances below the free surface (25, 100, and 250 nm) and (B) 
at the substrate or at distances from the substrate (25, 100, and 250 nm). Data are averages of 
two runs with SD of 0.01 or less. 
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Fig. 4. Representation of the effect of 
the substrate interface and the free sur
face on the distribution of structural 
relaxation rates in PMMA at 305 K. Both 
the substrate interface and the free sur
face perturb the relaxation rate at least 
100 nm but less than 250 nm into the 
film interior. Relative to bulk behavior, a 
25-nm-thick layer at the free surface 
exhibits a factor-of-2 reduction in re
laxation rate. In contrast, a 25-nm-thick 
layer at the substrate interface exhibits 
a factor-of-15 reduction in relaxation rate 
relative to bulk (i.e., almost a complete 
arresting of physical aging). Color gra
dations indicate continuous nature of 
change in aging rate (bright green, high 
rate; dark blue, low rate) in bulk. 

and that is expected to result in long-range 
changes in dynamics induced by surfaces and 
interfaces (39). No current theory or model 
directly addresses the effect of confinement 
on glassy-state structural relaxation. 

It is important to note that the distribution 
of glassy-state structural relaxation rates that 
we obtained is distinct from the distribution of 
Tg values in supported PMMA films. Although 
a determination of the full distribution of Tg 
values is beyond the scope of this study, se
lected measurements of Tg values have been 
obtained in experiments that equate Tg to the 
intersection of the rubbery- and glassy-state tem
perature dependences of fluorescence intensity 
(20). Relative to bulk Tg (393 K), a 25-nm-thick 
layer at the free surface of a 1000-nm-thick film 
exhibits a reduction in Tg of 5 to 6 K, whereas 
a 25-nm-thick layer at the substrate of a 1000-
nm-thick film exhibits an increase in Tg of 12 K. 
However, the Tg of a 25-nm-thick layer that is 
located I 00 nm from either the substrate in
terface or the free surface in an 800-nm-thick 
multilayer film is identical within error ( ± 1 K per 
sample) to the Tg of bulk TCl-labeled PMMA. 
Thus, interfacial effects perturb glassy-state 
structural relaxation rates 100 nm from the 
substrate, but they do not perturb Tg values over 
the same length scale. This is possibly because 
Tg is associated with larger scale motions of 
cooperative segmental mobility ( a-relaxation 
processes), whereas glassy-state structural relax
ation may be associated with different, smaller
scale dynamics (~-relaxation processes) (6). 
Novel experiments need to be developed to 
characterize directly how a- and ~-relaxation 
dynamics near Tg are separately affected by 
surfaces and interfaces. Our results suggest that 
surface and interface effects may potentially be 
tailored to control the structural relaxation of 
high-performance materials that have a large 
fraction of polymer near surfaces and inter
faces, as with polymer nanocomposites. 
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Simulations of a Quasi-Taylor State 
Geomagnetic Field Including Polarity 

Reversals on the Earth Simulator 
Futoshi Takahashi, 1* Masaki Matsushima,2 Yoshimori Honkura2 

High-resolution, low-viscosity geodynamo simulations have been carried out on 
the Earth Simulator, one of the fastest supercomputers, in a dynamic regime 
similar to that of Earth's core, that is, in a quasi-Taylor state. Our dynamo 
models exhibit features of the geodynamo not only in spatial and temporal 
characteristics but also in dynamics. Polarity reversals occurred when magnetic 
flux patches at high latitudes moved poleward and disappeared; patches with 
reversed field at low and mid-latitudes then moved poleward. 

A dynamo process in Earth's fluid outer core, 
known as the geodynamo, is believed to 
generate Earth's intrinsic magnetic field. Nu
merical simulations of the geodynamo have 
been performed (J-5), and dynamo models 
have shown some similarity to the geo
magnetic field (6, 7), including polarity 
reversals (1, 2, 5, 8). It is still unclear whether 
these models accurately reproduce the dynam
ics of Earth's outer core, because the simu
lations were performed at a dynamic regime 
much different from that of the core. The 
most essential parameter of the dynamic 
regime is the Ekman number, E, which 
represents the relative importance of viscosity 
to the rotation rate; its value is extremely 
small (E - I0-9) for Earth's core. Previously, 
artificial treatments were needed to perform 
effective computations (9). 

Taylor (JO) showed that the magnetic field 
in the core varies such that the axial magnetic 
torque on cylindrical surfaces that are coaxial 
with the rotation axis is small, because it can 
be balanced only with the extremely small 
viscous and inertial torques. The limit of 
vanishing viscosity leads to the so-called 
Taylor's constraint that the axial magnetic 
torque must vanish. The dynan10 satisfying 

Taylor's constraint is considered to be in a 
Taylor state. In reality, the geodynamo is in a 
quasi-Taylor state, in which the effect of 
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viscosity plays a negligibly small role in core 
dynamics (J 1). 

To obtain such a quasi-Taylor state dyna
mo, one must carry out high-resolution numer
ical simulations for lower viscosity, which are 
prohibitively time-consuming even on most 
supercomputers. The Earth Simulator alleviates 
this situation and is capable of reaching an 
Ekman number of 4 x I0--7; our results are 
mostly based on computations for a slightly 
higher value, E = 4 x lQ--<i, in the definition of 
Kono and Roberts ( 12) using the core radius 
as a length scale. We used the spectral method 
to solve magnetohydrodynamic equations 
(13-15). The spatial resolution is ensured by 
including all the constituents of spherical 
harmonics up to degree and order 255. 

We performed simulations for various 
values of the Rayleigh number Ra (13) and 
evaluated the resulting dynamo models with 
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Fig. 1. Time evolutions of the north geomagnetic pole latitude for three Rayleigh numbers, Ra = 
1.57 x 108 (top). Ra= 1.96 x 108 (middle), and Ra= 2.35 x 108 (bottom). Time is scaled by the 
magnetic diffusion time tm, corresponding to roughly 200,000 years. 
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