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The reorientation of dye molecules can be used to monitor the segmental dynamics of a polymer
melt. We utilize this technique to measure stress-induced mobility in a lightly cross-linked
poly�methyl methacrylate� �PMMA� glass during tensile creep deformation. At 377 K �18 K below
the glass transition temperature Tg�, the mobility increased by a factor of 100 during deformation
with a stress of 20 MPa. Generally, the mobility increased as the stress, strain, and strain rate
increased. After removing the stress, we observed that the enhanced mobility slowly disappeared
during strain recovery. At 377 K, when the stress is lower than 11 MPa, almost no mobility
enhancement was observed. Once the stress crossed this threshold value, the mobility dramatically
increased. © 2008 American Institute of Physics. �DOI: 10.1063/1.2868774�

INTRODUCTION

Polymer glasses play an important role in technology
and are gradually replacing other types of solids in many
applications. Polymers can be processed into any desired
shape with very low energy input and when cooled can form
stiff solids. In contrast to other types of high modulus solids,
polymer glasses are often tough, i.e., they can be deformed
significantly without breaking. Even though polymer glasses
are impressive engineering materials, current research seeks
ways to enhance their modulus and toughness while main-
taining ease of processing. This task requires the develop-
ment of a fundamental understanding of the mechanisms that
control the deformation of polymer glasses.1,2

Yielding and plastic flow are key features in the defor-
mation of polymer glasses and efforts to explain this behav-
ior go back more than 70 years. In 1936, Eyring used his
recently developed transition state theory to show that an
applied stress acts to bias the potential energy curves that
govern molecular rearrangements in viscous liquids and
solids.3 He argued that the effective barrier height is lowered
by an amount equal to the work done by the external force as
a molecule �or polymer segment� crosses the barrier.

In broad terms, this view states that stress can transform
a glass into a viscous liquid and yield can be viewed as the
resulting viscous flow. Eyring predicted that the applied
stress ��� lowers the effective barrier linearly, and the tran-
sition rate �kt� for structural rearrangements increases in an
Arrhenius-like manner:

kt = A exp�−
Ea − �V

kBT
� , �1�

where kBT is the thermal energy, Ea is the barrier height
when no stress is applied, V is a volume upon which the
stress acts, and A is a prefactor.

Later workers have modified Eyring’s approach in im-
portant ways while maintaining the central idea that stress

can induce mobility. In addition to the concepts introduced
by Eyring, Robertson4 considered that stress might induce
structural changes in a polymer glass. Robertson proposed a
model that assumes that the shear stress changes the rota-
tional conformations about backbone bonds and causes the
fraction of flexed bonds �bonds with other than the preferred
conformation� to increase. In this model, localized regions
with an enhanced fraction of flexed bonds behave like a liq-
uid because of the freer rotation of flexed bonds. Very re-
cently, Chen and Schweizer5 proposed a statistical mechani-
cal theory for stress-induced mobility in polymer glasses.
This molecular-level approach is built upon a theory for seg-
mental barrier hopping in polymer melts and glasses.6,7 The
basic concept is that stress lowers the effective barriers for
hopping by inducing an instantaneous force on a segment,
but, in contrast to Eyring’s model, the effective barriers de-
crease nonlinearly with the applied stress.

A few computer simulation studies have investigated
changes in mobility in polymer glasses during nonlinear de-
formation. Capaldi et al.8,9 simulated amorphous polyethyl-
ene during compressive deformation and found that the con-
formational transition rates increased during periods of
applied stress. Lyulin and co-workers10,11 studied the mobil-
ity of polystyrene �PS� and bisphenol A polycarbonate �PC�
under uniaxial extension via molecular dynamics simulation.
They observed, beyond the yield point, significant increases
in the translational mobility of the PS and PC segments in
the deformation direction. Recent simulations by Riggleman
et al.12 on a bead-spring polymer glass indicate that substan-
tial mobility enhancements occur during both tensile and
compressive deformation. This result, which contradicts
simple free volume arguments, indicates a key connection
between stress and mobility.

There have been several attempts to quantify stress-
induced mobility in polymer glasses using mechanical mea-
surements. In some of these experiments, a small strain is
superposed on a large nonlinear deformation.13,14 If the re-
sponse to the small deformation is interpreted as an experi-
ment in the linear response regime, the mechanical relaxation
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spectra are found to shift to shorter times as the overall de-
formation increases. These results have been interpreted as
indicating that large strains and stresses can induce increased
segmental mobility in polymer glasses. However, others have
argued that this procedure is not rigorously justified and that
these experiments have multiple possible interpretations.15,16

Only recently experiments have directly investigated the
response of molecular motions to the deformation of a poly-
mer glass. Loo et al.17 used solid-state NMR to detect the
mobility of the amorphous portions of a semicrystalline ny-
lon 6 rod actively deformed inside a NMR probe. They
reported an enhancement in mobility prior to yield. Zhou
et al.18 demonstrated that the diffusion of resorcinol bis-
�diphenyl phosphate� into a poly�ether imide� glass under
compression is similar to diffusion at much higher tempera-
ture without deformation. Watanabe et al.19 utilized a rheo-
dielectric method to investigate an oligostyrene polymer melt
well above the glass transition temperature Tg. They demon-
strated that segmental motion is accelerated by shear flow.

In spite of these important efforts, a fundamental under-
standing of the nonlinear deformation behavior of glassy
polymers has not yet been achieved. Part of what is missing
is a quantitative understanding of how external stress speeds
up segmental mobility in polymer glasses. An unambiguous
experimental measurement that allows quantitative compari-
son to theory and simulation is required.

Here, we report the first optical measurements of stress-
induced mobility in polymer glasses. A photobleaching
method is used to measure the reorientation of a molecular
probe in lightly cross-linked poly�methyl methacrylate�
�PMMA� glass under stress. The reorientation of probes �on
the time scale of seconds� has been previously shown to
accurately monitor the segmental dynamics of polymer
melts.20–22 Here, we utilize this method to quantitatively de-
termine stress-induced mobility in a PMMA glass during ten-
sile creep deformation.

We observe stress-induced mobility in PMMA glass at
377 K �Tg−18 K�. The largest change in mobility is about a
factor of 100 �equivalent to a temperature increase of about
10 K in the glass�. We observe higher segmental mobility as
the strain and strain rates increase. After removing the stress,
we observe that the enhanced mobility disappears slowly but
completely. Additionally, the mobility enhancements are cor-
related with the true stress. When the stress is lower than
11 MPa, almost no mobility enhancement is observed. How-
ever, once the stress crosses this threshold value, the mobility
increases significantly.

EXPERIMENTAL SECTION

Materials

A lightly cross-linked PMMA glass was utilized in this
study. Cross-linking allows repeated measurements on a
given sample since the effects of deformation can be erased
by thermal cycling. The lightly cross-linked PMMA was syn-
thesized using thermally initiated radical polymerization.
The chemicals utilized in polymerization are methyl meth-

acrylate �MMA, monomer�, ethylene glycol dimethacrylate
�cross-linking agent�, and benzoyl peroxide �initiator�; these
were obtained from Polysciences.

N ,N�-bis�2,5-di-tert-butylphenyl�-3,4,9,10-
perylenedicarboximide �BTBP� was used as the molecular
probe in the optical experiments and was supplied by Ald-
rich. The chemical structure of BTBP is shown in Fig. 1�a�;
here, the double-headed arrow shows the direction of absorp-
tion transition dipole.23

Sample preparation

The synthetic procedure is briefly described as follows.
A MMA solution containing 1.3% ethylene glycol
dimethacrylate, 0.1% benzoyl peroxide, and 10−6M BTBP
was prepared. This solution was prepolymerized at 340 K for
30 min and then allowed to cool. The prepolymerization in-
creased the viscosity of the mixture �making it easier to fill
the mold� and, additionally, decreased the volume contrac-
tion during molding. The mold �Fig. 1�b�� consisted of two
glass microscope slides, separated by aluminum foil spacers
��70 �m�, and held together with binder clips. After filling,
the mold was clipped such that the force was directly applied
at the center of the mold, so as to prepare PMMA films with
curved sides, as shown in Fig. 1�c�. The thicker portion of
the specimen prevents the sample from breaking at the grip
sites; deformation occurs primarily at the center of the film.
The mold with PMMA prepolymer was placed in an oven
purged with nitrogen �oxygen inhibits the free radical poly-
merization� at 340 K for 24 h. Finally, the temperature was
increased to 395 K for an additional 24 h to eliminate re-
sidual monomer. After removal from the mold, the PMMA
film was placed on a heated Teflon sheet and cut into �2.5
�30 mm2 strips for optical and mechanical experiments.
The thickness of the film was measured by a micrometer, and
the width of the film was measured using a microscope. The
sample Tg is 395 K as measured by differential scanning

FIG. 1. �a� Chemical structure of N ,N�-bis�2,5-di-tert-butylphenyl�-
3,4,9,10-perylenedicarboximide �BTBP�. The arrow indicates the direction
of the absorption transition dipole. �b� Mold for preparation of the PMMA
film. �c� Dimensions of the test film and definition of coordinate system.
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calorimetry �DSC� analysis �TA Instruments Q1000�; this is
the onset value obtained from the second heating scan at
10 K /min.

Deformation cell

Figure 2 shows a schematic image of our temperature-
controlled deformation cell that allows simultaneous me-
chanical and optical measurements. A fused silica window
attached to the bottom of the cell allows light to pass in and
out of the microscope objective. Mechanical creep measure-
ments were performed with a pulley and weight system
linked to a freestanding PMMA film placed inside the cell.
The entire deformation cell is mounted on a 3-axis piezopo-
sition scanner �Mad City Labs, Nano-PDQ�.

A Lake Shore model 330 temperature controller was
used to measure the temperature of the cell and keep it con-
stant to within �0.05 K. Four resistive cartridge heaters
�Omega� were used to symmetrically heat the copper cell and
a platinum resistance temperature detector �RTD� �Omega�
placed directly above the PMMA film was used to measure
the temperature. Another platinum RTD was placed near the
open end of the cell. The temperature difference between the
center and the end of the cell was within 0.3 K and we be-
lieve that the reported temperature accurately describes the
film temperature to within 1 K.

Optical measurement of dye reorientation

A photobleaching method24,25 was used to measure
BTBP reorientation in PMMA glasses. In these experiments,
an intense linearly polarized beam is used to selectively pho-
tobleach dye molecules whose transition dipoles are aligned
with the polarization of the light. This process creates an
orientationally anisotropic distribution of unbleached dye
molecules in the sample. Subsequently, the reorientation of
the unbleached dye molecules regenerates an isotropic distri-
bution. As we describe below, the time dependent anisotropy
decay can be measured using the fluorescence from a weak

circularly polarized beam. We calculate the rotational corre-
lation function and the rotational correlation time from the
anisotropy decay function.

Figure 3 shows the confocal fluorescence microscope
used for these measurements. A 532 nm light from a 30 mW
continuous-wave diode laser passes through a beam splitter
to form the bleaching and reading beams. The bleaching
beam follows the direct path from BS1 to BS2 and has the
following optical path: computer-controlled shutter, � /2
wave plate for controlling the intensity of the bleaching
beam at the sample, and a polarizer. The polarization of the
bleaching beam is chosen to be parallel to the y axis �Fig.
1�c�� of the PMMA film. The reading beam follows the in-
direct path via two mirrors and has the following optical
path: shutter, � /2 wave plate, polarizer, another � /2 wave
plate, and � /4 wave plate. We adjusted these optical compo-
nents to control the intensity of the reading beam and make it
circularly polarized at the sample. To verify that we have
prepared circularly polarized light, we measured the elliptic-
ity of the reading beam at the sample plane; with careful
adjustment, we get the ratio of the light intensity in the par-
allel and perpendicular directions to be less than 1.15. The
bleaching and reading beams follow the same optical path
after BS2. After being expanded, they are delivered to the
epi-illumination port of the microscope, and then are focused
to a 1 �m spot by the objective �Nikon Plan Fluor, 10�,
numerical aperture=0.3�. The fluorescence light is collected
with the same objective. The path of the fluorescence pho-
tons in the body of the microscope consists of a dichroic
mirror and emission filter �for excitation rejection� and the
tube lens. After passing through the pinhole, which defines
the collection plane in the sample, the emission light is di-
rected to a polarizing beam-splitter cube that is used to
project the two orthogonally polarized emission components
onto two avalanche photodiodes. LABVIEW programs are
used for device control and data acquisition.

Figure 4 shows photobleaching measurements of BTBP
reorientation in PMMA in the absence of deformation. In the

FIG. 2. Schematic of the creep apparatus. A freestanding PMMA film is
placed in a temperature-controlled cell on a piezostage. The film is clamped
between two rubber pieces at one end and glued between polyetherimide
�PEI� sheets in another end. A constant stress is provided by a pulley and
weight system. A window in the bottom of the cell allows light to pass
between the microscope and the sample.

FIG. 3. Schematic of optical apparatus: P, polarizer; S, shutter; M, mirror;
BS, beam splitter; L, lens; � /2 �� /4�, half-�quarter-� wave retardation plate;
DM, dichroic mirror; H, pinhole; PBS, polarizing beam splitter; F, fiber
coupling; APD, avalanche photodiode. The dotted line indicates the Nikon
TE2000 microscope.
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remainder of this section, we describe how these data were
obtained and analyzed. A photobleached pattern �Fig. 5,
lower left� was created by the intense linearly polarized
bleaching beam for the dye reorientation measurement. Im-
mediately after photobleaching �t=0�, the circularly polar-
ized reading beam was introduced to induce fluorescence
from the area inside the photobleached pattern. The time
dependent fluorescence intensities for polarization parallel
I��t� and perpendicular I��t� to the bleaching beam polariza-
tion are shown in Fig. 4�a�. The excitation beam preferen-
tially photobleaches the probe molecules whose absorption
transition dipoles are aligned with the polarization of the
beam. Therefore, an orientationally anisotropic distribution
of transition dipoles is created, and I��0� is weaker than
I��0�. In time, the unbleached dye molecules reorient to re-
generate an isotropic distribution of the transition dipoles,
and then the fluorescence intensities from both polarizations
become identical.

The fluorescence intensities shown in Fig. 4�a� are cor-
rected for the efficiencies of the APDs, the polarization
changes caused by the optical components, and the imperfec-
tion of the circularly polarized reading beam. We obtained a
correction factor g by illuminating an unbleached portion of

the sample with circularly polarized light and measuring the
ratio of fluorescence intensities for two emission polariza-
tions, I�

un / I�
un. For undeformed samples, g is in the range of

1.10–1.20. The fluorescence intensity perpendicular to the
bleaching beam I��t� is multiplied by this g factor before
further analysis.

Figure 4�b� shows the anisotropy decay function r�t�
measured at four different temperatures. r�t� is defined by the
following equations:

r�t� =
�I��t� − �I��t�

�I��t� + 2�I��t�
, �2�

�I��t� = I�
un�t� − I��t� , �3�

�I��t� = gI�
un�t� − gI��t� . �4�

Here, �I��t� is the difference in the parallel fluorescence in-
tensity between an unbleached part of the sample and the
bleached part of the sample at time t after bleaching; �I��t�
is defined analogously. In order to correct for fluorescence
intensity fluctuations caused by laser power fluctuations, we
modify Eqs. �3� and �4� to get Eqs. �5� and �6�. All the r�t�
decay curves shown in this work were calculated using Eqs.
�2�, �5�, and �6�.

�I��t� = I�
un�t� − I��t�

I�
1 + 2gI�

1

I��t� + 2gI��t�
, �5�

�I��t� = gI�
un�t� − gI��t�

I�
1 + 2gI�

1

I��t� + 2gI��t�
. �6�

Here, I�
1 and I�

1 are the first fluorescence intensity data col-
lected after photobleaching.

The orientation autocorrelation function CF�t� can be
obtained from the anisotropy function r�t� by

FIG. 4. �a� Photobleaching measurements of BTBP reorientation in unde-
formed PMMA at 394 K. ��� Fluorescence intensity for polarization paral-
lel to the bleaching beam polarization. ��� Fluorescence intensity �after
being multiplied by the g factor� for polarization perpendicular to the
bleaching beam polarization. �b� Anisotropy r�t� decays for BTBP in unde-
formed PMMA at the temperatures indicated. The solid lines are KWW fits
to the data.

FIG. 5. Local measurement of strain and BTBP reorientation. The four
photobleached lines define the region where local strain and mobility mea-
surements are performed. The local strain is defined as ��t�= �L�t�-L0� /L0.
The small bleach patterns are used for measurements of BTBP reorientation;
one of these regions is shown in detail in the lower left. These images were
obtained with wide field illumination; photobleached regions appear dark
because less fluorescence originates from these regions.
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CF�t� = r�t�/r�0� . �7�

The orientation autocorrelation function is related to molecu-
lar reorientation by

CF�t� = 	P2��̂�0� · �̂�t��
 . �8�

Here, �̂ is the absorption dipole for the BTBP molecule, P2

is the second Legendre polynomial, and the brackets repre-
sent an ensemble average. The data in Fig. 4�b� have been
fitted with the stretched exponential function �Kohlrausch–
Williams–Watts �KWW� function�

CF�t� = e−�t/��	
. �9�

The integral of the correlation function provides the rota-
tional correlation time �c, which is given by

�c = �
0




CF�t�dt =
�

	
��1/	� , �10�

where � is the gamma function.

Local creep measurement

Uniaxial tensile creep has been used to deform the
PMMA films. The creep experiments measure the elongation
of the PMMA films subjected to a constant load at constant
temperature. The engineering stress �0 is held constant dur-
ing a creep measurement and is defined as �0=F /A0, where
F is the applied force and A0 is the original �undeformed�
cross-sectional area ��0.125 mm2, see Fig. 1�c��. The results
of the creep measurements are expressed as the local strain
as a function of time, which is defined as ��t�= �L�t�
−L0� /L0. Here, L0 is the initial length of some small section
of the sample and L�t� is the length at time t.

Figure 5 illustrates how the local strain was measured.
Four lines created by photobleaching define the region
��400�400 �m2� where the local strain and mobility mea-
surements are made. Monitored by a charge coupled device
�CCD� camera, the increase of distance between the two
lines perpendicular to the direction of deformation �x axis�
determined ��t�, while the decrease of distance between the
two lines parallel to the direction of deformation determined
the transverse contraction of the PMMA film. As described
below, mobility measurements were made inside the region
described by these parallel lines. This method allows us to
unambiguously determine the strain in the region where the
mobility measurements are performed. Since L0 is only about
400 �m and no distortion of the bleached lines was ob-
served, we can safely assume that in the region where the
measurements were conducted, the sample deformed homo-
geneously.

The true stress is defined as the ratio of the applied force
�F� to the instantaneous cross-sectional area �A�. Since A is
decreasing as the sample is elongated, the true stress in-
creases as the strain increases. To obtain the instantaneous
area experimentally, we monitored the local change in width
with the CCD camera �i.e., the distance between the two
lines parallel to the x axis in Fig. 5�. For one sample, we
measured the fractional change in total width of the PMMA
film and found that it was identical to the local contraction in

width. Thus, we assume that our samples deform uniformly
in the yz plane and use the measured contraction in the y
direction for both the y and z directions. Based on this infor-
mation, we can calculate the instantaneous cross-sectional
area �A� and the true stress.

To get consistent results, the film was heated to 400 K
for 3 h to remove any residual stress in the film. We then
cooled the film to the testing temperature and waited until
the temperature was stable. The total cooling and waiting
time prior to the mechanical experiments was 30 min.

Optical measurement of dye reorientation during
deformation

We measured dye reorientation by photobleaching a pat-
tern on the sample that included a 10�10 �m2 square pat-
tern and two 8 �m lines �Fig. 5, lower left corner�. During
deformation, the photobleached pattern moves along the di-
rection of elongation. In order to track the pattern, we use the
piezopositioner to drive the deformation cell in the opposite
direction of the deformation. By scanning across the two
8 �m lines, the center position of the square pattern could be
accurately located.

Since the optical measurements were done in a confocal
geometry �defined by the pinhole in Fig. 3�, we only collect
fluorescence from the center 10 �m of the 50 �m thick film.
During the deformation, we also scan the piezopositioner
across the z axis to ensure that we measure mobility in the
center of the film.

Correction for the alignment of probe molecules

The ratio of I�
un to I�

un ��g� is constant when the strain is
small. We found that the g factor decreased from 1.10 to 0.90
as the strain increased to �60%, indicating that the probe
molecules in the PMMA film become aligned as the film is
deformed; even larger strains �165%� lowered g to 0.70.
Consistent with the work of Michl et al.,26 the long axis of
BTBP is found to align in the direction of the deformation. In
order to account for the influence of this alignment on the
anisotropy decay, further manipulation of the fluorescence
intensities is necessary. Therefore, we replaced the g factor
used in Eqs. �5� and �6� by a time dependent correction factor
g�t�= I�

un�t� / I�
un�t�.

To test the validity of this correction, we performed two
matched anisotropy measurements during deformation. The
experiments were identical except that the bleaching beam
polarization was parallel to the x axis �the extension axis� of
the PMMA film in one case and parallel to the y axis in the
other. During this experiment, g�t� changed by 40%. If a time
independent g factor is used in the data analysis, the two r�t�
decay curves differ significantly from each other because
probe alignment affects the two experiments in opposite
ways; alignment either increases I��t� at the expense of I��t�,
or vice versa. If g�t� is used to analyze the data, the two r�t�
decay curves are identical within the experimental error, as
shown in Fig. 6. We regard this result as experimental evi-
dence that use of g�t� removes the influence of probe align-
ment from the experimental data.

134902-5 Stress-induced mobility J. Chem. Phys. 128, 134902 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



RESULTS

Temperature dependence of rotational correlation
times

Figure 7 shows the rotational correlation times for dilute
BTBP in PMMA at different temperatures with no applied
stress. These values were obtained by fitting data similar to
that shown in Fig. 4. The solid curve in Fig. 7 above Tg is the
temperature dependence of the dielectric relaxation time
��,27 vertically shifted to match the BTBP rotational correla-
tion times. The rotational correlation times of BTBP follow
the temperature dependence of the dielectric relaxation time
very well above Tg. This indicates that the reorientation of
this probe molecule is strongly correlated with the segmental
dynamics of PMMA. This result is consistent with work
done previously by Ediger and co-workers on other
polymers.20–22 They showed that the reorientation of the dye

molecules can be used to monitor the segmental dynamics of
a polymer melt as long as the dye is not too small. Based on
this result, we assume that the rotational correlation times of
the probe molecule are also strongly correlated with the seg-
mental dynamics of a polymer during deformation below Tg.

For the data shown in Fig. 7 below Tg, we did not ob-
serve the complete anisotropy decay. We performed long an-
isotropy measurements to get as much of r�t� as possible, as
shown for the 377 K data in Fig. 4. With a 1 day experiment,
we observed about 40% of the anisotropy decay. In all cases,
we fit r�t� to the KWW function to obtain the rotational
correlation time. At 377 K, in the absence of deformation,
�c
107 s with 	
0.4. As the data were collected at 377 K,
physical aging was occurring and the mobility was decreas-
ing over the course of the measurement. If this effect could
be taken out of the data, the anisotropy function would decay
faster at long times and the 	 value would be larger. The
solid straight line below Tg in Fig. 7 is a guide to the eye. As
expected, there is a discontinuity in slope at T
Tg since the
results below Tg are for nonequilibrium glass samples.6,28,29

Changes in rotational correlation times with stress

Figure 8 shows three trials of creep and BTBP reorien-
tation measurements at 377 K �Tg−18 K� with engineering
stress equal to 15.8 MPa. During each creep experiment, we

FIG. 6. Test of correction scheme for dye alignment. ��� Anisotropy decay
r�t� for BTBP in PMMA during deformation using a bleaching beam polar-
ized along the y axis. ��� Anisotropy decay r�t� for BTBP in PMMA during
deformation using a bleaching beam polarized along the x axis. ���Aniso-
tropy decay r�t� for BTBP in undeformed PMMA as a reference; the solid
line is a KWW fit to the data. After applying the g�t� correction described in
the text, the two anisotropy decay curves are identical within experimental
error.

FIG. 7. Rotational correlation times for BTBP in undeformed PMMA at
different temperatures. The solid curved line above Tg is the temperature
dependence of the dielectric relaxation time from Ref. 27, shifted vertically.
The solid straight line below Tg is a guide to the eye.

FIG. 8. �a� Three trials of creep and recovery experiments on PMMA at
377 K with an engineering stress of 15.8 MPa. �b� Shift factor for the rota-
tional correlation time, showing a hundredfold increase in mobility during
creep. The solid lines are guides to the eye. The labels A, B, C, and D, refer
to Fig. 9.
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performed about eight optical experiments to measure the
mobility of the polymer at different strain levels. Some of the
anisotropy decay functions for one trial are shown in Fig. 9.
This method allows us to monitor the mobility of the poly-
mer glass at multiple times �and strain levels� during defor-
mation. A consequence of this method is that we only obtain
the initial portion of the anisotropy decay in each mobility
measurement.

As shown in Fig. 9�a�, as the strain and strain rates in-
crease, we observe faster r�t� decays indicating higher mo-
bility. After removing the stress, we observe slower r�t� de-
cays as the strain recovers, as shown in Fig. 9�b�. To
quantitatively analyze the mobility change during creep and
recovery experiments, we fit the anisotropy decay curves to
the KWW function. Since we observe only a small portion of
the anisotropy decay, an unconstrained fit with the KWW
function does not yield reliable parameters. Instead, we used
information from mobility measurements with no applied
stress to estimate the KWW 	 parameter during deformation.

We assume that 	 does not have an intrinsic temperature
dependence22 and that the shape of the anisotropy decay
function does not change due to deformation. Thus, we fit
r�t� to the KWW function by keeping 	 fixed at 0.6, the
value for BTBP rotation in PMMA just above Tg. Similarly,
we fit the initial portion of r�t� for the undeformed sample
with 	 constrained to 0.6. We consider this fitting procedure
to yield a good estimate of the shift factor a=�c �deformed�/
�c �undeformed�. The absolute �c values obtained from these
KWW fits likely have less significance.

Figure 8�b� shows the logarithmic shifts �log�a�� of the
rotational correlation times for BTBP molecules in PMMA
during deformation. As the strain and strain rate increase, we
observe higher mobility. The largest change in mobility is
about a factor of 100. This is equivalent to a temperature
increase of about 10 K, as shown in Fig. 7, but this mobility
enhancement results from the applied stress and not an actual
temperature increase. Immediately after removing the stress,
the mobility decreases significantly, and then disappears
slowly but completely. Note that no mobility enhancement
was observed after �105 s, even though the total strain is
still very high. Also note that the three runs have very similar
changes in mobility during recovery, even though the strain
values are significantly different.

To test the reproducibility of these results, the measure-
ments have been repeated three times under the same condi-
tions, as shown in Fig. 8. For these experiments, we did not
remove the stress at exactly the same time. Since the strain
rate is very large at this phase of the experiment, a few
seconds time difference result in a large strain difference.
Within our experimental error, we observed the same mobil-
ity enhancement as a function of time in the three experi-
ments.

In the above analysis, we assumed that the 	 value in the
KWW function is independent of temperature over a 20 K
temperature range. We fit r�t� at Tg−18 K with 	 constrained
to 0.6, the value for BTBP rotation in PMMA just above Tg.
To test the impact of this assumption, we also fit r�t� to the
KWW function while keeping 	 fixed at two additional val-
ues. The largest 	 that we have obtained for this system near
Tg was 0.67, which we set as an upper bound for 	 at Tg

−18 K. The 	 obtained by fitting r�t� for Tg−18 K �Fig.
4�b�, data at 377 K� was 0.4, which we regard as a lower
bound for the 	 value since aging acts to stretch the aniso-
tropy curve during acquisition in the glass. We recalculated
log�a� using the procedure above and these two values of 	
in the KWW fits; these results are shown for some points as
error bars in Fig. 8. As indicated by the figure, varying 	 has
an impact on the shift factor but this impact is not much
larger than our run-to-run variations. Thus, within reasonable
bounds, particular assumptions about the KWW 	 parameter
below Tg do not have a major impact on the interpretation of
our data. We anticipate that improvement in our signal-to-
noise ratio in the anisotropy measurements will allow us to
refine our assumptions about the KWW 	.

For comparison, we performed additional measurements
with a lower stress level �11 MPa�, as shown in Fig. 10. No
significant mobility enhancement was observed. The correla-
tion times actually increase at later times in this experiment,

FIG. 9. �a� Normalized anisotropy decays obtained during the creep experi-
ment shown in Fig. 8�a�. These curves were obtained from photobleaching
experiments starting 206 s ���, 1060 s ���, 1836 s ���, and 2037 s ���
after applying the stress. �b� Normalized anisotropy decays obtained during
recovery. Curves obtained at 2955 s ���, 3438 s ���, 4456 s ���, 14020 s
���, and 50235 s ��� after applying the stress. The A, B, C, and D aniso-
tropy decay curves were performed at times A, B, C, and D in Fig. 8�b�. The
solid lines are KWW fits to the data. During creep, from time A to time B,
as strain and strain rate increase, higher mobility �faster anisotropy decays�
is observed. After removing the stress, the enhanced mobility slowly
disappears.
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likely due to physical aging. We performed a control experi-
ment similar to that shown in Fig. 10 except that the sample
was not deformed; no mobility change occurred up to 104 s
and a slowing of mobility by 0.2 decades was observed be-
tween 104 and 105 s. We interpret this control experiment to
mean that physical aging can account for the slowing of dy-
namics in Fig. 10 and that physical aging has essentially no
impact on the increase in mobility shown in Fig. 8.

In order to compare our results with theoretical models3,5

that predict that the applied stress increases mobility in a
polymer glass, we plot the logarithmic shifts of the correla-
tion times as a function of true stress in Fig. 11. Figure 11
shows that mobility enhancements are correlated with the
true stress during deformation at 377 K. When the true stress
is lower than �11 MPa, essentially no mobility enhance-
ment is observed. However, once the true stress crosses this
threshold value, the mobility increases dramatically. Qualita-
tively this form of stress dependence had been shown in the
work done by Schapery.30 He found that the shear stress
accelerates the time dependent part of the creep response in a
fiber-reinforced phenolic resin and this acceleration only oc-
curs after a critical shear stress is reached. Note that we do
not claim that the mobility of polymer glasses during defor-
mation is only a function of the true stress. Other variables
such as strain rate or yield behavior may also have an impor-
tant, independent impact on mobility of polymer glasses.

DISCUSSION

The results presented above demonstrate that the seg-
mental mobility of polymeric glasses is enhanced dramati-
cally when the glasses are subjected to large levels of stress.
The combination of local measurements of mobility and
strain provide unambiguous results that allow a quantitative
comparison to theory and simulation.

Comparison to NMR experiments of Loo et al.17

Direct experimental measurements of stress-induced mo-
bility on a deformed semicrystalline polymer have been re-
ported by Loo et al. They performed NMR measurements on
a nylon 6 rod as it was being deformed inside a NMR probe.
They recorded solid-state NMR line shapes that are sensitive
to molecular mobility. By analyzing the changes in the NMR
line shapes, changes in the molecular mobility were qualita-
tively determined. In their experiments, the nylon 6 rod was
stretched with constant strain rate to a strain of 0.36 at 1 K
above Tg; then a stress relaxation experiment was conducted
with the specimen held at constant length for 1 h, and then a
constant strain rate deformation was resumed. The mobility
associated with the amorphous region �where the deforma-
tion occurs� was found to increase with strain and to decrease
as the specimen was allowed to relax. When the deformation
was resumed, the stress and mobility both increased. Loo et
al. did not report quantitative values for the extent to which
mobility is enhanced, but qualitatively the change in polymer
mobility during deformation in this NMR experiment is con-
sistent with our measurements. Both experiments indicate a
strong correlation between stress and mobility. However, in
our experiments, in order to get a measurable mobility en-
hancement, the applied true stress had to be larger than a
threshold value. This feature was not reported by Loo et al.
but this may be due to differences in the experimental con-
ditions. Loo et al. performed a constant strain rate mechani-
cal experiment on a semicrystalline polymer at 1 K above
Tg, while we used a creep experiment on an amorphous poly-
mer glass at 18 K below Tg.

FIG. 10. �a� Creep experiment on PMMA at 377 K with an engineering
stress of 11.0 MPa. �b� Shift factor for the rotational correlation time. Very
little change in mobility is observed.

FIG. 11. The shift factor for the rotational correlation time as a function of
the true stress for PMMA at 377 K.
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Comparison to purely mechanical measurements

As mentioned in the Introduction, purely mechanical
measurements have been used to infer changes in mobility of
polymer glasses during deformation.13,14 Martinez-Vega
et al.,13 for example, combined a low stress torsional creep
experiment with a high extensional stress in a study of
PMMA. At Tg-15 K, with an engineering stress of 8.2 MPa,
the relaxation spectrum associated with torsion shifted to
shorter times as the tensile deformation increased. The larg-
est apparent decrease in relaxation time was about a factor of
35. Once the stress was removed, the apparent relaxation
time slowly increased. When the applied stress was 4.1 MPa,
the relaxation times associated with torsion did not change
with the extensional deformation. The analysis of Ref. 13 is
based on the assumption that the small torsional creep is not
coupled to the large tensile deformation and can be inter-
preted in the linear response regime. Under this assumption,
these results are qualitatively similar to what we report here.
However, as pointed out by McKenna and Zapas,16 there is
no rigorous justification for this assumption, and other inter-
pretations are possible. Using our optical technique, we di-
rectly observe changes in molecular mobility during defor-
mation. It would be useful to do a direct comparison of the
optical experiments with a mechanical deformation measure-
ment similar to the design of Ref. 13.

An important feature of our experiment is that we mea-
sure the mobility locally in the deformed specimen, while a
standard mechanical measurement probes the response of the
whole specimen. When the deformation is large, glassy
samples deforms inhomogeneously. In this regime, mechani-
cal methods can only provide some average of the mobility
in regions with different strains and true stresses. In contrast,
we locally measure the strain, stress, and strain rate, as well
as the molecular mobility. In principle, we should be able to
simultaneously measure mobility changes in different parts
of an inhomogeneously deformed sample.

Comparison to theory and simulation

An early theory developed by Eyring3 postulated that
applied stress induces molecular mobility by lowering the
energy barrier for localized rearrangements such as segmen-
tal movement. This model predicts that stress ��� lowers the
effective barrier linearly and thus the logarithm of the struc-
tural relaxation time ln �� decreases linearly with the applied
stress:

ln �� =
Ea

KBT
−

�V

KBT
− ln A . �11�

This prediction would be a straight line in the format of Fig.
11 and thus is qualitatively inconsistent with the experimen-
tal data.

Chen and Schweizer5 developed a predictive theory for
stress-enhanced mobility in polymer glasses built upon a
theory of segmental barrier hopping. In contrast to the Ey-
ring model, the barriers for hopping decrease in a nonlinear
manner with the stress. Using this information, Chen and
Schweizer predicted segmental relaxation times as a function
of stress for PMMA glasses. For conditions comparable to

our experiment, with a stress of 20 MPa, they predict that the
relaxation time drops by about two orders of magnitude,
which is similar to our experimental result. However, the
dependence of molecular mobility on stress is different than
in Fig. 11. Their predictions illustrate a smooth dependence
of the mobility on stress while Fig. 11 indicates that the
stress apparently has to be larger than a threshold value to
induce a significant mobility enhancement.

Recently, Riggleman et al.12 employed molecular dy-
namics computer simulations to study stress-induced mobil-
ity of a polymer. They found that mobility increases of about
two orders of magnitude during both tensile and compressive
deformation. They argued that changes in free volume cannot
explain this mobility enhancement, since they observed mo-
bility enhancement during compression even though the vol-
ume decreased during this simulation. They found that the
logarithm of mobility increased faster than linearly with
stress, in qualitative agreement with Fig. 11.

CONCLUSIONS

We have built an optical apparatus to measure stress-
induced mobility of polymer glasses. At 18 K below Tg, a
factor of 100 increase in mobility was observed. Generally,
mobility increased as the stress, strain, and strain rates in-
creased. After removing the stress, we observed that the en-
hanced mobility slowly disappeared, even though the overall
strain was still very large. In addition, mobility enhance-
ments were correlated with true stress during creep. When
the stress was lower than �11 MPa, almost no mobility en-
hancement was observed. Once the stress crossed this thresh-
old value, the mobility rose dramatically.

A large number of factors potentially influence how de-
formation changes mobility in polymer glasses, including
stress, strain rate, temperature, and thermal history. Future
experiments will aim to determine whether all these factors
are independent or whether a simpler description of this phe-
nomenon might be possible. We will further investigate the
apparent threshold stress required for mobility enhancement.
Understanding how mobility changes in different parts of an
inhomogeneously deformed glass is also interesting. In addi-
tion, experiments on PMMA/silica nanocomposites are being
initiated. Nanoscale fillers can transform brittle polymer
glasses into ductile materials. We are eager to use measure-
ments of stress-induced mobility to probe the microscopic
mechanisms of this nanoscale filler effect.
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