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Abstract 

 Segmental dynamics of glassy poly(methyl methacrylate) (PMMA) and poly(lactic acid) (PLA) 

have been measured over 8 hours of aging via both optical probe reorientation and mechanical stress 

relaxation experiments performed in the linear response regime, in a temperature range between 6 and 

30 K below the glass transition temperature (Tg).  A clear power law relationship between relaxation 

times and aging times is observed in all experiments. For both PLA and PMMA glasses, the probe 

reorientation times are strongly correlated with stress relaxation times over the observed range of aging 

times and aging temperatures, with the two relaxation times related by a power law with an exponent 
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of ~1. Comparisons of these data sets with previously published work indicates that the relationship 

between the two relaxation times is not influenced by secondary relaxation processes, low levels of 

crosslinking, or the presence of a plasticizer. These results support the view that the probe reorientation 

technique is a good reporter of segmental dynamics in the glassy state. 

Introduction  

The ease with which polymer glasses can be produced and shaped coupled with their optical 

clarity and low density make them ideal materials for an extensive variety of purposes, ranging from 

aeronautics and medical technologies to textiles and food preparation.  The mechanical properties of 

polymer glasses are often a critical consideration for applications.  In the glassy state, polymers exhibit 

many behaviors that are incompletely understood, such as a transition from brittle to ductile behavior at 

a given temperature,1-2 or a temporal evolution of material properties in response to mechanical 

deformation.3-6  A full description of the mechanical response of glassy polymers remains elusive.    

In the glassy state, an important material characteristic of a polymer is the segmental relaxation 

time, τ, which describes the time required for a few segments of the polymer chain to rearrange into a 

new configuration.  In the glass, τ may be on the order of hours or days.  If a small perturbation is 

applied and quickly released, the glass will respond as an elastic solid.  On the other hand, if a larger 

force is applied and maintained, the material response will be non-linear, giving rise to a number of well-

known glassy behaviors, such as yielding, and strain softening, leading eventually to a plastic flow 

regime, where the material behavior qualitatively resembles that of a viscous liquid.  This change from 

solid-like to liquid-like behavior reflects an underlying decrease in τ as the experiment proceeds. A 

reduction in τ as a result of non-linear deformation has been a feature of theories of polymer 

deformation dating back to Eyring.7  Over the last 15 years, deformation-induced changes in τ have 

frequently been observed in simulations,8-10 and are a key aspect of virtually all modern theoretical 
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approaches to polymer glass deformation.11-16 Understanding the evolution of τ during non-linear 

deformation is key to understanding yielding and plastic flow and a quantitative description of this 

behavior is an open research question. 

 Experiments are playing a key role in understanding how the segmental relaxation time t in a 

polymer glass evolves during deformation.  Dielectric experiments are easily capable of direct 

measurements of τ at high temperatures (above the glass transition temperature, Tg), where τ is short.  

While such experiments have been performed on polymer glasses during deformation,17-18 the range of 

temperatures for which τ can be observed is limited.  Mechanical experiments, such as creep and stress 

relaxation measurements, are common tools for the determination of τ in the glassy state, allowing for a 

straightforward measurement that can be performed on any polymer glass.19 Such mechanical tests 

allow for easy comparison between results from many different polymers, but mechanical tests provide 

direct access to t only in the linear response regime. 20-21 Over the past decade, Ediger and coworkers 

have developed an alternate strategy for monitoring t during active non-linear deformation of a 

polymeric glass.22-23  The reorientation of probe molecules embedded in the polymer matrix can be used 

to access segmental dynamics even while the sample is being deformed, and this technique is capable of 

measuring relaxation times larger than those so far accessible by dielectric methods.   Results from this 

method have been used to test theoretical approaches that describe polymer deformation.11-12, 14, 24-28    

While the probe reorientation technique provides a window into polymer dynamics during non-

linear deformation, as the detection of mobility occurs indirectly through a probe, control experiments 

are needed to establish the accuracy of the method. In the polymer melt state above Tg, probe 

reorientation measurements show a similar temperature dependence as dielectric and mechanical 

relaxation measurements.4, 22, 29-30  Recently a test has been performed at temperatures below Tg on 

lightly crosslinked PMMA, comparing the probe reorientation technique with stress relaxation 
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measurements in the limit of a linear deformation.31  The probe reorientation time was found to be 

strongly correlated with the stress relaxation time and related by a power law exponent near 1.0. These 

efforts collectively establish that the probe reorientation time is an accurate reporter of mobility for 

crosslinked PMMA, both in and out of the glassy state, in the limit of linear deformations.  While this 

lends support to the notion that probe reorientation results collected under active non-linear 

deformation (a regime where comparisons with other techniques are largely unavailable) accurately 

represent the dynamical changes occurring in the sample, crosslinked PMMA is only one polymer 

system and does not represent the full scope of polymeric behavior. 

Here we compare two techniques, probe reorientation and linear stress relaxation, as methods to 

interrogate segmental relaxation times of two aging polymer glasses, poly(lactic acid) (PLA) and 

uncrosslinked PMMA.  PMMA is a widely used engineering polymer that is readily vitrified into an 

amorphous state.  PMMA is frequently used as a prototypical glassy polymer, and has been extensively 

researched and characterized,1, 14, 21, 31-38 providing a large set of data against which our results may be 

compared.  The results on uncrosslinked PMMA in the experiments presented here also allows for a 

comparison against data previously collected from lightly crosslinked PMMA,31 in order to evaluate the 

effects of low levels of crosslinking upon the dynamics and aging behavior.  In contrast, PLA forms a 

biodegradable plastic, and has been the focus of much recent research aimed at developing a more 

sustainable option in plastic manufacture.39-43 As an additional consideration, PLA has properties that 

differ from PMMA in several important ways.  PMMA displays a very broad distribution of relaxation 

times, which may lead to a systematic error in experimental measurements confined to a narrow 

measurement window. In contrast, the distribution is substantially narrower in PLA.44  PMMA is also 

known to exhibit a secondary relaxation that, at temperatures near to Tg, can overlap with the main 

relaxation process.45-46  By comparing results against PLA, which exhibits no such overlapping processes 

in the temperature range evaluated here,44, 47 we can evaluate the effect of a secondary process on 
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aging as detected by the two experimental techniques.  Finally, PLA is a hygroscopic material, and 

becomes plasticized with increasing water content, directly altering the relaxation dynamics at a 

constant temperature.48  This allows an examination of the effects of plasticization on the relaxation 

times as measured by the two techniques. 

For glasses of both PMMA and PLA, we find that the probe reorientation times and the stress 

relaxation times show a strong correlation over a range of aging times (ta) and aging temperatures.  The 

two types of relaxation times have a power law relationship with an exponent near 1. Comparisons of 

data for these two polymer glasses, and comparisons with previously published work on crosslinked 

PMMA, indicate that the relationship between the two relaxation times is not influenced by secondary 

relaxation processes, low levels of crosslinking, or the presence of a plasticizer. These results support 

the view that the probe reorientation technique is a good reporter of segmental dynamics in the glassy 

state. 

Methods/Materials 

Polymer samples were prepared via solvent casting.  Poly (methyl methacrylate) (PMMA, Mw = 

1,544,000 g/mol) was purchased from Scientific Polymer Products.  Poly (lactic acid) (PLA, Mn ≈ 150,000 

g/mol, 50/50 D/L ratio) was purchased from PolySciTech.  Both were employed without additional 

purification.  Quantities of the polymer materials were dissolved into dichloromethane, and the optical 

probe N,Nʹ-dipentyl-3,4,9,10-perylenedicarboximide (DPPC, Aldrich, 76372-75-3) was added such that 

the final probe concentration was ~10-6 M with respect to the solid polymer, small enough that any 

plasticization effects are negligible.  The mixture was poured into flat bottomed glass petri dishes, and 

covered with ventilated aluminum foil to control the rate of evaporation.  Rapid evaporation of the 

solvent tended to produce films of uneven thicknesses.  After drying for 24 hours, t films were then 

placed under vacuum, and held at an elevated temperature (343 K for PLA, 393 K for PMMA) for 24 
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hours to remove the remaining solvent.  Film thicknesses following this process were between 25 and 40 

micron.  Dog bone samples were cut from the films using a custom steel dye.  The samples so produced 

correspond to ASTM D1780-10 in shape, though scaled down in size.  The tacticity of the polymers 

utilized was evaluated via proton NMR experiments.  The PMMA chains were 6% isotactic, 74% 

syndiotactic, and 20% heterotactic.  For the PLA sample,  NMR results indicate that the material is 

comprised of a racemic mixture of D-lactide, and L-lactide dimers;49 more precise characterization was 

limited by overlapping spectral features. Based upon preparation conditions, the crosslinked PMMA 

samples used in our earlier work (data shown here for comparison)31 are expected to be 6% isotactic, 

60% syndiotactic, and 34% heterotactic.37   

DSC measurements give Tg for PMMA as 404.5 +/- 0.75 K, and for PLA as 324.5 +/- 0.5 K as measured 

from the midpoint of the transition upon heating at 10 K/min, after cooling at 1 K/min for PMMA, or 0.5 

K/min for PLA.  Repeated annealing of the samples at 412 K for PMMA and 335 K, as performed during 

our optical and mechanical experiments, caused no change in Tg and no change in mechanical or optical 

relaxation times. Annealing the samples at considerably higher temperatures that those used in our 

experiments resulted in slight increases in Tg (£ 1 K) consistent with the presence of a small amount of 

solvent, which was confirmed by thermal-gravitational analysis. 

Instrumentation/Apparatus 

The instrument that allows simultaneous mechanical deformation and probe reorientation 

measurements has been described in detail elsewhere.22, 31  In brief, the sample is held in sandpaper-

lined grips at each end, and housed within a temperature controlled brass cell that includes a glass 

window through which optical data can be obtained.  One end of the sample is held stationary, while 

the position of the other is controlled by a linear actuator, which allows for fine control over both the 

extent of strain, and the rate at which it is applied.  The applied force is continually monitored by a 5 N 
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load cell.  The deformation apparatus is stationed atop a confocal microscope to allow for measurement 

of fluorescence emitted from the probe molecules.  The collected fluorescence is divided into two 

optical channels via a polarizing beam splitter, and the output of each channel is independently 

measured with an avalanche photodiode. 

Thermal protocol 

  The sample is initially heated to the annealing temperature, 412 K (Tg +7.5 K) for PMMA, and 335 K 

(Tg + 9.5 K) for PLA, and held for ~30 minutes.  The sample is then cooled at a controlled rate (1 

K/minute for PMMA and 0.5 K/minute for PLA) to the testing temperature.  PLA is cooled more slowly 

because the annealing temperature is only slightly above room temperature, and the apparatus cannot 

reach the same cooling rate as in the PMMA experiments. Following cooling, the sample is held 

isothermally at the testing temperature for the remainder of the experiment.  The zero time for physical 

aging is the point where the sample temperature reaches the calorimetrically-determined Tg.  We 

considered the impact of this particular choice for zero time. Analysis of the DSC results indicates that 

the fictive temperature of a sample cooled at 1 K/min might be up to 2 K less than the determined Tg 

value.  To determine the impact of this on our results, we shifted our zero time by 4 minutes (which is 

the largest amount consistent with a 2 K error) and reanalyzed our results.  The difference is not 

consequential for our discussion.  For example, the µ values presented in Figure 8 below would shift by 

at most the size of the data points, and much less than indicated error bars.  

Stress Relaxation Experiments 

The details of the stress relaxation protocols have been previously reported elsewhere.31  Briefly, 

the sample is subjected to a strain of 0.5%, with an applied strain rate of ~10-2/s.  The stress is 

subsequently monitored, with time t=0 taken as the midpoint of the strain step.  Stress relaxation 
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experiments are performed according to a modified Struik protocol that we have previously employed, 

with data collected at aging times that increase by a factor of 2, and measurement durations limited to 

10% of the aging time.31 This protocol is intended to minimize both the effects of aging that occurs while 

the stress relaxation is proceeding, as well as the impact of a given measurement on the results of 

succeeding measurements.19, 50  We record data points rapidly during the deformation to more 

accurately determine the deformation time and the peak stress value, and then at a slower rate after 

the peak stress in order to limit the size of the data files.  This switch results in loss of data (for about a 

second) in the stress relaxation curve immediately following the end of the deformation.  For most 

experiments, the effects of this gap is minimal, with the first recorded data point after the change 

measuring stresses between 87 and 95% of the observed peak stress.  At the highest temperatures 

measured in the PLA experiments (318 K) however, the effect was larger and the strain rate was 

increased to ~1.5 ´ 10-2 in order to minimize relaxation during the imposition of the strain.   

Probe Reorientation Experiments  

Full details of the probe reorientation technique have been published previously.22-23  Before the 

measurement begins, the probe molecules are oriented isotropically.  The reorientation experiment is 

initiated by exposing the sample to a linearly polarized laser.  Probe molecules with transition dipoles 

oriented near to the laser polarization will be more likely to be photobleached, resulting in an 

anisotropic orientational distribution for the unbleached molecules.  A circularly polarized reading beam 

is then used to induce fluorescence.  The fluorescence is passed through a polarizing beam splitter, 

dividing the emitted light into components polarized either parallel or perpendicular to the polarization 

of the bleaching beam.  Immediately after the bleach, these two optical channels will display very 

different intensities, but as time proceeds the unbleached probes will gradually return to an isotropic 

distribution, eliminating the observed difference in fluorescence intensities.  The intensity values can be 
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used to calculate an anisotropy function, R(t), whose decay describes the reorientation of the probe 

molecules.  The decay of the anisotropy over time can be fit to a stretched exponential function (see 

below), yielding a characteristic probe reorientation time τ. The sample is held at a low level of stress 

(~0.3 MPa) for the duration of the optical experiment to prevent sample movement; this stress is not 

sufficient to affect the measured relaxation times.  To minimize the influence of noise, the probe 

reorientation measurements are collected over a longer timescale than the stress relaxation 

measurements. The measurement time for optical experiments varies with temperature and aging time, 

but exceeds 50% of the aging time at the onset of the experiment in only ~5% of measurements. 

KWW Fitting 

Stress relaxation and anisotropy decay curves are fit using the same functional form, the KWW or 

stretched exponential function:   

𝑅(𝑡)	𝑜𝑟	𝜎	(𝑡) = 𝐴	𝑒𝑥𝑝 (!
"
)	

$ %               (1)    

where A reflects the value of anisotropy (or stress) at time t = 0.   τ indicates a characteristic relaxation 

time which corresponds to the time required for the observable (anisotropy or stress) to decay from its 

initial value by a factor of 1/e. The stretching exponent, β, is taken as an indicator of the width of the 

distribution of relaxation times.  Differing definitions of the relaxation time can be found in the 

literature, but in this work τ exclusively refers to times extracted from equation (1). 

For the stress relaxation measurements, the value for β is determined by generating a time-aging 

time master curve for each 8 hour aging experiment. When fitting an individual stress relaxation curve , 

the β value is constrained to the value obtained from an unconstrained fit to the associated time-aging 

time master curve. For PLA, the values of β obtained from different time-aging time master curves were 

very similar, near 0.41, independent of aging temperature.  For PMMA, at each aging temperature, the 
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values of β obtained from different experiments were very similar but the average value of β did show a 

small temperature dependence, varying from 0.29 at 375 K up to 0.37 at 395 K. As discussed below, 

results from the stress relaxation experiments, as well as the success of time-aging time and time-

temperature superposition for all data sets, support the view that β remains approximately constant 

across all experimental conditions. β values obtained from unconstrained fits to individual stress 

relaxation curves are presented in the Supplemental Information; these fits are not utilized in our data 

analysis.   

Because of the greater noise present in the optical measurements, we have elected to constrain β to 

a constant value in KWW fits.  For probe reorientation measurements, this value is determined from 

long anisotropy decay curves collected from samples that have been aged to equilibrium just below Tg.  

For probe reorientation measurements on PMMA, β is constrained to 0.31, while in PLA, it is held at 

0.50.   

In order to assess the impact that the assumption of a constant β may have in our findings, we 

include in the Supplemental Information comparative figures constructed using the shift factors 

obtained from superposition of the decay curves; for this procedure, nothing is assumed about the β 

parameter being constant.  As discussed below, our major conclusions are supported by the alternate 

data analysis scheme.   

Results 

Anisotropy decay and stress relaxation measurements (PLA) 

 Probe reorientation and stress relaxation measurements were collected from PLA glasses over a 

temperature range between 305 K (Tg – 19.5 K) and 318 K (Tg  - 6.5 K), and for aging times up to 8 hours.  

Representative results of these experiments can be seen in Figures 1 (optical) and 2 (mechanical).  With 
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horizontal and slight vertical shifts, data from individual experiments can be collapsed onto a single 

time-aging time master curve as illustrated for anisotropy decay curves in Figure 1 (upper panels).  

These isothermal master curves can then be collapsed by the same procedure to form a single unified 

master curve that accounts for the effects of both temperature and aging time (Figure 1, main).  For 

clarity, data points in the upper panels of Figure 1 are only shown for the master curves.  The curves 

representing individual experiments are KWW fits through the data, with β constrained to the value 

obtained from an unconstrained KWW fit through the corresponding master curve at each temperature.  

(These fits were generated to represent the individual experiments; they play no role in the analysis of 

the data.)  The successful superposition of the data for both temperature and aging time indicates that β 

is approximately constant over all temperatures and aging times examined here. The β value obtained 

from the fit to the full master curve, shown in the main panel of figure 1, is 0.50.  This is consistent with 

the value of 0.50 obtained from equilibrium measurements at temperatures just below Tg, and supports 

the constraint of β to 0.50 for all anisotropy decay curves obtained from PLA in this work. 
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Figure 1. Superposition of anisotropy decay curves from PLA.  Upper panels illustrate time-aging time superposition for 

representative isothermal experiments, with the master curves referenced to the longest aging time. Curves shown are 
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KWW fits to the data, with β constrained to the value obtained from an unconstrained fit to the associated master curve 

(dashed black/cyan).  Individual data points are shown in the master curve for each temperature but are omitted from the 

individual measurements for clarity.  The main figure illustrates time-temperature superposition of the master curves shown 

in the upper figures, referenced to the curve at 305 K.  The dashed cyan line is an unconstrained KWW fit to the master 

curve, for which the β value is 0.50.  For all plots, the master curves are offset to the right for clarity.   

 

 Stress relaxation data also collapses into a single master curve for all aging times and 

temperatures as shown in Figure 2.  The value of β from the fit to the master curve is 0.39, which agrees 

closely with the average value of 0.42 obtained from unconstrained fits to the superposition master 

curves generated for each 8 hour experiment.  We utilized small vertical shifts when producing the 

master curves and we assessed the impact of this by also analyzing the data without vertical shifts. The 

master curve generated without the use of vertical shifts provides the same value of β (within 0.01) as 

that presented in Figure 2, although the quality of the superposition is clearly degraded with small 

separations appearing between the isotherms. 

 

Figure 2. Time-temperature-aging time superposition of all stress relaxation curves (black points, 65 individual experiments) 

collected from PLA, referenced to data collected at 305 K at 8 hours of aging.  An example of an isothermal time-aging time 
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master curve drawn from an 8-hour aging experiment is shown for each temperature investigated, with temperature 

indicated by color.  The dashed cyan curve is a KWW fit to the master curve, proving a β value of 0.39.   

 

Relaxation times and β values (PLA) 

 Anisotropy decay and stress relaxation curves were both fit to a KWW function, equation (1), 

from which values of τ were extracted. For these fits, β values were constrained as described in the 

Experimental Section. Figure 3 shows τ values as measured at different temperatures and aging times.  

Relaxation times increase with either increasing aging time, or decreasing temperature.   While the 

effects of temperature upon both the value of τ, and the rate at which τ changes with aging time are 

strong, we see that measurements from both techniques respond to changes in temperature in similar 

ways.  At any temperature investigated here, the curve describing the probe reorientation time and that 

describing the stress relaxation time run very nearly parallel to each other.   We will return to this point 

in the discussion section. 

 

Figure 3.  Log relaxation time vs log aging time for PLA experiments performed under low humidity conditions.  Solid symbols 

indicate anisotropy decay measurements, and open symbols indicate stress relaxation measurements.  Color indicates 
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temperature (Red - 318 K, Orange - 315 K, Green - 310 K, Blue - 305 K).  Solid and dashed lines indicate linear fits through the 

optical and mechanical data, respectively.   

 

 While the relaxation times shown in Figure 3 were obtained using constrained values of β, we 

report β values from obtained from unconstrained fitting of individual stress relaxation measurements 

in the Supplemental Information (Figure S1).  Under all conditions tested, we find β values near 0.4.  This 

is consistent with the superposition shown in Figure 2 and supports the view that β is insensitive to 

changes in temperature and aging time.   

 

Influence of Humidity (PLA) 

 PLA is known to be hygroscopic, and experiments indicate that water may act as a plasticizer, 

leading to reductions in Tg and, by extension, relaxation times collected at a given temperature.48  The 

data presented in this work was collected over a period of ~6 months, during which the relative 

humidity in the lab shifted with the seasons, ranging from 16% to 62% over the course of data 

collection.  This provided an (unplanned) opportunity to investigate the influence of relative humidity on 

stress relaxation and probe reorientation times. As shown below, these two measures of segmental 

dynamics respond identically to changes in relative humidity. 

We classify individual experiments as being performed in either high humidity (lab RH > 45%, 

with an average value of 52%), or low humidity (lab RH < 35%, with an average value of 21%) conditions. 

We note that the relative humidity in the lab is not the same as the value in the heated deformation cell.  

We can estimate the relative humidity in the deformation cell by assuming that the partial pressure of 

water vapor is the same in the lab as in the cell (which allows for easy gas exchange with its 
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surroundings) and utilizing the Arden Buck equation.51  The calculated range of the relative humidity in 

the deformation cell is 4-32%.   

Shifts in τ were observed between high humidity and low humidity conditions, consistent with 

the idea that increasing water content acts to soften the material.  An example of such shifts is shown in 

Figure 4, for both probe reorientation and stress relaxation measurements.  The size of the observed 

shift is consistent between the two techniques, and grows larger as the temperature is increased (not 

shown).  The shifts in τ due to humidity are interpreted as a shift in Tg.  As shown in Figure 4, τ differs by 

~0.35 decades between low and high humidity conditions at 310 K.  The difference in τ between 

measurements at 310 K and 315 K (under either high or low humidity) is ~0.75 decades.  From this, and 

similar comparisons at all measured temperatures, we estimate that Tg of the material in high humidity 

conditions is 2-3 K lower than under low humidity conditions.  This is consistent with the experimental 

findings of Sharp and Forrest, who cite a shift in Tg of ~3 K over the range of effective humidities 

examined here.48  Only data collected under low humidity conditions has been shown in Figure 3. 

 

Figure 4.  Log relaxation time vs log aging time from probe reorientation and stress relaxation experiments performed at 310 

K, and at different levels of relative humidity.  Open points indicate mechanical tests, and solid symbols indicate optical 
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tests.  Circles represent data collected under high humidity conditions, and triangles indicate low humidity conditions.  Solid 

black lines are linear fits to the data.  The difference between otherwise identical experiments performed under high and 

low humidity conditions is indicated in blue.  

  

Anisotropy decay and stress relaxation measurements (PMMA) 

 Probe reorientation and stress relaxation experiments were performed on an uncrosslinked 

PMMA sample over a range of temperatures from 375 K (Tg – 29.5 K) to 395 K (Tg – 9.5 K).  As with the 

PLA results, data from all temperatures and aging times can be collapsed into a single master curve, 

indicating that β remains approximately constant over the range of parameters explored in this work.  

The superposition master plot for all stress relaxation curves collected from PMMA is shown in Figure 5.  

The individual experiments collapse cleanly into a well-defined curve that can be fit with a KWW 

function.  The KWW fit yields a β value of 0.35.  This value agrees closely with the average value of 0.35 

obtained from unconstrained fits to superposition master curves generated for each 8 hour experiment, 

and is just slightly above the value of 0.31 observed in equilibrium probe reorientation measurements.  

We note that the KWW fit to the PMMA master curve (Figure 5) is not as good as that observed for PLA 

(Figure 2), with a slight deviation appearing at short times.  We will return to this point in the discussion 

section. As in the case of PLA, the small vertical shifts used in the superposition process did not have a 

significant impact on the KWW β value determined by this procedure.   
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Figure 5.  Time-temperature-aging time superposition of all stress relaxation data collected from PMMA (33 individual 

experiments), referenced to data collected at 375 K at 8 hours of aging.  An example of an isothermal time-aging time 

superposition curve drawn from an 8-hour aging experiment is shown for each temperature investigated, with temperature 

indicated by color.  The master curve (black), and the corresponding KWW fit (cyan) are offset for clarity. The KWW β value 

for the fit to the master curve is 0.35.   

Relaxation times and β values (PMMA) 

 Relaxation times from probe reorientation and stress relaxation measurements are shown 

below in Figure 6.  For these fits, β values were constrained as described in the Experimental Section.  As 

with PLA, relaxation times increase with increasing aging time and decreasing temperature.  Again, we 

observe that curves from probe reorientation and stress relaxation measurements run very nearly 

parallel, regardless of the temperature. 
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 Figure 6.  Log relaxation time vs log aging time for PMMA.  Solid symbols indicate data collected from probe reorientation 

experiments, while open points indicate stress relaxation experiments.  Temperature is indicated by color (Red - 395 K, 

Green - 385 K, and Blue - 375 K). 

 While the relaxation times shown in Figure 6 were obtained using constrained values of β, we 

report β values from obtained from unconstrained fitting of individual stress relaxation measurements 

in the Supplemental Information (Figure S2).    We observe that β remains to a first approximation 

unchanged as aging proceeds, however there is a slight but systematic shift with temperature.  Such 

effects have been previously observed in PMMA and other polymers, and are attributed to the 

observation window not including very short or very long time behavior.31, 50, 52  From this perspective, it 

is reasonable that such an effect would be more prominent in PMMA than in PLA, as the former displays 

a substantially broader distribution of relaxation times. If the observed behavior corresponded to an 

actual change in the distribution of relaxation times, superpositions of data collected at different 

temperatures, such as the one shown in Figure 5, should not be possible. 

Discussion 
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Figure 7 shows a direct comparison between probe reorientation and stress relaxation 

measurements in both PLA (upper) and PMMA (lower).  τ values from anisotropy decay curves are 

determined directly from KWW fits to the raw data, as shown in Figures 3 and 6 (solid points).  

Corresponding stress relaxation τ values at the same aging times as for the optical data are interpolated 

from linear fits to the stress relaxation data shown in Figures 3 and 6 (dashed lines).  If the two 

techniques gave identical values for τ, data in Figure 7 would fall on the line y=x, included as a reference. 

The lower panel of Figure 7 also includes data for crosslinked PMMA glasses, as published in reference 

[31].  A strong power law relationship, with an exponent near 1, is observed for both PLA and PMMA, 

indicating that the two measurements of dynamics are closely related, and are similarly affected by 

changes in temperature, aging time, and other factors described in more detail below.  The behavior of 

systems examined in this work, especially when compared with the earlier findings from crosslinked 

PMMA,31 establish that the consistency between probe reorientation and stress relaxation 

measurements is quite general in spite of the differences among the three polymer glasses studied. 
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Figure 7.  Log-log plot of relaxation times from probe reorientation measurements vs stress relaxation times, constructed 

from data shown in Figure 3 (PLA), or in Figure 6 (PMMA).  Upper (PLA): Color indicates temperature as in Figure 3.  Open 

points indicate data collected under high humidity conditions, solid points indicate data collected under low humidity 

conditions.  Lower (PMMA):  Color indicates temperature as in Figure 6.  Black points represent data collected in experiments 

on crosslinked PMMA across a similar range of temperatures, from ref [31]. 

The effect of humidity upon the segmental dynamics in PLA are demonstrated in the upper panel of 

Figure 7.  The data is separated based on the relative humidity at the time of the experiment.  Data 

collected under high humidity conditions, shown as open points, fall on the same line as data collected 

under low humidity conditions.  This indicates that the plasticization due to increased water content in 
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the sample equally affects relaxation times from both probe reorientation and stress relaxation 

measurements. 

The effects of low levels of crosslinking are highlighted in the data from PMMA, shown in the lower 

panel of Figure 7.  The plot includes data from previous experiments on crosslinked PMMA (black points) 

drawn from reference [31]. The data from both linear and crosslinked material can be easily fit with a 

single line, and shows no substantial deviations within the range of temperatures and aging times 

observed.  This shows that the presence or absence of crosslinking (up to a crosslinking density of 1.5%) 

affects the relaxation times obtained from either technique in an identical fashion. 

 Considering the power law slopes of the data shown in Figure 7, we present two observations.  

First, different reasonable efforts to analyze our data will result in somewhat different values for these 

slopes.  For example, in fitting our data to the KWW function, we assumed that the β parameter was 

constant for both the optical and mechanical measurements.  We presented arguments in favor of this 

procedure above but it certainly is the case that the limited time window for observing the optical and 

mechanical decay functions covers only a small portion of the distribution of relaxation times implied by 

these KWW β values; thus one must acknowledge the potential for systematic error.  In order to assess 

the impact of our fitting procedure on the slopes in Figure 7, for a subset of the data, we have 

constructed an alternate version of this figure by shifting the experimental data and plotting the shift 

factors instead of KWW t values.  The resulting graphs (included in the supplemental information) also 

show a strong correlation between the optical and mechanical relaxation functions. For this procedure 

based upon data shifting, the power law slopes are closer to unity than shown in Figure 7.  Thus while 

our major conclusion of a strong correlation between segmental relaxation processes observed optically 

and mechanically is supported, the precise values of the power law slopes are uncertain. Secondly, we 

do not consider a power law slope other than unity is necessarily a result of error, or an indication that 
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one of these two methods is better than the other. Rather, it is reasonable that the two measurement 

techniques are sensitive to slightly different aspects of the segmental relaxation process.  It is not 

uncommon for different measurement techniques to report slightly different temperature dependences 

for relaxation processes.53-55  Simon et. al., reported that the time for the enthalpy and density to reach 

equilibrium following a temperature jump can differ for glassy materials, including selenium, 

polystyrene and poly(ether imide).56  We also note that the τ values reported in Figure 7 are averages 

that reflect an underlying distribution of relaxation times spanning 2-4 decades.  In this light, a relative 

shift of 0.2 or 0.3 decades between the two measurements (as seen in Figure 7) over a span of 3 

decades in the measured relaxation times is a small effect.   

The vertical offset between the data and the reference curves in Figure 7 indicates that in both PLA 

and PMMA glasses the probe molecules reorient somewhat more slowly than the stress relaxes.  In PLA, 

the ratio between probe reorientation times and stress relaxation times is a factor of ~10, while it is ~3 

in PMMA.  Such offsets, with probe reorientation measurements giving longer relaxation times than 

other techniques, have been previously reported.30, 57 It is often observed that, for a given system, larger 

probes have longer relaxation times.30, 57 Thus we attribute the offsets in Figure 7 to indicate that the 

probe molecule is sensitive to dynamics on a slightly larger length scale than is stress relaxation, and 

that this effect is more pronounced for PLA than for PMMA. 

Probe reorientation measurements collected under active deformation in the post-yield flow regime 

from PLA and PMMA are also consistent with the vertical offsets in the data shown in Figure 7.  It has 

been observed that for the same probe at the same strain rate and similar temperatures relative to Tg, 

probe reorientation in PLA is roughly 3 times slower than in PMMA.58 Under these conditions, the 

segmental relaxation times are expected to be approximately equal, and thus this result from the non-

linear deformation experiments is consistent with the larger offset observed for PLA in Figure 7.  
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 A further consideration in comparing the vertical offsets in Figure 7 is the use of the 1/e decay 

time for the optical and mechanical relaxation functions.  For processes that are nonexponential, there 

is no unambiguous choice for comparing relaxation times.  If we had utilized the correlation time tc (the 

integral of the correlation function) instead the 1/e decay time, the ratio of optical to mechanical 

relaxation times for PLA would be about 6 rather than about 10 (as shown in Figure 7A).  Similarly for 

PMMA, the ratio of optical to mechanical relaxation times would be about 5 rather than about 3.   

Aging Rates 

The rate at which aging proceeds can be quantified by the aging exponent, μ, where 

𝜇 = & '() "
& '() !!

          (2) 

in a definition analogous to that employed by Struik.19  Thus the slopes of linear fits to the data, as 

shown in Figures 3 and 6, give values for μ.  These values are compiled in Figure 8. In this figure, μ values 

obtained from experiments on PLA under high humidity conditions have been plotted using a Tg value 

that is 3 K lower, as discussed in the results section.  
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Figure 8.  Aging exponents (μ) vs temperature.  Red points indicate data from probe reorientation measurements.  Blue 

points indicate data from stress relaxation measurements.  Black error bars indicate 1 standard deviation.  Upper (PLA):   

Solid points indicate data collected under low humidity conditions.  Open points indicate data collected under high humidity 

conditions, and have been shifted to the right by 3 K to account for the effect of humidity upon Tg (see text).  Green error 

bars are associated with data points drawn from a single experiment, and are sized to be representative of the error 

observed in experiments under other conditions.  Lower (PMMA):  Solid points indicate data from this work on uncrosslinked 

PMMA.  Open points indicate data collected from crosslinked PMMA, drawn from Ref [31].   

The PLA results shown in the upper panel of Figure 8 provide a view of polymer glass aging that 

is easily interpreted.  μ values increase from low values near Tg to a value near 1 at a temperature a few 

tens of Kelvin lower, as the thermodynamic driving force to reach the equilibrium state increases.  The 
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observation that data from high and low humidity reasonably follows a single curve supports the view 

that the increased water content in the samples under high humidity acts to shift Tg by ~3 K. 

In the lower panel of Figure 8, PMMA data from uncrosslinked samples is shown alongside 

previously collected data from crosslinked PMMA samples.31  No significant temperature dependence in 

the aging rate is observed from either sample, with results indicating an approximately constant value of 

~0.7 for both crosslinked and uncrosslinked material.  Struik indicates that aging rates in PMMA 

(determined from creep experiments) are still increasing at the high end of the temperature window 

presented here, and reach a value of ~1 within the range of temperatures investigated.19  In a previous 

publication,31 we posited that the discrepancy between our observations and Struik’s were due to the 

crosslinked nature of our samples.59  The observations presented here indicate that the presence or 

absence of a small degree of crosslinking in PMMA samples does not significantly influence the aging 

behavior within this temperature window, and so there must be a different reason (as yet unidentified) 

for the difference in behavior reported by Struik.  We note that the temperature range examined for 

PMMA is not identical to that examined for PLA.  This is due to the difficulty of optically measuring 

relaxation times of less than ~100 seconds, a condition that occurs at different temperatures (relative to 

Tg) for the two materials.  In PLA, μ begins to become strongly temperature dependent at temperatures 

near to Tg-10, which is the highest relative temperature evaluated for PMMA.  We expect that PMMA 

would age at slower rates if tested at higher temperatures than were utilized here.  Previous volumetric 

measurements of PMMA have observed unusual aging behavior at very low temperatures, including the 

presence of a peak in the aging rate about 110 K below Tg.60  These features are generally attributed to 

the presence of a secondary relaxation processes. 

Secondary relaxations 
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One important distinction between the polymer systems investigated here is that PMMA is known 

to have a (faster) secondary relaxation process that overlaps with the α process near Tg,45-46 while no 

such secondary relaxation process is active in PLA within the temperature range employed.44, 47, 61 In 

comparing results between materials with and without an active secondary relaxation process, we 

interpret Figure 7 to mean that secondary relaxations do not affect the strong correlation between 

stress relaxation time and the probe reorientation time.  The simplest explanation is that the secondary 

relaxation in PMMA has little impact on either observable.  Thus the probe reorientation time is a good 

reporter of the segmental dynamics even in a system with prominent secondary relaxation processes.  

Data collected from stress relaxation experiments on the PMMA sample exhibits some minor 

features at short times that may be associated with the presence of a secondary relaxation overlapping 

the α process. The KWW fit to the master curve of all stress relaxation data (Figures 2 and 5) is better in 

PLA than in PMMA.  The deviation between the data and the KWW function for PMMA only extends 

over the first ~10 seconds of a given measurement, which are collected over a span of 3-50 minutes, and 

is only observable in experiments performed at the lowest temperature, 375 K.  A similar deviation of 

the KWW fit from the stress relaxation data was reported for crosslinked PMMA.31  This early decay may 

be compatible with the end of a secondary relaxation process.  The effects of this initial misfit on the 

relaxation times obtained from fits to the entire curve are negligible.   

Conclusions 

Here we have measured probe reorientation times and stress relaxation times in two different 

polymer glasses.  The measured relaxation times depend primarily upon the temperature and the aging 

time, but other parameters, such as the relative humidity in experiments with PLA, can influence the 

dynamics.  For both PLA and PMMA glasses, the probe reorientation times are strongly correlated with 

stress relaxation times over a range of aging times and aging temperatures.  By comparing these results 
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with previous work on crosslinked PMMA,31 we conclude that the strong correlation between probe 

reorientation and stress relaxation measurements is maintained despite differences in polymer 

structure.  While the presence of plasticizers, crosslinking, and secondary relaxations have an important 

influence on polymer dynamics, in these experiments they do not influence the correlation between 

relaxation times obtained from probe reorientation and stress relaxation. 

The broader context for this work is our interest in measuring segmental dynamics during the 

nonlinear deformation of polymer glasses.   The present results are an important confirmation of the 

reliability of the probe reorientation technique for measuring glassy dynamics in the linear response 

regime.  The current work is consistent with the view that probe reorientation provides a viable 

experimental avenue to investigate changes in mobility in glassy polymers, including during non-linear 

deformation, and can provide a quantitative measurement of segmental relaxation times. 
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