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Monitoring the  Molecular Scale Effects of 
Physical Aging in Polymer Glasses with 
Fluorescence Probes 

Physical aging is described as the gradual approach 
toward equilibrium of a nonequilibrium amorphous solid 
below Tgl and has been found to affect many properties 
of or processes in amorphous polymers: volume 
enthalpy r e l a ~ a t i o n , ~  dielectric relaxation,6 tensile mod- 
ulus and stress relaxation,' yield stress,* positron 
annihilation,g neutron scattering,lO X-ray scattering,11J2 
permeation,l3J4 electrical cond~ctivity, '~ and the behav- 
ior of spectroscopic labels and probe molecules (electron 
spin resonancel6 and photochr~mic '~-~~) .  Only recently 
have the effects of physical aging on polymers been stud- 
ied with fluorescence 

Loutfy et a1.22 demonstrated that the fluorescence quan- 
tum yields, intensities, and lifetimes of (dialky1amino)ben- 
zylidenemalononitriles (DAABMN) are sensitive to vis- 
cosity changes in low-viscosity so1ventsZ2c and follow a 
WLF free volume relation in high-viscosity media.22Csg 
Sensitivity to glass transitions of polymeric systems was 
also demonstrated, further suggesting a sensitivity to free 
volume and mobility.22b*d-g These charge transfer probes 
are viscosity sensitive through rotational nonradiative decay 
mechanisms from the singlet excited state. Three mech- 
anisms have been identified for these probes: rotation 
of the donor g r o ~ p , ~ ~ . ~ 3  rotation of the acceptor gro~p,2~,23 
and isomerization around the double b0nd.~*~5 A decrease 
in these rotational abilities increases the probability of 
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(9) lH NMR 6 12.00 (d, 1, J = 9.5 Hz, Ha), 7.92 (ddq, 1, J = 14.9, 
9.5, 1.8 Hz, HB), 4.77 (dq, 1, J = 14.9, 7.0 Hz, HJ, 4.10 (sept, 
2, J = 6.9 Hz, CHMe2). Other resonances are obscured by 
resonances for polynorbornene. 

6 12.09 (s, 1, CHPh), 4.02 (sept, 2, CHMe2), 
1.33 (s, 18, CMe3), 1.23 (d, 12, CHMe2), 7.0-7.2 (overlapping 
multiplets, aryl hydrogen atoms); 13C NMR (C6D6) 6 247.8 (d, 

(1 1) Preliminary experiments indicate that p-methoxystyrene is an 
effective chain-transfer reagent. Treatment of Mo(CH-t- 
Bu)(NAr)(O-t-Bu)2 with 100 equiv of norbornene (10-min reac- 
tion time), then 20 equiv of p-methoxystyrene (30 min), and 
finally 200 equiv of norbornene (10-min reaction time) gave a 
100-mer and a 200-mer with a PDI (both peaks together) of 
1.17. A pulsing experiment involving addition of 5 portions 
of 100 equiv of norbornene in the presence of 25 equiv of p-meth- 
oxystyrene gave a 100-mer with PDI = 1.10. 

(10) 'H NMR 

JCH = 125.1 Hz, CHPh). 
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radiative decay; hence, the fluorescence quantum yield, 
intensity, and lifetime increase. Therefore, the fluores- 
cence intensity increases with an increase in local viscos- 
ity or a decrease in the local mobility or free volume. 

We have found that DAABMN probes have the sensi- 
tivity to monitor the changes that occur in polystyrene 
and poly(methy1 methacrylate) glasses during physical 
aging and report the preliminary results in this paper. 

Experimental Section. Polystyrene (PS; nominal MW 
= 575 000; Mw/Mn 5 1.06) and poly(methy1 methacry- 
late) (PMMA; nominal MW = 265 600; Mw/Mn I 1.15) 
were used as received from Pressure Chemical. The flu- 
orescence probes used were 44diethylamino) benzylidene- 
malononitrile (DEABMN) and 4-(dimethy1amino)ben- 
zylidenemalononitrile (DMABMN) (from Molecular 
Probes). 

Films doped with fluorescent probe were cast from 7 
wt 7; polymer solutions in dichloromethane (Aldrich, spec- 
trophotometric grade) onto 2 in. X 2 in. X 1/16 in. quartz 
slides. After they were dried a t  ambient temperature and 
pressure for 24 h, the PS films were dried 1 day under 
vacuum a t  25 "C and an additional 2 days under vac- 
uum a t  60 "C to remove residual solvent. PMMA films 
were dried at  ambient temperature and pressure for 1 
week before being placed under vacuum a t  60 "C for 2 
days. PMMA films required additional time at  ambient 
conditions to avoid bubbling during vacuum drying. Dry 
films contained less than 0.01 wt % probe and were less 
than 150 pm thick. 
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probes reported by Loutfy.22 Figure 1 demonstrates that 
6 h of aging in PS at 90 "C results in an 11 % increase in 
the DEABMN emission at  the wavelength of maximum 
intensity but not in a change in the shape of the peak.26 
This increase in intensity may be interpreted as result- 
ing from the loss of mobility or free volume in the poly- 
mer matrix, which impedes the nonradiative decay motions 
of the excited probe. (See ref 26.) 

Figure 2 illustrates the intensity a t  the emission max- 
imum for DEABMN in PS as a function of the loga- 
rithm of aging time at  several aging temperatures. All 
curves have been normalized to an intensity of 1 a t  5 
min of aging time to eliminate intensity differences between 
films due to different aging temperatures and probe con- 
centrations. Figure 2 contains many interesting fea- 
tures. The overall slope of a curve increases with increas- 
ing aging temperature. When our interpretation of the 
increase in fluorescence intensity is applied for the aging 
times investigated, the PS glass ages a t  an increasingly 
faster rate as the aging temperature is increased toward 
Tg (near 100 "C for high molecular weight PS). These 
curves represent the change in local mobility (or free vol- 
ume) around the probe relative to the amount of mobil- 
ity present initially after the temperature quench above 
Tg. Such a trend may be expected since mobility and 
free volume in polymeric glasses increase as the temper- 
ature approaches Tg. 

Upon close inspection a t  different aging tempera- 
tures, we found that the changes in fluorescence inten- 
sity are not linear with the logarithm of aging time as 
reported earlier.20 Instead, the rate of increase in fluo- 
rescence intensity with respect to logarithmic aging time 
is considerably smaller a t  aging times less than 20 min 
than for longer aging times. Greiner and Schwarzl have 
reported an "initial plateau"48 in specific volume relax- 
ations for PS undergoing physical aging. (They found 
that a t  short aging times the specific volume hardly 
changed.) However, while the apparently reduced response 
of the fluorescence probes at  short aging times could be 
interpreted as being related to this initial plateau, it must 
be noted that the relevant "short" time frames for the 
two experiments differ significantly at  lower aging tem- 
perature. Furthermore, this initial plateau in specific vol- 
ume measurements was not reported in similar dilato- 
metric studies of polystyrene by Adachi and Kotaka3 and 
in a later investigation by Greiner and S ~ h w a r z l . ~ ~  Stud- 
ies are currently being conducted to determine the cause 
and significance of the shift in slope of the fluorescence 
intensity versus logarithmic aging time for these and other 
mobility-sensitive fluorescence probes. Referring to the 
90 "C curve in Figure 2, the DEABMN fluorescence inten- 
sity changes relatively little over the 100-300-min aging 
range and may be approaching a plateau. Assuming 
DEABMN responds to the local mobility, this behavior 
suggests two possibilities. One interpretation is that the 
local environment around the probe may have lost the 
mobility or free volume to  allow the nonradiative decay 
motions to take place. A plateau resulting from com- 
pletely rigid environments around the probes is unlikely 
in view of the evidence that photochromic probes (which 
probably sense much larger environments than these flu- 
orescence probes) are able to isomerize after 100 h of aging 
at  70 "C in PS.'9 A second more interesting possibility 
is that the environments sensed by DEABMN may be 
approaching an equilibrium. If this is the case, then 
DEABMN may not be sensing the bulk specific volume 
equilibrium, which occurs between 12 days3 and 5 mo4 
at 90 "C. The fluorescence intensity of DEABMN may 
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Figure 1. Fluorescence emission spectra and structure of 
DEABMN in PS after physical aging at 90 "C for 5 min (dashed 
line) and 6 h (solid line). 
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Figure 2. Normalized fluorescence intensity of DEABMN in 
PS versus the logarithm of aging time at 30 "C (O) ,  60 O C  (m), 
and 90 O C  (A). Intensities were measured at 464-466 nm, the 
wavelength range of maximum emission for DEABMN in PS. 
Errors are the size of the symbols before 100 min. After 100 
min, the errors are given by the error bars. Error bars were 
calculated from results of at least three experiments. 

The thermal history of each film was carefully erased 
by heating at  20 "C above Tg for 1 h in an oven immedi- 
ately before performing aging experiments. Films were 
removed from the oven and quickly placed into a spe- 
cially designed temperature cell, which quenched the sam- 
ple to the desired temperature in less than 3 min and 
allowed fluorescence spectra to be taken while the film 
was maintained a t  the aging temperature during the entire 
experiment. Total time between removal from the oven 
and the ability to record the first spectrum was less than 
1 min. Steady-state fluorescence emission spectra of the 
doped films were recorded a t  the aging temperature with 
a SPEX Fluorolog-2 DMlB spectrofluorimeter in a front- 
face geometry with 2.5-mm excitation and emission slits 
(band-pass of 9.0 nm). Excitation wavelengths were 420 
nm for DEABMN and 432 nm for DMABMN in both 
PS and PMMA. Changes in the fluorescence intensity 
caused by aging were recorded at  various intervals of aging 
time. 

Results and Discussion. Figure 1 contains the chem- 
ical structure and fluorescence emission spectrum of 
DEABMN in PS, which is similar to other DAABMN 
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Figure 3. Normalized fluorescence intensity versus the loga- 
ri thm of aging t ime at 60 "C for DEABMN in PS (.) and 
DMABMN in PMMA (0). 

be respond ing  to a small fraction of a distribution of envi- 
ronments that, as a sum, are responsible for bulk spe- 
cific volume relaxations. Further studies employing probes 
that require different volumes to d e c a y  nonrad ia t ive ly  
are needed to determine the degree to which these probes 
are sensing a distribution of environments in the poly- 
mer. 

Changes in DMABMN fluorescence intensity yield the 
same physical aging dependence within experimental error 
as DEABMN for PS systems studied at 90 "C. This sug-  
gests  replacing the ethyl groups in DEABMN with m e t h y l  
g r o u p s  results in little change in sensi t ivi ty  to mob i l i t y  
in polystyrene and is not sufficient to sense different frac- 
tions of the distribution. 

I t  is possible as well to  compare physical  aging effects 
measured b y  these probes as a function of polymer matrix. 
In PS and PMMA, the most noteworthy difference in 
the probe fluorescence behavior is in terms of the wave- 
length associated with the maximum fluorescence inten- 
s i ty .  For DEABMN and DMABMN, the fluorescence 
maximum shifts by 6-9 nm, from 464-466 nm in PS to 
472-473 nm in PMMA. This red shift in the more polar 
matrix is characteristic of these probes and has been 
obse rved  in a number of solvents.22 It is in t e re s t ing  to 
note that the relative increases in fluorescence in t ens i ty  
of DEABMN or DMABMN probes during 5-6 h of phys -  
ical ag ing  at 60 "C in PS and PMMA are strikingly sim- 
ilar, as shown in F i g u r e  3. These results suggest  that 
the different environments in PS and PMMA sensed b y  
the p r o b e s  age similar ly  under these conditions. 

We h a v e  demonstrated that a fluorescence t e c h n i q u e  
involving a ve ry  low concentration of viscosity-sensit ive 
probes is able to monitor changes in glassy po lymers  dur- 
ing  phys ica l  aging. Studies involving a va r i e ty  of fluo- 
rescence probes that m a y  exhibit sensi t ivi ty  to different 
fractions of a distribution ( n o t  observed b y  DEABMN 
and D M A B M N )  and involving treatments besides phys -  
ical ag ing  that  alter b u l k  relaxation behav io r  (e.g., plas- 
t ic izat ion,  s t r a ins ,  and temperature j u m p s )  are unde r -  
way.  
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