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Abstract

Forced Rayleigh scattering was employed to measure diffusion coefficients for a ternary system comprising camphorquinone or diacetyl in
poly(methyl methacrylate) with methyl isobutyrate as the diluent. Measurements were made at polymer weight ngctoasthe range
0.78-0.90 and temperature 25-6dor camphorquinone (which spans the glass transition regime), amg-at0.9 and 0.95 and at room
temperature for diacetyl. Results for camphorquinone show a strong temperature dependence, with diffusion coefficients changing as much as
two orders of magnitude between 25 andG0and showing high activation energies for diffusiat?5 kJ mol. No sharp change in the
activation energy for diffusion was observed as the glass transition is crossed. The pre-exponential factor for the diffusion coefficient
decreased dramatically through the glass transition. The diffusion coefficients of small penetrants in glassy polymers appear strongly
dependent on the molecular siz22000 Elsevier Science Ltd. All rights reserved.
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1. Introduction actual polymerizing system). While data for rubbery
systems can be obtained from pulsed-field gradient NMR
The diffusion of small molecules and oligomers in [8,9], there is a paucity of results for glassy systems or for
polymers plays an important role in many areas of polymer systems neaf.
processing and applications of polymers. To give some The goal of this study was to acquire such data by study-
examples: the kinetics and molecular weight distribution ing the diffusion of a tracer dye in a polymer—solvent solu-
of free radical polymerizations [1-3], the development of tion at various temperatures and at polymer weight fractions
composite particle morphology in seeded semibatch emul- spanning the glass transition regions. The range around the
sion polymerization [4], membrane separation [5], and glass transition is particularly interesting because this is
controlled-release technologies [6]. Free radical polymeri- where the diffusion changes from being very slow in the
zation kinetics may also be diffusion-controlled, especially glassy system to relatively rapid in the rubbery system.
at intermediate to high conversion [1], while in systems The amount of data for tracer molecules of size comparable
which become glassy at high conversion, propagation reac-to monomers and oligomers in the literature [10-13] is
tions, and thus chain transfer to monomer [7], can also insufficient to see trends or provide discriminating tests of
become diffusion-controlled, and hence dependent on thetheory.
mobility of the monomer molecules.
In order to understand these various processes it is impor-
tant to have values for the diffusion coefficients of both 2. Forced Rayleigh scattering
monomeric and oligomeric species as a function of polymer
weight fraction. The system required for obtaining diffusion Part of the reason for the scarcity of experimental data for
data of relevance to polymerization is ternary: polymer, diffusion of species comparable to monomers in glassy
small amounts of tracer (to represent monomeric or oligo- polymers is because many techniques for measuring diffu-
meric radicals), and a solvent (which is monomer in an sion coefficients are either unable to measure very slow
diffusion, require excessively long time scales, or produce
* Corresponding author. Fax: 61-2-9351-3329. unreliable results: e.g. techniques are based on macroscopic
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or swelling rates of a polymer latex. Such macroscopic exponentially with time [15]:
perturbations may move the system far from an equilibrium i
state, thus potentially inducing spatial inhomogeneities in ACi = ACy e an (€0)

concentration, stress, and material properties, and leading towhereq — 20/d andD; is the tracer-diffusion coefficient of

fume-depe_nde_nt dlffu_5|on coeff_|C|ents. Suc_h_cases may re‘c’u“speciesi. If the lifetime for the photoproduct is comparable

n unqertalnty In precise ch§m|cal cgmposmqn, non—F|9k|an to the time scale of the experiment then reconversion of the
diffusion, apq d|ff|c.ult|es.|n expenmentall mterpretaupn, photoproduct back to the dye contributes to the relaxation of
therefore giving misleading results. While pulsed field the grating and the expression becomes more complicated

gradient (P.FG). NMR 'S a method commonly used Fo [14]. Fortunately, this is not the case for the penetrants used
measure diffusion coefficients of small molecules in in this study [13]

pol¥mers_t[_8], ar|1d avontjj m?crgtsc_oplc pe:turbat;o;_?f to_ the The second step in an FRS experiment, the reading step,
system, 1L 1S only capable ol obtaining values of AiluSIoNn -, hivors the relaxation of the concentration gratings,

21
wherein the amplitude is probed using a non-exciting laser

coefficients down to about I6° cm? s™*. Diffusion coeffi-
cients for small molecules in glassy polymers are typically beam. In this work the reading beam was the same as the
writing beam but the beam power was attenuated for the

much lower than this, rendering PFG NMR ineffective for
reading step to minimize the further conversion of dye

the study of diffusion in glassy polymers.

n ForC(Iadd Ra}ge'?_ih lscatterr:_ng g:RtS)’ 'alio rlfn_own as the into photoproduct during the reading step. This beam was
aS(ler- nd ufce thi otograpt)) Ic Lra Ifngt (E)'Cl'tm(tqued,' Wfl‘s directed at the first-order Bragg angle and the intensity of

employe d'?fr nis sfu y he(iauss 0 tls a ”ylo ||rec Y the diffracted light, related to the amplitude of the grating,

[gr?afhur:calle:%?]n tr?e ?)rglecr) g?%‘g“; r?ﬁ(iasr rrgguecceusethoger was monitored over time. The intensity of. this diffracted
eng . ’ . light decays as the grating decays which in turn depends

time scales r.eq.uwed fo'f the measurements to expenmentallyon the diffusion coefficients of the dye and the photoproduct.

rea§onable limits, ranging from seconds to days. The COmb"The time dependence of the diffracted intensity is given by

nation of the possible length scales and reasonable tlme[15]_

scales for the FRS experiment provide a wide range of '

accessible diffusion coefficients for measurement, rangingI —[a et —p et +B 2+B- 2

from 10 5to 10" cm? s 1 [14]. This covers many different ~ ° [ ! 2 COh] incon @

systems including polymer glasses, melts and polymer solu-yhereB,,,andB;,.nare terms related to the small amount of
tions, and is particularly suitable for spanning the glass coherently and incoherently scattered light, and the pre-
transition. exponential factorsly andA,, depend on the Bragg diffrac-

It should be noted that it is possible that for very short g process, physical properties of the dye and photopro-
distance scales (or corresponding timescales) the apparengjyct. and the concentration differenckC,. The negative
(measured) diffusion coefficients may not correspond to the sign for A reflects the 180phase difference between the
‘true” long-time limit in very glassy systems. This may iffracted optical fields of the dye and the photoproduct. The
limit the applicability of the FRS technique in some termsr, andr, are the characteristic times for relaxation of
systems. Observed diffusion coefficients in very glassy the concentration gratings for the dye and photoproduct,
systems should perhaps be regarded as upper limits to thgegpectively, which in turn give the diffusion coefficients
“true” long-time values. This will be discussed later. through the equation/# = ¢°D;. Data from Veniamonov

The FRS experiment involves two basic steps: writing angd Sillescu for phenanthrenequinone as penetrant in
and reading. During the writing step two mutually coherent ppvA suggest that improvements using stretched expo-

laser beams are crossed within the sample, establishing amhentials in the fit are relatively unimportant for penetrants
interference pattern in which the light intensity varies ot the size used in the present study [16].

sinusoidally. The duration of the writing step is usually a

fraction of a second, which is much shorter than the duration

of the reading step. The crossing angle of the bea@mnand 3. Materials and methods

the wavelength of the lasers, determine the period of the

interference patternd = (A/(2 sin 6/2)). Dye molecules in Methyl methacrylate monomer (Aldrich) was distilled
the volume exposed to the crossed laser beams undergo &efore use; the methyl isobutyrate (Aldrich), diacetyl
photoreaction. The interference pattern of the crossing laser(Aldrich, 99%), and the camphorquinone (Aldrich, 99%)
beams creates a sinusoidal concentration profile in thewere used as supplied.

exposed volume for both dye and photoproduct. These The samples were prepared by the method described
concentration gradients (gratings) of the dye and the photo-below (apparently not used hitherto in the preparation of
product are 180out-of-phase and relax at different rates samples for FRS), in order to meet the following require-
when the dye and photoproduct have different diffusion ments. The sample must be homogeneous, pure, and of a
coefficients. For Fickian diffusion, each concentration grat- precisely known composition, due to the strong sensitivity
ing remains sinusoidal, while the amplitud®C;, decays of the material properties and diffusive behavior to the
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Fig. 1. Typical experimental FRS decay profile. The data are for a PMMA/methyl isobutyrate sempl€).875 T = 35°C. The percentage residuals for the
best fit to Eq. (2) are shown in the inset.

weight fraction polymer. The samples were prepared by by-products. The amount of tracer dye in the present experi-
mixing monomer, inert diluent, and tracer dye, to form an ments was kept between 0.2 and 1% by weight, as recom-
initially homogeneous mixture, and added to flexible metal mended in the literature [13].

sample cells, which were then sealed. The cells that were An upper limit exists for the time that the samples may be
used in this study were made from a flexible copper frame left in they source, due to potential scission or cross-linking
(metal thickness<l mm, sample cell thickness3 mm), of the polymer. PMMA tends to undergo scission [17—19] in
with large open windows in the front and rear, and a seal the source, whereas other polymers may undergo cross-link-
at one end. Microscope slides were attached to the windowsing. A significant amount of either of these processes is
with an Araldite® K-138 (Ciba-Geigy) adhesive kit. After  undesirable: polymer matrix molecular weights that are
several days of drying, the sample cell could be filled with too low may yield diffusion coefficients with a dependence
the reaction mixture, and sealed with a Teftoming and on the molecular weight of the matrix, and cross-linking will
screw. The spacing between the glass windows was approxi-reduce the apparent diffusion coefficients. The molecular
mately 2 mm, which was much greater than the grating weights of two samples were checked by GPC, and high
spacing in the FRS experiments. Thus, the transient molar masses (of the order of 21§ mol™*) were observed:;
holograms formed during the experiment were “thick” this is sufficiently high that, for penetrants of the size

holograms. used here, any effects of matrix molecular weight can be
The samples were polymerized vigradiolysis ¢°Co ignored [16].
source, with a strength of about 0.1-0.4 kGyhof the The basic experimental setup was similar to that

cell, for a period varying between 6 h and several days. described in the literature [20]. The reading and writing
The y-rays initiated polymerization inside the sample cells beams were generated by a Spectra-Physics Stabilite 2017
(it is also possible that side reactions may have occurred CW Ar™ laser, operating at 514.5 nm. The blocking of the
during this step). The samples were left in thesource beams during the reading or writing steps was performed
for sufficient time for complete conversion of monomer to using mechanical shutters (Newport 846HP shutters),
polymer. Some samples were prepared by this method incontrolled by computer software. The laser spot size was
spectroscopic cells, and residual monomer content wasof the order of a few square millimeters, allowing a thick
examined by near-IR spectroscopy. No detectable residualgrating (both depth and width), including several thousand
monomer was found, indicating complete conversion of diffraction fringes. The diffracted beam in the writing step
monomer to polymer had occurred, within the detection was directed onto a photomultiplier tube connected to a
limit of less than 0.5%. The final composition of the samples current amplifier (Keithley 427 current amplifier), which
could be precisely controlled by careful weighing of the was connected to a National Instruments PC-plus A/D
components in the reaction mixture, before addition to the board on a computer. The resulting voltage corresponding
cell. Sample preparation by such a method should result in ato the intensity of the diffracted beam was recorded as a
final mixture that is homogeneous, and contains no initiator function of time by software.
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4. Results and discussion cases the fitted parameters for the decay of the photoproduct
have large uncertainties and result in poor reproducibility
For each sample, measurements were taken at severaor the photoproduct diffusion coefficients. The other diffi-
different points (physical locations within the sample) to culty is related to scatter in the experimental data points
ensure spatial homogeneity. In every case the values atresulting from contributions to the measured intensity due
different points within the sample agreed with each other to any other light sources (attempts were made to minimize
within experimental error. This suggests that the samplesthis effect by shutting off all other lights while performing
were homogeneous. Also, in cases where the times requirecexperiments), fluctuations in laser power, and scattered
were experimentally reasonable, the crossing angle of thereflections of the beam off walls and other surfaces. The
writing beams was varied to see if the diffusion coefficients effect of the scatter in the data points is to make the true
obtained over different length scales agreed with each other.shape of the decay curve less clear. This can become a
The periods of the gratings were varied from 370 to problem for the very fast decays because the number of
1100 nm. Again, the diffusion coefficients obtained all data points collected during the experiment was greatly
agreed with each other within experimental error. reduced. The problem is magnified for the photoproduct
The dye and photoproduct for camphorquinone have because this portion of the curve tends to have a less defined
slightly different sizes and geometries and therefore have curvature than the fast portion of the decay associated with
different diffusion coefficients. In the case of camphorqui- the relaxation of the dye grating. Therefore, the scatter in the
none the dye diffuses faster than the photoproduct, due todata points tends to mask any shape that may be present in
the photoproduct’s slightly greater molecular volume [13]. the portion of the decay curve associated with the photo-
Also since the pre-exponentials in Eqg. (2) have opposite product. This is less of a problem for the very long experi-
signs, the curve may show an initial increase due to the ments because the scatter in the data tends to be averaged
relaxation of the dye grating followed by a decreasing over the large number of experimental points and the shape
portion due to the relaxation of the photoproduct rating. of the curve becomes more evident.
The decay curve may not always have this type of shape; In general, the more pronounced shape of the initial
in fact there are actually several different characteristic portion of the decay curve associated with the dye facilitated
curve shapes in an FRS experiment [21], depending on thefitting of the results and produced more reproducible values
relative values of the decay constants, pre-exponentialfor the diffusion coefficients for the dye than were obtain-
factors, and the coherent scattering term in Eq. (2). able for the photoproduct.
However, the shape of the curve encountered almost exclu- The large scatter of the experimental data at any compo-
sively in this work was one with an initial rise followed by a  sition was a recurring problem to which no simple solution
decreasing portion which approached a baseline intensity. Acould be found. Similar studies have generally shown
typical decay curve is shown in Fig. 1, along with the resi- smaller scatter [16,22—24]. The scatter here may be due to
duals for the best fit to Eq. (2) (inset). As the decay curves a combination of sources: for example, uncertainty in fitting
from the FRS experiments contain information about the parameters (since there are a large number of free variables
diffusion of each of these molecules, it is theoretically pos- here, due to the complex interaction between dye and photo-
sible to obtain two distinct diffusion coefficients for the dye product diffusion coefficients), drifts in temperature (in
and photoproduct from each FRS experiment. Most of the combination with a large activation energy), and possible
discussion here is about the diffusion coefficients for changes in sample composition. There is also the possibility
camphorquinone, those for its photoproduct and for diacetyl that the dyes used here (both diketones) may cause problems
having poor reproducibility. The decay constants were due to their photochemistry. If there is a significant effect of
extracted from the decay curves by fitting to Eq. (2), using the dye on the matrix, or significant changes in concentra-
a non-linear least-squares minimization routine (Tablecurve tions throughout the grating region (such as microscopic
for Windows"). Checks for false minima were made by heterogeneity), the grating may not be completely preserved
variation of starting parameters, and by examination of the during the reading step. Certainly, large deviations from the
residuals for the best fit to the curves. The faster decay expected decay profile were observed in some cases.
constant, which corresponds to a faster diffusion coefficient, However, most of the data included in this study showed
is for the camphorquinone dye, which has a smaller mole- good agreement between the expected and the experimental
cular volume. (fitted) decay profiles. The choice of dyes was based primar-
There are two main reasons for the difficulty in reprodu- ily on their small molecular size (of the order of common
cing the experimental diffusion coefficients for the photo- monomers), and availability. It is assumed that dye selection
product. The first occurs for the experiments with high had little effect on the quality of the experimental data;
weight fractions of polymer. Since the diffusion is very however, this cannot be guaranteed.
slow in these samples, it was necessary to collect data for
long periods ranging from several hours to one or two days. 4 1. Anomalous diffusion?
Often these experiments would be stopped early before the
decay had a chance to reach a baseline intensity. In these Anomalous diffusion can occur when the random walk of
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Fig. 2. Plot of inverse decay constant for camphorquinone versus reciprocal squared grating spacing. The data are for PMMA/methy| iegbut§@e,
T =25C.

the molecule has not been given sufficient time for the
expression(r?) = 6Dt to become valid. This can arise
from the nature of the distribution of jump properties

otherwise possibly negative intercept. This supposition
was tested for the sample wof, = 0.85, at several tempera-
tures. Since anomalous effects are most likely to be
(lengths and times); it takes a finite time for a diffusing observed at lower temperatures, the results are shown for
molecule to sample this distribution fully. Under these 25°C in Fig. 2. This represents the combination of lowest
circumstances, for very short distance scales (or correspondtemperature/highest, that was systematically studied here,
ing timescales) the apparent (measured) diffusion coeffi- and thus the most likely candidate for anomalous effects.
cients may not correspond to the “true” long-time limit in The data presented in Fig. 2 show no obvious upwards
very glassy systems [25—27]. Thus short-time behavior may curvature. The intercept is negative, but has an uncertainty
show an apparent diffusion coefficient greater than the long- larger than this nominal negative value. It is clear that the
term limit. Such an example can be observed from simula- scatter of the data is large, and the results are inconclusive.

tions of small-molecule diffusion in glassy polymers

[28—30]. It is difficult to predict such a distance scale for

a particular system. True long-term behavior could be
experimentally verified by examination of the time-depen-
dence of the apparent diffusion coefficient (which should be
time-independent), although this may often be difficult, due
to experimental limitations.

The same problem was observed for all other sample/
temperature combinations studied.

Thus, although anomalous diffusion may have a signifi-
cant effect for some glassy systems, there is not clear
evidence that anomalous diffusion was significant for the
current system. However, it may be best to regard the
observed diffusion coefficients as upper limits to the true

If diffusion is anomalous in the FRS experiments, plots of values.
the reciprocal time constant (the apparent valuey,)
versus 1d” (see Eq. (1)) may be curved. The apparent diffu-
sion coefficients in such a case will be faster for the shorter
timescales than for longer. This results in a negative inter- It is quite possible that in the glassy regime, the polymer/
cept from an apparent linear fit. Such a test may exposepenetrant system is not in an equilibrium state and may
anomalous diffusion, given a sufficiently broad range of undergo changes over periods of days or even months.
decay constants, due to the predicted curvature and negativéhis complicates the study of diffusion as thgs traversed
intercept. However, in most experimental cases, curvature isby introducing this time dependence. Sillescu and co-work-
unlikely to be distinguishable, due to physical limitations ers [16,23] observed diffusion coefficients decreasing over
for changing of the crossing angle resulting in a relatively time due to physical aging in the glassy region. In many
small range of possible grating spacings, and the errors incases the time required for the diffusion coefficient to reach
estimating the intercept may be too large for the sign to be its lower limit in the glassy region can be very long. Zhang
clearly determined. It should also be noted, however, that and Wang [22] observed physical aging in PMMA below
non-diffusive contributions to the observed decays alone theT, They found that when the system wasQ®elow the
would give a positive intercept. If the magnitude of the T, the diffusion coefficients were still decreasing after
non-diffusive contributions is large, these may hide an 4 days. At 2C below theTy, the diffusion coefficient leveled

4.2. Matrix relaxation: annealing effects?
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Fig. 3. Measured diffusion coefficients of camphorquinone in a PMMA/methyl isobutyrate matrix at different weight fractions of polymi€r at 40

off in less than 24 h. To the best of our knowledge, no coefficients have not reached their long-time limit.
studies of aging have been reported for polymer/solvent However, since the measurements seem to be reproducible
systems in the glassy region, such as the systems used irior different experiments without ensuring that the
the work presented here. However, the effect of aging would aging time was constant in each case, we believe that within
be expected to be less for systems with solvent, since theexperimental error the diffusion coefficients are equal to the
presence of solvent tends to reduce the extra free volumelong time limit. However, it is also possible that the relaxa-
present in the glassy system. In this work, the diffusion tion processes for these samples is so slow that changes in
coefficients for the samples &, of 0.88 and 0.90 were the diffusion coefficients due to physical aging of the poly-
about three orders of magnitude less than for the othermer was simply not detectable on the time scale for which
samples studied, which is probably due to the onset of the the samples were allowed to age in these experiments.
glass transition. In an attempt to alleviate the problem of

time dependent diffusion coefficients, all measurements 4 3 GJass transition temperature

made for these samples were taken after allowing the

sample to remain at the desired temperature for at least Fig. 3 shows individual measured diffusion coefficients of
12—-24 h prior to the measurement. This study was not camphorquinone in PMMA/methyl isobutyrate matrices at
aimed specifically at determining the time dependence in different values ofw,; it can be seen that the scatter in
the present system, so it is quite possible that the diffusion duplicate measurements is relatively small. Fig. 4 shows

logyoD / cm? 57"

'
-
E-N
i
T

i 4 n 4 "
T T T T T

'
_
[«

0 01 02 03 04 05 06 07 08 09 1
Wp

Fig. 4. Dependence of diffusion coefficients of camphorquinone in a PMMA/methyl isobutyrate matrix as functions of temperature and of weight fractio
polymer; each pointis the average of a number of individual measurements of the type shown in Fig. 3. Theygpiat6 ate estimated by the Wilke—Chang
equation [31], and the connecting lines are for visual purposes only. The inset Ehasva function ofy, as predicted using the Kelley—Bueche equation and

the free-volume parameters of Faldi et al. [12].
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Fig. 5. Measured diffusion coefficients for diacetyl in a PMMA/methyl isobutyrate matrix as function of weight fraction polymer.
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Fig. 6. Arrhenius plots of the diffusion coefficient of camphorquinone in
various PMMA/methyl isobutyrate matricesy, values (a) 0.78; (b) 0.82;

(c) 0.85; (d) 0.875, and (e) 0.90. Comparison with the results in Fig. 4 shows
that the activation energy does not appear to change wyittirough the
glass transition.

the collected data over the entire range of temperature and
w,, each point is the average of a number of different
measurements at eael of the type shown in Fig. 3. The
diffusion coefficients atv, = 0 in methyl isobutyrate, as
estimated using the Wilke—Chang equation for diffusion
in liquids [31], are also shown for comparison. For this
estimate, the molar volume for camphorquinone was esti-
mated from data for camphor, since no such information is
available for camphorquinone. Nevertheless, these points
should represent an acceptable estimate, and are shown
solely to give some perspective of the overall trend that
the diffusion coefficients will follow as the polymer weight
fraction is decreased. Corresponding data for diacetyl at
25°C are shown in Fig. 5; these data are subject to much
greater scatter than those for camphorquinone.

It is important to note that the temperature dependence of
D is much lower in the pure solvent. The rapid variation at
w, ~ 0.87 arises near the glass transition. Two points must
be borne in mind in this context.

e The value of the glass transition temperature depends
on which physical property is being measured, since
different physical properties can depend differently on
the microstructure and penetrant dynamics and micro-
structure. Thus temperature at which the diffusion coeffi-
cient (which is a dynamic property) shows a rapid
change, for a giverw, might have a value which is
smaller but significantly different value from thg,
measured, say, by DSC (which is governed by near-
equilibrium microstructure).

e The glass transition temperatufgis a function of the
amount of monomer present (i.e. wf): the monomer
acts as a plasticizer. This can be expressed as the
Kelley—Bueche relationship [32,33] in terms of free-
volume theory for rubbery polymers. The predicted
dependence ol on w, using the free-volume para-
meters of Faldi et al. [12] (which are fitted T data
obtained by DSC for PMMA with diluent MMA
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Fig. 7. Activation energy for camphorquinone diffusion coefficients as a function of weight fraction polymer.

monomer, rather than the methyl isobutyrate as in the curve-fitting exercise (although useful comparisons can be
present system) is shown as an inset in Fig. 4. made atv, = 1, and are implemented in a companion paper
[35]). Free volume theory predicts that the activation energy
is small in systems far abovg, and it should decrease as
solvent concentration is increased for systems abov&gthe
This inference is supported by the results of Zhang and
Wang [36] for diffusion of camphorquinone in polystyr-

The data of Fig. 4 show that, at a given temperature, the
diffusion coefficients show a rapid change with over the
rangew, =~ 0.84 — 0.87. It is apparent from Fig. 4 that
the temperature dependence of this rapid-change rangg of

is weak, and moreover that the temperature at which this ene/dioctyl phthalate (DOP) solutions above Tyewhere

oceurs for & given, is close, but not |dent|F:aI, 0 .th-ég E.t Was found to decrease as the DOP concentration was
values from the parameters of Faldi et al.; the difference .

. ) increased. From Fig. 4 itis clear that the temperature depen-
may or may not be significant because of the small differ- dence of the diffusion coefficient must decrease as the
ence in diluent.

polymer concentration is decreased from 0.78 to 0 (pure
4.4. Temperature dependence solvent).
The data in Fig. 6a—e are fitted acceptably by an
The experimental diffusion coefficients as a function of Arrhenius temperature dependence. The activation energies
temperature for camphorquinone for various polymer from these Arrhenius plots are shown in Fig. 7: the diffusion
weight fractions are shown as Arrhenius plots in Fig. 6a—e. coefficients depend strongly on temperature for this system,
The samples with lower polymer weight fractions show with activation energies for diffusion ranging from 106 to
more scatter in the data points, especially at higher tempera-133 kJ mol ™.
tures. This may be simply because of the short time scales, It is especially noticeable that the activation energies of
sometimes a matter of seconds, required for the relaxation ofFig. 7 do not depend strongly on polymer fraction, even
the gratings in these cases. As discussed above, the fact thahough the system passes through the glass transition over
these runs contain fewer experimental points causes thethis range ofv, (see Fig. 4). Activation energies of this order
effect of the scatter in the data points to be greatly increased,of magnitude have been reported previously for relatively
resulting in more uncertainty in the fitted parameters and large molecules such as camphorquinone in glassy
more variability in the diffusion coefficients. Since these polymers. For instance, Wang et al. report a value of
experiments take such a short amount of time, it was pos-178 kJ mol'* for camphorquinone diffusing in pure poly-
sible to repeat them several times and thus obtain anstyrene at temperatures between 69 arf€€{21], although
adequate average for the diffusion coefficients based onthis value should be regarded with some discretion due to
several experiments. the narrow temperature range over which the experiments
An extension of free volume theory to a ternary system were conducted. Activation energies for diffusion in poly-
such as the present has been developed [34]; however, manyners in excess of 150 kJ mdlare common [37]. It should
of the parameters required for such a calculation for the also be noted thaE, will increase with increasing pene-
current systems are not available, and thus its applicationtrant size. For smaller molecules, values ranging around 10—
to the most of the present data would be not more than a30 kJ mol* would be more typical: for example, Bazhin et
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al. report a value of 30 kJ mot for oxygen diffusion in is crossed. Zhang and Wang saw no changdcjn for
PMMA between 77 and 300 K [38]. camphorquinone in polifBMA) [13] as Ty was crossed

Is this observed insensitivity o, to w, through the but for diacetyl in PMMA [22] they observed a drop i
glass transition in accord with what is expected from by three orders of magnitude immediately after Tyavas
theory? Extension of the free volume theory of Vrentas crossed. The measurements for diacetyl in PMMA were
and Duda for diffusion in glassy solutions [39,40] predicts taken 1 h after changing the temperature, so the effect of
a decrease in the apparent activation energy for diffusion aging is most likely a factor in these measurements. Sillescu
below the Ty for quenched samples; this decrease is and coworkers [16,23] saw a decreasejg below theT,
predicted to be greater for large penetrants and may notfor polystyrene, polyethylstyrene and polycarbonate for
be seen at all for smaller ones [34]. A quenched sample isquenched samples. Frick et al. [24] studied the temperature
one in which the temperature is brought belowThand the dependence of azobenzene in polystyrene/toluene solutions
diffusion measurement taken shortly thereafter. The exten-of 81, 83 and 84% polystyrene. They found tBatwas less
sion of free volume theory to glassy solutions includes a below theT, but the change ik, was 30% less for the 81%
time dependence related to volume contraction below the solution than for the 83 and 84% solutions, which were
T, This is described by including a term of the extra “frozen essentially equal. Again however, these measurements
free volume” which is present in the glassy state as a resultwere for samples that were not given much time to age.
of the chains being constricted and not being able to relax at There are several possible reasons why no changg.in
a sufficiently fast rate. This extra frozen free volume will was observed acrodg. There seemed to be no systematic
decrease over time as the volume of the sample slowly change in observed diffusion coefficient with time (typical
contracts to its equilibrium value. This will result in a diffu- annealing times being 12 h to many days), and it is therefore
sion coefficient that also decreases over time, due to thelikely that the diffusion coefficients measured here are close
decreasing free volume. This theory implies therefore that to their long time limits. However, the time required for the
if diffusion coefficients measured above thgwere used to polymer matrix to relax to its equilibrium state may be very
extrapolate below th&g, then measurements of the diffu- long and thus it is also possible that the system is essentially
sion coefficients below th&; for quenched samples would  “frozen” nearTg, and the apparent activation energies have
be greater than these extrapolated predictions [24]. As thenot had sufficient time to change, thus giving an apparent
temperature is decreased below thig the difference activation energy that is independent of temperature, and
between the extrapolated values and the measurementgqual to a value in the rubbery regime. This possibility is
will increase. Below theT,, the diffusion coefficient is  considered unlikely; however, as we did not conduct speci-

predicted to be greater, and hence probably Eyg is fic studies to determine these time frames for the present
predicted to be less; on the contrary, if the dominant system, there is no guarantee that the diffusion coefficients
mechanism for diffusion does not changelgss traversed, have reached their long time limits. However, another factor

then the activation energy would approach that extrapolatedthat may be important here is that there was a substantial
from above theTy. As discussed in a earlier section, it amount of solvent present in samples used in this study,
cannot be stated with confidence that the present system iswvhich in itself decreases the extra free volume present in
truly in a condition of (moderate) stasis. Given this caveat, a glassy system and may increase the rate at which the
the observation of afE, which is independent ofy, is matrix relaxes belowly. Frick et al. [24] found a decrease
therefore in contradiction to standard free-volume theory. in E, acrossIy for polystyrene/toluene solutions, but these
Moreover, as will be discussed in a subsequent paper [35],were for quenched samples and used aberchrome as the dye.
the fundamental percepts of free-volume theory are thoughtAberchrome is larger, and diffuses more slowly, than
to be inapplicable to penetrant diffusion in glassy polymers, camphorquinone; increasing the penetrant size tends to
since quite a different mechanism is operative: simulations increase the likelihood th&, will change adyis traversed
[29,41-44] suggest instead penetrant diffusion in glassy [34]. Ehlich and Sillescu [23] noted that change&jgat T,
polymers occurs by occasional jumps between cavities are often only observed for the slowest diffusants.
through the opening of a “neck”. Indeed, molecular Several researchers have observed a changg.iwith
dynamics simulations and experiment suggest that atemperature and conversion immediately befty§l3,22—
hopping mechanism for penetrant diffusion sets in well 24]. However, these studies have used samples which were
before the glass transition temperature [45]. Moreover, it not given time to relax to their true equilibrium state. The
is found [35] that the free-volume model underestimates results of the current study suggest that there is only a weak,
experimental diffusion coefficients by many orders of if any, dependence of the activation energy for diffusion on
magnitude, with predicted activation energies a factor of the weight fraction polymer across the glass transition. A
about two larger than those found experimentally in the possible implication of this is that there may be no signifi-
present paper. cant change in the mechanism for diffusion of camphorqui-
Is the observed insensitivity &, to w, in accord with none in PMMA/methyl isobutyrate solutions throughout
other data? Several papers have reported changes in théhis region; however the large change in pre-exponential
temperature dependence of the diffusion coefficienTas factor (as distinct from activation energy) as the system
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Fig. 8. Ratios of diffusion coefficients for the tracer dye versus its photoproduct as a function of sample composition for camphorquinorf€atb{c3@s;
(c) 35°C; (d) 40C; (e) 45C; (f) 50°C; and (g) for diacetyl at 2&.
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goes through the glass transition presented in the following the ratios of diffusion coefficients appear to be approxi-

section suggests otherwise. mately independent o, in this region.
It can be seen from Figs. 4 and 5 that, for the limited
4.5. Dependence on solvent concentration amount of diffusion data for diacetyl, the diffusion coeffi-

cients for the smaller diacetyl dye are much larger than for
Fig. 4 shows the experimental diffusion coefficients for the camphorquinone at an equivalent valua/gfas may be

camphorquinone as a function of the weight fraction of expected. This size dependence is very strong (with the
polymer (the lines drawn between the points in this figure smaller diacetyl diffusing much more rapidly than the
are purely for visual purposes and do not represent any typecamphorquinone), and is also implied by the large differ-
of fitting). At each temperature, it is apparent that as the ence in diffusion coefficients between tracer dyes and their
glass transition is crossed, the diffusion coefficients decreasephotoproducts, although the differences in molecular sizes
by over three orders of magnitude. This behavior is expectedare rather small. Unfortunately, only limited data are
because the stiffness of the polymer chains in the glassyavailable for comparison, and no systematic study of size
regime will restrict the redistribution of free volume and dependence is possible.
hinder the diffusion of the penetrant. As discussed in the
previous sectionE, does not change significantly as the
glass transition is crossed, and the temperature dependencg conclusions
of the observed rapid change Inthrough the glass transi-

tion is thus a decrease in the pre-exponential factor for 4 The giffusion coefficients in polymer/solvent solutions
diffusion. This pre-exponential factor in such systems may  are most sensitive to the solvent concentration near the
describe a large number of phenomena. For example, if the  glass transition where only a few percent change in the
diffusion process is cor;sidered a random walk in three polymer concentration can change the diffusion coeffi-
dimensions D = gkympL", where Kimp is the jumping cient by several orders of magnitude.
frequency, and. is the typical jump length), the effective o polymer solutions at high weight fraction of polymer
frequency factor contains information regarding both the  aynipit very high apparent activation energies, in excess
jump length and frequency. of 100 kJ mol?, for diffusion of large molecules such as
Diffusion is expected to proceed via two different camphorquinone.
mechanisms either side of the glass transition. For the 4 No sharp change in the apparent activation energy for
rubbery regime, free volume appears a good model. Atthe  giffusion is observed as the glass transition is crossed
extreme end of the glassy regime (with essentially no added  fq; systems containing small amounts of solvent and
diluent, and only a trace amount of penetrant), simulations  gjjowed to age after the temperature of the system is
[28—30,46] imply that diffusion over significant distance changed.
scales is dependent on relatively rare “hopping” events o The activation energy for diffusion of camphorquinone in
between neighboring cavities. On the current experimental  ppMA was apparently independent wf as the system
evidence, it is not possible to convincingly argue either for goes through the glass transition, but the pre-exponential
or against a change in mechanism through the glass transi-  t5ctor decreases dramatically through the glass transition.
tion, since there are factors which may argue for either case.  The first observation is in contradiction to the predictions
of free—volume theory.
4.6. Dependence on penetrant species e The diffusion coefficients of small penetrants in glassy
polymers appear to be very strongly dependent on mole-
Fig. 8a—f show the ratios of the diffusion coefficients for cular size, as indicated by the large difference between

the tracer dye and photoproduct as a function of composi-  iffusion coefficients for camphorquinone and diacetyl in
tion, at each temperature where measurements with gimijlar glassy PMMA matrices.

camphorquinone were taken, and Fig. 8g shows the limited

data for diacetyl at 2&. Although dye and photoproduct !N @ subsequent paper [35], these results are compared
are of similar sizes, there seems to be relatively large differ- With the predictions of two models for these diffusion
ences in their diffusion coefficients; however, these differ- Processes.

ences are subject to significant experimental uncertainty. In

most cases, very little dependence of the ratiosvpwere
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