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ABSTRACT: We have used the pulsed-gradient spin-echo method to measure diffusivity D in two epoxy
systems, DGEB and DGEBA (Shell Epon 828), as function of time during curing with DDS at 120 and 140
°C. Diffusion of the polymer as well as curative and probe molecules (5% unreactive impurities in DGEB;
8% plasticizer DBP in Epon 828) was observed from the melt to beyond gelation. Parallel IR determina-
tions of the conversion x of the curing reaction and use of branching theory allowed approximate modeling
of the molecular weight (M) distribution of the emerging aggregates, whose corresponding D distribution
was found to be in agreement with the data. While the average D(polymer) decreases by some 3 orders of
magnitude during the cure, the decrease of D(probe), arising from changes in chain-end free volume alone,
is smaller. After correction for these free-volume changes D(polymer) is found to depend much more strongly
on M of the growing aggregates than the prediction of the Rouse model. These results suggest that branch-
ing of the diffusing molecules and their equivalent host environment has considerable influence on the
friction coefficient in these unentangled systems at least up to gelation. In both systems D data at the two
temperatures follow a common curve D(x)/D(0) vs x, consistent with the hypothesis that the progress of
curing after its initial stages is largely controlled by diffusion. Differences in diffusion behavior between
systems are attributed to differences in M and chain flexibility.

1. Introduction

The importance of epoxies derives from their use in
several separate but related contexts, e.g., as adhesives,
as protective layers in the form of paints and coatings,
and as matrix materials for composites used in struc-
tural applications. In most of these the epoxy ulti-
mately forms a glassy network that may incorporate, or
adhere to, discrete foreign objects or dispersed phases of
another polymer. The process of curing to produce the
network has a profound influence on the properties of
the finished materials and has long been the subject of
detailed study.

During isothermal curing epoxies traverse a sol-gel and
a vitrification transition; this process is generally described
in terms of a time-temperature transition (T-T-T) dia-
gram.! As the cure progresses, monomers combine to form
dimers, trimers, etc., which then proceed to link into
branched aggregates, and finally form a cross-linked gel,
into which most of the remaining sol may be incorpo-
rated. The glass transition temperature T, descriptive
of the loss of free volume and thus of overall molecular
mobility, increases with cure but at a rate that depends
on the stage of curing. The cure kinetics, at first rapid
and controlled mainly by the rate of the chemical reac-
tion, slows down and in the later stages of curing becomes
limited by the rapidly decreasing diffusion rate of the
remaining larger unreacted entities in the presence of the
more constraining branched and/or entangled sol and
cross-linked network.

Several types of experiment have been used to study
curing in epoxies or similar systems. Rheological mea-
surements such as storage modulus and viscosity” are par-
ticularly effective in describing changes in long-range coop-
erative motions, e.g., near the gel transition. For the study
of somewhat shorter range interactions between the grow-
ing molecules, microviscosity as determined by fluores-
cence, e.g., of a viscosity-sensitive probe,® polarization,*
chemiluminescence,® and excimer emission® are well suited.

* Supported in part by the National Science Foundation (Grant
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Direct measurements of molecular self-diffusion (Brown-
ian motion) are beginning to be applied to the study of
curing; fluorescence recovery after photobleaching (FRAP)
has been used? to study the diffusion of chemically labeled
free probe molecules dissolved in a curing matrix. Sub-
tle changes in dielectric properties during curing can result
from the attendant loss of mobility of ionic impurities.”

The photoisomerization of azochromophores at differ-
ent sites® along a molecule was employed to probe the
motion of a submolecule, and the results were interpret-
able in terms of the distribution of free volume within a
curing system. ESR and positronium annihilation spec-
troscopies have also been applied to describe the mobil-
ity and free volume of a cured polymer matrix.

Of particular promise in the study of curing is nuclear
magnetic resonance (NMR), not merely in its spectro-
scopic variety as an aid in determining the time-depen-
dent concentration of a moiety involved in the curing
reaction,” but increasingly as a tool to study molecular
mobility directly. The spin—-spin relaxation time 7', has
recently been used as a sensitive probe of molecular mobil-
ity of both sol and gel in rubbery networks and compos-
ites as function of departure from curing stoichiometry
and of filler particle size.'® Spin-spin and spin-lattice
relaxation rates have been measured to characterize molec-
ular motions in epoxy (DGEBA) as melts,'! and net-
works,'? as well as during curing.!® The NMR-based
pulsed-graident spin-echo (PGSE) method rapidly mea-
sures long-range self-diffusion of entire molecules. It is
possible simultaneously to measure the diffusion of nat-
urally occurring polymer sol and curing agent plus unre-
active monomer without the need for chemical labeling;
a curing study of a rubbery polybutadiene!* and a com-
bined study of T, and diffusion in cured PB networks'®
using this method have been described. Earlier post-
cure PGSE work in composites!® concentrated on the
restriction and reduction of the diffusivity of small probe
molecules in response to various attributes of the filler
particles.

The present work reports a PGSE diffusion study of
two epoxies differing in molecular weight, DGEB and
DGEBA, during curing with DDS, at both 120 and 140
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Table I
Characteristics of Molecular Species
species M, dalton  M,/M, via GPC® o descriptn
DGEB monomer 202 E=2 reactive monomer constituting 95 wt % of DGEB as supplied
DGEB impurity (~200) E=0 unreactive monomers (>90% 1,4-butanediol) 5 wt % present in
DGEB
DGEBA M, =411 1.09° E=2(nom) >99% molecule with E > 0
DBP 278 0 plasticizer; aromatic, 8 wt % used with DGEBA
DDS 248 A=4(nom) curing agent, 99.8% pure, constituting 37 wt % in DGEB

system? and 21 wt % in DGEBA system

s Via Waters HPLC at 25 °C in THF; ultrastyragel columns. ® Functionality (average) in terms of amines (A) or epoxides (E) per mole-
cule. ¢ Shell Epon 828 nominally contains 75% M = 340 and 25% M = 624. 9 Initial fractional DDS content in the batches to be cured,
assuming A/E = 1 (molecular ratio epoxy:DDS = 2:1) and including weight of nonreactive species.

°C, from cure initiation to beyond the gel point. These
temperatures were chosen, after several trials, to be high
enough to permit diffusion measurements well into the
intermediate stages of curing, i.e., until the rising glass
transition prevented further measurements, but as low
as possible to minimize exothermal sample heating dur-
ing curing and to provide sufficient time for precise dif-
fusion measurements. A parallel determination of the
extent of the curing reaction based on infrared absorp-
tion spectroscopy makes possible an approximate descrip-
tion of the statistical properties of the reacting aggre-
gates. Diffusion of probe molecules is included in our
measurements and serves to describe the change in free
volume during curing.

On the basis of contemporary theories of polymer rhe-
ology, an attempt is made to partition the polymer dif-
fusion rate into contributions from free volume, their own
increasing molecular weight, the increasing resistance of
the emerging network to molecular transport, and the
direct topological effect of branching. The last two of
these effects are not well understood, so that it will not
be possible to assign their appropriate fractional contri-
butions to diffusant vs host effects. However, it will
become clear that the conventional Rouse model, whose
predictions for self-diffusion apply to branched as well
as unbranched solutions of polymers in this molecular
weight range, is not capable of explaining these observa-
tions in our concentrated systems. Preliminary reports
of this work have been given.é!’

II. Experiment and Data Analysis

A. Samples. Diglycidyl ether of Bisphenol A (DGEBA) pre-
pared by Shell Chemical Co. as Epon 828 was used as received
and was mixed with 8% of a plasticizer, dibutylphthalate (DBP),
to obtain a blend containing a molecularly similar probe spe-
cies. As a comparable system of smaller molecular weight, dig-
lycidyl ether 1,4-butanediol (DGEB) was used as purchased from
Aldrich Chemicals, Inc.; this product is known to contain 5%
of unreactive species, which served as plasticizer as well as probe
in the NMR investigation. Gel permeation chromatography was
used to confirm the impurity content and obtain the molecular
weight distribution of the reactive bulk epoxides, information
helpful in the reduction of the PGSE data. Samples were eluted
at a flow rate of 1.0 mL/min in tetrahydrofuran at 25 °C using
a Waters HPLC component system equip]ged with ultrastyra-
gel columns (Waters: 500, 103, 10%, and 10° A). For Epon 828
two sharp peaks were observed and identified in terms of the
two known subspecies, of molecular weights 340 (n = 0) and
624 Da (n = 1); the relative amounts were consistent with the
manufacturer’s nominal ratio of 3:1. In DGEB a single slightly
broadened peak was observed. The molecular characteristics
of these species are summarized in Table 1.

The preheated epoxies containing probe molecules were sto-
ichiometrically mixed at 100 °C with 4,4’-diaminodipheny! sul-
fone (DDS) obtained from Aldrich Chemicals, for approxi-
mately 4 min, at which time the mixtures had become trans-
parent. The preparations were immediately cooled and divided

for use in the IR and PGSE studies. PGSE specimens required
some 300 mg of material to be placed at the bottom of 7-mm
0.d. NMR sample tubes, which were flushed with N, gas and
sealed. These samples were kept at —15 °C until required sev-
eral days later, when they were placed in the preheated NMR
probe, this moment being regarded as the beginning of the cure
(see below). The first PGSE measurement was begun within
less than 5 min; several hours later continued measurements
became impossible when the specimen’s rising glass transition
temperature approached and exceeded the temperature of the
experiment. As expected on the basis of the known chemical
compatibility of the ingredients, no evidence of phase separa-
tion was detected in either system at any stage of curing.

B. IR Curing Study. The extent of the curing reaction
was monitored as a function of time via parallel infrared absorp-
tion measurements on aliquots taken from the same batches
used in the PGSE work. One drop of fresh sample was squeezed
between circular NaCl plates separated by a 15-um PTFE spacer.
The disappearance of the characteristic epoxide absorption peak
at 915 cm™ was monitored on a Beckman FT 2100 FTIR instru-
ment. Temperatures identical with those used in the diffusion
experiments (120.2 and 140.2 °C) were maintained to a preci-
sion of £0.2 °C. ‘To correct for sample thickness fluctuations
during cure two internal reference peaks were chosen for each
system. One common to both systems, arising from the phe-
nyl ring stretch in DDS, was centered at 1610 cm™ and the
other either at 1184 cm™ due to C—C stretching of the bridge
carbons in DGEBA or at 1723 ¢cm™ due to the C=0 stretch in
DBP dissolved in the DGEB system. The extent x of the cur-
ing reaction, x, in terms of epoxy groups, was then calculated
from the areas A of the absorption peaks after suitable subtrac-
tion of a manually interpolated curved base line arising from
neighboring peaks:

Agy5(t) Aret(0)
Agi5(0) Agelt)

The reference peak area ratios in each system were obtained
for both peaks, checked for consistency, and averaged for use
in eq 1. No significant differences in x,(t) were observed when
the experiments were repeated with samples taken from left-
over NMR portions of these batches, kept as extremely viscous
liquids at ~15 °C for between 1 and 2 weeks, showing that the
NMR samples had not yet significantly reacted at the begin-
ning of their curing study. The experimental uncertainty in x,
from all sources was estimated to be £6% of x, for x, 2 0.4,
approaching a constant £0.03 at lower x,.

To obtain some of the moments of a theoretical molecular
weight distribution at any x, prior to gelation for the function-
alities involved, appropriate branching theory was used.
M, (x) was evaluated as function of x from an expression derived
by Dusiek and Ilavsky'® under the reasonable assumption that
no side reactions occur. The temperature in use in our exper-
iments seem too low for reactions such as etherification of epoxide
and hydroxyl groups to become significant prior to gelation.
Estimates of M, (x) were obtained by evaluating the theory of
Miller and Macosko,'® with two additional assumptions, i.e.,
that no intramolecular reactions (e.g. cyclization) occur in the
finite species and that the primary and secondary amine groups
are equally reactive. While the first of these assumptions is

x(t)=1-

Y
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likely to be satisfied here, the second is not;?%2! the main effect
of its invalidity is an upward shift of the stoichiometric gel point
from x g = 0.57 to x,, = 0.58 in the ideal case but more likely
nearer to 0.6 since t. e amines may be subject to substitution
effects.

The moelcular weight averages were required for the model-
ing and interpretation of the diffusivity distributions observed
in the PGSE experiments, as will be described below. How-
ever, no part of our data reduction or analysis makes use of a
quantitative value of x,,;; the onset of gelation near x = 0.6 was
not evident in the diffusion results (see below) but was clearly
inferred from the abrupt change in mechanical properties infor-
mally observed in several specimens used for preliminary tri-
als.

C. Diffusion Study. Diffusion measurements were made
in the proton NMR at 33 MHz using the principal spin echo.
The pulsed-gradient spin-echo (PGSE) method?? extracts self-
diffusion (Brownian motion) coefficients from the decrease in
the amplitude of the NMR echo in response to a pair of matched,
calibrated magnetic field gradient pulses coordinated with the
of pulse sequence. The PGSE method, including the contem-
porary large- gradlent variety in use here, is exhaustlvely reviewed
in the literature;?® our instrumentation, experimental prac-
tices,?® and data reduction models and software**?® were used
as described in previous publications, with various refine-
ments. The experiments were conducted at a fixed echo time
7 = 25 ms equal to the gradient pulse spacing A, and a fizxed
gradient pulse magnitude G = 125 or 310 G/cm; the latter was
used at the lower temperature. The gradient pulse duration &
was varied between 0 and 16 ms in eight to fifteen steps. A
steady gradient G, = 0.80 G/cm, parallel to G, was applied at
all times to sharpen and stabilize the echo.

The NMR probe containing the samples under investigation
during curing was maintained at the desired curing tempera-
ture of 120.2 or 140.2 °C within an accuracy of £0.2 °C and a
stability of £0.1 °C over the duration of the experiment. The
probe temperature was monitored 3-mm downstream of the sam-
ple with the airflow temperature actively regulated so that pri-
mary effects of adiabatic sample heating were eliminated. Any
temperature difference between the outside and center of the
samples was easily estimated to be smaller than the accuracy
of the temperature control: the diameter of the cylindrical sam-
ple wetting the glass sample tube was only 5 mm, and the rate
of heat generation was relatively low since at these low temper-
atures between 2 and 8 h elapsed between the beginning of cur-
ing and estimated gelation.

Diffusional echo attenuations were recorded as rapidly as pos-
sible, using minimal signal averaging (three to six echoes per
pulse duration setting). One set of echo attenuations was col-
lected within 3 min or less; small signal amplitude drift during
each set was later corrected for the changing spin-spin relax-
ation time T, which was measured between the diffusion exper-
iments. The cycle was repeated every 7-14 min until the spin
echo at 2r = 50 ms decreased in signal-to-noise ratio to less
than approximately 3; one such curing run took 6-10 h at 120
°Cor 2-4 h at 140 °C.

It has been shown?? that the slope of a plot of the logarithm
of the echo amplitude versus a combined gradient parameter
(8G)? (A - 6/8), with minor corrections involving G, equals —y2D,
where v is the gyromagnetic ratio of the nuclei at resonance,
provided their molecules diffuse at the single self-diffusion rate
D. Our echo attenuation data did not adhere to this restriction
and thus required analysis by our off-line data reduction and
model fitting code!*?® DIFFUSS5, operating on an IBM 9000
workstation. Its most recent modification is a calibrated cor-
rection for the effects of short-term residual magnetic field
gradients,?” which can become important at short diffusion times
and low diffusion coefficients. In the present investigation, this
correction resulted in downward changes in the measured dif-
fusion coefficients of no more than 3%, less than the uncertain-
ties in D. These amounted to some 4% from imprecision in
the gradient calibration, with additional contributions due to
correlations in the fits of multicomponent diffusion models (see
below) and adverse signal-to-noise conditions; no single D value
to be presented is believed to be uncertain by more than £15%.

Near the beginning of curing, few polymer molecules have
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reacted; the polydispersity still resembles its initial profile and
the free curative (initially present in comparatively large con-
centrations; see Table I), the probe molecules (unreactive mono-
mer or plasticizer), and the smaller polymer molecules all dif-
fuse at similar but not identical rates. The data reduction model
employed at this stage'* stipulated a single polydisperse melt
characterized by a Schulz-Zimm distribution with specified val-
ues of M, and M, (see above) and assumed, in the absence of
entanglements in our systems, an inverse proportionality of D
to M. (In view of the results to be discussed below, a reptative
M2 proportionality was also attempted. The fits obtained were
generally somewhat inferior, and the polymer diffusion coeffi-
cients were not substantially altered.) An adjustment to the
echo amplitude of each molecular fraction for the M depen-
dence of T, within the ensemble was always made; the mea-
sured average T, at the curing stage of interest was supplied to
the program. The only parameter being fitted was D(M,), the
diffusion coefficient of molecules having the momentarily appro-
priate molecular weight M,, all other diffusion rates scaling
accordingly.

As the cure progresses, larger molecular aggregates begin to
form and D(M,) decreases as M, 1ncreases, branching occurs,
and some chain-end free volume is consumed, with an atten-
dant increase in the glass transition temperature. In our sys-
tems the diffusion of the polymer ensemble began to be clearly
distinct from that of the probe species at a conversion of about
0.3; beyond this point the model employed'* added to the ear-
lier model another component of adjustable amplitude and a
single adjustable diffusion rate, raising the number of fitted
parameters to three. While the amount of probe species and
free curative was known, its 7', relative to that of the polymer
was not independently measurable in the limited time avail-
able between diffusion measurements, so that the fit of its rel-
ative echo amplitude could not be obviated.

It is of interest to estimate the extent x_ of the curing reac-
tion at which the amount of unreacted DDS has fallen to the
level of the probe species; beyond this point the diffusion rate
of the faster moving component will mainly reflect the motions
of the probe molecules. Given the initial weight fraction of each
(see Table I) it is only necessary to account for the decrease of
free DDS by the factor (1 - x.).* The results are x,(DGEB) =
0.39 and x (DGEBA) = 0.21, fortuitously both in the vicinity
of x = 0.3, below which polymer diffusion was indistinguish-
able from that of the smallest molecules. An additional sim-
plification in our data reduction results from the similarity of
molecular weights and shapes of DDS and the probes (plasti-
cizer or unreactive monomer), so that the two free diffusion
rates could be subsumed in the single rate characteristic of the
main probe species present, a fact which assumes greater impor-
tance above x.. Several independent checks confirmed that our
data reduction propagates no artifacts of the gradual disappear-
ance of free DDS.

When a true network begins to form at the gelation point, it
is desirable to choose a spin-echo time 7 sufficiently long to
exclude contributions from the (nondiffusing and less segmen-
tally mobile) gel fraction, to avoid difficult corrections to the
sol diffusion rate.!® Our choice of 7 = 25 ms for all measure-
ments represented the best compromise between this consider-
ation and the requirement for sufficient signal strength. Beyond
the gelation point the polymer diffusion rate extracted via the
unaltered model thus described the desired sol diffusion. How-
ever, at later stages in the cure the molecular aggregates become
so large, highly branched, and immobile that their T, relax-
ation times begin to approach that of the network. The extrac-
tion of sol diffusion rates under such conditions can no longer
avoid the highly uncertain corrections for the network echo con-
tribution. Rather than altering instrument settings or pulse
programs we chose to ignore polymer diffusion beyond this point
but to continue with probe diffusion by invoking a simpler model,
which combined all polymer echo into a single essentially unat-
tenuatable fraction as correction to the attenuatable probe
echo.?® The adjustable parameters here were D(probe) and the
unattenuatable echo fraction. When in the final stages of the
experiment all polymer echo at 50 ms had vanished, it became
possible to postulate a single adjustable diffusing species,?® i.e.,
the probe molecules.
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Figure 1. Diffusional echo attenuation (symbols) in Epon 828,
2.5 h after beginning of cure with DDS at 120 °C. Ordinate
represents logarithm of spin-echo amplitude; abscissa denotes
the gradient parameter (3G)? (A - §/3) with corrections for a
small steady gradient applied at all times. Model fitted (line)
postulates a single fast-diffusing diluent (visible as steeper slope
near origin) within a polydisperse unentangled diffusing poly-
mer (see text).

-4

DGEB-DDS O 120 °C probe
5t o 120 °C epoxy
—_ a 140 °C probe
c\:\n -y ® 140 °C epoxy
g 6 .. OOOODDDI:PD
g e B o,
a . T °c°° B, 0
8 as % “n‘n.-oo 00y
n
°. &0,
[ ] ]
8r . °°°o
L J
L]
-Q L n 1 . 1 2
0 100 200 300 400

Cure Time, min

Figure 2. Diffusion coefficient of unreactive impurities (squares)
and DGEB aggregates of number-average molecular weight (cir-
cles) during cure with DDS, at 120.2 (open symbols) and 140.2
°C (bold symbols), as function of time from beginning of cure.
At early times plasticizer and polymer diffusion are not dis-
tinct, although polydispersity is already evident.

A separate measurement of the diffusion of concentrated sol
after extraction was not performed. Such an approach would
yield much more rapid rates, resembling those obtained in the
early stages of curing, because it does not reflect the complex
interaction between sol and the gel host, information which this
study was designed to elicit.

I1I. Results and Discussion

A. Time Dependence of Diffusion and Curing
Reaction. A typical echo attenuation plot is shown in
Figure 1. This example for the Epon-DDS system shows
the most complex interpretive model fit, permitting the
extraction of two diffusion coefficients and the relative
echo intensity of the fast-diffusing component; the last
cannot be effectively utilized in the further analysis but
serves as a check since it constitutes an upper limit on
the relative amount of probe molecules present.

Figure 2 shows the time dependence of polymer as well
as probe diffusion coefficients during curing in the DGEB-
DDS system at both temperatures. As is found in some
curing systems® (but in sharp contrast with others dif-
fering greatly in gelation and vitrification behavior'#), the
decrease of molecular motions accelerates as the cure
progresses, although this acceleration is less for the probe
molecules than for the polymer. Identical observations
apply to the results for the Epon 828-DDS system, shown
in Figure 3. For both systems curing progresses more
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Figure 3. Cure time dependence of diffusion coefficient of plas-
ticizer (squares) and Epon 828 aggregates of number-average
molecular weight (circles) during cure with DDS, at two tem-
peratures. Symbols and conventions are as in Figure 2.
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Figure 4. Extent of cure of DGEB-DDS system as deter-
mined from infrared absorption data, as function of cure time
at 120 (circles) and 140 °C (squares).

rapidly, and diffusion of both components is faster, at
the higher temperature.

Figure 4 shows sample results of the parallel IR inves-
tigation to determine the extent of the curing reaction
as function of cure time; data for the DGEB-DDS sys-
tem at both cure temperatures are displayed. (These mea-
surements combined with branching theory provided the
basis for the polydispersity modeling required for the
extraction of D(M,) from the echo attenuation data shown
in Figures 2 and 3.) For both the Epon as well as the
DGEB system equal conversions are reached 2.5 £ 0.3
times faster at the higher of the two temperatures. Since
this factor is only slightly greater than that (1.8 = 0.2)
by which corresponding diffusion coefficients differ
between these temperatures, the progress of curing after
its initial stage seems to be controlled more by diffusion
than by the chemical reaction rate, whose temperature
dependence might be expected to be less pronounced.

B. Dependence of Diffusion on Extent of Cure.
The hypothesis of a diffusion-dominated curing rate at
intermediate stages of curing is supported by a direct
juxtaposition in the form of master plots in which con-
version x (interpolated from the IR measurements at cure
times corresponding to diffusion measurements) is used
as abscissa, with the reduced diffusion rate D(x)/D(x =
0) as ordinate. As may be seen from Figures 5 and 6,
results for the two temperatures are superimposed for
both systems; nontrivial adherence to master curves
extends from x = 0.3 to well beyond the putative gela-
tion point. More detailed justification of this view will
be given near the end of section III.B (below).

As discussed earlier, the gel point for both systems is
calculated to occur near x = 0.57-0.60. While polymer
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Figure5. Dependence of the reduced diffusion coefficient D(x)/
D(x = 0) for the DGEB-DDS system on the extent x of the
curing reaction as determined via IR. Results for probes (open
symbols) and polymers (bold symbols) at both temperatures
replotted from Figure 2 follow master curves. Mark indicates
lower limit for theoretically estimated gel point.
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Figure 6. Master curve of reduced diffusion coefficients vs
extent of cure for the Epon 828-DDS system. Data of Figure
3 are replotted as in Figure 5.

(i.e. sol) diffusion beyond this point rapidly becomes unob-
servable especially in the Epon system, probe diffusion
remains measurable for some time. However, neither sol
nor probe diffusion nor their general trends change
abruptly as a result of gelation. This observation is in
contrast with bulk mechanical measurements but is quite
characteristic of diffusion and other microscopic mea-
sures, which are indifferent to the existence of large-
scale molecular structures until these constitute effec-
tive topological constraints for the smaller diffusing enti-
ties.

The extraction of the range of polymer diffusion rates
beyond the gel point must rely on estimates of the M
distribution of the sol. While beyond gelation the sol’s
M averages are known?® to decrease continuously as the
curing reaction progresses, the ratio M,/M,, of princi-
pal concern in our data reduction,'* appears to be rela-
tively constant, in the range of 2-3; on this basis we con-
tinued to obtain excellent fits to the echo attenuation
data. Because of the smaller molecular weights involved,
diffusion in the DGEB system was observable to higher
conversions than in the Epon system, particularly at 140
°C. We believe that the small irregularities in D(probe)
in this case near x = 0.7 are not associated with gelation
but rather represent an artifact of the switch between
the use of different data reduction models (see above) as
sol diffusion became unobservable.

Adherence of the data to the master plots is not lim-
ited to the polymers but extends to the probe molecules
as well. This fact suggests that the diffusion rates in
both of our systems contain a major contribution com-
mon to polymer and probe, the most obvious candidate
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being the free volume accessible to diffusive jumps. The
free volume is understood?® to be locally redistributable
at no cost in energy and is thus (at least in the simplest
versions of the theory) equally available to all diffusing
species.

This interpretation is helpful in estimating one of the
contributions to the decrease of polymer diffusion rate
as the cure progresses. Probe molecules, being unreac-
tive and present in relatively small and unchanging con-
centration, accurately measure intermolecular friction at
any time during curing. Unless the probe molecules are
large or complex enough to experience substantial restraint
by emerging host entanglements or cross-linking (not
expected to be the case in the present study), the only
significant change in friction they experience is due to
the changing free volume. If, moreover, the polymer and
probe molecules are monomerically equivalent or simi-
lar (as is the case here; adherence to the master curves
supports this contention), we expect that free-volume
changes will retard polymer and probe diffusion rates by
approximately the same numerical factor.?® A compari-
son of probe and polymer diffusion in Figures 5 and 6
thus suggests that up to half of the decrease in log D(poly-
mer) during cure arises from the depletion of free vol-
ume, with the remainder to be accounted for in terms of
the increase of polymer molecular weight, polymer branch-
ing, and interference between diffusing polymer mole-
cules and the emerging (entangled or cross-linked) gel.
In the next section an attempt will be made to estimate
the relative contributions of these effects.

It is not difficult to assign the cause of the substantial
decrease in free volume as the cure progresses. A major
contribution to polymer free volume is associated with
unattached ends of molecules, e.g. polymer chain ends.
This contribution has been shown to account for the dif-
ference in free volume, as well as diffusion rate as its
sensitive indicator, between otherwise identical melts of
differing moelcular weight.3? Free chain ends, relatively
abundant at the beginning of cure, are rapidly con-
sumed as a result of the formation of molecular aggre-
gates (chain extending and branching), virtually disap-
pearing at the completion of the cure.

Given the strong dependence of D on fractional free
volume,?®32 the observed decrease of probe diffusion rate
amounting for both systems to some 2 orders of magni-
tude may be crudely estimated to correspond to a decrease
in free volume by perhaps one-third, which may there-
fore be regarded as a reasonable upper limit on relative
chain-end free volume prior to curing. However, while
for both systems probe and polymer diffusion rates become
distinguishable near x = 0.3, at some later fixed x (e.g.,
the gel point) log D(probe) in Epon 828 has decreased
by twice the amount observed in the DGEB system. This
observation is in accord with the free-volume interpre-
tation given the differences in initial chain-end density
and demonstrates that probe diffusion remains observ-
able until the free volume has decreased to some critical
value apparently common to both systems. It further
implies that the correction of polymer diffusivity for free-
volume changes will be much more severe in the Epon
system.

The dependence of diffusion on free volume, as evi-
denced here directly in the case of probe diffusion, is
known® to have the approximate form D ~ e”*/F, The
fractional free volume F increases with rising tempera-
ture above T, in a pronounced, linear manner. It is eas-
ily shown that D(T) with appropriate free-volume param-
eters can have an equally or more pronounced tempera-
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Figure 7. Polymer diffusion coefficients corrected for free-
volume changes [D,q(M,); see eq 2] for the DGEB-DDS sys-
tem (a) and the Epon 828-DDS system (b), as function of the
theoretical number-average molecular weight of the polymer aggre-
gates during curing prior to gelation. Data at 120 and 140 °C
are included; bar denotes uncertainty. Power-law slopes are
indicated.

ture dependence than that of a chemical reaction rate
following the Arrhenius law with a typical thermal acti-
vation energy. Our conclusion that the curing reaction
in our systems for x > 0.3 is largely limited by diffusion
rather than by chemical reactivity is based on the obser-
vation (Figures 2, 3, 5, and 6) that the increasing poly-
mer diffusion rate at the higher temperature is approxi-
mately matched by the reduction of the times scale for
attaining equal values of x, in both systems over the entire
accessible range of x > 0.3. While this observation is an
elementary consequence of Fickian diffusion, reproduc-
ing this observed behavior via the temperature depen-
dence of the chemical reaction rate would require ad-
hoc assumptions.

C. Dependence of Diffusion on Molecular Weight
Prior to Gelation. For a separation of polymer diffu-
sion into its contributions, it will be advantageous to rep-
resent the results in a form suitable for direct compari-
son with molecular weight power laws. The probe mol-
ecules, whether present in trace concentrations or, as here,
in finite amounts, should not be expected to obey diffu-
sional power-law behavior in polymer molecular weight,
but their diffusion rates may be used to correct polymer
diffusion for the changing free volume, The quantity plot-
ted in Figure 7 is therefore

D(M,,x)D(probe,0) _ D(M,x)
D(M_,0)D(probe,x)  D(probe,x)

The second equality, while not valid in principle, is a
consequence here of the indistinguishability of probe and
polymer diffusion rates in the earliest stages of the cure.
D, (M,) is independent of temperature and is displayed

Dcfv(Mnrx) =
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as function of the theoretical number-average molecular
weight of the polymer, M,,(x), up to gelation. The advan-
tages of plotting D(M,) vs M,, over the use of some other
molecular weight average for abscissa and ordinate have
been discussed in detail elsewhere;' of particular impor-
tance here is the relative lack of dependence of D(M,)
on the dispersity ratio M, /M, because that quantity
undergoes substantial increase during curing, a circum-
stance that would otherwise invalidate quantitative inter-
pretation of power-law plots.3?

Examination of Figure 7 shows that for both systems
D, decreases with increasing M, in a manner consis-
tent within experimental error with simple power-law
behavior, if this term is still appropriate in view of the
limited molecular weight range. It begins at the point
at which polymer and probe diffusion first become dis-
tinct, i.e., at about 1.5 times the initial polymer molecu-
lar weight (M = 300 for DGEB-DDS and 600 for Epon-
DDS). The M exponent varies between systems, taking
the values ~1.9 % 0.2 for DGEB-DDS and -3.5 % 0.3 for
DGEBA-DDS. Thus the decrease of D, in the Epon
system begins at roughly twice the molecular weight and
is approximately twice as steep as for DGEB, at least up
to the gel point, in spite of the much larger free-volume
correction in Epon 828. Since the concentrations and
molecular weights of the probe molecules are relatively
similar, these differences are likely to be attributable to
the host system.

The Rouse model®# of the dynamics of unentangled
polymer systems makes predictions for various dynami-
cal quantities, most of which depend on the architecture
of the molecules. Significantly, its prediction for the sim-
plest case, center-of-mass self-diffusion of polymer mol-
ecules in solvents consisting of small molecules, is inde-
pendent of architecture, applying equally to linear and
branched polymers. On the basis of that model, the molec-
ular weight dependence of D(polymer) in the form of a
power-law slope would be no steeper than -1. This slope
might be further flattened as a hydrodynamic result of
branching, as the radius of gyration rises less rapidly with
molecular weight than for linear molecules.?®

Reptation theory®® demands a slope of -2, but its cen-
tral prerequisite is the existence of entanglements of the
diffusing species with the host species (here identical).
Formation of a coherent network has not occurred prior
to gelation, so that entanglement effects on D(M,,) should
become observable only when M, begins to exceed a crit-
ical molecular weight M, somewhat in excess of the entan-
glement spacing M, for these polymer species.”> While
M., is not well-known for epoxies, comparison with sim-
ilar polymers suggests that for our systems it should be
far enough above M, up to gelation so that the possibil-
ity of reptative behavior would seem to be remote. A
model polydispersity calculation'* assuming linear mol-
ecules suggests that any melt with M, < 1400 and M, >
5000 (appropriate for the Epon 828 system) should remain
entirely unentangled until M,, rises above 15 000 (exact
results depending on the detailed form of the M distri-
bution). In fact, the assumption of linear molecules is
more conducive to entanglement than is the branching
which must occur in our systems. Thus, entangled behav-
ior in the Epon system should not appear until very near
the gel point, whereas the observed slope is already well
established at the much lower conversion of 0.4. Signif-
icant incidence of cyclization (with or without physical
interlinking of the cyclic aggregates) also would only be
expected immediately preceding gelation.

The growing dispersity of the molecular aggregates is
not a source of artifacts in the diffusional M depen-



888 Yu and von Meerwall

dence. As described above, polydispersity is accounted
for in two ways: the primary data reduction applies mod-
els of the polydispersity based on the theoretical M dis-
tribution appropriate at the given stage of curing, and
all further data interpretation is based on a molecular
weight reference average chosen to leave D(M,,¢) inde-
pendent of polydispersity at fixed M. On the basis of
earlier numerical simulations'* we use the approxi-
mately optimal M, . = M_(x), ensuring that the slopes in
Figure 7 are not affected by the increase in dispersity.

We are thus confronted by evidence that the effective
friction coefficient, after correction for free-volume changes
and in the probable absence of reptation, increases as
the cure progresses and that this increase is more pro-
nounced in the system having greater molecular weight
between branch points. Since in a melt host and diffu-
sant species are the same, no significant changes in col-
lision dynamics or effective solvent quality can attend
the growth of molecular aggregates and no changes in
the experiment’s effective reference frame (e.g. between
polymer-fixed and laboratory-fixed) can occur. The
remaining possibility is a pronounced change in the mech-
anism of center-of-mass diffusion as branching occurs.
It may be expected that branching will retard the progress
of any given molecular aggregate in two ways, by lessen-
ing its ability to evade constraints by neighboring mole-
cules and by inhibiting those molecules in their accom-
modation of the passage of a diffusing fragment. An unam-
biguous separation of the effects of branching into diffusant
and host effects will, however, not be possible.

It has often been postulated that the transition from
Rouse to reptation behavior cannot be very sharp because
of the limited number of degrees of freedom involved in
a diffusive segmental jump. While reptation cannot fully
develop until the minimum conditions for entanglement
have been greatly exceeded, some rudimentary tubelike
lateral constraints to segmental motion might anticipate
full entanglement. It is conceivable that in melts of
branched molecules the width of the entanglement tran-
sition may be much greater than for linear molecules,
with the special caution that molecules containing long
branches are known® to be prevented from reptating and
must depend for their diffusive motion on arm retrac-
tion and/or the renewal and reorganization of the host
tubes constraining the arms. Such a hypothesis would
lead for short-branched melts to M exponents approach-
ing reptation model behavior (e.g. Figure 7a) and for long-
branched melts to M exponents in excess of -2 (e.g. Fig-
ure 7b) on their way to an exponential M dependence
rather than power-law behavior. Our limited diffusion
data beyond gelation are more difficult to interpret but
seem to be consistent with this general picture.

Apparent support for an interpretation along these lines
is supplied by a recent study of the diffusion of star-
branched polymers in concentrated solutions,®® which has
obvious analogies to the present case. It authors con-
clude that as such solutions become entangled, a rela-
tively gradual transition from a hydrodynamic to a topol-
ogy-constrained diffusion mechanism occurs, in which star-
branched polymers are retarded significantly by
comparison with linear polymers of equal molecular weight
as their degree of entanglement with the matrix increases.
The pronounced dependence of diffusion rate on archi-
tecture in entangled polymer systems at present relies
on the reptation/tube picture for a satisfactory explana-
tion. But even for linear polymers apparently innocu-
ous changes in host topologgf appear to play a significant
role: a recent investigation®® has shown that the replace-

Macromolecules, Vol. 23, No. 8, 1990

ment of periodically positioned cross-links by randomly
spaced ones can change the M exponent of diffusion for
linear polymers entangled with the network from -2 to

However, rather than postulating an unlikely substan-
tial displacement of the entanglement transition to the
low oligomeric range, we concur with the more orthodox
interpretation that both of our systems remain entirely
unentangled prior to gelation. Thus we view the sharp
decrease of polymer diffusion rate during curing as an
instance of inapplicability of the Rouse theory. While
that theory is, in fact, independent of molecular archi-
tecture in its prediction of translational friction, it pre-
supposes diffusant molecular flexibility and the pres-
ence of a simple viscous host medium. The presence of
relatively inflexible branches in both diffusant and host
is likely to result in violation of both conditions, more
serious in the DGEBA system because of its longer branch-
ing unit.

We are not aware of analytical alternatives applicable
in such cases; for the present the analysis of diffusion in
melts of unentangled but rigid branched molecules appears
relegated to collision-dynamic calculational approaches.
It seems safe to deduce, however, that the difference
between the observed power-law exponents and that pre-
dicted by the Rouse model, perhaps with a minor adjust-
ment for the reduction of the radius of gyration at a given
M as a result of branching, is directly attributable to the
topological effects of branching. It must contain contri-
butions from two interrelated causes, the extra diffi-
culty of passage of a diffusing molecule due to its own
branching and the decreased cooperation among nearby
equivalent host molecules due to their branching, but the
relative effectiveness of each is still a matter of conjec-
ture.

IV. Summary and Conclusions

We have measured the self-diffusion of polymer and
probe molecules, including free curing agent, of two epoxies
differing in molecular weight during curing to well beyond
the gel point. Parallel IR reaction studies permitted cor-
relation of the diffusion results with extent of the cur-
ing reaction and, via branching theory, with the molec-
ular weight distribution up to gelation. The interpreta-
tion of these experiments attempted to separate the varous
influences on the monomeric friction constants of the poly-
mer. The effects considered were the decrease of chain-
end free volume as a result of curing, Rouse-like behav-
ior in analogy with linear polymers, the possibility of rep-
tation and its prevention in long-branched molecular
aggregates, and other possible changes in segmental dif-
fusive mobility as a result of branching. The results and
principal interpretations of this study may be summa-
rized as follows:

(1) The spin-echo attenuation plots are satisfactorily
reproduced by using models stipulating, in the most gen-
eral case, a monodisperse fast-diffusing species (probe:
impurity, plasticizer, free curing agent) and a slower dif-
fusing polydisperse species (polymer melt, aggregates, sol).
Probe and polymer diffusion in both systems become dis-
tinct near a cure extent x = 0.3. At any stage of curing
the observed polymer diffusivity distribution is in semi-
quantitative accord with the known or theoretical molec-
ular weight distribution.

(2) The progress of the cure at x > 0.3 is largely con-
trolled by diffusion. The rate of attaining equivalent
extents of cure at 140 °C is more than twice as great as
at 120 °C, whereas polymer as well as probe diffusion
rates increase by a factor of slightly less than 2. For both
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systems plots of normalized diffusivities vs x produce mas-
ter curves superimposing results for the two tempera-
tures.

(3) The gel point is not discernible on the basis of the
diffusion data. For both systems probe diffusion and its
rate of decrease are continuous across the gel point; the
same is true for DGEB diffusion, where a sol echo is mea-
surable.

(4) The consumption of chain-end free volume as a result
of curing reduces the diffusion rate of probe molecules
by some 2 orders of magnitude before probe diffusion
measurements become imprecise well beyond the gel point.
At a given x the decrease in probe diffusivity is much
more pronounced in the Epon system, in keeping with
differences in initial M and hence initial chain-end free
volume and ultimate cross-link density. Polymer diffu-
sion may be assumed to be affected by free volume to
the same extent as probe diffusion. Free-volume consid-
erations also contribute to the factor of 5 by which dif-
fusion of DGEB exceeds that of Epon 828 prior to cur-
ing.

{(5) The free-volume-corrected polymer diffusion rate
D(M,,) follows a power law in molecular weight M, (x),
over the range 0.3 > x > 0.6 (estimated gel point). The
M exponent for both systems far exceeds the predictions
of the Rouse model. While this behavior is not quanti-
tatively understood, it must reflect a change in diffusion
mechanism related to branching, i.e., the formation of
rigid branched molecular aggregates during curing. This
effect confirms the inapplicability of the Rouse model to
these systems and is more pronounced in the DGEBA
system due to its longer branches.

(6) The combination of polymer self-diffusion, probe
self-diffusion, and an independent measure of the progress
of the curing reaction, e.g. IR, represents a powerful set
of tools for the study of curing of polymers above the
glass transition. We believe the present curing study to
be the first to use this combination; the pulsed-gradient
spin-echo technique was indispensable in this task.

Related studies of molecular mobility in epoxy-based
composites during and after cure are in progress and
involve NMR T, relaxation as an additional technique.
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