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rigid-rod regime. Neither of the data by the previous 
authors satisfy these two requirements. This is why an 
independent estimate of a and @ has not been attempted 
for their data. Finally, we find no theoretical justification 
for the experimental @ removed from unity and diversity 
of a among different polymers. The need for further 
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ABSTRACT: Nitroxide spin labels and spin probes have been used to investigate the microstructure in the 
polymer network of an amine-cured epoxy resin. The behavior of the electron paramagnetic resonance (EPR) 
line shapes of the nitroxides was studied as a function of solvent plasticizer content. At low solvent contents 
( 5 5  w t  %) the line shape was a slow-phase spectrum that differed little from that in the dry sample, whereas 
at high solvent contents (230 wt %) the line shape was a fast-phase spectrum similar to the typical motionally 
narrowed spectrum. Over a range of intermediate solvent contents, the line shape was a superposition of 
a slow-phase and a fast-phase spectrum where the motional correlation times characterizing these spectra 
differed by more than 1.5 orders of magnitude. The slow phase is identified with nitroxides located in regions 
of high cross-link density, whereas the fast phase is attributed to nitroxides in regions of lower cross-link density 
that have been selectively plasticized by the solvent. The mobile fraction of the spin labels, evaluated from 
the areas under the fast- and slow-phase absorption spectrum, is a crude measure of the distribution of cross-link 
density in the epoxy network. 

Introduction 
Epoxy resin polymers are used as matrix mater ia ls  for 

composite structural components i n  the aerospace indus- 
try. A t  present there is considerable evidence to suggest 
that the polymer network i n  cured epoxy resins contains 
regions of nonuniform cross-link density.'-' These network 
inhomogeneities consist of regions of high cross-link den- 
sity, variously referred to as globules,2  nodule^,^ or do- 
m a i n ~ , ~  embedded in and bound to regions of lower 
cross-link density. It is important to characterize these 
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network inhomogeneities because of the consequences of 
network morphology on mechanical properties such as 
yield strength and toughness. 

In th is  s t u d y  we have used electron paramagnet ic  res- 
onance ( E P R )  spectroscopy to obtain information about 
this network microstructure. Since the epoxy resins are 
diamagnetic, nitroxide free radicals8 were used as para- 
magnetic probes of their dynamic local environments in 
the polymers. The nitroxide was employed either as a spin 
label, where i t  was covalently bound at a known site in  the 
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Figure 1. Materials studied. 

polymer, or as a spin probe, where it was randomly dis- 
tributed throughout the polymer.a 

The epoxy studied was the diglycidyl ether of bisphenol 
A (DGEBA) cured with stoichiometric amounts of the 
amine curing agent N,N'-dimethyl-1,6-diaminohexane 
(DDH). Both structures are shown in Figure 1. Although 
both the epoxy and amine curing agent are primarily bi- 
functional, the cured sample is lightly cross-linked through 
the formation of trifunctional quaternary base groupsgJO 
so that it is a thermosetting polymer with a glass transition 
temperature Tg of 305 K. The low cross-linking is apparent 
since these cured samples can be extensively swelled with 
solvents. 

The spin labels studied were attached at the oxirane ring 
following ring opening by the nitroxide amines 4- (methy- 
lamino)-2,2,6,6-tetramethylpiperidine-l-oxyl (METAMIN) 
or 3- [N-methyl-N- (6- (methy1amino)hexyl)carbamoyl J - 
2,2,5,5-tetramethylpyrroline-l-oxyl (PYRODDH). The 
labels were a neutral species consisting of one molecule of 
DGEBA bound to one molecule of METAMIN to form an 
end label, and a zwitterion species where two molecules 
of DGEBA were bound to one molecule of PYRODDH.1° 
The spin probe used was 2,2,6,6-tetramethyl-1,2,3,6- 
tetrahydropyridine-1-oxy1 (TEMPENE). The molecular 
structures of the nitroxides are shown in Figure 1. 

Sample Preparation 
The EPR spectrum of a mixture of METAMIN (20.05 w t  %) 

in DGEBA was monitored at intervals as the spin-labeling reaction 
proceeded in the uncured resin at 300 K. After 48 h, when the 
spectrum indicated no detectable METAMIN spin probe, Le., 
100% end-label formation, the reaction was terminated by cooling 
quickly to 250 K. The sample was later warmed to 300 K and 
cured with a stoichiometric amount of DDH. In the preparation 
of a typical cured epoxy sample, the following procedure was used. 
After the appropriate amount of curing agent was added, the 
mixture was thoroughly mixed by hand (220 min), heated to 320 
K, and degassed in a vacuum oven until all air bubbling ceased. 
The mixture was then poured into either flexible silicone rubber 

IV 364  K 

Figure 2. Spectra of the end-labeled DGEBA in a sample of 
DGEBA cured with DDH recorded at the temperatures shown. 

molds (G.E. Type RTV 664 silicone compound was found satis- 
factory) or 5-mL glass vials, where it was allowed to cure at 300 
K for at least 24 h. 

In the spin labeling of DGEBA with PYRODDH the reaction 
was allowed to go to completion to form a spin-labeled quaternary 
basegJO before curing at 300 K with a stoichiometric amount of 
DDH. 
Results 

The temperature dependence of the EPR line shapes for 
the spin probe TEMPENE and both spin labels dissolved 
in DGEBA samples cured with DDH was studied from 293 
to 400 K. With increasing temperature the spectra of all 
three nitroxides exhibited the typical features indicating 
the onset of motional collapse and line narrowing. The 
temperature ranges over which the motional narrowing 
took place indicated that in order of increasing rotational 
mobility the sequence was the PYRODDH spin label, the 
METAMIN end label, and the spin probe TEMPENE. 
Thus, the same spectrum (i.e., with the same relative in- 
tensities) was observed from the PYRODDH label at 385 
K, from the METAMIN end label a t  370 K, and from 
TEMPENE at 350 K. The important point to note is that 
at all temperatures the line shapes for both spin labels and 
the spin probe can be characterized by essentially one value 
of the motional correlation time 7, or at most a narrow 
distribution of correlation times. The observed set of line 
shapes for the end label is shown in Figure 2. This tem- 
perature dependence is in marked contrast to the spectral 
behavior observed from all three nitroxides a t  a fixed 
temperature (295 K) on increasing the solvent content. For 
example, as shown in Figure 3, at low solvent contents (<IO 
wt % methylene chloride) the spectrum of the end label 
corresponds to that of a slow nitroxide phase with T, 2 30 
ns. This spectrum is only slightly modified from that of 
the dry sample by the presence of the solvent. At  high 
solvent contents (>35% methylene chloride), a motionally 
narrowed three-line spectrum was observed that corre- 
sponds to that of a fast nitroxide phase with T, < 3 ns. At 
intermediate solvent contents (10-35 wt % methylene 
chloride) the observed line shape appears to be a super- 
position of a slow phase and a fast phase that can be 
characterized by a bimodal distribution of motional cor- 
relation times whose principal values differ by more than 
1.5 orders of magnitude. 

Precautions were taken to eliminate the effects of non- 
equilibrium sorption of the solvent on the observed line 
shapes. This nonequilibrium sorption would occur in 
situations where plasticization had taken place only in the 
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Figure 3. Spectra of the end-labeled DGEBA in a sample of 
DGEBA cured with DDH containing the amounta of the solvent 
plasticizer shown. The peaks belonging to the slow- and fast-phase 
spectra are denoted by S and F, respectively. 

outside layers of the sample since the solvent had not 
penetrated into the interior. Our weight-gain measure- 
ments show that sorption equilibration of methylene 
chloride by DGEBA/DDH samples is a fast process (few 
minutes). However, to verify that sorption nonequilibrium 
was not a problem, measurements were made on (a) pow- 
dered samples (particle sizes S10-9 m3) and (b) samples 
in sealed tubes that had experienced long exposures to the 
solvent ( ~ 4 8  h). The data on all plasticized samples were 
consistent in that all showed the same composite line shape 
over the same range of solvent contents. 

All EPR spectra were digitized and stored on magnetic 
tape with a data acquisition system (Varian E-900). The 
spectra could be scaled, field-shifted, added, subtracted 
from one another, or integrated with the available software. 
The line shape for the fast-phase component in the com- 
posite spectrum was determined by removing the contri- 
bution of the slow-phase spectrum. This procedure was 
carried out by subtracting a scaled version of the dry- 
sample spectrum from the composite spectrum. The best 
criterion for the amount to be subtracted, Le., the scaling 
factor to be used, was found by displaying the resulting 
difference spectrum and obtaining the line shape that 
appeared to be the best fit to a fast-phase spectrum. This 
difference spectrum and the composite spectrum were 
integrated, and the ratio of the areas under the integrals, 
i.e., the areas under the absorption spectra, was taken as 
the fractional amount of fast phase present. Typical ex- 
amples of the composite spectrum, the rigid-phase spec- 
trum (i.e., the dry-sample spectrum), and the resulting 
difference spectrum for the fast phase are shown in Figure 
4. 

The spectra in Figure 3 for samples of DGEBA cured 
with DDH containing the end label and different amounts 
of solvent show two notable features: (a) the fast-phase 
spectrum narrows with increasing solvent content (i.e., the 
motional correlation time for the fast phase decreases with 
increasing solvent content), and (b) the amount of fast 
phase increases with increasing solvent content. 

We have adopted the arguments of Veksli and Millerl1J2 
to fit our motional correlation time data in the fast phase 
to a modified form of the Fujita-Doolittle equation.13J4 
The rationale for this approach is as follows. When a 
polymer is uniformly plasticized with a low molecular 
weight solvent that is molecularly dispersed (i.e., no 

l a )  H 1 I Composite spectrum 

Fast-phase spectrum 
(difference spectrum) 

1 mT 
(10 G)  

A Fast-phase spectrum 
(difference spectrum) 

(10 G)  

Figure 4. Typical examples of (a) the composite spectrum, (b) 
the rigid-phase spectrum, and (c) the resulting difference spec- 
trum, which is that of the fast phase. 

clustering), the monomeric friction coefficients and hence 
the viscoelastic relaxation times are reduced.13 The de- 
pendence of these relaxation times on the amount of 
solvent in the polymer is usually given by the Fujita- 
Doolittle equation, which can be written in the formI3J4 

u1 - ulo 
In a, = - (1) 

( f O / N ( f O / P )  + u1 - U l O )  

ffc = [71, / [71cr  (2) 
with 

where [ T ] ~  is the viscoelastic relaxation time for the sample 
containing the solvent fraction ul, [ T ] , ~  and ul0 are the 
corresponding values for the reference state, B is an em- 
pirical parameter in the Doolittle equation,15 and f o  and 
@ are constants for a given polymer/solvent system cor- 
responding to the free volume fraction in the reference 
state and the proportionality constant for the dependence 
of the total fractional free volume f, on the solvent volume 
fraction, respectively; i.e., f c  = P(ul - ul0) + f o .  

Equation 1 is applicable not only to the diffusion of 
monomeric polymer units but also to the translational 
diffusion of small molecules dissolved in the p01ymer.l~ We 
assume the applicability of this equation also extends to 
the rotational diffusion of small molecules. Thus, the 
rotational diffusion coefficient for the spin probe (or spin 
label) bears the same relationship to the free volume as 
does the monomeric translational diffusion coefficient in 
the polymer,13 i.e. 

(3) 
whereas 

(4) 
where 7, is the motional correlation time obtained from 
the EPR line shapes, D, and D, are the diffusion coeffi- 
cients for translational diffusion of the monomer unit and 
rotational diffusion for the nitroxide, respectively, the 
subscripts c and r refer to the values at solvent volume 
fractions u1 and a reference u:, respectively, and the rest 
of the symbols are as defined in eq 2. 

ff,' = 7 c / 7 c r  = D r r / D r c  

f fc  = [ ~ l c / [ ~ l c r  = W D ,  

Substituting eq 3 into eq 1, one obtains 

( 5 )  
f o  

1n ( 7 c / ~ c r )  BP(U, - u10) B 
+ -  1 -  f o 2  - - 

or, alternatively 
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Figure 5. Fujita-Doolittle plot for the end-labeled DGEBA in 
DGEBA cured with DDH and plasticized with methylene chloride. 

Thus, a plot of the left-hand side of eq 5 against l / ( u l  
- IJ:) and also the left-hand side of eq 6 against (ul  - 1110) 
provides a critical test13 for the applicability of the mod- 
ified Fujita-Doolittle equation to the solvent dependence 
of the motional correlation time for the nitroxides. 

Motional correlation times in the range 7, < 3 ns were 
evaluated from the EPR line shapes of the fast-phase 
spectra with the theory of Kivelson.''j The equation used 
is 

7, = 4[ (Y(0 ) /Y(1 ) )1 /2  + (Y(O)/Y(-l))'/' - 2]b-2[T2(0)]-1 
(7) 

with 

b = (4a/3) [AZ,  - %(A,, + A,)] (8) 

where Y O ) ,  Y(O), and Y(-1) are the peak-to-peak inten- 
sities of the low-, middle-, and high-field lines, A,,, A,, 
and A,, are the principal values of the nitrogen hyperfine 
interaction tensor, and [T,(O)]-' is the line width of the 
center line. 

The values of 7, and u1 were plotted in the forms shown 
in eq 5 and 6, and the results are illustrated in Figures 5 
and 6. The linearity of the plots in both Figures 5 and 
6 is strong evidence that the solvent-dependent data obey 
the modified form of the Fujita-Doolittle equation shown 
in eq 5. 

The EPR line shapes for the PYRODDH label and the 
spin probe TEMPENE in DGEBA/DDH samples were 
also investigated as functions of the methylene chloride 
content. Both nitroxides in these systems exhibited the 
same behavior as the end label: a t  intermediate solvent 
contents the observed spectra appear to be composed of 
a superposition of a fast phase and a slow phase. The 
corresponding plots for 7, for these nitroxides in the fast 
phase and u1 are shown in Figures 7 and 8. The linearity 
of these plots indicates that the modified form of the 
Fujita-Doolittle equation shown in eq 5 fits the experi- 
mental data. 

Solvent Dependence of Motional Correlation Times 2705 

-0 '05  r-----l 
-0.10 

-0.20 

-0.2 - 0  1 0 0 1  0.2 

( V I  - vp, 

Figure 6. Alternative form for the Fujita-Doolittle plot for 
end-labeled DGEBA in DGEBA cured with DDH and plasticized 
with methylene chloride. 
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Figure 7. Fujita-Doolittle plot for samples of DGEBA cured with 
DDH containing the spin label PYRODDH and the solvent 
methylene chloride. 
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Figure 8. Fujita-Doolittle plot for TEMPENE in DGEBA cured 
with DDH plasticized with methylene chloride. Reference solvent 
volume fraction is 0.18. 

The fractional amount of fast phase present (the mobile 
fraction) was determined as a function of methylene 
chloride content for both spin labels and the spin probe 
by measuring the areas under the fast-phase absorption 
spectrum and the total absorption spectrum. The results 
for the three nitroxides in the DGEBA/DDH system are 
shown in Figure 9. 

For a given solvent content (e.g., a solvent volume 
fraction of 0.38) the motional correlation time for the spin 
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Figure 9. Mobile fraction as a function of solvent (methylene 
chloride) content for sample of DGEBA cured with DDH con- 
taining the end label (O),the bridging group label (@), and the 
spin probe TEMPENE (A). 

probe TEMPENE (0.21 ns) is less than that for either spin 
label (0.53 and 4.0 ns). It is therefore not surprising that 
TEMPENE is more sensitive at low solvent contents to 
the plasticization of the DGEBA/DDH epoxy than the 
spin labels. For example, a t  a solvent volume fraction of 
0.12 TEMPENE shows a mobile fraction of 0.8 whereas 
both labels show a 0 value. 

We have studied nitroxides in epoxy polymers other 
than those described here. From all the results we have 
drawn the general conclusion that when a fast-phase 
spectrum characterized by 7, < 3 ns is observed, the ni- 
troxide is located in a region that is above its macroscopic 
Tg value. 

Discussion 
According to the theory of Cohen and Turnbull,17 the 

WLF equation13 can be derived by assuming that molec- 
ular translational diffusion depends only on the free vol- 
ume fluctuations adjacent to the diffusing molecule. Free 
volume added to the polymer by way of a plasticizing 
solvent should therefore affect the viscoelastic properties 
in the same manner as free volume added by way of an 
increase in temperature.14 The corresponding relationship 
for samples containing plasticizing solvents, which is de- 
rived by assuming free volume changes only, is the Fuji- 
ta-Doolittle equation (eq 1). 

As described in the previous section, the motional cor- 
relation times for the two spin labels and the spin probe 
in DGEBA/DDH samples plasticized with methylene 
chloride show excellent agreement with the modified form 
of the Fujita-Doolittle equation shown in eq 5. We con- 
clude that the agreement of the nitroxide data in the dry 
polymers with the modified WLF equationla and the 
agreement of the nitroxide data in the plasticized polymer 
with the modified Fujita-Doolittle equation indicate that 
the rotational motions of the nitroxides in polymers above 
Tg are sensitive to the free volume in the polymer. The 
question to be answered is why only one spectrum is 
present a t  each temperature in the dry sample but two 
spectra are present over a range of solvent contents in the 
plasticized polymers. 

Our results can be reformulated in the following manner: 
the onset of the motional narrowing of the EPR line shapes 
can be crudely characterized by a temperature range 6T 
and a critical temperature Tc. These parameters are de- 
fined in Figure loa, where the solid line qualitatively de- 
picts the typical form of the temperature dependence of 

I Tci Tc Tc?  e 
Temperature 

c2 I "C 

~~ 

Solvent fraction 

Figure 10. (a) Idealized temperature dependence of the extrema 
splitting with a distribution of critical temperatures Tcl, ..., Tcz 
with a half-width AT, and (b) idealized solvent dependence of the 
extrema splitting with a distribution of critical solvent fractions 
uCl,  ..., oc2 with a half-width As. 

the extrema splitting for a set of spin probes in identical 
environments in the polymer. Thus the value of tiT is 
determined by the range of temperatures over which the 
motional narrowing occurs, whereas the value of Tc is 
determined by the temperature above which the motional 
correlation time is in the fast-motional regime; Le., 7c 5 
3 ns. Although Tc may not correspond to Tg,  the two are 
usually related because the spin probe motion is sensitive 
to changes in free volume and hence to the onset of the 
segmental motions.lgZ1 A distribution in cross-link density 
implies that the spin probes in regions with different rig- 
idities exhibit different values of Tc, e.g., Tcl and T c ~  in 
Figure 10. Thus, a distribution in cross-link density results 
in a distribution in Tc values that can be characterized by 
a half-width AT. 

The solvent dependence of the EPR line shapes can be 
characterized in an analogous manner; i.e., the motional 
correlation time is in the fast-motional regime for samples 
with solvent contents above a critical value uc. Moreover, 
low cross-link density regions will be plasticized at low 
solvent contents so that the value of uc in those regions 
(e.g., ucl in Figure lob) is less than that in a higher 
cross-link density region (uc2 in Figure lob). In other 
words, a distribution in cross-link density produces a 
distribution in uc values with half-width A% If one assumes 
that (a) TC depends on only the free volume, (b) the free 
volume above Tg depends linearly on the temperature and 
the solvent content, and (c) the sorbed solvent is distrib- 
uted homogeneously throughout the polymer, then it is not 
difficult to show that 

However, our experimental EPR data from the amine- 
cured epoxies are not consistent with this relation. The 
temperature dependences of the EPR line shapes indicate 
only a narrow distribution of motional correlation times 
at a given temperature. Our results imply that the relation 
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A, f bT < 1 holds. On the other hand, the solvent depen- 
dence of the EPR line shapes indicates a distribution of 
motional correlation times that is more than 1.5 orders of 
magnitude wide for some solvent contents. This result 
implies that the relation As f 6s > 1 holds. 

Equation 9 can be reconciled with the above conclusions 
drawn from the experimental results in the following 
manner. In deriving eq 9 it was assumed that the solvent 
was dispersed uniformly and the plasticization was nonu- 
niform only in as much as the rigid regions (more dense 
cross-linking) become rubbery at higher solvent contents 
than the less rigid regions. The EPR results indicate that 
the temperature-dependent and solvent-dependent results 
are different in nature. We therefore conclude that the 
solvent preferentially partitions into the low cross-linked 
regions. As a result, the lowest cross-link density regions, 
which have the greatest free volume in the dry polymer, 
have even greater free volume content relative to the rest 
of the polymer following the addition of solvent. The 
overall effect of the solvent plasticizer is to enhance the 
differences in rigidity and hence nitroxide mobility in the 
polymers so that microstructural features not observable 
on varying the temperature are apparent on varying the 
solvent plasticizer content. The solvent partitioning 
therefore produces an increase in As so that As/& 2 1. 
Such a partitioning of solvent among the different mi- 
crostructural regions is not surprising since it is known that 
polymers having high average cross-link densities are 
swelled by solvents to a lesser extent than chemically 
similar polymers with lower cross-link density.zz 

Measurements on samples of DGEBA f DDH using dif- 
ferential scanning calorimetry show that the Tg can be 
reduced to room temperature with 55 wt % methylene 
chloride. The motional correlation times for both spin 
labels in the fast phase were plotted as a function of solvent 
content, and the results were extrapolated to 5 wt % 
solvent content. In both cases the motional correlation 
times are estimated to be =lo ns. This value is 8 orders 
of magnitude smaller than the correlation time associated 
with the main-chain segmental motions at  the glass tran- 
sition. We conclude that the motions of the end label and 
the bridging labels in the fast phase are determined mainly 
by a solvent-dependent local model1pZ3 located in the 
polymer network only a few bonds away from the attached 
nitroxide. Such a local mode has already been identified 
in amine-cured epoxy networks from dynamic mechanical 
data. In this studyz3 the 6-relaxation transition was at- 
tributed to a solvent-dependent crankshaft motion of the 
glycidyl group. 

An inspection of the line shapes for the end label in the 
dry cured epoxy (Figure 2) shows that a t  429 K the in- 
tensity of the low-field line is ~ 2 0 %  greater than that of 
the center line. This feature is usually the result of an- 
isotropy in the nitroxide motions;24 i.e., the rotational rate 
about one axis is different from that about a perpendicular 
axis. On the other hand, as shown in Figure 3, a t  all 
solvent contents the low-field line is always less intense 
than the middle line. Thus, the nitroxide motion is more 
isotropic in the plasticized sample than in the dry sample. 
It seems reasonable to expect that a localized mode would 
result in isotropic motion of a nearby spin label. 

The original motivation for using the PYRODDH 
bridging label was that a nitroxide at the end of a flexible 
chain might prove to be more sensitive to plasticization 
effects than a label like the METAMIN quaternary base 
label:JO which is bound more tightly to the polymer 
network. It is possible, however, that the carbonyl group 
is hydrogen bonded either to the intramolecular hydroxyl 
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group or to a hydroxyl group located on a neighboring 
epoxy chain. In either case, the mobility of the nitroxide 
group is reduced and the effects of a local mode on this 
flexible chain are suppressed. Evidence for the hydrogen 
bonding is also contained in the motional anisotropy. In 
the uncured resin at  365 K the intensity of the low-field 
line for the spin label is =7% larger than the center line. 
Moreover, as shown in Figure 9, despite the flexible chain 
the PYRODDH bridging label is less mobile (7, = 4.0 ns 
a t  37% solvent content) than the end label (7, = 0.53 ns 
a t  36% solvent content). 

The motional correlation time for TEMPENE in the 
DGEBA f DDH system containing .=5 wt 70 methylene 
chloride is also .=lo ns. However, because of the lack of 
covalent bonding to the polymer network, there are fewer 
constraints on the motion of the spin probe, and the 
motional correlation time for the spin probe need not equal 
that of the polymer. We can only conclude that the ro- 
tational motion of the spin probe in the fast phase is de- 
termined by free volume in areas associated with segmental 
motions of the polymer network and/or local mode mot- 
ions. 

It is known from previous ~ o r k ~ ~ * ~ ~  that the rate for 
translational diffusion of nitroxide spin probes in rubbery 
regions is fast. Furthermore, if the rate for translational 
diffusion across the interphase between the rubbery and 
rigid regions is also fast, the spin probes partition between 
the two regions. The temperature-dependent equilibrium 
involving the numbers of spin probes present in the rub- 
bery and rigid regions determines the EPR line shapes. In 
particular, the mobile fraction evaluated from the relative 
areas under the fast-phase and slow-phase absorption 
spectrum is then determined by the heat of solution of the 
spin probe in the rigid and rubbery regions.25 

In the case of the spin probes, the possibility of trans- 
lational diffusion from the plasticized rubbery regions to 
the rigid regions cannot be ruled out completely. The rate 
for this translational diffusion probably depends on the 
amount of solvent in the rigid region. It is clear, however, 
that the two spin labels studied are prevented from un- 
dergoing large-scale translational diffusion because of the 
constraints imposed by the covalent binding. As more 
solvent is absorbed the spin label goes from the slow to 
the fast phase when the frequency of the local mode is ==2 
X lo8 s-l. This frequency should depend on the total 
solvent uptake, the solvent partitioning, the size of the side 
groups close to the local mode (including the spin label), 
and the chain rigidity in the region of the local mode. This 
chain rigidity should depend on cross-link density, and the 
solvent should partition preferentidy into the regions with 
lowest cross-link density. Hence, as the solvent uptake 
increases, the spin labels in the regions with increasing 
cross-link density progressively become part of the fast 
phase. Therefore, for a given spin label and a given solvent 
content, the value of the mobile fraction represents the 
relative amount of material with a cross-link density less 
than a certain value that has become plasticized by the 
solvent. The mobile fraction is thus a crude measure of 
the distribution of cross-link density in the network. 

In the three-dimensional random network associated 
with the cured epoxy system, one can expect to find regions 
with a distribution of cross-link densities. Consequently, 
we might expect to observe a distribution of motional 
correlation times for nitroxide spin labels and spin probes 
in either dry or plasticized epoxies. Two points should be 
made concerning our results. First, the temperature de- 
pendence of the nitroxide line shapes in the dry samples 
indicates that the distribution of motional correlation times 
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all nitroxides are in the fast phase. 
The broad monomodal distribution shown in Figure l l b  

is probably a more realistic behavior. The solvent ab- 
sorption by the sample occurs in all regions but to different 
extents depending on the cross-link density. As the solvent 
uptake increases, the amount of solvent in every region 
increases and the distribution of motional correlation times 
moves to higher frequencies. The amount of nitroxide in 
the slow (S) and fast phases (F) is given by the areas under 
the distribution function designated S and F in Figure I lb ,  
i.e., the nitroxides with motional frequencies less than or 
greater than 2 X le s-’. The observed line shapes are given 
by the weighted sum of all contributions represented by 
the distribution function, but to a good approximation the 
observed line shape can be characterized by the superpo- 
sition of a slow-phase and a fast-phase s p e c t r ~ m . ~ ~ , ~ ~  

There may be polymer systems that exhibit either of the 
above extreme types of plasticization behavior. Moreover, 
the distribution function may change shape with increasing 
solvent content and at  some values may show the bimo- 
dal-like shape shown in Figure llc. To date, we have 
insufficient evidence to identify confidently the exact form 
of the distribution function for the nitroxide motional 
correlation times in the amine-cured epoxies. 

In their treatment of motional correlation time distri- 
butions in polymers, Kaplan and GarrowayZ9 have distin- 
guished between two types of distribution functions, viz., 
”inhomogeneous” and “homogeneous”, that arise in two 
fundamentally different ways. In the inhomogeneous 
distribution there is a spatial distribution of sites such that 
at each site the motion can be characterized by a single 
value of the motional correlation time (i.e., an exponen- 
tially decaying autocorrelation function), but this value can 
vary from site to site. On the other hand, in the homo- 
geneous distribution the autocorrelation function at each 
site is the same, but it is nonexponential and hence can 
also be described by a distribution of exponential auto- 
correlation functions. Computer simulations of the NMR 
line shapes for spins undergoing chemical exchange show 
that the type of distribution can be identified from details 
in the line shape behavior with increasing exchange rates. 
The main distinctive feature produced by the inhomoge- 
neous distribution is the superposition of a motionally 
narrowed central peak arishg from spins at sites that have 
fast correlation times and the broader peaks associated 
with spins located at  sites with slower correlation times. 
We have considered only inhomogeneous distributions in 
explaining the nitroxide EPR line shapes reported here. 
The fact that to a good approximation the line shapes of 
the nitroxides in the plasticized samples can be considered 
as the superposition of a fast-phase and a slow-phase 
spectrum would seem to justify this approach. 

Conclusions 
We have interpreted the composite nature of the EPR 

spectrum observed in cured epoxy samples containing 
either spin labels or spin probes and certain solvent 
plasticizer contents as indicating the presence of regions 
with different cross-link densities. The fast-phase spec- 
trum is attributed to nitroxides in regions of low cross-link 
density, whereas the slow-phase spectrum is assigned to 
nitroxides in regions of higher cross-link density. The 
differences in nitroxide mobility are enhanced by a se- 
lective plasticization of the low cross-linked regions. Any 
or all of the following factors could be responsible for the 
observed inhomogeneous nature of the polymer network: 
(a) insufficient mixing of the epoxy and amine components 
necessary to provide uniform concentrations at a molecular 
level, (b) phase separation of the uncured components from 
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Figure 11. Assumed solvent dependence of the distribution 
function N(rJ  for the nitroxide motional correlation time T~ 

assuming (a) a bimodal distribution, (b) a wide monomodal 
distribution, and (c) a bimodal-like distribution. The total areas 
under each distribution function remain constant after solvent 
sorption. The areas designated S and F represent the amount 
of nitroxide in the slow and fast phases, respectively. 

is not wide enough to show up in these line shapes. Sec- 
ond, the exact form of the distribution function for the 
nitroxide motional correlation times in the plasticized 
epoxies depends on the details of the solvent partitioning 
process. The two extreme cases considered are illustrated 
in Figure lla,b: (a) a bimodal distribution and (b) a broad 
monomodal distribution. 

The bimodal distribution (Figure l l a )  implies that the 
solvent is initially selectively absorbed into the low 
cross-linked regions with no solvent sorption in the more 
extensively cross-linked regions. As the solvent uptake 
increases, the plasticized regions absorb more solvent to 
become more mobile and the fast-phase nitroxides move 
to higher frequencies in accordance with the modified form 
of the Fujita-Doolittle equation. At  the same time, some 
of the more extensively cross-linked regions become 
plasticized and the nitroxides located there become part 
of the fast phase. No solvent uptake in the rigid regions 
implies no shift in the motional correlation time for the 
spin labels in the slow phase. This solvent uptake process 
by the sample proceeds until all regions are plasticized and 
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the gel network, and (c) sterically imposed incompleteness 
of the curing reactions so that either unreacted epoxy or 
unreacted amine groups are trapped in the cured epoxy 
network. 
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NMR Study of Nematic Order of Semiflexible Thermotropic 
Polymers 
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ABSTRACT: Chain conformations and orientational order parameters in the nematic state of the deuter- 
ium-labeled thermotropic polyester (CloD200C6H4COOC6H40CloD200C6H400CC6H40)~ are determined by 
deuterium (D) NMR and H NMR methods. The D NMR spectra show one quadrupole splitting in the nematic 
state, indicating that only a specific set of chain conformations are admitted for CloDzo spacer groups. They 
are found to comprise those conformers that  place every second bond starting from the OCD, attached to 
the rigid (phenylene) unit almost exclusively in the trans state. From the magnitudes of quadrupole splittings, 
the orientational order parameters of chain segments, the alignment axis of which virtually coincides with 
the axis of rigid (phenylene) units for these conformers, are found to fall around 0.8 and extrapolate to ca. 
0.75 a t  the nematic-isotropic transition. Separate determination of orientational order parameters of the 
rigid aromatic units from H NMR dipolar splittings yields the order parameters in excellent agreement with 
those derived from D NMR results, and thus validates our interpretation of D NMR spectra in terms of the 
specific conformational order. The conformational order thus elucidated by NMR study therefore supports 
the previous conclusion of Yoon and Bruckner, who proposed that the poly(methy1ene) spacers assume highly 
extended configurations in the nematic state upon considering the enthalpies and the entropies of isotrop- 
ic-nematic transitions of thermotropic polymers comprising rigid groups connected by poly(methy1enes). 

Introduction 
The molecular order in the liquid crystalline state of 

polymers has been the subject  of a considerable number 
of publications i n  recent y e a r ~ . l - ~  For polymer liquid 
crystals the specific questions are concerned not only with 
the orientat ional  order parameter, which is well s tud ied  
for monomer l iquid crystals, but more impor tan t ly  wi th  
the ordering, or selection, of chain conformations for the 
flexible sequences in the liquid crystalline state.20 
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A number of experimental results point  to rather high 
degree of conformational and orientational order  i n  poly- 
meric nematogens, compared t o  those of their monomeric 
counterpar ts .  For example, polymeric nematogens com- 
prising poly(methy1ene) spacers exhibit m u c h  larger en- 
tha lpy  and ent ropy  changes at isotropic-nematic transi- 
tions as well as greater oscillations i n  clearing temperatures 
with the even-odd alternation of the number of methylene 
uni ts  of the  spacer^.^)^*^ In a recent paper1 (which will be 
designated as I hereafter) Yoon and Bruckner, upon com- 
paring the isotropic-nematic transition characteristics with 
the dis t r ibut ion of cha in  sequence extension, concluded 
that the stability of t h e  nematic state and the concomitant 
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