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ABSTRACT: 13C NMR solid-state spectra have been obtained over the temperature range 150-350 K for 
four cured epoxy polymers. Each is the diglycidyl ether of bisphenol A (DGEBA) reacted respectively with 
(i) piperidine, (ii) m-phenylenediamine, (iii) hexahydrophthalic anhydride, and (iv) nadic methyl anhydride. 
These spectra are compared to the spectra of the unreacted DGEBA monomer, in both crystalline and amorphous 
forms. The polycrystalline DGEBA '3c spectrum suggests that there is more than one monomer conformation 
or configuration within the unit cell. This is consistent with X-ray structural assignment, which finds that 
only one stereoisomer is present but that one end of the monomer is slightly disordered so that either of two 
possible conformations is possible for the epoxide ring. The origins of some of the observed chemical shift 
splittings are tentatively assigned. The temperature dependence of the spectra of the piperidine-cured epoxy 
is analyzed. The rotation by 180' of the phenylene rings accounts for the observed coalescence of certain 
spectral lines. Analysis of the motion by a single relaxation time model suggests a non-Arrhenius process; 
this behavior is, however, an artifact of the assumption of a single relaxation time. The full temperature 
dependence is better described by invoking a distribution of correlation times or, equivalently (vide infra), 
a nonexponential autocorrelation function. The autocorrelation function @(t) a exp[-(t/rp)"] (0 < a I 1 and 
rp  given by an Arrhenius relation) is used both for these NMR results and for existing dynamical mechanical 
results for the piperidine-cured epoxy. Analysis with this correlation function is particularly simple in the 
a = 0 limit, as shown. The NMR line shape is critically sensitive to whether the distribution is inhomogeneous, 
arising from a true (spatially varying) distribution of single-exponential processes, or homogeneous, with a 
nonexponential autocorrelation function which describes all common molecular processes and is independent 
of position. The NMR results are consistent with the activation energy ( E  = 63 kJ/mol, 15 kcal/mol) and 
width parameter (a = 0.28 * 0.02) found by mechanical spectroscopy, but the 180' flipping of the phenylene 
ring detected by NMR is either approximately 3000 times slower (inhomogeneous distribution) or 20 times 
slower (homogeneous distribution) than that for the motion that accounts for mechanical loss. However, the 
NMR and mechanical relaxation results can be reconciled by presuming that the phenylene rings reorient 
by small diffusive steps. A reorientation of the phenylene ring by about 3' (inhomogeneous distribution) 
or 40' (homogeneous distribution) has the same correlation time as the mechanical relaxation process and 
suggests that small-angle phenylene reorientation occura with or may be identical with the mechanical relaxation 
process. 

Introduction 
The mechanical loss spectrum of a polymer gives a fair 

overall picture of the frequency and temperature depen- 
dence of those molecular motions that couple to an applied 
stress field. On its own, mechanical spectroscopy does not 
identify which chemical moieties actually participate in 
the loss mechanism; such information can sometimes be 
indirectly inferred from extensive studies' of homologous 
systems. Nuclear magnetic resonance can provide more 
specific information about the nature of molecular motions. 
There is, however, no guarantee that motions detected by 
NMR can actually couple mechanically. 

*To whom correspondence should be addressed at  the Naval 
Research Laboratory. 

Case Western Reserve University 

We present here a variable-temperature 13C solid-state 
NMR study of four epoxy polymers. In the polymers, 
certain of the resonance lines are found to split below room 
temperature. In this paper we first examine the origin of 
these solid-state line splittings. In the solid state, rapid 
interconversion among many molecular conformations is 
precluded and resonance lines arise f rom crystallograph- 
ically equivalent carbons, rather than chemically equiva- 
lent carbons as in the liquid. To refine this point, 13C 
spectra of four phases of the DGEBA resin are compared: 
liquid, crystalline, amorphous, and polymerized. A ten- 
tative assignment of some of the solid-state splittings in 
the DGEBA crystal is made by appeal to the crystal 
structure determined by an X-ray study.2 A model for  
steric hindrance that predicts how the 13C chemical shift 
is perturbed by crowding of the C-H bonds is used to 
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estimate the magnitude of the solid-state shifts. 
The best resolved polymer spectra are those of the pi- 

peridine-cured system and we examine that system in 
detail. We find that the observed coalescence of the res- 
onance lines in the polymer points unambiguously to 180' 
rotation of the phenylene ring; the 180' reorientation may 
well proceed by small diffusive steps as we later indicate. 
Such phenylene reorientation probably occurs in the other 
epoxies studied, but evidence is less direct. The dynamics 
of the phenylene reorientation are extracted for two models 
of molecular motion. A simple single relaxation time model 
with an Arrhenius relation does not fit the data a t  all 
temperatures; instead a rather broad distribution of cor- 
relation times is required for the full temperature range. 
We also use the same form of the distribution of relaxation 
times to describe the existing dynamic mechanical loss 
spectrum in order to compare the mechanical loss and 
NMR data. 

A distribution of correlation times is formally equivalent 
to  an autocorrelation function that decays nonexponen- 
tially. Somewhat arbitrarily, we have selected a model for 
the motion in which the autocorrelation function @(t) 
decays as exp[-(t/~,)"], where a is a width parameter (0 
< a I 1) and T~ is a correlation time which we further 
presume to have a simple Arrhenius behavior, 7, = T ~ .  
exp(E/RT). This functional form was introduced by 
Williams and Watts3 to fit the dielectric response of 
polymers a t  the glass point. Recently, Ngai and White 
argued that such a decay function arises naturally from 
consideration of the spectrum of low-lying excitations in 
condensed systems and is indeed a very general feature 
in the solid state.4 Exhaustive comparison5 with results 
from different spectroscopies and diverse physical systems, 
including polymers, indicates that the response follows this 
predicted universal relationship. In this paper, however, 
we take a more limited viewpoint: the functional form 
exp[-(t/~,)"] provides an economical description for our 
data and a common framework for comparing mechanical 
relaxation and the present NMR data. It is convenient6 
to represent this autocorrelation function as arising from 
a distribution of single relaxation time (Debye) processes. 
We find that the function describing this distribution 
(indeed, all associated functions) takes on a particularly 
simple form in the a = 0 limit. This limit is in fact a good 
approximation for a as large as 0.3 or so. 

We examine the NMR line shape for chemically ex- 
changing species (which pertains to the case of 180' phe- 
nylene ring reorientation) for two classes of relaxation time 
distributions. The correlation times extracted from the 
line shape analysis are quite different and depend on 
whether distribution is inhomogeneous (reflecting a spatial 
variation of the single relaxation time processes) or ho- 
mogeneous (indicating a nonexponential autocorrelation 
function that describes a fundamental molecular process). 
We then inquire how the 180' flipping of the phenylene 
ring detected by NMR is related to the @-relaxation process 
determined by mechanical spectroscopy. 

Experimental Section 
Materials. Four epoxy polymers were prepared from com- 

mercial DGEBA (Dow DER 332). The proportions (in weight 
percent) and curing cchedules were as follows: (i) piperidine (PIP), 
5.0%, 393 K for 16 h; (ii) rn-phenylenediamine (MPDA), 13.7%, 
293 K for 15 h, 339 K for 1 h, 422 K for 3 h; (iii) hexahydrophthalic 
anhydride (HHPA), 31.1%, and N,N-dimethylbenzylamine 
(DMBA), 0.2%, 323 K for 16 h, 363 K for 2 h, 393 K for 2 h; (iv) 
nadic methyl anhydride (NMA), 46.2%, and Nfl-dimethyl- 
benzylamine (DMBA), 0.8%, 380 K for 2 h, 408 K for 2 h, 439 
K for 2 h. In the text the polymer is referred to by the abbreviated 
major curing agent, e.g., HHPA. 

Macromolecules 

The crystals of DGEBA (DER 332) had fortuitously grown 
during a 2-year storage at ambient conditions. Crystals from this 
batch were used in a related X-ray structural study? The melting 
point of the crystals was determined as 315.2-315.7 K. 

NMR Spectroscopy. All variable-temperature studies were 
performed on a home-built solid-state 13C spectrometer operated 
at a field of 1.4 T. For magic angle sample spinning, a modified 
Lowe7 geometry with a PTFE through axle was used. To improve 
the filling factor, the epoxy polymers were cast into molds; the 
resulting spinners were 12 mm in diameter and 8 mm wide. The 
crystalline and amorphous resins were run in a hollow Kel-F 
chamber with a volume of 280 pL. To avoid physical distortion 
of the epoxies near their glass points by the centrifugal forces, 
each of the four epoxy specimens was machined into an annulus 
that just fit into the hollow chamber. These specimens were used 
for the 350 K spectra. Rotors were spun at a nominal 2 kHz; 
however, in some cases a substantially slower rate caused large 
sidebands to appear in the spectra. With this spinner geometry 
the orientation of the spinning axis reproduces to within about 
&lo on changing samples or changing temperature. For amor- 
phous polymers, setting the angle to much better than this ac- 
curacy only marginally improves the spectra; for the crystalline 
specimen much finer control was required. The temperature of 
the gas for the spinner jet was controlled over the range 150-350 
K. Reported "sample" temperatures are actually for the exit gas 
monitored approximately 2 cm above the axis of the spinner. At 
low temperatures a nitrogen/helium mixture was used to avoid 
condensation of the nitrogen in the liquid nitrogen precooler. 

All the solid-state spectra presented were obtained by cross 
polarizing from the spin-locked protons to the spin-locked carbon 
system under the matched (Hartmann-Hahn8) condition. The 
protons were then decoupled by coherent irradiation. For both 
crm polarization and decoupling, radidrequency field amplitudes 
of about yB1/2r = 55 kHz were used; B1 is the rotating radio- 
frequency amplitude and y is the magnetogyric ratio of either 
spin species. A cross-polarization time of 1 ms was the standard. 

A Nicolet NT-150 solid-state spectrometer operating at 3.5 T 
produced one of the crystalline DGEBA spectra included here 
(Figure 6). A home-built Beams-Andrew spinnerg of Delrin was 
used with a spinning speed of 3.8 kHz. 

The liquid-state DGEBA spectrum was run on a JEOL FX6oQ 
spectrometer with acetone as the solvent. 

Results 
The 13C NMR spectra of the four DGEBA epoxy poly- 

mers are shown in Figures 1-4 for the temperature range 
ca. 150-350 K. Spectra of these epoxies near ambient 
temperature have appeared earlier.lOJ1 The structures in 
the figures represent DGEBA monomers in which one 
epoxide group has reacted with the respective curing agent. 
One of the possible chemical structures formed by polym- 
erization is indicated. Peak assignments are based on 
liquid-state studies.12J3 We enumerate the important 
features of these spectra; later on, they will be discussed 
in more detail. 

For the piperidine-cured epoxy in Figure 1, the methyl 
peak i broadens at  lower temperature and finally disap- 
pears, leaving only the unresolved piperidine peaks y and 
z. The behavior of the methyl peak has been previously 
discussed for this ~ystern:".'~-'~ as methyl reorientation 
slows and approaches the nutation frequency 7 B l H  of the 
proton decoupling field, the decoupling process becomes 
less efficient and the 13C methyl line broadens. The 
quaternary carbon in the DGEBA backbone is only about 
0.21 nm from the methyl protons. As the methyl group 
slows, the line width of the quaternary carbon resonance 
h also increases, as shown in Figure 1 at  151 K. Had even 
lower temperature been accessible, the methyl peak should 
have reappeared. Such a disappearance and reappearance 
of the methyl resonance has been observed in poly(methy1 
metha~rylate).'~ 

The features central to this paper are seen in Figure 1: 
the respective coalescences of peaks c and d. At 151 K the 
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Figure 1. 13C spectra of the epoxy resin diglycidyl ether of 
bisphenol A (DGEBA) cured with piperidine (PIP) over a 200 
K temperature range. In the legend one of the epoxide groups 
of the monomer is unreacted while the other is shown in one 
possible structure with the piperidine molecule. (The spinning 
sidebands in the 204 K spectrum arise from a slower rotation rate 
and should be ignored.) The coalescences of peak d as well as 
peak c are analyzed in detail in this paper to provide dynamical 
information about the nature of phenylene ring reorientation in 
this epoxy polymer. 
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Figure 2. 
phenylenediamine (MPDA) over a 200 K range. 

13C spectra for a DGEBA resin cured with m- 

Figure 3. 13C spectra for a DGEBA resin cured with hexa- 
hydrophthalic anhydride (HHPA) over a 200 K range. 

200 roo ppm 0 

Figure 4. 13C spectra for a DGEBA resin cured with nadic methyl 
anhydride (NMA) over a 200 K range. 

carbons ortho to the oxygen are split into two resolved 
peaks d with a separation of 7 ppm. The resonance of the 
meta carbons c is just barely split a t  151 K. A spectrum 
at  175 K, not shown, also indicates the slight splitting in 
c. (These line shapes are analyzed later on by assuming 
that a t  the lowest temperatures each resonance c and d 
can be represented by a superposition of two Lorentzian 
lines of equal amplitude but broadened by different 
transverse relaxation times Tz.) At higher temperatures 
each set of peaks merges into a single line and that line 
continues to narrow even at the highest temperature of 352 
K. 

The coalescence of these resonances suggests the clas- 
sical chemical exchange process in liquids18J9 and, for il- 
lustration, these spectra will be analyzed later on by means 
of a simple two-site, single relaxation time exchange model. 
However, even to the eye, Figure 1 does not present a 
simple coalescence process: note that a 100 K temperature 
swing is required to drive the system through partial 
coalescence, from a broadened, slightly collapsed "doublet" 
(204 K) to a collapsed line that is still rather broad (305 
K). And a much wider temperature is required to complete 
the coalescence process. For a comparable coalescence 
point (ca. 273 K) and splitting (7.0 ppm or 105 Hz), the 
behavior of peak d contrasts to that for a first-order rate 
process in a liquid, wherein a temperature swing of, say, 
50 K would cause a comparable line shape change. Indeed, 
the doublet d in Figure 1 appears to coalesce by filling in 
its center, whereas for two-site exchange with a single 
correlation time, the two resonance lines fall toward one 
another. The filling in at the center of a broader resonance 
is a characteristic feature of two-site exchange in the 
presence of a broad distribution of correlation times.2*z2 
Accordingly, in the next section the collapse of the doublet 
is analyzed on the assumption of a distribution of corre- 
lation times. 

To varying degrees, the low-temperature doublet d also 
appears in the three other cured epoxies (MPDA, HHPA, 
and NMA in Figures 2-4). Coalescence of this doublet for 
the NMA epoxy occurs around 260 K. The coalescence 
points are not resolved for either the MPDA or HHPA 
epoxies. As in the piperidine-cured system, in these ep- 
oxies the backbone methyl carbon resonance broadens and 
disappears and the quaternary carbons are also somewhat 
wider a t  lowest temperature (ca. 160 K). Note, however, 
that in Figure 4 the nadic methyl carbon (peak z) broadens 
only slightly at 162 K while the backbone methyl resonance 
i has essentially disappeared there. We conclude that the 
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I OGEBA 

200 100 0 
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Figure 5. Representative '% spectra for a polycrystalline powder 
of DGEBA monomer. See Figure 6 for a DGEBA polycrystdiie 
spectrum at higher magnetic field. 

DGWA 

Figure 6. 13C spectrum for polycrystalline DGEBA monomer 
near 300 K in a 3.5-T field (all other spectra here are for 1.4 T). 
The insert shows the full spectrum, including a resonance at about 
90 ppm from the Delrin rotor. Obvious sidebands are indicated 
by asterisks. 
backbone methyl reorientation is far more hindered than 
that of the nadic methyl: the backbone methyl group slows 
down at a higher temperature than the nadic methyl group. 

For these epoxies, in common with other glassy poly- 
mers, spectral resolution is generally best a t  highest tem- 
perature. The issue of resolution in amorphous and 
crystalline polymers, including, specifically, these epoxies, 
is elaborated elsewhere.15J6 

We turn now to the DGEBA monomer. Large single 
crystals (ca. 2-10-mm linear dimension) grow by subli- 
mation while the monomer is stored at  room temperature. 
A polycrystalline specimen was prepared by compressing 
a number of these crystals into a hollow rotor. An ab- 
breviated set of temperature-dependent 13C spectra for the 
crystal monomer is shown in Figure 5. Except for the 
methyl peaks, there are no significant changes in the 
spectra in this temperature range. In particular there are 
no coalescences in the aromatic region as there are in the 
polymerized phase. For the crystalline specimen the 
spectral resolution improves at higher magnetic field the 
DGEBA spectrum (from the same batch of starting ma- 
terial) is shown in Figure 6 for a static magnetic field of 
3.5 T, rather than the 1.4 T for all the other spectra re- 
ported here. Sample temperature was not specifically 
monitored but is estimated to be about 300 K. In Figure 

200 100 ppm 0 

Figure 7. Here 13C spectra of four phases of the DGEBA resin 
are contrasted. The spectrum for the piperidine-cured polymer 
is from Figure 1. The solvent peaks have been eliminated in the 
solution-state spectrum. The lettering of the peaks follows the 
convention of Figures 1-4. 

6 the obvious sidebands are indicated by asterisks. The 
high-field sidebands of the two peaks b probably account 
for the high- and low-field shoulders on the epoxide peak 
g. 

One striking feature of the crystal-phase spectrum in 
Figure 6 is the wealth of solid-state splittings. The two 
methyl resonances are separated by 4.9 ppm. The pro- 
tonated ring carbons show a number of peaks separated 
by 6.5 and 10.1 ppm for resonances c and d, respectively. 
Solid-state splittings of comparable magnitude have been 
reported earlier in poly(2,6-dimethyl-l,4-phenylene ox- 
ide),23 1,4-dimethoxyben~ene,~~?~~ and 1,3,5-trimethoxy- 
benzene.% The origin of some of these solid-state splittings 
in the polycrystalline epoxy monomer will be addressed 
later on. 

Figure 7 compares spectra of different phases of DGE- 
BA. The four phases are polymerized (with piperidine, at 
247 K from Figure l ) ,  amorphous (230 K), crystalline (230 
K), and liquid (in acetone, solvent peaks deleted). The 
identical sample was used for both the crystalline and 
amorphous spectra. After the crystalline spectrum was 
recorded, the sample rotor, still spinning, was warmed 
above the DGEBA melting point (315.2-315.7 K) and then 
cooled. Spinner alignment was later checked and no 
substantial improvement of the resolution of the amor- 
phous spectrum could be achieved. Apparently, the dis- 
crete solid-state splittings, of the order of 5-10 ppm as 
shown above, are blurred out in the amorphous phase 
(Figure 7), leading to distributions of isotropic chemical 
shifts that determine in large measure the achievable 
resolution in amorphous organic ~olids. '~J~ In the aromatic 
region of the spectra, the polymerized and amorphous 
forms are virtually identical. The major changes in the 
aliphatic region reflect the chemistry changes during po- 
lymerization: resonances from epoxide carbons f and g are 
shifted downfield and overlap with the methylene reso- 
nance. The degree of polymerization can be crudely es- 
timated based on the disappearance of peaks f and g. We 
infer that less than 5-10% of the epoxide groups are un- 
reacted in this piperidine-cured polymer. An improved 
signal-to-noise ratio in these spectra would probably reduce 
this upper bound. 



Vol. 15, NO. 4, July-August 1982 Molecular Motions in Epoxy Polymers 1055 

R,S-type molecules may be undetected because of the 
disorder in the one epoxide group. 

In general, the source of the splittings in solid-state 13C 
spectra, e.g., Figures 5-7, is not yet established and the full 
assignment of all the resonances cannot be completed. To 
see if the magnitude of these splittings can be easily es- 
timated, we employ the model of Grant and Cheney" to 
predict how the chemical shift is affected by the crowding 
of the CH bonds in the solid state. Though the predictions 
are only modestly in agreement with observation, this 
model assists in assigning some of the lines in the DGEBA 
crystal spectrum. Moreover, the model helps to suggest 
how molecular motion, in particular reorientation of the 
aromatic ring, will coalesce certain lines by averaging these 
splittings to zero. 

In the steric hindrance model, a CH bond is compressed 
or expanded by the mutual repulsion of the bonded hy- 
drogen and a nearby nonbonded hydrogen. The shift 
depends on the hydrogen-hydrogen distance r and the 
angle 0 between the CH bond and the interhydrogen sep- 
aration vector. Grant and Cheney propose27 

(1) 
The original expression has been adapted so that r is in 
nm and A, is the chemical shift difference on the 6, scale. 
The net shift for each of the carbons in the DGEBA mo- 
nomer was calculated by summing the contributions of eq 
1 for hydrogen-hydrogen separations out to 0.25 nm; the 
separations were calculatedz8 from the X-ray study of ref 
2. Only hindrances particular to the crystalline state were 
considered; those effects from parts of the molecule that 
are rigid in the liquid state were ignored. Just the methyl 
conformation was considered in which each methyl group 
is oriented so that one methyl hydrogen is trans and two 
are gauche with respect to the other methyl carbon. The 
net shifts are displayed in Table I. There the primes refer 
to carbons that are influenced by the skewed (rather than 
the unskewed) epoxide group. As there are presumably 
equal numbers of skewed and unskewed groups, the in- 
tensities of the partners in the primed and unprimed pair 
(e.g., C13') are each '1' while the intensity of a carbon that 
does not see the disordered epoxide group (e.g., C9) is 1. 

The significant feature in the crystalline-state DGEBA 
spectra of Figures 5-7 is the number of resolved lines for 
the protonated carbons. In the monomer there are only 
four carbons meta and four ortho to the oxygen carbon in 
the two phenylene rings. However, the spectrum of Figure 
6 shows four and five (possibly six) lines, respectively. This 
is direct evidence that more than one conformation or 
configuration of the monomer is present. Table I also 
includes the experimental values for the chemical shift 
difference between the solid-state spectrum of Figure 6 and 
the corresponding lines in the liquid-state spectrum of 
Figure 7. Since no attempt was made to account for 
solvent effects or solid-state effects beyond this very re- 
stricted estimate of steric effects, little should be made of 
the absolute numbers for the chemical shifts. 

For the meta carbons (peak c) five lines are predicted 
in Table I, though there may be some overlap. The methyl 
protons are primarily responsible for the dominant shifts. 
C3 is unshifted and the C18 methyl group shifts C7 by -1.7 
ppm and C9 by -1.2 ppm. C13 is displaced by -1.5 ppm, 
but C13' sees the hydrogen of C25A on the skewed epoxide 
group and is shifted by -4.5 ppm. We suggest that C13' 
accounts for the upfield shoulder a t  126.2 ppm in Figure 
6. 

The ortho carbons (peak d) are split primarily by the 
methylene groups, as follows. C12 is unshifted. C4 is 
shifted -2.2 ppm by an intermolecular coupling to a hy- 

A, = -1680 cos 0 exp(-26.71r) 

Figure 8. X-ray-determined structure of DGEBA (figure adapted 
from ref 2). Also Shown are selected torsional angles; these indicate 
the near coplanarity of the methyl, phenylene, and methylene 
groups. One end of the monomer is apparently disordered; two 
conformations of one epoxide group are found. In the nonskewed 
conformation, site A24 is occupied by a carbon atom while in the 
skewed conformation, shown with bonds darkened, an oxygen is 
in site A24 

Discussion 
We first examine the 13C spectrum of DGEBA in the 

crystal state. Identification of the solid-state splittings 
observed in the 13C spectra in the context of the known 
DGEBA crystal structure will then assist to determine the 
character of the molecular motions that average out those 
splittings in the polymer. So that this motion may be 
directly compared to that responsible for the /3 peak in the 
mechanical loss spectra, a parallel analysis of the available 
mechanical loss data is presented. 

DGEBA Crystal Structure. The DGEBA monomer 
crystallizes by sublimation into monoclinic crystals of space 
group P2,lc. Cell dimensions' are as follows: a = 0.8260 
(4) nm, b = 1.1659 (4) nm, c = 2.0228 (6) nm, /3 = 105.6 
(1)O, 2 = 4, and d, = 1.205 (1) g ~ m - ~ .  The structure is 
shown in Figure 8. The numbering follows ref 2 and 
indicates the order in which the heavy-atom positions were 
identified by the computer algorithm. Torsional angles, 
indicating deviations from coplanarity, are also shown. 

The molecule has twofold symmetry out to the methy- 
lene groups C14 and C22. Note that the aromatic rings 
are canted so that each ring is virtually coplanar with one 
or the other methyl carbon. The methylene groups are also 
nearly in the plane of the aromatic ring. However, C22 
is trans to the coplanar methyl C17 while methylene C14 
is cis to  methyl C18. Furthermore, the structure of the 
epoxide group attached to C22 is apparently disordered. 
Two conformations were required to allow suitable re- 
finement of the structure.' Both share a common atomic 
position, labeled A24. When this site is occupied by a 
carbon atom (C24), the epoxide group C23, C24,025 looks 
very much like the one at  the other end of the monomer: 
that is, the C22423 bond is essentially coplanar with the 
aromatic ring, and the methylene protons of C22 equally 
straddle the ring. However, in the alternative structure, 
darkened in Figure 8, the A24 site is occupied by an oxygen 
atom (024) and the epoxide group C23A, C25A, 024 is 
skewed so that the C22-C23A bond is not in the plane of 
the aromatic ring. In the X-ray analysis equal numbers 
of skewed and unskewed epoxide groups were assumed at 
the disordered end of the molecule. The X-ray study finds 
that all the asymmetric carbons C15, C23, and C23A have 
S chirality: the skewed and unskewed alternatives for the 
epoxide structure represent a change in conformation and 
not configuration. However, the study does note that some 
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Table I 
Observed and Predicted Solid-state "C Chemical Shifts in Crvstalline DGEBA 

peak 
a b  C d e f g h 1 

observed 2.2 4.1 5.1 6.0 4.1 3.3 0.7d 1.4 1 .6  
peak shift,a 1.7 1.7 2.1 1.4 -3.3 
PPm 0.5 1.0 

-1.4 0.4' 
-2.8 
-4.1 

-1.4 ((218) 
-2.9 ((317) 

0 (C12) -2.5e (C14) 0 ((215) 0 (C24) - predicted peak - - 0 (C3) 
shift,b ppm -1.7 (C7) -1.9 (C10) 2.3 (C14') 0 (C23) -3.2 (C16) 

-1.2 (C9) -1.9 (C6) 2.5 (C22) -3.0 (C23A) -8.7 (C25A) 
-1.5 ((313) -6.6 (C6 ' )  2.5 (C22') 
-4.5 (C13') -2.2 (C4) 

0 (C4')  

a Relative t o  liquid-state DGEBA spectrum (acetone solvent); a t  ca. 300 K. External references used for both liquid- and 
solid-state spectra. 
carbon influenced by the epoxide group in the skewed conformation, ' Shoulder of central peak. 
about 3 ppm wide. e Ignores contribution of an intermolecular oxygen 0.214 nm from the methylene hydrogen. 

Steric hindrance model (ref 27). Numbering of carbons follows Figure 8. The prime indicates a 
Peak is rather broad, 

drogen on the unskewed epoxide group; C4' is unaffected. 
C10 is shifted -1.9 ppm by the methylene hydrogens on 
C22, and C6 is also shifted -1.9 ppm by the methylene 
hydrogens on C14. C6' sees a skewed epoxide group and 
is shifted to -6.6 ppm. C6' may account for the upfield 
shoulder at 109.7 ppm in Figure 6. 

The aliphatic resonances present more of a problem. 
The methylene carbons are influenced by nearby epoxide 
groups and the local environment of each methylene group 
is rather different. Yet the predicted net shift of carbons 
C14', C22, and C22' is about 2.5 ppm. Now C14 is pre- 
dicted to resonate a t  -2.5 ppm but is also shifted by an 
intermolecular epoxide oxygen only 0.232 nm from the 
methylene hydrogen. In this geometry the electronegative 
oxygen should produce a positive shift, but its magnitude 
is unknown. A +5-ppm shift from the crowding by this 
oxygen would fortuitously cause all the methylene peaks 
to overlap. Agreement for the epoxide peaks is also am- 
biguous. Two resonances split by 3 ppm are predicted for 
peak f but with an intensity of 3/2:1/2 rather than the 1:l 
observed. Peak g is rather broad and may have some 
underlying structure, though as mentioned earlier, the 
spinning sidebands contribute to the shoulders in peak f 
in Figure 6. The steric hindrance analysis predicts that 
C25A should be shifted by -8.7 ppm, but no evidence is 
found for this large shift. Two peaks separated by 1.5 ppm 
are predicted for the methyl resonance i; the observed 
splitting is 4.9 ppm. Nothing is said in the Grant-Cheney 
model about the shifts for the unprotonated carbons. 

This steric hindrance model predicts shifts that are the 
right order of magnitude as those observed; agreement in 
detail is not good. The analysis identifies the major shifts 
to be expected from the skewed epoxide group. The ad- 
ditional peak structure and resolved peaks in the proton- 
ated aromatic carbons are broadly consistent with the 
presence of this disordered epoxide group. However, in 
the aliphatic region the large shift of -8.7 ppm is not ob- 
served for C25A on the skewed epoxide group. 

Even without recourse to a model for solid-state split- 
ting, the (high magnetic field) 13C spectrum of Figure 6 
shows that more than one conformation or configuration 
of the monomer is present. One hopes that as experience 
builds with these solid-state splittings, more crystallo- 
graphic information can be inferred directly from 13C NMR 
spectra. 

Dynamical Properties. We return now to the collapse 
of the two low-temperature doublets c and d of the pro- 
tonated phenylene carbons in the piperidine-cured epoxy 

and infer the nature of the molecular motions responsible. 
The analysis is restricted to the piperidine-cured system, 
since, unfortunately, details of the corresponding coales- 
censes are obscured for the MPDA, HHPA, and NMA 
epoxy polymers. 

The foregoing arguments based on deshielding by steric 
hindrance show that both intra- and intermolecular 
crowding effects are important: the variation in crowding 
makes the carbons inequivalent in the solid. (We use the 
term inequivalent to indicate a difference in chemical shift, 
strictly speaking, inequivalence refers to variations in the 
spin-spin coupling while isochronous connotes identical 
chemical shift.29) One motion that accounts for the coa- 
lescence observed in Figure l is a 180' flipping of the 
aromatic ring. Return for a moment to the crystal struc- 
ture diagram in Figure 8. A 180' rotation of a phenylene 
group is equivalent to a simultaneous interchange of car- 
bons C4-C6 and C3-C7 and similarly for the other ring. 
This motion simultaneously averages out any intra- or 
intermolecular splittings, making, say, C4 and C6 equiv- 
alent if the rotation is fast enough. We will not attempt 
at this moment to distinguish between true 180' flips and 
large angle rotation by diffusive steps but return to this 
question later. (Adoption of a diffusive-step model would 
require some knowledge about how the isotropic chemical 
shift varies away from the 0,180' conformation of the 
phenylene group.) 

We suspect that the splittings in peaks c and d in the 
amorphous and polymerized phases of the resin arise 
primarily from intramolecular effects: the intermolecular 
contributions are probably too diffuse to create such a 
discrete splitting, as shown in Figure 7. In the polymer 
and amorphous resin the splitting in d probably arises from 
the methylene hydrogens while the rather weaker splitting 
in c is ascribed to the proximity of the methyl hydrogens. 
If this were the case, then motion of the methylene group 
about the ether linkage would cause a coalescence of d. 
However, such motion would leave peak c essentially 
unaffected, as its splitting derives from the methyl hy- 
drogens. However, it will be shown on the basis of a very 
simplistic model of exchange that the correlation times for 
the motion describing the collapse of c and d are identical 
to within a factor of 2 and therefore it is most likely a 
common motion that drives the ring carbons. 

i. NMR Line Shape Analysis (Single Relaxation 
Time). A full analysis of the line shape variations with 
temperature in a solid-state 13C spectrum is a formidable 
task. Any motion may modulate not only the isotropic 
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Table I1 
Two-Site Exchange Parametersa 

peak c 6514.3 5.5 4 .8  
peak d 10517.0 5.0 4.0 

by computer simulation to the 151 K spectrum of Figure 
1. 

chemical shift but also the anisotropic chemical shift and 
dipolar couplings. These will be reintroduced into the 
spectrum wheneverl5?l6 the molecular modulation fre- 
quencies become comparable to the magic angle sample 
spinning frequency or to the decoupling frequency Y H B ~ H .  
In an amorphous material there is some complex distri- 
bution of isotropic chemical shifts that is averaged to 
greater or lesser extent by the motion and hence can be- 
come temperature dependent. The motion may be quite 
complex, involving many different moieties as well as a 
distribution of correlation times. 

The important features of the motion can be extracted 
by recourse to a very simplistic model for chemical ex- 
change, appropriate for two-site exchange in liquids. We 
make the following simplifying assumptions: (i) dipolar 
and chemical shift anisotropy broadenings are unimpor- 
tant; (ii) a Lorentzian description of the line shape is ap- 
propriate; (iii) the phenylene ring reorients by 180' about 
the 1,4 axis so that the ring carbons effectively exchange; 
(iv) the asymmetries in peak heights in the low-tempera- 
ture doublets (Figure 1) are due to broadening by isotropic 
chemical shifts and do not indicate different populations. 

For exchange between two sites A and B with equal 
populations but with unequal relaxation times Tu and TzB, 
the line shape M(w) is, adapted from ref 30, 

a For the piperidine-cured DGEBA epoxy. Derived 

-2wY + (r' + 7c')X 
x2+ P M(w) = (2) 

where 

and 

Here, 60 is the isotropic chemical shift difference, and 
resonance offset w is measured from the center of the two 
lines A and B. The lifetime of each site is T~ and is equal 
to the correlation time for 180' flips of the phenylene 
group in this application. 

We first consider motion described by a single correla- 
tion time. This restriction will be relaxed subsequently. 
The 151 K spectrum of Figure 1 was used to establish 
values for 6w and Tu and Tm; those are tabulated in Table 
11. These values are assumed temperature independent 
and, reassuringly, we find that the 352 K line shape is 
reasonably well fit by the fast-exchange time limit of a 
Lorentzian with a relaxation time of 25: 

The correlation time for both peaks c and d was inde- 
pendently varied to provide a best fit between the com- 
puter-simulated spectrum from eq 2 and each observed 
spectrum for temperatures between 151 and 352 K. The 
spectra of Figure 1 were fit, as well as nine other spectra 
that interleave the temperatures of Figure 1. The ex- 
perimentally determined correlation times are shown in 
Figure 9. The representative error bars denote the range 
for which a reasonable fit to the individual spectrum could 

I I I ' I  1 -1 

m f  
c 

0 

E 

1 peak d 
peak c 
rheogoniometer I 

1 Q00/T 

Figure 9. Single-correlation time analysis for the /3 peak of 
mechanical relaxation data and the coalescence of peaks c and 
d of the protonated phenylene carbons in the I3C NMR spectra 
(Figure 1) for the piperidine-cured DGEBA epoxy. The dashed 
line represenb the temperature dependence ( E  = 63 kJ/mol; 15 
kcal/mol) inferred from rheogoniometer measurements. For the 
NMR data the temperature dependences of 50 kJ/mol (solid line) 
and 9 kJ/mol (dotted line) are drawn only as guides for the eye. 

be achieved. Since the doublet of peak c is poorly resolved, 
the scatter in the correlation time for peak c is greater than 
for peak d; further, a t  high and low temperatures the 
correlation time for peak c could not be determined. Even 
so, at all temperatures the correlation times inferred for 
the two peaks are the same, to within a factor of 2. This 
strongly suggests that the ring carbons are suffering a 
common motion, impressed by a 180' reorientation. At  
high temperatures, above about 278 K, the correlation time 
for both peaks c and d follows an Arrhenius relation 7, = 
7 0  exp(E/RT), with E = 50 kJ/mol(l2 kcal/mol) and T~ 

= 0.8 X s. 
Also shown in Figure 9 are correlation times inferred 

from mechanical spectroscopies. For this epoxy the p peak 
has been determined by a r h e o g o n i ~ m e t e r ~ ~ ~ ~ ~  and a tor- 
sional pendulum.33 At  the peak of the relaxation, the 
quoted correlation time is just T, = (2.lrf)-', where the 
frequencies f are 6 and 110 Hz with transition temper- 
atures 213 and 240 K, respectively. This expression is 
appropriate for a single correlation time model; for a 
distribution of correlation times that is symmetrical in log 
7c, the loss maximum occurs at a frequency corresponding 
to the mean of the distribution. An asymmetric distri- 
bution will be treated later and requires a slightly different 
expression. Shown too is the temperature dependence as 
measured in the rheogoniometer experiment; it corre- 
sponds to an activation energy of 63 kJ/mol (15 kcal/mol). 
The determination of this activation energy is discussed 
later. For the single correlation time model, the Arrhenius 
prefactor is 70 = 1 X s for the rheogoniometer data. 
In the high-temperature region of Figure 9, the tempera- 
ture dependencies of the correlation times from the me- 
chanical results (63 kJ/mol) and the 13C spectra (50 kJ /  
mol) are broadly consistent. At the coalescence point of 
peak d of 273 K, the correlation time for 180° phenylene 
jumps is 4.5 ms, 400 times slower than the extrapolated 
correlation time of 11 FS from the mechanical relaxation 
data. This disparity is exacerbated by the difference in 
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activation energies if the Arrhenius prefactors are com- 
pared the prefactors differ by 5 orders of magnitude. The 
differences will be reconciled later on. 

Figure 9 seems to suggest that at lower temperature, 
below about 278 K, there is a second motion, indicated by 
the dotted line. However, the apparent activation energy 
of 9 kJ/mol(2 kcal/mol) and reorientation time prefactor 
of 65 ps appear quite unphysical. Further, it is too great 
a coincidence that the crossover temperature separating 
the fast and slow motions occurs very near to the coales- 
cence temperature, which for peak d corresponds to 273 
K with a correlation time of 4.5 ms. (Indeed, Figure 9 helps 
to quantify the remark made earlier that the coalescence 
occurs over such a broad temperature range. If only the 
putative high-temperature mechanism were active, the 
spectra would undergo these changes over the range 
250-350 K rather than 150-350 K.) 

However, the behavior below the coalescence point in 
Figure 9 is an artifact of the single correlation time model. 
Introduction of a distribution of correlation times gives 
a more satisfactory fit to these data. It does not, however, 
remove completely the discrepancy in the magnitude of 
the correlation time between the mechanical data and the 
analysis of the NMR data for 180° phenylene group re- 
orientation. 

ii. Distribution of Relaxation Times. Various forms 
for a distribution of relaxation times have been proposed." 
Such a distribution is formally equivalent to a nonexpo- 
nential decay of the autocorrelation function @(t)  de- 
scribing the motion: starting from either the probability 
distribution functions p ( 7 )  and G(1og 7 )  or the autocorre- 
lation function @(t),  the other functions can be defined by 

@(t)  = f"d7 p ( 7 )  exp[-(t/r)] = 
0 

~ ~ d ( l o g  7 )  GUog 7) exp[-(t/dI (3) 

Here, G(1og 7) is just the probability distribution on the 
logarithmic time axis. 

The autocorrelation function considered here is 

@(t) = N-' exp[-(t /~,)~] (4) 

where 0 < a I 1 and the normalization constant N = 
(.zp/a)r(a-'). Here, I' denotes the gamma function. This 
form for @(t) was applied in a study of the dielectric loss 
at the a peak in poly(ethy1 acrylate) by Williams and 
Watts.3 Recently, Ngai and White4 proposed a theory of 
collective excitations in solids that leads to the same 
functional form; Ngai5 reanalyzed an extremely broad body 
of experimental data and found the data consistent with 
this autocorrelation function. There are certain virtues 
of this form of the correlation function. The shape of the 
distribution is determined just by a. The position of the 
distribution on the time axis is determined by 7p. On the 
logarithmic time axis the distribution is asymmetric for 
a < 1. (The a = 1 limit simply recovers the single relax- 
ation time behavior.) One consequence of the asymmetric 
distribution is that the imaginary part of the dielectric 
response E" varies as a t  high frequency and as LO+' at  
sufficiently low frequency, in keeping with experimental 
r e ~ u l t s . ~  The temperature dependence must be inserted 
into 7p and we take a simple Arrhenius form 

7, = 7 0  exp(E/Rn (5) 

(In the discussion of Ngai and White,4v5 both the tem- 
perature dependence and 70 are introduced and interpreted 
somewhat differently than here.) The width of the dis- 
tribution of relaxation times is temperature independent: 

Macromolecules 

a change in temperature produces only a uniform loga- 
rithmic shift of the relaxation times. In contrast, however, 
the width of the distribution is temperature dependent in, 
say, a model in which a normal distribution of activation 
energies leads by the Arrhenius relation to a log-normal 
distribution of relaxation times.20J1y35 

For the Williams-Watts form of the autocorrelation 
function, both the probability distribution density p ( 7 )  and 
the imaginary part G"(w) of the mechanical compliance 
will be useful here. An explicit form for the density is6 

For the imaginary part of the mechanical response, we 
adapt the expression for the dielectric ~ o s s ~ . ~ ~  to the me- 
chanical loss case: 

(7) 
where GR and GU are the relaxed and unrelaxed moduli, 
respectively. (Reference 36 also provides an expansion for 
the dielectric loss that converges rapidly for low frequency, 
while the above expressions converge more readily a t  
higher frequency.) 

Equation 7 is rather unwieldy. We find eq 7 has a simple 
form in the limit of very broad distribution (a = 0): 

G "(a) 
lim ~ = ( S>.(U~,)-~ exp[-(w~,)-"] (8) 
u-0 GU - G R  

In this limit the maximum in G"(w) occurs for a In w7 = 
0. The frequencies w* at  the half-maximum points oteq 
8 are found from 

f a  In w*7, + exp[r(a In oa7,)] = 1 + In 2 (9) 

From eq 9 the full width of G"(w) at half-height in decades 
of frequency is approximately 1.062/a. 

We can now develop a rule of thumb for determining 
a from the width of G"(o), valid for all values of a. In 
general, in the limit of a broad distribution of relaxation 
times, the out-of-phase component G"(w) of the suscep- 
tibility takes on the same shape as the relaxation time 
distribution3' provided o is substituted for 7-'. This can 
be shown explicitly for this distribution from eq 6. Hence 
in this same limit the width of the relaxation time dis- 
tribution is also 1.062/a, in decades of relaxation time. On 
the other hand, in the a = 1 (single relaxation time) limit, 
the width of the response curve is 1.14 decades. Our ex- 
plicit computer calculation of eq 7 shows that the actual 
width of G"(o) varies monotonically from the a = 1 (1.14 
decades wide) to a = 0 (1.062/a decades wide) limits. If 
we employ the relation that a N 1.1/ W, where W is the 
full width at half-height (in decades) for the imaginary part 
of the susceptibility, then from only the width of the re- 
sponse curve G"(o) we can estimate a to within about 5% 
for all values of a between 0 and 1. 

We f i i t  analyze available mechanical loss data and then 
the 13C NMR line shape for two-site exchange driven by 
a distribution of correlation times. 

iii. Mechanical Relaxation Analysis. Figure 10 
shows rheogoniometer data for the frequency dependence 
of G", the imaginary component of the modulus for a 
piperidine-cured DGEBA resin. This figure is adapted 
from Figure 8 of ref 31. The starting materials and curing 
schedule for the mechanical specimen were the same as 
for the NMR specimens. This master curve reproduced 
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p ( 7 )  is just a mathematical convenience. This second type 
we call a homogeneous distribution. Certainly, both classes 
of distribution may coexist, and estimating which pre- 
dominates is an experimental question. 

Hence the identical autocorrelation function could arise 
by completely different routes of an inhomogeneous or 
homogeneous distribution. NMR line shape analysis can, 
in principle, distinguish between the two types of distri- 
butions.22 Though the present results on the epoxy do not 
allow unambiguous discrimination, we shall conduct two 
parallel line shape analyses for inhomogeneous and ho- 
mogeneous distributions. 

(a) Inhomogeneous Distribution. For the inhomo- 
geneous distribution, we adopt the view that there is a 
distribution of correlation times given by p(7 ) .  A complete 
calculation would perform a weighted sum of the line 
shapes, eq 2, appropriate to a single relaxation time process 
for each value of 7. Instead we resort to a much simpler 
alternative. We approximate the line shape by an ad- 
mixture of only two line shapes, those appropriate to the 
very fast and very slow processes.2o Now, for the two-site 
exchange, there is some critical exchange time 7, that 
defines the point of exact coalescence. This value is an 
NMR-defined boundary between fast and slow processes. 
Those processes with exchange times much less than 7, will 
contribute a fully collapsed resonance line, while much 
slower processes contribute a line shape more appropriate 
to the rigid lattice. True, this segration does not properly 
account for those processes with correlation times near 7=, 

but for a rather broad distribution, this error is not sig- 
nificanLz0 Further, the details of the actual shape of the 
distribution are not so important: the critical parameter 
is only the fast or slow fraction, defined in terms of 7,. One 
merit of this approach is that a spectrum can be charac- 
terized by only one number, i.e., the fast fraction. When 
the spectral broadening is dipolar, then for a broad dis- 
tribution of relaxation times a very broad line and a narrow 
(motionally narrowed) line can coexist. As temperature 
changes, the relative amplitudes of these lines change; 
Resing proposed and amplified the approach just outlined 
to explain this “apparent phase transition effect”.20y21 

The fast fraction F ,  the fraction of processes with cor- 
relation times shorter than 7, is calculated for the Wil- 
liams-Watts function by integrating eq 6: 

I I I I I I 
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Figure 10. Master curve for the p-relaxation peak determined 
by rheogoniometer measurementa of DGEBA cured with piper- 
idine (adapted from ref 31). The imaginary part of the storage 
modulus is plotted against the shift factor a at 223 K. Shown 
is a theoretical fit with a Williams-Watts form of the time au- 
tocorrelation function (width parameter a: = 0.28). A frequen- 
cy-independent base line (dashed line) is assumed to facilitate 
the fit. 

in Figure 10 was constructed from lorn data taken over 3 ‘I2 
decades of frequency. Temperature was changed and the 
shift factor determined to bring the frequency data onto 
the master c ~ r v e . ~ ~ . ~ ~  The shift factor fits an Arrhenius 
relation over the temperature range studied (200-256 K), 
with an activation energy of 63 kJlmol(l5 kcal/mol). The 
continuous curve in Figure 10 is the computer-generated 
fit for eq 7 using the Williams-Watts form of the auto- 
correlation function. (The solid curve in the original fig- 
we3’ is a guide for the eye and is not this calculated curve.) 
Best fit is achieved for a = 0.28 f 0.02. Since the ex- 
perimental values for the modulus G” do not go to zero 
at low frequency, a base line contribution was assumed and 
is indicated by the dashed curve in Figure 10. At 6 Hz the 
maximum in tan 6 occurs a t  about 213 K, and with the 
supplied v a l u e ~ ~ ~ v ~ ~  of G’, we estimate the maximum in G” 
occurs a t  about 208 K. The maximum in the imaginary 
part of the susceptibility is a t  W T ~  = k ( a ) ,  where k(a)  is 
a factor less than 1 and depends weakly38 on a. For a = 
0.3, W T ,  = 0.639 and the mechanical data give the value 

“iv. NMR Line Shape Analysis (Distribution of 
Relaxation Times). We now conduct a parallel analysis 
of the 13C two-site exchange line shape for the phenylene 
carbon ortho to the oxygen, peak d in the figures. A t  this 
point, we must make an essential distinction between two 
possible interpretations of the nature of the distribution 
of correlation times. Equation 3 shows that the (nonex- 
ponential) autocorrelation function @(t) is just the Laplace 
transform of the distribution function p(7) .  Yet, on the 
molecular level, two quite different mechanisms are pos- 
sible. There may be a true distribution of correlation 
times: the rate of molecular processes may vary at dif- 
ferent sites across the sample. But, in the limiting case, 
these rates do not change in time. That is, the density p(7)  
implicitly describes some spatial inhomogeneity of indi- 
vidual Debye (single exponential) processes that, when 
averaged over the ensemble, lead to a nonexponential 
decay of the autocorrelation function. We shall refer to 
this type of distribution as an inhomogeneous distribution. 
The second possibility is that all the common molecular 
processes have an identical rate, but one which varies in 
time. In this case, each process is described by the same 
nonexponential autocorrelation function. Here the density 

= 17 ms at  208 K. 
\ - “ I  ! \ 7 p ]  aka 

The a = 0 limit is again useful: 
lim ( F ( T / ~ ~ ) }  = 1 - exp[-(~/r,)”l (11) 
or0 

Equivalently 

log [In (1 - F(T/T,))-~] = a log (7/7,) (12) 

In Figure 11 is a plot of log [In (1 - F)-’] against a log 7 

from eq 10; in the figure 7 is measured in units of 7p. The 
fast fraction F was calculated by computer from eq 10. For 
long relaxation times, convergence in the sum of eq 10 is 
quite slow and only a limited range of relaxation times is 
shown. However, even for large a, the limiting relation in 
eq 12 is nearly obeyed. For a = 0.3, the deviation from 
linearity (dashed line) in Figure 11 is only about *lo% 
and hence the relations in eq 11 and 12 are nearly universal 
for a I 0.3. One simple interpretation of 7p is seen in 
Figure 11. Let 7. be the correlation time for which log [In 
(1 - F(T.))-’] = 0. At  this point F(7./7 ) = 1 - e-l: about 
63 % of the processes are faster than 7,. b e  find by explicit 
calculation that 7, N 1.57, for all values of a. 
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Figure 11. The fast fraction F ( r )  represents the fraction of 
molecular processes with Debye correlation times shorter than 
7. Here the fraction has been calculated from eq 10 for a Wil- 
liams-Watts form of the autocorrelation function. In the figure, 
T is measured in units of iP. The axes are chosen so that the a 
= 0 limit is a straight line (dashed line in the figure). 

The temperature dependence of the 13C spectra of the 
piperidine-cured epoxy was analyzed for the inhomoge- 
neous distribution as follows. Only peak d (of the carbons 
ortho to the oxygen) was considered since the scatter for 
peak c is too great. At each temperature the fast fraction 
was independently varied to produce a computer-simulated 
spectrum corresponding to that superposition of fast and 
slow components in best agreement with the observed 
spectrum. The spectra of the fast and slow components 
are given by the line shape of eq 2 in the limit of very fast 
or very slow exchange. The same peak separation and 
relaxation times were used as for the single relaxation time 
analysis (Table 11). Single correlation time analysis had 
shown that the spectrum of carbon d coalesced for 7, = 
4.5 ms, corresponding to a temperature of 273 K. Hence 
the fraction derived from the data represents F(4.5 ms), 
the fraction of phenylene groups reorienting by 180' with 
correlation times faster than 4.5 ms. (Since this model is 
predicated on a broad distribution in relaxation times, the 
precise definition of 7, is unimportant.) 

For 7p described by an Arrhenius relation, the a = 0 limit 
of eq 1 2  becomes 
lim (In [In (1 - F ( T / ~ ~ ) ) - ~ ] )  = a[ln ( 7 / 7 0 )  - E/RT]  (13) 

Guided by this broad distribution limit, we plot In (1 - 
F(7,))-l against reciprocal temperature on the semiloga- 
rithmic scale of Figure 12. The anticipated linear de- 
pendence is reasonably reproduced and the data are con- 
sistent within experimental error with the exp[-(~/ 7p)a] 

form of the autocorrelation function.39 In particular, the 
agreement is far more satisfactory than for the single re- 
laxation time treatment of Figure 9: data above and below 
the coalescence point are reasonably fit. The slope in 
Figure 12 determines that aE = 18 f 2 kJ/mol. The zero 
crossing ( F  N 0.63) occurs a t  295 K and, as previously 
indicated, corresponds to the point for which 7, = 7, N 

1.57,. Since 7, = 4.5 ms, we have 7p = 3 ms at 295 K. (The 
actual a = 0 limit in eq 12 indicates that the zero crossing 
occurs a t  a In (7,/7p) = 0 or 7p = 7,. We have chosen to 
use the a = 0 limit to find aE but use the more exact 
expression, eq 10, to relate 7p and 7,. The slight differences 
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Figure 12. Temperature dependence of the fast fraction F(TJ 
describing the line shape of peak d in the piperidine-cured DGEBA 
epoxy; T~ is the correlation time at coalescence (4.5 ms). An 
inhomogeneous distribution of relaxation times described by a 
Williams-Watts autocorrelation function is assumed. 

in the numerical factors in 7p are quite unimportant here.) 
(b) Homogeneous Distribution. Here we presume 

that every phenylene group in the polymer is described by 
the nonexponential autocorrelation function +(t). The 
derivation of the line shape expression for two-site ex- 
change is reported elsewhere.22 The resulting line shape 
is 

where 
A = 1 - R+R- + S+S- 

B = -(S+R- + SA+) 

C = (1 + RJU+ + (1 + R+)U- - (S+V- + S-V+) 

D = (1 + RJV+ + (1 + R+)V- + (S+U- + U+SJ 

R i  = CPi(1 + 7i/T~i)/di* 
i 

si = Cpi(~  f 6W/2)7i/di+ 
i 

Ui = CPi(1 + ~ i / T ~ i ) ~ i / d i i  
i 

vi = c p j ( ~  f 60/2)7?/di* 
i 

and dii = [(w f 60/2)~7: + (1 + T ~ / T ~ ~ ) ~ ] .  The plus/minus 
subscript refers to the two different sites. The pi represent 
the weighting of the ith relaxation time. For the actual 
line shape calculation we used 33 values of 7i, logarithm- 
ically spaced over 16 decades of relaxation times. The pi 
are normalized by 

pi = G(log 7i)[lOg ( ~ i + ~ / r i ) l  (15) 

so that 
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The distribution of correlation times certainly fits the 
results far ‘better than the single correlation time picture: 
note that the break point in the Arrhenius relation for the 
single correlation time model (a = 1) of Figure 9 has es- 
sentially disappeared in Figures 12 and 13. Furthermore, 
the width of the mechanical relaxation @ peak, Figure 10, 
can be interpreted only through a distribution of correla- 
tion times. However, the line shape analysis here is only 
reliable near coalescence. Much further away, the limited 
1 3 C  spectral resolution precludes accurate determination 
of the fast fraction F (Figure 12) or of the correlation time 
7p (Figure 13). As previously discussed, the resolution for 
peak d in this epoxy system is primarily determined by 
a distribution of isotropic chemical shifts and so is unlikely 
to be improved if higher magnetic field were available; 
perhaps in a deuterium rather than a 1 3 C  study, one could 
distinguish between inhomogeneous and homogeneous 
distributions. For the inhomogeneous distribution, a 
collapsed line grows in at the center of the doublet as 
temperature is raised.2G22 We may arbitrarily define 
coalescence as the point at which the amplitude of the 
central peak is just the average of the two outer peaks. If 
the resonance lines were very well-resolved and the T2’s 
of the two sites were identical, then the value of the fast 
fraction F would be 1/3, indicating that one-third of the 
process have correlation times shorter than 71/39 the cor- 
relation time at this coalescence point. Hence, for an 
inhomogeneous distribution an average correlation time 
similar to the median correlation time (71/2)  determines 
coalescence. For the broad Williams-Watts distributions 
we find from Figure 11 that 7 I / 3  << 
= 0 . 0 4 ~ ~ .  Coalescence thus occurs for 6 w P  >> 1 for the 
inhomogeneous distribution. 

On the other hand, for the homogeneous distribution, 
no central peak can be resolved.22 Furthermore, the coa- 
lescence point is substantially shifted to longer times in 
the distribution. One may visualize the autocorrelation 
function of eq 4 as a description of a molecular process that 
starts out extremely rapidly at t = 0 and then slows down. 
In the context of the probability density p ( 7 ) ,  it looks as 
if the molecular process initiates at the very short 7 region 
of the probability distribution and executes a glissando 
toward longer 7. Coalescence occurs only when the slowest 
effective process 7tff satisfies 7zff6u N 1, where the details 
of the relationship between 7tff  and 7p depend on a, the 
peak separation 60, and the relaxation time TP In general, 
for a < 1, 7t f f  >> T and hence, ~ W T ~  << 1. Hence, coales- 
cence is determinecfby the long-7 portion of the probability 
distribution. This observation applies to any homogeneous 
distribution, not just for the Williams-Watts distribution. 
This difference between correlation times derived from 
inhomogeneous and homogeneous distributions can be 
quite substantial and is illustrated in examining the cor- 
relation times found in this study. 

Table I11 summarizes the distribution of correlation 
times inferred from the mechanical spectroscopy and the 
present NMR study. The actual correlation times are of 
particular interest. Both the Arrhenius prefactor and the 
interpolated or extrapolated room-temperature (295 K) 
correlation times are shown; the latter are less sensitive 
to errors in the determination of activation energy than 
is the Arrhenius prefactor. 

Both the inhomogeneous and homogeneous distribution 
models provide reasonable fits to the data, Figures 12 and 
13. Note that the correlation time 7p at  295 K is 20 ps for 
the homogeneous distribution, rather than 3000 ps as for 
the inhomogeneous distribution: over 2 orders of mag- 
nitude separate the correlation times inferred from models 

e.g., for a = 0.3, 

I ’/ I I 

I 7 - rheogoniometer 

I I 
4 5 6 

1000/T 

Figure 13. Temperature dependence of the correlation time 7p 

for a description of the line shape changes in peak d of the 
piperidine-cured DGEBA spectrum in terms of a homogeneous 
distribution of correlation times described by a Williams-Watts 
autocorrelation function. In this figure a value of a = 0.28 has 
been assumed. 

As before, the correlation function is completely specified 
by the width parameter a and the correlation time 7p = 
7 0  exp(E/RT). Ideally, one might be able to determine a 
and 7p independently at each temperature. The present 
suite of data does not allow this. Instead we assumed a 
temperature-independent value of a and then found the 
7p that, through eq 14, gave a best fit to each experimental 
line shape at each temperature. Figure 13 shows the re- 
sults for a! = 0.28. The straight line in the figure represents 
an Arrhenius relation for 7p with activation energy E = 60 
kJ/mol(l4 kcal/mol) and prefactor 70 = 4 X s. Other 
simulations with different a also gave reasonable Arrhenius 
relations for T ~ ,  out to values of 01 from 0.23 to 0.33 with 
corresponding activation energies E of 55-70 kJ/mol 
(13-17 kcal/mol). 

v. Comparison of NMR Line Shape and Mechani- 
cal Relaxation Results. For the NMR data, only the 
temperature, not the frequency, could be changed. One 
consequence is that the distribution width parameter a 
cannot be determined independently, and the assumption 
of an Arrhenius relation for 7p had to be made. For the 
NMR results, the assumption of a Williams-Watts-type 
autocorrelation function arising from an inhomogeneous 
distribution of correlation times gives the product aE = 
18 kJ/mol (4.3 kcal/mol). A homogeneous distribution of 
the same functional form gives E = 60$,, kJ/mol when a 
is assumed to be 0.28 f 0.05, leading to aE = 17 f 1 
kJ/mol (4.1 h 0.2 kcal/mol). The mechanical relaxation 
results yield aE = 18 kJ/mol, with a and E independently 
determined as a = 0.28 f 0.02 and E = 63 kJ/mol. The 
agreement among the mechanical results and the two 
treatments (inhomogeneous and homogeneous distribu- 
tions) of the NMR results for the width parameter and 
temperature dependence of the distribution is within ex- 
perimental error of about 10%. Hence, the phenylene 
reorientation and the mechanical loss processes are de- 
scribed by similar distributions, for at least they share a 
common product of aE. 
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Table I11 
Williams-Watts Autoconelation Function Parameters 

Macromolecules 

E ,  aE,  
a kJ/mol kJ/mol 7 0 ,  s ~ p ( 2 9 5  K), NS 

p transitiona (mechanical relaxation) 0.28 6 3  18 7 x 10-18 1 

inhomogeneous distribution - 
homogeneous distribution 0 .28d  60  1 7  4 x 10-l6 20 

NMR line shape analysis (180" 
phenylene reorientation) 

- 18 2 x 10-14 c 3000 

a From analysis of the data of ref 31 and 32. Determined only as the product. Assumed mechanical relaxation 
activation energy of 6 3  kJ/mol t o  calculate ro .  Assumed. 

with the same autocorrelation functions. This is a crucial 
point the magnitude of correlation time inferred from 
NMR line shape studies depends critically on the homo- 
geneous or inhomogeneous nature of the distribution of 
relaxation times. The mechanical loss spectrum, on the 
other hand, is independent of whether the distribution is 
homogeneous or inhomogeneous. 

Table I11 shows the time scales for 180' phenylene re- 
orientation and for mechanical relaxation to be rather 
different; a t  295 K, values of rp are 1 ps (mechanical re- 
laxation), 3000 ps (phenylene reorientation, inhomogeneous 
distribution), and 20 ps (phenylene reorientation, homo- 
geneous distribution). We can force a reconciliation be- 
tween the NMR and mechanical loss correlation times by 
the following arguments. Reorientation of the phenylene 
group by 180' was assumed to facilitate the line shape 
analysis: 180' rotation interchanges the protonated car- 
bons across the ring, leading to a simple two-site exchange 
analysis. Certainly reorientation by steps less than 180' 
is possible, especially for a glassy polymer, and a more 
complete line shape analysis for jumps of less than 180' 
would require further knowledge of how the isotropic part 
of the carbon chemical shift varies with angle. Further, 
it is clear that pure 180' phenylene reorientations cannot 
account for mechanical relaxation since the ring is sym- 
metrical about the 1,4 axis. If phenylene reorientation 
proceeded by small random steps (diffusive reorientation), 
then n2 jumps of (180°/n) would be required to reorient 
by the full 180'. If we associate the mechanical relaxation 
correlation time with these (180°/n) jumps, then we can 
force agreement between the mechanical and NMR cor- 
relation times by letting TNMR = n2~ , , ,h .  Using the cor- 
relation times at 295 K, we find that the root-mean-square 
jump length is 180°/(3000/1)1~2 N 3' for the inhomoge- 
neous distribution and 180°/(20/1)1/2 N 40' for the ho- 
mogeneous distribution. This hypothesis provides one 
satisfactory reconciliation between the relaxation times 
determined by the mechanical data and the present NMR 
data. The phenylene reorientation through angles other 
than multiples of 180' can couple to the applied stress field 
to produce a mechanical relaxation. Certainly, the actual 
motions in this epoxy polymer may involve other motions 
superposed on the pure phenylene reorientation. But the 
present results show that phenylene reorientation takes 
place and that the distribution of relaxation times for the 
mechanical loss and NMR results are virtually coincident, 
provided we identify the mechanical process with 3' or 40' 
reorientation of the phenylene group, the choice depending 
on whether the distribution is inhomogeneous or homo- 
geneous, respectively. 

Summary and Conclusions 
Cross-polarization and magic angle spinning methods 

were used to provide the 13C spectra of four different 
phases of the DGEBA resin (liquid, crystalline, amorphous, 
and polymerized) and the temperature-dependent spectra 
of the polymer cured with piperidine, MPDA, "PA, and 

Reasonable fit for a = 0.28 * 0 . 0 5 .  

NMA, respectively. Temperatures spanned 150-350 K for 
the polymers. In the crystalline resin, solid-state line 
splittings arise from the inequivalent sites. The high-field 
(3.5 T) spectrum showed clearly that more than one con- 
formation or configuration of the monomer is present. The 
X-ray study2 establishing the DGEBA crystal structure 
finds evidence that two conformations are available to the 
epoxide group at one end of the molecule; the other end 
does not have this freedom. The 13C splittings expected 
for this structure were estimated by naive application of 
the steric hindrance model of Grant and Cheney2' for 
hydrogen-hydrogen separations out to 0.25 nm; by this 
analysis the 13C spectra present ambiguous evidence for 
the disordered epoxide ring, but there is no question that 
more than one form of the monomer is present. The es- 
timated solid-state splittings do not agree in detail but are 
of the same magnitude as those observed (1-10 ppm). 

In the piperidine-cured epoxy at  low temperature, the 
resonances from the carbons ortho and meta to the oxygen 
each are seen as partly resolved doublets. At higher tem- 
perature these lines separately coalesce. This feature is 
seen in varying degrees in the other three epoxy polymers 
examined. It is shown that this coalescence is consistent 
with 180' reorientation of the phenylene ring. A single 
correlation time model shows that the effective correlation 
times are essentially equal, to within a factor of 2, for the 
meta and ortho carbons and therefore strengthens the 
argument that a common motion is responsible for the 
coalescence. The single correlation time model does not 
exhibit a simple Arrhenius temperature dependence; a 
break point occurs suspiciously near the coalescence point. 
This dilemma is resolved by appeal to a distribution of 
relaxation times, or equivalently, a nonexponentially de- 
caying autocorrelation function to describe the molecular 
motion. The autocorrelation function chosen here is of the 
Williams-Watts form exp[-(t/r )*I. I t  is shown that the 
probability distribution p ( ~ )  andl related mechanical sus- 
ceptibility expression have a particularly simple form in 
the a = 0 limit. 

For NMR line shape analysis, we have considered two 
limits for the nature of the distribution describing the 
molecular motions in the polymer. An inhomogeneous 
distribution arises from a true (spatially varying) distri- 
bution of single-relaxation processes. In contrast, for a 
homogeneous distribution all common molecular processes 
are described by the same nonexponential autocorrelation 
function. Parallel application of these models to existing 
dynamic mechanical data and the present solid-state 13C 
spectra for the piperidine-cured epoxy polymer shows that 
the shape (a) and temperature dependence (E)  of the 
autocorrelation function are essentially identical for the 
mechanical relaxation process and 180' phenylene reori- 
entation (Table 111). The correlation times derived for 
180' phenylene flips are longer than the mechanical re- 
laxation time inferred from the same analysis. The NMR 
correlation times differ by a factor of 150 at 295 K, de- 
pending on whether a homogeneous or inhomogeneous 
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distribution is assumed; the present data do not distinguish 
between the two choices. The disparity in the NMR and 
mechanical relaxation results can be removed by assuming 
that the phenylene ring reorients by rotational diffusion 
with a root-mean-square jump of 3" (inhomogeneous dis- 
tribution) or 40" (homogeneous distribution). Such jumps 
less than 180" do couple mechanically and may reflect one 
of the molecular processes responsible for the secondary 
relaxation in this epoxy polymer. Whether this is the 
actual loss mechanism and whether this process contrib- 
utes in other bisphenol polymers will be better resolved 
as the highly specific information available from varia- 
ble-temperature 13C NMR supplements mechanical re- 
laxation spectroscopy. 
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Magnetic Resonance and Relaxation in a Vinylidene 
Fluoride/Trifluoroethylene Copolymer 
Vincent J. McBrierty,* Dean C. Douglass, and Takeo Furukawat  
Bell Laboratories, Murray Hill, New Jersey 07974. Received December 2, 1981 

ABSTRACT: NMR TI, T,, and Tlp relaxation data for poly(trifluoroethy1ene) (TrFE) and a 52/48 mol 7% 
vinylidene fluoride/trifluoroethylene Copolymer (PVDF/TrFE) are reported. Three relaxations are observed 
in TrFE, in contrast to the two reported previously. The NMR results for the copolymer are broadly consistent 
with current interpretations of behavior in PVDF/TrFE reported in the literature. However, NMR reveals 
that both amorphous and crystalline regions are affected at the "70 "C transition". Immediately below the 
70 "C transition the copolymer exhibits behavior that resembles that of glassy material. 

Introduction gredient in achieving useful electrical properties. Not 

clearly understanding the remarkable pyro- and piezo- (TrFE)3-5 is of special interest since TrFE in proportions 
Considerable research effort has been expended in more 

electric properties of poly(viny1idene fluoride) (PVDF).12 
The trans-planar configuration of molecules, which char- 

surprisingly, the copolymer of VDF with trifluoroethylene 

greater than 10% induces the VDF component to pref- 
erentially crystallize in the P Its properties are 

acterizes the p polymorph (form 1) is an important in- indeed intriguing and, in particular, a ferroelectric phase 
transition near 70 "C in the 55/45 mol % PVDF/TrFE 
copolymer has been proposed? The transition is presumed 
to manifest cooperative rotation of dipoles in steps of n r / 3  
or nr.1,2 The proposed ferroelectric transition is deduced 
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