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ABSTRACT: A cured epoxy originating from a stoichiometric mixture of a diglycidyl ether of Bisphenol 
A and 1,3-phenylenediamine has been studied by proton NMR including multiple-pulse techniques. In 
order to  address the question of the uniformity of water distribution based on possible variations in cross- 
link density, spin diffision experiments on a dry epoxy were performed over a wide temperature range 
in order to  probe the distance scale of cross-link heterogeneity. The actual experiments measured the 
minimum distance scale (4 nm) within which sample-wide variations in the multiple-pulse relaxation 
time, Thz, are included. Experiments were performed to indicate that these variations in Th, were not 
primarily associated with aliphatic versus aromatic protons. Whether the Variations in Th, indicate 
variations in cross-link density versus fluctuations in local packing in the glass remains an open question. 
Water chemical shift versus water content was also measured. It was inferred from these data that the 
majority of the water was molecularly dispersed as opposed to being aggregated into voids. Given that 
the existence of voids is often invoked in the epoxy literature, the NMR data would limit the volume of 
any voids to a volume where only one or two water molecules would fit in each void. No evidence was 
seen in the chemical shift data which would support the idea that there were two different sites with 
substantially different affinities for water. Also, water line widths were measured at 75 "C for samples 
of different average water concentrations and relatively uniform concentration profiles. It was anticipated 
that this measurement would provide a calibration curve whereby the existence of water concentration 
gradients could be identified for samples of known average water content. This anticipated result was 
not demonstrated conclusively. Finally, the line-width results are considered as they apply to the behavior 
of water in the later stages of water uptake. 

Introduction 
Mechanical properties of epoxies change upon expo- 

sure  to  water. In glassy epoxies, water uptake is 
thought1 to  involve sites of chemical affinity and  voids 
in  the  cross-linked polymer network. Both concentra- 
tion-gradient-controlled diffision and relaxation-con- 
trolled swelling supposedly contribute to  the  rate and 
extent of water  s0rption.l It has also been suggested 
that epoxy consists of a two-phase structure of densely 
cross-linked regions dispersed in a less cross-linked 
matrix; thus, certain sorption sites a re  rendered less 
accessible because of steric considerations.2 Therefore, 
t he  uniformity of t h e  network cross-link density may 
also influence t h e  diffusion of water  in the glassy state. 

An amorphous epoxy polymer network consisting of 
a diglycidyl ether of Bisphenol A resin cured with 1,3- 
phenylenediamine has been prepared to investigate its 
response, below its glass transition temperature  (Tg), 
to water  exposure. The extent of cure,3 d i l a t ~ m e t r y , ~  
tensile proper tie^,^ dynamic mechanical proper tie^,^^^ 
small-angle neutron scattering,8 electron m i c r o s ~ o p y , ~  
deuteron NMR line shapes of DzO-exchanged epoxy,l0 
calorimetry and  influence of water  as a plasticizer,ll 
water s o r p t i ~ n , l ~ - ~ ~  and  moisture transport15 have been 
reported, but correlations between epoxy morphology 
and  water  sorption or diffusion remain vague. In this 
presentation, solid-state proton NMR methods a re  
employed to inquire about t h e  uniformity of cross-link 
density and  t h e  possibility of multiple sites for water  
(sites of chemical affinity and voids). Also, a rather 
simple method, based on water-line-width measure- 
ments, is presented for detecting water-concentration 
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gradients. Finally, in light of t he  NMR data and other 
published da ta ,  some speculative remarks a r e  offered 
regarding the  apparent  decrease in translational mobil- 
i ty at the  higher water  concentrations. 

Experimental Section 
Stoichiometric amounts of Epon 828 (Shell Chemical Co.) 

resid6 (Figure 1) and 1,3-phenylenediamine were heated 
separately at 70 "C until the 1,3-phenylenediamine crystals 
melted. The resin was then mixed with the diamine, followed 
by degassing the mixture under vacuum for 5 min at 70 "C, 
and poured into a polytetrafluoroethylene-coated mold. Using 
a heating rate of 5 "C/min, the curing cycle consisted of 2 h at 
75 "C, followed by 2 h at  125 "C, and cooling overnight to room 
temperature. The cured epoxy sheet was nominally 0.5 mm 
thick and was stored at room temperature in a desiccator prior 
to  NMR sample preparation. NMR samples were prepared 
from the cured material by cutting disks which fit into a 5 
mm diameter glass NMR tube or a Kel-F rotor. Samples were 
dried (preconditioned) by heating at 75 "C for 48 h under 
vacuum, after which there was no observable proton NMR 
Bloch decay line-shape component attributable to water or 
mobile non-epoxy protons. Samples were exposed to  water at 
75 "C either in partially evacuated, sealed N M R  tubes contain- 
ing water or by immersion in a water bath. After water 
exposure, the weight percent water taken up was measured 
by weighing the sample and by determining the fractional 
contribution to the 75 "C Bloch decay line shape arising from 
water protons. 

Depending on the particular experiment, 200-MHz proton 
NMR data were acquired for temperatures from -50 to 200 
"C using a Brukerl6 CXP200 NMR spectrometer. Either a 
Bruker static-sample probe or a Doty Scientificl6 MAS (magic 
angle spinning) probe was used with a 90" pulse length of 1.5 
1 s  for each NMR probe. 

Several radio-frequency pulse sequences were used, none 
of which is new in concept. We will refer to  these sequences 
by mnemonics, SQ1, SQ2, etc. Wherever multiple-pulse 
techniques were incorporated into sequences, the MREV-8 

This article not subject to  US. Copyright. Published 1995 by the American Chemical Society 



Macromolecules, Vol. 28, No. 9, 1995 Solid-state Proton NMR of a Glassy Epoxy 3417 

* *  -N-CH2-CH- 
I a- 1 OH 

1 
Figure 1. Chemical structure schematic of Epon 828 (top), 1,3-phenylenediamine (middle), and a simplified representation of 
Epon 828/1,3-phenylenediamine epoxy (bottom). Stoichiometric proportions correspond to 14.5 g of 1,3-phenylenediamine mixed 
with 100 g of Epon 828. 

cycle17J8 was utilized. One usually applies a train of MREV-8 
pulses in any given experiment, sampling data stroboscopically 
if, in fact, a signal is sampled during such a train. Depending 
on the preparation pulse preceding this train and the choice 
of radio-frequency phase for the receiver, one can observe 
either a free-induction-like signal (Fourier transformed into 
a spectrum) or a “spin-locked” component of magnetization. 
The quantity T h  characterizes the time constant for relaxation 
during such spin locking. Thz measurements were made at 
about 4-5 kHz from resonance (so the chemical shift offset 
Hamiltonian would dominate the pulse-error Hamiltonian for 
good lockinglg); moreover, static samples were utilized (we 
have seen spurious contributions to  Thz arising from sample 
spinning frequencies). 

The first two sequences to  be discussed are spin diffusion 
experiments designed to yield a distance scale associated with 
variations in proton relaxation rates in a dry epoxy. The first 
sequence, SQ1, is a “ T k  preparation-spin diffision-Thz 
observation” experiment.20 The NMR pulse sequence consis- 

T-1800-1 ms-45-y-(MREV-8)n-45y-t,~-45-y-[(MREV-8),- 
(=obs)l-T-I with alternate adding and subtracting of data 
and nonquadrature phase detection. Radio-frequency pulses 
are indicated by their flip angles, with the subscript referring 
to their relative phases; i.e., x ,  y, -x, and -y respectively 
correspond to phases O”, go”, N O ” ,  and 270”. The spin 
diffusion time is tsd, and T is the time between experiments. 
The latter is chosen to  be at least 5T1, where TI is the 
longitudinal proton relaxation time. The 180” pulse preceding 
alternate acquisitions is phase cycled over all four phases. This 
pulse, along with the 1 ms delay, which is long compared to 
the transverse proton relaxation time, Tz, and short compared 
with TI, allows us to add and subtract alternate scans and 
preserve a “zero baseline” in these spectra. The latter is 
important since duty cycle considerations often prevent the 
observation of the entire T h  decay; hence, a knowledge of the 
“zero-signal” position is necessary for properly evaluating the 
extent of decay. 

SQ2 is simply SQ1 where an MREV-8 spectrum observa- 
tion is substituted for the Thz observation. The sequence for 
SQ2 is [45-y-(MREV-8),-45y-tsd-90,-[(MREV-8),(=0b~)]- 
T-1804-1 ms-45,-(MREV-8),-45y-tsd-90,-[(MREV-8),- 
(=obs)l-T-l. Application of both SQ2 and SQ1 for a given 
choice of tsd allows one to  correlate chnages in Thz decays with 
changes in the kinds of protons contributing to  the T h  decays. 

SQ3 is a spin diffusion experiment intended as a crude probe 
of water distribution. This is an  experiment in which the rate 
of spin diffusion between water and epoxy protons is measured, 
starting from an initial condition where a major portion of the 
water polarization is saved and the epoxy polarization is 
quenched. The SQ3 sequence is [go,-100 ps-18Oy-1O0 ps- 
90~-t,d-900(=obs)-T-]. Data are alternately added and 

ted of [45-y-(MREV-8)n-45y-tsd-45-y-[(MREV-8),(=ob~)]- 

subtracted; the phase 4 is advanced every even-numbered scan 
and properly coordinated with the receiver phase. 

The final sequence, SQ4, was used to measure TZ for water 
protons and to collect the echo decay as a function of transverse 
decay time. The SQ4 sequence is [90,-nT,-18OY-nT,- 
90h(=obs)-T-], where T, is a rotor period and n is an integer. 
The echo separation was chosen to be an integral number of 
rotor periods in case the water protons experienced any 
nonvanishing dipolar interactions. This is the sequence 
utilized to measure TZ and to ascertain whether the water line 
width was a function of the echo time. 

Finally, “Mo” signals or spectra are mentioned. These serve 
as reference points for data from the above sequences. These 
MO signals are the responses of Boltzmann equilibrium spins 
to the corresponding modes of signal observation in the above 
sequences. These modes include Bloch decay spectra, MREV-8 
spectra, and T k  decays. 

Chemical shifts (in ppm) of water protons in epoxy were 
measured relative to  a tiny piece of poly(dimethylsi1oxane) 
inserted into the middle of the sample region. The proton 
chemical shift of poly(dimethylsi1oxane) (cyclic tetramer) rela- 
tive to  tetramethylsilane (TMS) is reported to be 0.09 ppm;21 
the measured values we report are relative to TMS and are 
adjusted by this value. We also measured the chemical shift 
between TMS in a capillary and poly(dimethylsi1oxane) sur- 
rounding the capillary; results were consistent with the 0.09 
ppm shift. 

Temperatures in the NMR probe at  the sample location were 
determined in separate experiments, using a partially evacu- 
ated, sealed glass capillary containing either ethylene glycol 
(for temperatures of 20 “C and above) or methanol (for 
temperatures below 20 “C). Sample temperatures were de- 
duced from the chemical shift ~ e p a r a t i o n ~ ~ - ~ ~  either between 
the methine and hydroxyl protons of ethylene glycol or between 
the methyl and hydroxyl protons of methanol depending on 
the temperature range of interest. For MAS experiments, 
temperatures between 20 and 110 “C were also determined 
at the sample location at various magic angle spinning speeds 
by using an ethylene glycol capillary placed inside a sample 
rotor packed with precipitated sulfur (112 “C melting point). 

Results and Discussion 
Inquiry into Cross-Link Density Variation. Dif- 

ferences in cross-link density should result in different 
mobilities, which, in turn ,  should give rise to  a disper- 
sion of relaxation times. In particular, during MREV-8 
irradiation, spin diffision is suppressed. Thus, to a first 
approximation, each proton relaxes at its own rate 
during a T k  decay; those decay rates depend mainly 
on spectral densities of motions at mid-kilohertz fre- 
q u e n c i e ~ . ~ ~ * ~ ~  Hence, at some point pa r t  of the way 
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Figure 2. Data using the SQ1 sequence (n = 350, m = 1500) for the dry Epon 828/1,3-phenylenediamine at -40 "C. Tkz profiles 
at each of the given spin diffusion times are compared with scaled MO profiles. The time scale of the profiles is indicated ('55 
ms) along with the baseline appropriate to the bottom pair of overlapping profiles). 
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Figure 3. Analysis of the data illustrated in Figure 2. 
Difference (AM) between TkZ (Mo) and T h  (spin diffusion) 
profiles, i.e., from Figure 2 at point 300 along the time axis 
(out of 1500 total points in each plotted profile). The line 
indicates a fit to the initial slope of the data points, and 
the time scale associated with equilibration, via spin diffu- 
sion, after imposition of the initial spin polarization gra- 
dient, is represented by the intercept of this line with the time 
axis. 

through a T h  decay, polarization gradients are expected 
to exist based on a fundamental difference in mobility 
for any of the following reasons: (a) protons within each 
repeat unit in a fully crosslinked region consistently 
exhibit different mobilities (e.g., aliphatics vs aromat- 
ics), (b) protons are near un-cross-linked points, (c) 
protons are in regions of lower average cross-link 
density (e.g., have generalized larger-amplitude mo- 
tions, supposing motions require cooperativity), and/or 
(d) protons are in the immediate vicinity of a region of 

lower packing density, assuming a glassy material 
contains local density variations. 

For a dried, nonspinning sample, 'SQ1 and SQ2 were 
applied. In the preparation portion of these sequences, 
a polarization gradient based on Thz differences in the 
epoxy was prepared using 13.44 ms of irradiation. Then 
the progressive disappearance of this gradient was 
followed as a function of spin diffusion time. Temper- 
ature was varied from -40 to -200 "C to search for a 
temperature at which Thz contrast would be most 
sensitive to mobility differences associated with average 
cross-link density variations. Using SQ1 at -40 "C, 
recovery via spin diffusion to the equilibrium T h  profile 
(Figure 2) was typical of other temperatures and was 
about 80% complete in 1 ms, 90% complete in 2 ms, and 
99% complete in 9 ms (Figure 3). Thus, variations in 
Thz were indeed seen, but the generated polarization 
differences disappeared rather quickly. Since we hoped 
to  measure the distance scale over which cross-link 
density was uniform and since variations in cross-link 
density are not the only possible contributions to a Thz 
dispersion, we tried to gain additional information about 
the origin of the gradient produced. 

Parallel SQ2 experiments, for comparison to SQ1 
results using the same preparation time and the same 
set of spin diffusion times, were then carried out in order 
to test whether the initial gradient was based on 
intrinsic mobility differences between aromatic and 
aliphatic protons. In Figure 4, after 50 ,m of spin 
diffusion, the spin diffusion line shape was indistin- 
guishable from the equilibrium line shape. In view of 
the fact that aliphatic protons contribute more strongly 
to the upfield side of the nonspinning line shape, even 
though there is substantial overlap for the aromatic and 
aliphatic line shape components, we adopt the qualita- 
tive conclusion that aromatidaliphatic polarization 
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20 ps 

50 ps 

500 gs 

10 PPm 
Figure 4. Data using the SQ2 sequence for dry Epon 828/1,3-phenylenediamine at -40 “C. Scaled MREV-8 line shape (Mol 
compared to MREV-8 line shape acquired with Th preparation (same as employed in Th profile acquisition (Figure 211, spin 
diffusion time as indicated, and MREV-8 spectral readout. A slight polarization bias is indicated at short spin diffusion times by 
the reduced line-shape intensity of the right peak, associated primarily with aliphatic groups, compared to the line-shape intensity 
of the left peak which is associated primarily with aromatic groups. By 50 ps, aromatic and aliphatic polarizations are near 
equilibrium. Thus, the data of Figure 3 mainly monitor the dissipation of gradients other than aliphatidaromatic proton 
polarization gradients. 

gradients are very minor after 50 ps of spin diffusion. 
Hence, most of the initial polarization gradient can be 
identified with mobility differences associated with 
variations in crosslink density or with variations in 
intermolecular potentials as opposed to systematic 
mobility differences between aromatic and aliphatic 
protons. Assuming a spin diffision coefficient of 5 x 
10-12 cm2/s,27s28 the rate of recovery of the T L ~ ,  profile 
implies that the inhomogeneity in mobility sensed in 
this experiment is uniform on a scale of 4 nm and larger. 
This scale is too small to associate with phase separa- 
tion, except perhaps at the very late stages of cross- 
linking. This result is also consistent with a uniform 
distribution of cross-links on a scale greater than 3 nm 
observed for a closely related epoxy via small-angle 
neutron scattering.8 

We do not wish to claim that our results definitely 
give a distance scale for cross-link variations. We have 
recently made similar (unpublished) measurements on 
un-cross-linked glassy polymers and have obtained 
similar results. Hence, for us, the important result is 
that there was no evidence of a distance scale, larger 
than 4 nm, which possessed a mobility gradient. We 
did not pursue this experiment using less stoichiomet- 
rically mixed epoxies since most epoxy formulations are 
close to stoichiometric. 

We decided to apply a rather crude test for the 
uniformity of water concentration throughout the epoxy 
network. If the suggestion is true that cross-link 
density variations are responsible for water first pen- 
etrating the regions of lower cross-link d e n ~ i t y , ~ J ~ J ~  
then, especially at the lower water concentrations, these 
local concentration fluctuations should be present. We 
chose an epoxy sample with 0.8 wt % water to probe 
the water distribution. The concept of the experiment 
was the following: Prepare an initial polarization where 
only the water protons have polarization. Then, by spin 
diffision, let the water polarization flow into the epoxy- 
proton reservoir until polarization flow ceases. The spin 
diffusion line shape in this asymptotic time regime will 
then indicate what a fraction of the epoxy protons is in 

“spin diffusion contact” with the water; i.e., any regions 
devoid of water protons, and not within the spin 
diffusion range from water protons, will not share any 
polarization with the water protons. If we define R to 
be the ratio of water to epoxy intensity contributions to 
the proton line shape, then the fraction, f, of the epoxy 
protons in “spin diffusion contact” with the water 
protons is given by 

f M R(MJR,d (1) 

where R(Md and Rsd are respectively evaluated for the 
MO (equilibrium; no initial polarization gradient) and 
the asymptotic spin diffusion line shapes. Figure 5 
shows the experimental results taken at 50 “C using 
SQ3. This temperature was selected as a compromise 
considering two trends. Spin diffision between water 
and epoxy protons becomes more efficient a t  lower 
temperature; however, the water line width also broad- 
ens, thereby effectively reducing signal to noise. For 
tsd = 25 ps, no epoxy signal is evident; a t  tsd = 5 ms, 
much of the polarization transfer has occurred; yet R is 
still much larger than R(Mo) as can be seen from the 
Ma spectrum, which is overlaid and scaled down by a 
factor of about 200. At tsd = 25 ms, one gets the lower, 
noisier trace of Figure 5,  shown together with the scaled 
MO spectrum. The R values for the two lines are 
certainly comparable; however, signal-to-noise consid- 
erations limit the precision of this statement. We 
believe these data support the claim that Rsa I 1.5R(Mo), 
i.e., 1 2 f 2 0.67. Hence, at least 2/3 of the epoxy protons 
are in spin diffision contact with the water. This is not 
a very precise statement and leaves room for consider- 
able concentration variations. Since the sensitivity of 
this experiment goes approximately as the water con- 
centration squared, we considered raising the concen- 
tration. However, we decided against this because the 
postulate we were exploring implies that water gains 
wider access as the concentration of water increases. 
Consequently, proof of a uniform distribution at higher 
water concentrations is not very valuable in this context. 
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Figure 5. Epon 828/1,3-phenylenediamine at 50 “C with 0.8 
wt % water. Scaled Bloch decay line shape (Mo) compared to  
the line shape acquired with Tz selection of water (single 
Carr-Purcell echo with 100 ps delay time before restoration 
of Zeeman magnetization) followed by spin diffusion time (&d) 
as indicated. Line broadening of 150 Hz is applied prior to 
Fourier transformation. Vertical amplification factors, based 
on spectra normalized to the same number of scans, are shown 
on the right. 

A final comment about this experiment is that one is 
tempted to associate a distance scale with the shortest 
tad for which the asymptotic condition is reached. But 
this distance scale depends on the assumptions about 
the water distribution. Qualitatively, if water is ex- 
cluded from some regions, then an experimental result 
where f < 1 means that those regions are larger than 
twice the spin diffusion distance over this shortest tad. 
(For tsd = 25 ms, implied distances would then be in 
excess of 8 nm.) On the other hand, if concentration 
varies but no region is devoid of water, then it is fair to 
expect that water diffises through all the regions within 
the translational diffusion distance characteristic of this 
“shortest tad”. Since there is no way of knowing where 
the polarization exchange between water and epoxy 
protons occurs, the conservative interpretation is that, 
iff < 1, then concentration gradients must exist over 
dimensions larger than twice the translational-diffision 
distances. (For tsd = 25 ms and D = 2 x cm2/s, 
distances would exceed 1 pm.) The conservative inter- 
pretation, then, is that this experiment represents a test 
for uniformity of water concentration on the micrometer 
scale. It should be mentioned that the 25 ms spin 
diffusion spectrum in Figure 5, owing to the weak total 
intensity it possesses, is very susceptible to distortions 
arising from extraneous background signals from the 
probe (the water signal in this spin diffusion spectrum 
is less than times the total MO signal). The line 
shape shown has been corrected carefully for back- 
ground signals. 
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As an aside, the mechanism for polarization transfer 
between water and epoxy protons could, in principle, 
include chemical exchange as well as spin exchange 
arising from transient dipolar interactions. The exact 
mechanism for polarization transfer is not crucial to the 
above arguments. Nevertheless, relative to the rates 
of chemical exchange between water protons and hy- 
droxyl or amine protons, deuteron results1° indicate that 
such exchange is slow on the microsecond time scale; 
moreover, we observe that the strength of the water 
signal at 70 “C correlates well with the known amount 
of water in the sample. Hence, the “pool of mobile 
protons” does not include the hydroxyl and amine 
protons; i.e., chemical exchange is also slow on the 100 
,us time scale. 

Inquiry into Multiple Sites for Water. At least 
two different kinds of sites are postulated for water in 
epoxy: “voids” and sites of chemical affinity, e.g., 
hydroxyl groups formed in cross-linking or amide groups 
associated with un-cross-linked sites. (For the stoichi- 
ometry of the reactants chosen for this epoxy, the 
hydroxyl groups should greatly outnumber the amide 
g r o u p ~ . ~ J ~ )  One of the strongest arguments for voids 
is that, in the range of 0-1 wt % water uptake, a water 
molecule produces about half the lattice expansion that 
it would have produced in the range 1-3.4 wt %.13 In 
this latter range, the volume increase per water mol- 
ecule is close to the average volume per molecule of bulk 
water. The inference drawn is that the first water taken 
up shows a preference for voids, even though many 
authors who invoke voids do not speculate on how large 
these voids are. Admittedly, when we thought of voids, 
we imagined spaces sufficiently large to contain several 
water molecules. For example, a 2 nm diameter spheri- 
cal void could contain about 140 water molecules. From 
a thermodynamic viewpoint, we had trouble with this 
concept of early void filling because we expected that, 
energetically, water should prefer hydrogen-bonding 
sites, e.g., hydroxyl groups, over voids containing other 
water molecules. 

The simplest way to distinguish multiple sites for 
water is to identify different sites on the basis of distinct 
chemical shifts for water protons at each site. Figure 
6 shows temperature-dependent line shapes for a static 
sample containing 3.2 wt % water. At 75 “C, the narrow 
water signal can be easily distinguished from the 
broader epoxy signal. The relative integrals of these 
two components also agree very well with the amount 
of water determined gravimetrically. Yet, there is only 
one water resonance visible. Thus, at 75 “C, we 
conclude either that there is only one site for water or 
that, if there are multiple sites, the protons of water 
are in the fast-exchange limit; i.e., the residence time 
of the water at any one site is very short compared to 
the inverse of the resonance-frequency difference for 
water at the various sites. 

One simple approach for revealing multiple sites in 
the fast-exchange limit is to lower the temperature with 
the hope of reducing the exchange rate between possible 
sites so that distinct, site-dependent chemical shifts 
appear. As can be seen from the other spectra in Figure 
6, this approach failed because, as temperature is 
decreased, the Bloch decay water line widths become 
broader. At about -20 “C,  the water protons can no 
longer be distinguished from the epoxy signals. At no 
point is there evidence for multiple shifts or multiple 
line widths for water. (Line shapes were also taken 
using MAS. No chemical shift differences were revealed 
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Figure 6. Proton NMR Bloch decay line shape (static sample) as a function of temperature for Epon 828/1,3-phenylenediamine 
with 3.2 w t  % water. 

in these line shapes either; however, we did find that it 
was necessary to limit MAS frequencies to 2 kHz or less 
to avoid narrowing certain epoxy-proton resonances. 
For example, at a 4 kHz MAS frequency, one defin&ely 
generates a narrowed signal from a small subset of 
protons in the epoxy network, and it is hard to separate 
this contribution cleanly from that of the water.) Thus, 
in searching for multiple sites for water, we discarded 
the approach of reducing temperature, deciding rather 
to work at higher temperatures, like 75 "C, where the 
water resonance can be easily distinguished from epoxy 
line shape. Therefore, for the other approaches under- 
taken in probing for multiple sites, we assume that 
water is in the fast-exchange limit. 

One can generate a useful perspective, with respect 
to any fast-exchange process, by considering how far a 
water molecule will travel at 75 "C in this epoxy if it 
diffuses isotropically with a diffusion constant, D, of 2 
x cm2/s, the diffusion constant deduced from water 
uptake C U I V ~ S ~ ~ J ~  (Figure 7). On the time scale of 1 ms, 
which is on the order of T2 for the water, the water will 
travel about 100 nm [=(6Dt)1/21. It is likely that, if 
multiple sites exist, they have a uniform density on this 
scale which is several times the 4 nm scale of motional 
heterogeneity described in the preceding section. 

In the fast-exchange limit, the chemical shift of a 
water molecule is a qualitative indicator of whether it 
is spending a major portion of its time aggregated in 
voids containing several water molecules. It is known 
that the chemical shift of bulk water is influenced by 
its substantial opportunities for hydrogen bonding. In 
fact, at ambient temperature, there is a downfield shift 
of 4.25 ppm associated with the condensation of water 
from the gaseous to the liquid state.29 Also, for water 

dispersed in small quantities in organic solvents, one 
generally sees an upfield shift of 2-3 ppm relative to 
bulk ~ a t e r . ~ O ~ ~ l  There is also a slight upfield shift with 
increasing temperature for bulk water, ostensibly be- 
cause thermal energies compete with hydrogen bond 
formation. It was in consideration of this latter point 
that we measured the chemical shift of water in epoxy 
(using MAS) as a function of water uptake at  a fixed 
temperature (75 "C)  rather than as a function of tem- 
perature. Results are shown in Figure 8. We chose to 
make these measurements at 75 "C for the following 
reasons: (a) the mobile component of the Bloch decay 
line shape correlates with water uptake, (b) 75 "C is at 
least 30 "C below the calorimetric Tg including that of 
the wet state (differential scanning calorimetric Tg is 
approximately 145 "C (dry); 110 "C (3.2 wt % wa- 
ter)),9J1J5 and (c) 75 "C matched the sample drying 
(preconditioning) and water exposure temperature. 

In Figure 8, the chemical shift of water at the lowest 
water content, 0.4 wt %, is 2.53 ppm. This level of water 
falls into the range where, presumably, void filling is 
important. Yet, the chemical shift is 1.8 ppm upfield, 
relative to the shift for bulk water at 75 "C (4.30 ~ p m ~ ~ ) .  
Such an upfield shift is typical of water which is mainly 
dispersed on a molecular basis, rather than aggregated 
into regions where several water molecules would 
interact with one another. 

Aside from the foregoing qualitative remark about 
water being dispersed, the linear dependence of the 
chemical shift on water content suggests two other 
points related to probing for the existence of voids 
containing several water molecules. First, if, as the 
volumetric expansion data suggest,13 water, up to about 
1 wt %, has a higher probability of residing in voids than 
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For water dissolved in aprotic polar solvents like 
dioxane, dimethyl sulfoxide, acetonitrile, tetrahydrofu- 
ran, and dimethylformamide, it is quite common at low 
water levels to see the chemical shift of water increase 
in approximately linear fashion with water concentra- 
tion30a1 as is observed in Figure 8. Moreover, in 
solvents like dioxane and tetrahydrofuran, the slope of 
the shift versus weight percent water31 is comparable 
to what is observed in this epoxy. In these solvents, 
the shift of water is explained on the basis of an 
increasing probability that water will hydrogen bond to 
itself as its concentration in the solvent increases. 
Similarly in our opinion, that is the most likely cause 
for the change in chemical shift observed in Figure 8. 
Thus, in Figure 8 we see no evidence for multiple sites 
for water. In addition, water seems to be very dispersed 
in the sample and not aggregated. Therefore, we 
rationalize our data and the lattice-swelling datal3 by 
concluding that the voids occupied by the water at low 
water concentrations are not large enough to  allow 
much water-water hydrogen bonding. In other words, 
the term voids takes on a meaning closer to that of "free 
volume", Le., a small space in which one or two water 
molecules might fit. 

Miscellaneous Observations. As  will be illustrated 
presently, water line widths, i.e., the full width at half- 
height (fwhh), measured at a fxed MAS frequency, 
become narrower as the concentration of water in- 
creases. Line widths also become narrower as MAS 
frequency increases. Moreover, at a given MAS fre- 
quency, the relationship ZTZ = (fwhh)-l is found t o  be 
a good approximation, where fwhh has units of hertz. 
Thus, the existence of water-concentration gradients 
through the thickness of an epoxy disk should be 
accompanied by a corresponding distribution of line 
widths or Tz's. We looked for a distribution of TZ'S in a 
sample immersed in water for about 20 min at 75 "C. 
This sample absorbed about 0.8 wt % water from its 
initid dry state; hence, sizable gradients were expected 
to be present even though the time between removal 
from the bath and the NMR analysis at 75 "C was 
slightly in excess of an hour. Using the SQ4 sequence, 
we looked for the water resonance in the transformed 
echo to become broader as the time between pulses was 
incremented. Partly for reasons of signal-to-noise limi- 
tations, we were not able to observe any increase in line 
width as a function of the pulse spacing. When we 
modeled this experiment mathematically, it became 
evident that a change in line width as a function of echo 
time is not a very sensitive way to identify a dispersion 
in Tz; e.g., in this case, when the range of TZ is only a 
factor of 2, then the line width changes only by 4% for 
a 4-fold reduction in echo amplitude. 

In Figure 9, line-width data are given for water as a 
function of its average concentration. Two pairs of 
curves are presented. The choice of data is based on 
rather simple mathematical modeling whose results 
indicated the following. If one measures the difference 
in water line widths from two samples with identical 
average water concentrations, one sample possessing 
concentration gradients and the other with a uniform 
concentration profile, this line-width difference should 
be a few times larger than corresponding line-width 
differences observed as a function of echo time (and over 
a reasonable attenuation range) in a TZ experiment. 
Moreover, the inconvenience of having to compare line 
widths on samples with two preparation histories is 
partly offset by having better signal-to-noise compared 
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Figure 7. Water uptake of Epon 828/1,3-phenylenediamine 
at 75 "C. The line is intended as a visual aid correspond- 
ing to a water diffusion (initial sorption) coefficient of 2 x 

cm2/s. The time axis is normalized to sample thickness 
b (cm). 

3.00 I - 1 

0 0  0 5  1 0  1 5  2 0  2 5  3 0  3 5  4 0  

WtZ Water 

Figure 8. Chemical shift (ppm relative to tetramethylsilane 
(TMS)) at 75 "C of water protons in Epon 828/1,3-phenylene- 
diamine as a function of 75 "C water uptake. No apparent 
break in positive slope and linearity of the data points is 
indicated. 

it does at  higher water contents, then the chemical shift 
should reflect that. There is no break in slope near 1 
wt % water in Figure 8; moreover, the slope of the data 
has the wrong sign if the state of aggregation solely 
determines the chemical shift and if, on average, water 
were spending a larger fraction of its time in a dis- 
persed, as opposed to an aggregated, state at the higher 
water contents. The second point is rather weak in that 
it depends on several qualifying factors (vide infra). 
Nevertheless, there is no evidence for, say, two different, 
comparably-abundant sites for water with different 
associated chemical shifts and considerably different 
affinities for water. If this situation prevailed, then the 
first water taken up would prefer those sites of stronger 
affinity; hence, the exchange-averaged chemical shift 
would be biased toward the shift typical of those sites. 
At higher water contents, after the sites of stronger 
affinity approach saturation and the sites of weaker 
affinity become more populated, the exchange-averaged 
chemical shift would move toward the chemical shift of 
the less favored sites. If the chemical shifi of water were 
determined solely by the population-weighted average 
shift over two sites, then Figure 8 would be quite 
nonlinear in contradiction to  what is observed. 



Macromolecules, Vol. 28, No. 9, 1995 Solid-state Proton NMR of a Glassy Epoxy 3423 

of points which are related chronologically, then the 
average water content in the A samples is always lower 
than that in the N/Eq samples. The reason for this is 
that we did not want further water uptake during 
annealing. Since we did not know the relative humidity 
corresponding to no further water uptake, we elected 
to  anneal samples in a sealed tube of small volume and 
to  tolerate some water loss until the vapor pressure in 
the tube reached a point where further loss was 
minimal. (Given the volume of the sample and the 
volume of the tube, we estimate that a water loss of 0.2- 
0.3 wt % is required in order to generate inside the tube 
the equilibrium vapor pressure over pure water a t  75 
“C; this is consistent with the apparent water loss at 
the higher water contents.) In Figure 9, at the lower 
water contents, the line-width differences, interpolated 
to the same average concentrations, are about 60 Hz 
(about 30 Hz from T2 measurements); however, a t  the 
higher water contents, the difference in line widths, 
measured directly or via T2, remains at about 20 Hz. 
We expected the two data sets to converge at the higher 
water contents. It is particularly puzzling that the N/Eq 
line width at  3.0 wt % moisture (where this sample was 
immersed at 75 “C for 15 days and should have come 
very close to equilibrium) is still about 20 Hz smaller 
than the A line width at  2.7 wt % water following a 26 
h annealing. By itself, such a line-width increase might 
be attributed to a loss in average water content. The 
puzzling issue is that neither the A nor the N/Eq data 
support any important dependence of line width on 
concentration in the range from 2.3 to 3.0 wt % water. 
Hence, the observed line-width increase upon annealing 
is hard to rationalize simply on the basis of a water 
concentration profile change. Therefore, we are unsure 
of the correct interpretation of the A and N/Eq data 
difference. There is a self-consistency to the data which 
prevents our dismissing the data difference as uncer- 
tainty in the measurements. At the same time, we 
cannot with confidence claim that the difference be- 
tween the A and N/Eq curves is dominated by the size 
of water-concentration gradients. One possibility is that 
paramagnetic oxygen is present in systematically greater 
amounts in the A samples, thereby increasing the line 
widths via enhanced relaxation. (This might happen 
if, for example, oxygen, absorbed in the preceding 
analysis step, preferentially partitioned itself out of the 
epoxy phase and into the aqueous phase during immer- 
sion but had no opportunity to do that during annealing 
where water is absent.) In any case, the data of Figure 
9 should be viewed primarily as the approximate 
dependence of line width on water concentration. 

The monotonic decrease in line width with water 
concentration suggests that the mobility of water in- 
creases with increasing water concentration. At the 
same time, if one tries to fit the typical water uptake 
curve to a fixed translational diffusion coefficient, one 
invariably underestimates the time required to reach 
equilibrium.12J3 That is to say, it appears that the 
diffusion coefficient for water is getting smaller as water 
concentration increases. The reason for this behavior 
is still a matter of debate; the role of slow, sub-T, lattice 
expansion,12 chemical reactions with oxygen,12 and 
heterogeneous access for water owing to cross-link 
density variations13 are some of the alternative expla- 
nations which avoid requiring that water diffusion slows 
as water content increases. The relationship between 
water line width and its translational diffusion coef- 
ficient is ambiguous in the sense that, in addition to 
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Figure 9. Water line width (1.7 kHz magic angle spinning) 
at 75 “C as a function of water uptake for a single Epon 8281 
1,3-phenylenediamine sample which is sequentially exposed 
to cycles of water immersion, NMR analysis, annealing, and 
further NMR analysis. The ”A” data are taken after the 
annealing step; the “N/Eq” data are taken after the immersion 
step. Owing to the existence of larger water-concentration 
gradients at the time of the N/Eq measurements, relative to 
the A measurements, the N/Eq curve should yield smaller line 
widths for a given water content. Note that water line widths 
(fwhh) derived from a single Carr-Purcell rotor-synchronized 
echo, using the SQ4 sequence, compare favorably with water 
line widths derived from Tz decays; i.e., fwhh = 1hTZ is 
approximately satisfied. Lines connecting the points are for 
visual clarity only. 

to line-width measurements at the longer echo times 
in a T2 experiment. 

The two pairs of curves in Figure 9 are intended to 
illustrate (a) a general reduction in line width (or 
increase in 2’2) with increasing water concentration and 
(b) an increase in line width upon annealing at 75 “C 
at a fixed concentration, where annealing reduces water 
concentration gradients in the sample. The data of 
Figure 9 pertain to a single sample which, after drying 
at  75 “C, has been treated to a sequence of cycles, each 
cycle consisting of (a) water exposure for a variable time 
at 75 “C in a sealed tube from which air had been 
removed, (b) gravimetric analysis a t  ambient temper- 
ature followed by “R line shape and T2 measurements 
at 75 “C,  (c) thermal annealing for at least 25 h 
(annealing times up to 68 h were used at lower water 
contents) in a small, sealed, initially evacuated tube at 
75 “C, and finally (d) a second round of gravimetric and 
NMR analysis. We will refer to the samples analyzed 
after the immersion step as “N/Eq” (nonequilibrated); 
samples analyzed after annealing are called “ A .  We 
recognize that 25 h of annealing is not sufficient to bring 
about true equilibrium; normally in a water uptake 
experiment, about 75-80% of the equilibrium water 
would be absorbed in 25 h.12-15 However, 25 h should 
be adequate to substantially reduce gradients. Fur- 
thermore, since immersion and annealing are conducted 
stepwise, gradients in the A samples should be modest. 

In Figure 9, the data for the A samples have line 
widths greater than those for N/Eq samples, as ex- 
pected, given that the latter samples have larger 
gradients. Note, however, that if one considers pairs 
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briefly considered based on a variety of observations 
reported in the literature. 
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