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A~tract---Dynamic NMR and mechanical properties Tst, T~,,(C) at 60 kHz, Tg at ~ 1 Hz and its half 
width, log decremenl ( A ~ )  and compression modulus (E) were measured for poly[tetra(ethylene 
glycol)dimethacrylatc] (PTEGDMA) at different extents of cure. The [4, "~, and water-induced transitions 
were also noted. The spin-lock, cross-polarization time-constant, TsL, declined to its limiting value before 
the vitrification point. T~,,(C), relaxation time in the rotating ~C field, increased sharply at or just after 
vitritication. The change is greatest at quaternary C, decreasing through CH 2, CH20 and CH~, being barely 
significant in the latter. The observed changes affirm that Tt,,(C ) is sufficiently influenced by spin-lattice 
relaxations to provide a monitor of the damping of mid kHz components during cure. The small change 
observed at CH3 shows that this group is not the origin of changes in relaxation rates at other groups. 
Correlations with E and Tg show the importance of mid kHz components of group motion to the 
cooperative motions determining the response to macroscopic strain at lower frequencies. MAS t~('-NMR 
showed that PTEGDMA contains residual unsaturation at limiting cure and that two types, constrained 
and unconstrained, can be distinguished. 

INTRODUCTION 

It is axiomat ic  tha t  the origin of the bulk mechanical  
propert ies  of polymers  must  be sought  in the molecu- 
lar dynamics  of  the macromolecules  and  segments of  
the macromoleculcs  [I]. P ro ton-enhanced ,  magic- 
angle-spinning ( P E / M A S )  N M R  techniques can pro- 
vide direct in format ion  on the dynamics  of  par t icular  
ca rbon  a toms in the s tructural  unit  [2, 3]. 

Poly[oligo(ethylene glycol)dimethacrylate]  net- 
works pass, at ambien t  temperatures ,  from brittle 
glasses to rubbers  as the length of  the flexible oil- 
go(ethylene glycol) cross-l inks is increased. In the 
higher homologues ,  crystal l izat ion of  the oxyethylene 
chains is observed [4]. They provide an excellent 
group for testing correlat ions within a homologous  
series. Such correla t ions  tha t  have been reported (e.g. 
[2]) have been based on a somewhat  ad hoc selection 
of  shop-bough t  polymers.  

A prel iminary report  of results for three glycol 
dimcthacrylates ,  one rubbery  and two glassy, has 
appeared  [5]. All samples appeared to be fully cured 
when tested by Differential Scanning Calor imetry  
(DSC) but  P E / M A S  ~ C - N M R  spectrometry  indi- 
cated that  the two lower homologues  conta ined  re- 
sidual unsa tu ra t ion  at the ul t imate a t ta inable  cure. 
This had long been suspected [6]. P E / M A S  tech- 
niques showed it to be the case and  provided infor- 
mat ion  abou t  the type of  unsa tu ra t ion  remaining.  

in this paper  wc report  the effect of  extent of  cure 
on the group dynamics  of  P T E G D M A .  The P E / M A S  
time cons tants  TsL and  "I'L,,(C) have been determined 
in order  to obta in  an indicat ion of  the mobili ty,  the 
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"mic ro -Brownian  mot ion" ,  of  each molecular  group 
in the network.  

EXPERIMENTAl.  

Sample preparation 

Tetra(ethylene glycol)dimethacrylate (Fluka) was dried 
over molecular sieves for at least 1 week prior to use. 
De-inhibited monomer was unstable in storage even at 0 C 
and so inhibitor was not normally removed after we had 
established that the ultimate mechanical properties were 
unaffected when the monomer was de-inhibited by alkaline 
washes or passage through activated alumina. The initiator, 
tert-butyl per-2-ethyl hexanoate (Interox) was normally 
used at 0.2 vol %. Samples were cast as sheets or in curing 
pots, as described below, in a temperature controlled oven. 

Cures were normally started at 55C. However higher 
temperatures were required to attain high extents of cure, as 
the reaction became restricted once the T~ of the resin rose 
to the cure temperature. 

Pot curing 

In principle, the retardation of cure after vitrification 
could be used to devise during cycles to deliver samples of 
predetermined extent of cure. We used torsion-braid- 
analysis in order to establish the appropriate conditions. 
However batch reproducibility remained a problem both 
with inhibited and de-inhibited monomer. A collection of 
samples with well-spaced extents of cure were eventually 
obtained using specially designed curing pots, A (Fig. 1), 
which could be monitored and terminated within a few 
percent of a required value. A rod, B, extending from the 
base of the pot provided one connecting point. The upper 
connection was provided by rod C, initially connected to the 
pot by centering struts, D. 

Dry, high-purity N, was bubbled through the monomer 
for 30 rain prior to mixing in the initiator to 0.2 vol % and 
loading into the pot with the centering struts, D, in position. 
The cure was started at 55C and monitored by torsion- 
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Fig. I. Curing pot, A, with rods, B and C, to provide 
connections to a torsion-pendulum. Centering struts, D, are 
shown in position, locating the upper connecting rod. When 

the resin sets, the struts are removed. 

pendulum measurements and terminated when the T s corre- 
sponding to the required extent of  cure was attained. 
Samples whose Tg exceeded 55°C were prepared by curing 
at the temperature of  the required T 8 for 4 days. The 
ultimate cure was attained after curing at 150°C for 3 hr 
after 4 days cure at 80'~C. 

Torsion-penduh~m measurements 

Once a sample had gelled, the pot could be removed from 
the oven and connected to the torsion-pendulum with the 
centering supports, D, removed. The upper connection was 
now made by the flattened lower part of  rod, C, set axially 
in the cylindrical polymer sample. 

The sample was usually scanned from -140°C  to 50°C 
above the glass-transition temperature, T s, i.e. well into the 
rubbery plateau region. Fast scanning was necessary at 
higher temperatures to minimize further curing. The period, 
P, and the logarithmic decrement, A, were measured several 
times at each temperature and the mean taken. This tech- 
nique permitted direct monitoring of  a sample being pre- 
pared and was much more sensitive than torsion-braid 
analysis particularly in respect to minor transitions. 

Superambient temperatures were maintained with a ther- 
mostatically controlled fan-heater. Subambient tem- 
peratures were attained by allowing the apparatus to warm 
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slowly, screened by an empty Dewar vessel, after being 
cooled by liquid N 2. At subambient temperatures, the 
system was flushed continuously by dry, high-purity N 2 to 
prevent condensation of  moisture. 

The frequency range of  the torsion pendulum was 
1-10 Hz. 

Differential scanning calorimetry ( DSC) 

A Perkin-Elmer DSC 2 was used. The enthalpy of  
polymerization was determined on batches of  monomer, 
previously outgassed with dry N 2, loaded in a nitrogen dry 
box into sealed pans with 0.2% initiator. The samples were 
scanned at 2ff'C min-  ~ until no exotherm could be detected 
(~520K) .  Indium and lead standards were used for 
calibration. 

The extent of  cure of  under-cured samples was deter- 
mined from the magnitude of  the exotherm (AH) when they 
were scanned to ultimate cure at 20"C min-  ~. The extent of  
cure was taken at 100(AHp-  A H ) / A H  v Exotherms were 
estimated by cutting out the recorder traces and weighing 
the peaks. AHp was determined by DSC. 

P E / M A S  r~C-NMR measurements 

The techniques, which followed Schaefer [2, 3] in all 
essentials, have been described previously [5]. In the present 
work we used a tH decoupling field of  61 kHz (1.36 G), a t3C 
spin lock field of  60 kHz (53 G), and a recycle time of  5 sec. 
The temperature of  the sample in the MAS probe of  the 
Bruker CXP300 spectrometer was 298 _+ 3 K. Calibration 
was made by TII,(H) values, determined separately by 
conventional NMR techniques in a variable temperature 
probe. 

In cross-polarization, spin-lock experiment the de- 
pendence of  the intensity of  the resonance of each C group 
(I) was determined as a function of  the time ~3C atoms were 
held in contact with the polarized ~H atoms. This is the 
cross-polarization time, tw. The data were fitted using 
the DATAFIT non-linear regression program [7] to the 
equation: 

I = [S,~ - (S:, - S0)exp { - tw/Tst. }] 

x exp{-tq,/T~p(H)} + S  O (1) 

where TSL is the time constant for the spin-locked cross- 
polarization process, TLp(H) is the relaxation time of  t3C 
polarization in the proton rotating field, S O is the intensity 
in the absence of  the cross-polarization pulse, S~ is the 
intensity which would be attained in the absence of  the 
Tip(H) relaxation mechanism. 

Occasionally the four-parameter fit o f  equation I was 
unsatisfactory and a better fit was obtained with five 
parameters-- the fifth replacing the S o at its second appear- 
ance. In rare cases where the data would not support the 
four or five parameter fits, somewhat inaccurate values of 
TSL were extracted from the early points using a three- 
parameter fit to the term in square brackets in equation 1. 

Ttp(H) is cited as the mean for all C groups in a sample 
(except the unreliable CO), since the relaxation mechanism 
involves the proton pool as a whole. 

T~p(C) was measured from the decay of  the 13C intensities 
after cross-polarization contact was broken switching off the 
~H rotating field. The data fit could be accommodated in the 
spectrometer computer. 

Compression moduli were measured using a compression 
jig on an lnstron tensile tester. Monomer was polymerized 
in moulds to yield disc-shaped test-samples 1 cm in diameter 
and 4 mm thick. 

RESULTS AND DISCUSSION 

c~C-NMR chemical shift assignments 
T h e  early onse t  o f  ge la t ion  inval ida tes  usual 

t echn iques  for  ob t a in ing  high reso lu t ion  ~~C-NMR 
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Fig. 2. PE:MAS '~C-NMR spectrum of PTEGDMA at limiting cure with assignments. Spinning 
side-bands are labelled s, and d is the resonance of the Delrin rotor. 

spectra of the polymers. Chemical shifts are only 
accessible by the PE/MAS experiment. Figure 2 
shows the assignment of the high-resolution 
t~C-PEIMAS spectrum of a sample of ultimate-cure 
PTEGDMA. Two OCH: resonances are resolved. 
The least intense, peak 3, is attributed to the end of 
the oxyethylene chain, the OCH: attached to the 
methacrylate chain. Peak 2 includes all OCH:s in thc 
interior of the oxyethylene chain. These assignments 
and some for other poly(diacrylates) have been re- 
ported previously [5] but it should be noted that the 
tabulated data in that source have the data lines for 
peaks 4 and 5 mutally transposed. Figure shows 
spinning side-bands (s). Where necessary these were 
suppressed using the Toss sequence [8]. 

Enthalpy of polymerization (A Hp) 

This was determined by DSC. The curing cxotherm 
was broad, with the major peak at 395 K and an 
incompletely resolved satellite at 415 K. The 415 K 
exotherm accounted for ~ 19% of the poly- 
merization. We also observed double-peaked curing 
exotherms with di-, tri, and nona(ethylene gly- 
col)dimethacrylates but not with the higher homo- 
logues. They may arise when the glass transition 
climbs above the curing temperature. Tg for fully 
cured PTEGDMA is 338 K (Fig. 3). However this 
was determined in a torsion-pendulum experiment 
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Fig. 3. Dependence of the glass-transition temperature, 7~,, 
determined by torsion pendulum measurements (at ~ 1 Hz), 
on extent of cure estimated by DSC ([~) or from total 
unsaturation determined by MAS ~C-NMR techniques 
(©). 7~ of the soft tirst sample was determined by DSC 

(m, o). 
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and is not an accurate reproduction of that prevailing 
under the conditions of a DSC scan. Ethylene glycol 
dimcthacrylate showed a single curing exotherm. This 
resin cracks and crumblcs during cure. 

The enthalpy of polymerization of liquid 
TEGDMA was found to be - 2 9 4 + ( S E )  I 8 J g  
As a thermodynamic reaction parameter, this 
value must be treated with reserve, as measurements 
described below suggested that apparently fully 
cured samples contained ~ 2 0  unsaturation. 
The value ( - 9 7 k J m o l  :) can be compared with 
- 104kj m o l i  for poly(cthylenc glycol)dimcth- 
acrylatc [9] and --57.5kJmol 'k for the mono- 
functional 2-ethoxyethyl methacrylate [10]. 

Extent  o f  cure 

Extents of cure were determined by DSC, as de- 
scribed in the Experimental section, and by NMR. 

Strictly speaking, DSC measures extents of at- 
tainable cure since the determination is made relative 
to a value of the enthalpy of polymerization. 
- 294 J g ' in this case, calculated on the assumption 
that complete conversion of monomer was attained 
when no further exothcrmic reaction could be in- 
duced by heating up to 520 K. 

This appeared to be the case with the higher 
homologues where the NMR spectra showed no trace 
of residual unsaturation at ultimate cure. These were 
thc homologues which yielded networks with sub- 
ambient T~ valucs at full cure. The four lowest 
homologues, which are glassy at ultimate cure, all 
contained residual unsaturation even when cured 
until no exotherms were evident below the onset 
of the decomposition endotherm ( -  520 K). 
PTEGDMA contained 2% unsaturation at this 
ultimate cure. The three lower homologues, in 
descending order, contained 12, 18 and 15'!]o 
unsaturation at ultimate cure. 

Table I shows both the DSC and the MAS 
~C-NMR values of extent of cure. It should be 
noted that signiticant differences occur in some 
previtritication samples. 

NMR could distinguish two types of 
unsaturation -constrained and unconstrained. The 
distinction between them depends on the fact that the 
observation of a ~'C resonance in the PE,'MAS 
experiment depends on cross-polarization from 
nearby protons. This in turn depends on a static, 
dipolar interaction. It was therefore possible to dis- 
tinguish between acryl groups whose motions are 
sufficiently constrained for them to be cross-polarized 
and those where isotropic molecular tumbling pre- 
cluded cross-polarization. It is likely that one type. 
the former, included pendant glycol methacrylatc 
chains attached to the network at one end and the 
other.li'ee glycol dimethacrylate molecules. On this 
basis at maximum attainable cure, PTEGDMA con- 
rained 2"/0 unsaturation, all pendant chains. In the 
lower homologues, monomer appeared to remain at 
limiting cure the unsaturation being disposed as 
follows: poly[tri(ethylene glycol dimethacrylate)]: 5% 
in pendant chains, 7% in monomer, poly[di(ethylene 
glycol dimethacrylate)]: 5% in pendant chains, 13% 
in monomer and poly(ethylene glycol dimeth- 
acrylate): 5% in pendant chains+ 10% in monomer. 

This demonstration that the glassy poly(glycol 

dimethacrylates) contained varied amounts of mono- 
mer at limiting cure persuaded us that a character- 
ization of the effects of cure on the dynamic molecu- 
lar properties must be included in our stud~ of 
structure-property relationships in the homologous 
series. Table I shows the amounts of constrained and 
unconstrained unsaturation, expressed as percentages 
of the amount of monomer originally present, for 
samples where the spectrum was suitable for this 
determination. A third estimate of percent cure can 
be obtained by subtracting the sum of the percentages 
of constrained and unconstrained unsaturation from 
1 0 0 .  

The qualification "'free" monomer used in the 
assignment of unconstrained unsaturation has been 
made in the light of recent experiments on poly- 
(ethylene glycol dimethacrylate) [1 I] which show that 
some monomer contributes to the constraincd- 
unsaturation content. It is presumably coordinated 
to, or trapped in the network. We cannot determine 
whether this also occurs with PTEGDMA. 

Torsion pendulum measurement.s" 

Figure 3 shows the change of 7~ with conversion. 
The tirst sample was too soft for torsion mea- 
surements and T+ was determined by DSC. Estimates 
of extent of cure by both DSC and MAS NMR are 
shown. 

The transition became broader as conversion in- 
creased. The halt" width is shown in Table I together 
with the logarithmic decrement at "F+, A,~+,, which 
decreased with conversion. The broadening of the 
glass transition reflects a broadening of the range of 
segmental environments and the concomitant broad- 
ening of the distribution of cooperative, segmental 
mobility modes as monomer and its plasticizing effect 
is lost. The broadening of the range of segmental 
environments was also demonstrated by the line- 
shapes of small tracer molecule peaks in a con- 
ventional NMR experiment [12]. Other transitions 
are observed. One in the range 203--208 K decreased 
in intensity v+ith cure, vanishing in the three high cure 
samples. It was assumed to be a monomer transition, 
probably the one at 163 K in the I)SC of pure 
monomer. One at - 143 K was probably the polymer 
;'-transition (see below). A //-transition appeared at 
-293 K in glassy samples, a region obscured bv the 

breadth of the T+ in rubbery samples. There was also 
a water-induced transition (common in meth- 
acrylates) at ~ 170 K in glassy samples and slightly 
higher in the rubbery ones. 

"F~. t and Tl , , ( l l )  

The cross-polarisation of L~C nuclei by adjacent 
polarized protons is assumed to be controlled by a 
single time-constant Tst. In the spin-lock (SL) experi- 
ment [2, 3] the protons are polarized by a large static 
field, H,. and then subjected to a rr.2 pulse, followed 
by a 90 phase-shift and continuous irradiation by an 
r.f. field at the Larmor frequency of the protons, 
rotating about the H,, direction (Fig. 4). The cross- 
polarization mechanism is initiated by applying a 
rotating r.f. field to the :~C nuclei with amplitude 
carefully adjusted so that the energy gap for spin-flips 
corresponds exactly to that of 3H (the Hartmann and 
Hahn condition). Cross-polarization ensues until the 
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Fig. 4. The dependence of the intensity, 1 (arbitrary units), 
of the PE/MAS ~C resonance 5 (quaternary) of a 45% 
cured resin on the spin-lock contact-time, t,p: (0 )  observed 
and (O) estimated using a 4-parameter tit to equation 1. The 

pulse programme is also shown. 

contact is broken by switching off the t3C rotating 
field. 

During the contact, the proton magnetization is 
decaying in its rotating field at its characteristic 
relaxation time T~,,(H), consequently if the intensity 
(I) of  a ~C resonance is measured after increasing 
contact timcs, it will increase at short contact times 
as cross-polarization builds up the ~3C magnetization 
but this is overtaken at longer contact times by the 
decline in the proton magnetization which feeds the 
cross-polarisation. This can be seen in Fig. 4 where 
the l--t ,p relationship for the quarternary carbon of a 
45% cured sample is shown together with the four- 
parameter fit according to equation 1 used to obtain 
estimates of TSL and T~,,(H). 

Cross-polarization occurs through a static-dipolar 
coupling of proton and ~C spins [2, 3] which is 
averaged out by isotropic molecular motion. This will 
be manifest in long values of Ts,. Low frequency 
motions have the greatest effect. It is believed that TSL 
measurements provide a window on near-static com- 
ponents in the motion of a particular group [2]. 

Table 1 shows the results for the groups whose 
resonances were adequately resolved in a series of 
P T E G D M A  resins of different extent of cure. The 
uncertainty ranges cited are the standard errors aris- 
ing from the curve-fitting of the time-dependence of 
the ~C resonance intensities in the spin-lock experi- 
ment. However when correlations are sought with 
extent of cure, the deviation of the measurements on 
some groups (Table 1) and some samples was much 
larger. Of the resonances, the sharp isolated qua- 
ternary carbon, 5, was consistently the most reliable; 
the carbonyl, I, and acrylic CH 2, 4, most prone to 
large deviation. Three samples investigated are ex- 
cluded from the data presented on the grounds that 
the dynamic parameters of all groups were devious. 
In a recent study of the gel structure of undercured 
P T E G D M A  networks using the line shape of t3C 
peaks of monomer  and small tracer molecules [12], 
we found a similar proportion of abnormal  samples. 

The lineshapes clearly indicated that the small mole- 
cules in the abnormal  samples were distributed in two 
domains, one in which their isotropic motion was 
relatively unconstrained and one in which it was 
constrained. In the normal samples any in- 
homogeneity in the distribution of small molecules 
was at a level too small to detect. In two of the three 
samples giving devious PE/MAS dynamic par- 
ameters, the presence of separate liquid and gel 
phases was visibly obvious justifying their exclusion 
from the considered data on the grounds that they 
were macroscopically inhomogeneous. 

Samples were spun in Delrin rotors, The Tst" and 
Ttt, values determined for Delrin provide a monitor 
for deviations in sample parameters arising from 
instrument and data-processing artefacts in both this 
and the TIp(C) series of experiments. 

Figure 5 shows the dependence of TSL on extent of 
cure. Unfortunately no one experimental parameter 
is wholly satisfactory as a measure of the constraining 
of individual group motion as the cure proceeds. Ts 
of the resin is an indication of molecular motion but 
it is cooperative motion. The DSC estimation of 
extent of cure is ambiguous in measuring residual 
unsaturat ion (bound and unbound)  and this only as 
a percentage of limiting attainable cure. The con- 
straint on group motion comes about  from the 
increasing tightness of the network as bound an- 
saturation, pendant double bonds, is consumed and 
from the disappearance of free monomer  which (see 
above: Torsion pendulum measurements) has a plas- 
ticizing effect. The latter is likely to be the predom- 
inant effect, except perhaps as the gel point is ap- 
proached and at high cure. In Fig. 5 we correlate TSL 
with an extent of cure based on MAS ~3C-NMR 
analysis of residual unsaturation. The correlation is 
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Fig. 5. Dependence of cross-polarization time-constant, TSL 
msec, of ~C resonances on extent of cure by MAS NMR. 
Peak 2 (inner CH20) is (0);  3 (end CH20 ) (©); 4 (CH2) 
(+); 5 (quaternary) (l'q); and 6 (h-Cl-t~) (z~). Where the 
standard error of TsL exceeds the bounds of the symbol, it 
is shown. The conversion where T~ rises to probe 
temperature (298 K), the vitrilication point, is shown by V. 
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smoother than that with extent-by-DSC, in contrast 
with the correlation of 7"~ by extent (Fig. 3). 

The intensity of the cross-polarization interaction 
is short range, proportional to rc ]~, and the effect is 
dominated by the number of nearest neighbour pro- 
tons with the diminishing effects of protons within 
two or three bonds agreeing with their rcH values 
[13]. Rapid molecular motion attenuates the cross- 
polarization interaction. This is particularly the 
case with methyl groups undergoing rotation or 
rotatory rearrangement. Taking both effects into 
account, it was predicted, and observed, that cross- 
polarization rates have relative magnitudes: 
CH~(static) > CH, > CH ~ CH3(rotating) > C(quat- 
ernary), except that no compound could be found 
with a static CH~ [13]. This is what we observed (Fig. 
5). The time constant for cross-polarization (7".s~) 
declines in the order: C(quaternary) > CH, > CH, for 
all vitrified samples. There is no significant difference 
between CH:O and CH-, which shows the relative 
unimportance of protons more remote than nearest 
neighbour; CH,O has two next-to-nearest neighbour 
protons. CH: none. 

The CH~ resonances can be resolved into the steric 
triads [5]. We selected the sharpest peak for TsL and 
Tu,(C) measurements. It is the middle peak of the 
triplet and corresponds to the heterotactic triad 
(hCH~). The long Ts~ indicates inefficient cross- 
polarization ot" '~CH 3 consistent with rotation or 
rotary isomerization. In the case of poly(methyl 
methacrylate) it is ss.ell-established [14] by a variety of 
dynamic measurements that the backbone methyl 
group is dynamically active at and below ambient 
temperature. This motion, usually assumed to be 
rotation, is believed to be responsible for the low 
temperature transition usually labelled ),. We have 
observed this transition in all poly(glycol dimeth- 
acrylates) we have tested by torsion-pendulum or 
torsion-braid analysis, provided the samples were 
scrupulously dry. The transition was usually 
~143K,  a little higher than in PMMA. It was 
observed in both partly and fully cured PTEGDMA 
and in the fully cured homologues whether glassy or 
rubbery. 

"I~L remained effectively constant once vitrification 
occurred (Fig. 5). Vitrification is often defined (e.g. 
Ref. 15) as the point where T~ of the curing resin 
climbs above ambient temperature. The MAS probe 
temperature was 298 K so. if vitrification is defined in 
terms of 1~ (I Hz) (Fig. 3), this occurred at ~ 60% 
conversion (by either method). 

TsL of the quaternary C was effectively constant 
except for the lowest cure sample (26%). Trends 
dependent on a single sample must be treated with 
caution. If this one was real, it was probably a 
consequence of large amplitude motions still being 
present at this low cure. The cross-polarization mech- 
anism available to a quaternary C is dependent on 
next-to-nearest-neighbour-protons and this weak in- 
teraction may therefore be sensitive to large ampli- 
tude motion. The decline ot" Ts~ for CH, and the two 
CH,O peaks is more gradual. It would seem that 
the mobility of the end CH,O becomes constrained 
earlier than the inner CH,O groups. 

T.,(H) values for each group are shown in Table 
I. The relaxation of the proton magnetization in its 

rotating field is a process dominated by spin-diffusion 
through the proton pool. T~,,(H) therefore gives no 
information about group motions. It is governed by 
the motions of the proton pool of the whole sample 
if it is homogeneous, or of the individual phases if it 
is heterogeneous. Our results were consistent w~th a 
single proton pool dominating each sample and the 
motions responsible for the TI.(H) relaxation did not 
change significantly as the cure progressed. 

"f!~,((') 

In this experiment the spin-lock contact was estab- 
lished but terminated by switching off the proton 
rotating field and allowing the ~;C polarization to 
decay in its own rotating field Ibr a determined 
interval. This was terminated by switching off the 
carbon field, restoring the proton field and acquiring 
the data. The decay in the L3C magnetization in its 
rotating field was assumed to be controlled by a single 
relaxation-time. T~,,(C), which was determined by a 
3-parameter fit of the dependence of line-intensily on 
the decay time. Since only one time constant is 
involved the statistical reliabili D of the values of 
Tu,(C) determined is greater than that of Ts~. 
However as in the case of TsL, anomalous peaks and 
anomalous samples were occasionally encountered 
which deviated from any reasonably smooth cor- 
relation by many standard deviations (Table 1). The 
great question concerning the l'u,(C) relaxation 
[2, 16.-20] is the extent to which it is brought about 
by heteronuclear spin spin coupling, which gives 
no information about molecular dynamics, and 
spin-lattice processes in the rotating frame which 
provide an observational window onto group 
motions with components in the middle decade of the 
kHz range, according to the selected rotating field 
(60 kHz in our experiments). The second question is 
the extent to which the spin-lattice component of the 
whole molecule is dominated by the methyl rotation 
relaxing other carbons through king range C-H 
dipolar interaction. This has been reported to occur 
with semicrystalline polypropene [19] and amorphous 
PMMA [21, 19]. Our experiments have bearing on 
both these questions. 

The most striking feature of the change in T~,,(C) 
during cure (Fig. 6) was the restriction of the relax- 
ation mechanism after vitrification. It was strongest 
at the acrylate backbone groups. During this process. 
1~,,(C) lengthened 7-fold at the quaternary carbon. 
4-fold at CH:. 3-fold at the end CH:O and doubled 
at inner CHzO. A much less significant restriction on 
relaxations was observed at CH~. Whatever the rela- 
tive importancc of spin-spin and spin lattice relax- 
ations in determining the magnitude of T~,,(£') may 
be. the contribution of the latter is significant because 
the effect observed can only arise from a damping of 
molecular motion in the relevant frequency range. 

The effect was strongest a! the quaternary C and 
declined with increasing separation of the group from 
quaternary ('. except in the case of ( 'H, where it was 
small. Post-vitrification cure clearly does not have 
much effect on CH~ motions in the mid kHz range at 
ambient temperature. The more drastic effects ob- 
served with the T),(C) relaxation of other groups 
were therefore not manifestations ot" changes in CH, 
motion. 
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Fig. 6. Dependence of the relaxation time of ~C resonances 
in a 60kHZ rotating field, T~,,(C) msec, on extent of cure 
by MAS NMR. Peak 2 (inner CH20) is (0); 3 (end CH,O) 
(O); 4 (CH2) (+); and 6 (h-CH3) (A). For peak 5 (quat- 
ernary) (1-I) represents TIp(C ) msec/10. Standard errors on 
T.p(C) do not exceed the bounds of the symbols. The dots 
represent the compression modulus, E (MPa). V indicates 

the vitrification point. 

Compression-modulus correlations 

The pot torsional-pendulum experiment was not 
suitable for making measurements on samples of 
standard geometry at different extents of cure, so we 
examined the change of compression-modulus with 
extent of cure. The initial slope of the stress-strain 
plot, taken at 0.3% strain, was measured for samples 
compressed at 2 mm min t 

The modulus increased slowly and steadily until 
the cure exceeded 80% when it increased 30-fold to 
its ultimate value (Fig. 6). A sudden change in 
compression modulus during cure has been observed 
also for tri(ethylene glycol)dimethacrylate [22]. This 
lower homologue yields a network with a shorter 
flexible link and the modulus starts to rise earlier in 
the cure than it does with TEGDMA. 

The most interesting feature of these results is that 
the step in the compression-modulus-cure curve 
(Fig. 6) coincides with similar ones in the T~p(C)--cure 
curves and the final decline of TSL for inner CH20 and 
CH 2 groups to its limiting value (Fig. 5). Correlations 
between compression modulus and TSL and Tip (C), of 
all groups except CH 3, can be perceived, despite the 
scatter on the time constants and the relative insen- 
sitivity of E over 80% of the cure range. 

C O N C L U S I O N S  

The results have no direct bearing on the question 
of the relative contribution of the spin-spin relaxation 
mechanism to the magnitude of T~p(C) of different 
groups, though it is conceivable that this may be the 
reason why it is 10 times longer at quaternary C than 

at CH 2. What the results do show is that the motion- 
dependent spin-lattice mechanism is sufficiently im- 
portant to give a clear indication of changes in group 
motions such as the sudden constraint that affects all 
groups, except possibly CH 3, in the immediate post- 
vitrification period. 

While the 60 kHz components, which control the 
spin-lattice contribution to Ttp(C), become suddenly 
constrained at, or just after vitrification, the 
lower frequency components governing TSL become 
constrained earlier. In all cases the limiting high- 
conversion value is reached before vitrification, 
though in the case of the inner CH20 the final decline 
takes place later than other groups. The constraint on 
the 60 kHz components continues to increase, though 
at a lower rate than that in the immediate post- 
vitrification period, right up to ultimate cure. Tg also 
increases right up to ultimate cure demonstrating the 
contribution of mid kHz motions of individual 
groups to the cooperative motions which determine 
the glass transition. 

The most striking result is the association of 
vitrification, defined by a macroscopic property such 
as bulk modulus determined by a near static tech- 
nique, with a sudden constraint on the mid-kHz 
components of group motion, while low frequency 
group motions are no longer relevant. This again 
suggests that it is the mid-kHz group motions which 
are responsible for lower frequency cooperative 
motion. 

Vitrification can be attributed to two molecular 
processes--the tightening of the network as poly- 
merization continues within the already gelled resin 
and the concomitant loss of the plasticizer action of 
monomer. In connection with this latter aspect of 
vitrification, it is interesting to note the T~p(C) 
measurements have demonstrated that added 
plasticizers act by releasing mid-kHz components of 
group mobility of polycarbonates [23]. 

The CH 3 group is least affected by the progress of 
the cure. In the TSL frequency domain no trend 
emerges from the data-scatter. In the T~p(C) domain 
a slight, progressive, post-vitrification restriction is 
probably significant. Variable-temperature MAS ex- 
periments on amorphous poly(methyl methacrylate) 
indicate that a minimum in T~p(C) for CH 3 between 
140 and 200 K is reflected in minima in the values for 
CO, OCH 3 and quaternary C [19]. This was assumed 
to indicate that the motions of CH 3 were relaxing 
other carbons through long-range C-H dipolar inter- 
actions. The changes in relaxation rates of other 
carbons, observed in our ambient temperature experi- 
ments, being larger than those of CH3 cannot origi- 
nate at that group. We conclude that they arise from 
changes in the motion of the groups themselves, 
particularly as the group which shows the greatest 
change is unprotonated. The implication that the 
constraint on motion acts most strongly at quat- 
ernary C and is felt less strongly by other groups 
(except CH3) the further they are removed from 
quaternary must be treated with caution; the caution 
is given by Schaefer [3] that one cannot, from the 
magnitude of T~,,(C) alone, distinguish between small 
amplitude motions in tune with the frequency of the 
observational window and large amplitude motions 
somewhat off-tune. 
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