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Junction Point Motion from 31P NMR Line Shapes and 
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ABSTRACT: 31P NMR line shapes and spin-lattice relaxation times in the lab (T,”) and rotating (TI,”) 
frames have been measured over a wide range of temperatures for a series of network polymers with molec- 
ular weight between cross-links (M,) ranging from 400 to 3000. The networks are formed from ap-dihy- 
droxypoly(propy1ene glycol) and tris(4-isocyanatopheny1)thiophosphate. The line shapes are interpreted 
in terms of a diffusional motion model; the fit is reasonably good for short correlation times. The discrep- 
ancy between calculated and observed minimum relaxation times indicates the inadequacy of an isotropic 
motional model especially for lower M, samples. Some computation of factors to correct for the nonisotro- 
pic motional case are included. Comparison with previous 13C relaxation data shows that the 31P motional 
frequency lags the segmental motion by a factor of 3 and 5 for the M ,  1000 and M ,  3000 cases, respectively. 
Correlation times obtained from the line-shape fitting and from the relaxation times do not agree; the 
former is about 3 times longer. This discrepancy may be attributed to the inadequacy of the relaxation 
model of isotropic averaging of the chemical shift anisotropy or to the over-simple motional model of the 
line-shape fitting, or both. 

Introduction mechanical modulus temperature dependence in  poly- 
carbonates has been analyzed in terms of a distribution 
of correlation t imes  de te rmined  from nuclear magnetic 
resonance’ with motion including libration and 180’ aro- 
mat ic  ring flips.2 

For poly(dimethylsi1oxane) network systems neutron 

The improvements in spectroscopic techniques and their 
use i n  combination are making possible the understand- 
ing of macroscopic phenomena of polymeric materials on 
a detailed molecular level. For instance, the dynamic 

0024-9297/90/2223-1279$02.50/0 0 1990 American Chemical Society 
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Figure 1. 31P NMR spectrum of M, 425 network a t  173 K (-) 
shown with simulated powder spectrum line shape (- - -) com- 
puted for uI = 143 ppm, u,, = -120 ppm, line width = 2600 Hz. 

scattering data showed that the individual chains do not 
distort  affinely; this has resulted in some refinement of 
elasticity t h e ~ r y . ~  Fluorescence depolarization4 and nuclear 
magnetic r e ~ o n a n c e ~ . ~  have been used t o  quantitatively 
measure t h e  segmental motion in equilibrium, swollen, 
or stretched states of networks. 

Our  recent work' has focused on  the role of t h e  cross- 
link in molecular dynamics of well-defined networks pre- 
pared from near-monodisperse poly(propy1ene glycol) 
chains and  a high-purity trifunctional isocyanate cross- 
linking agent. The re  is a large earlier body of l i terature 
on  the  NMR of  network^,^-'^ but none explicitly t rea t  
t he  cross-link point mobility separate from the  mobility 
or orientation of the connecting segments. Th i s  paper  
gives a detailed analysis of 31P NMR line shapes and relax- 
ation t imes of t h e  junction points in these model net- 
works a s  a function of temperature  a n d  molecular weight 
between cross-links, M,. 

Experimental Section 
The exact preparation of these networks has been previously 

de~c r ibed .~  Networks were prepared in bulk from near-mono- 
disperse a,w-dihydroxypoly(propy1ene glycol) of nominal molec- 
ular weights 425, 1000, 2000, or 3000. These samples are des- 
ignated, respectively, M ,  0.4K, M, lK, M, 2K, M, 3K. Ure- 
thane linkages were formed by reacting in precise stoichiometry 
one of the prepolymers with tris(4-isocyanatopheny1)thiophos- 
phate in bulk at 80 "C. Samples were stored a t  5 OC in a vac- 
uum desiccator to retard hydrolysis of the phosphate bonds, 
and spectra were obtained while spinning with dry nitrogen. 
The absence of change in the 13C NMR relaxation times a t  room 
temperature was used as an index of stability. Samples show- 
ing a greater than 15% change were rejected, but with the above 
precautions samples were stable for some months. 

NMR measurements were made on an IBM Instruments AF200 
spectrometer with an IBM Solids Accessory and Doty Scien- 
tific CP-MAS multinuclear variable-temperature probe. For 
relaxation measurements samples were spun a t  about 5 kHz. 
Spinning speeds were lower a t  lower temperature down to about 
2 kHz a t  -100 "C. A number of samples were run to compare 
spinning versus nonspinning relaxation times; no significant dif- 
ferences were found. The spin lock field for rotating frame mea- 
surements was 50 kHz; thus, both 31P and 'H 90° pulses were 
5.0 c(s. Cross polarization was used to obtain spectra a t  low 
temperature or for low M, samples a t  higher temperatures. 
"Direct" polarization (a simple 90' 31P pulse with 'H decou- 
pling during acquisition) was used if cross polarization was inef- 
ficient. The basic pulse sequences for obtaining spectra, T ,  and 
TI,, are described in our previous  paper^.^,^ High-power pro- 
ton decoupling was used in most cases but resulted in no change 
in line shape except for the most rigid cases of low tempera- 
ture and low M,. 

Some of our previously published spectra of these networks 
were subject to a distortion.6 The clearest sympton of the dis- 
tortion takes the form of a hump a t  the u,, position of the pow- 
der pattern. This distortion could be eliminated in most cases 
by acquiring the FID as an echo as shown in Figure 1. The 

3 1 ~ - ~ ~ ~  

LINESHAPE 
315' K 

rk;r 0.4 K 

300 0 -300 ppm 
Figure 2. Line shape of 31P NMR spectra at 315 K for a series 
of networks with M ,  = 425, 1000, 2000, and 3000 as marked. 

observed line shape from the transform of the echo matches 
well the shape calculated for the rigid lattice powder pattern 
and yields axial tensor components of u,, = -120 ppm and oL 
= 143 ppm referenced to solid CaHPO, as zero. This agree- 
ment of observed and calculated powder patterns shows that 
the distortion has been eliminated. This criterion is not so sim- 
ple for the spectra from less rigid samples, and there may be a 
small amount of residual distortion. Fortunately these line shapes 
are much narrower so the problem is proportionately smaller. 
Subsequent to acquiring the data included in this paper we 
learned of an elegant detailed analysis and method of reduc- 
tion of this phasing pr0b1em.l~ 

Because there is some possibility of hydrogen bonding between 
carbonyl and amide groups of the urethanes, which could cause 
aggregation in these network systems, we performed a one-di- 
mensional exchange 31P-31P experiment adapting the pulse 
sequences of Conner et  al." Even though there is only one 
type of phosphorus present, one can null any part of the chem- 
ical shift anisotropy (CSA) powder spectrum, say the part near 
u,, ,  and examine that region over the long TIP period of up to 
25 s for any return of intensity by exchange with spins contrib- 
uting to other parts of the spectrum. No evidence of such phos- 
phorus exchange was found even in the M ,  0.4K sample, which 
has the smallest 31P-31P distance. This result shows that the 
inter-31P radii are greater than 1.5 nm. 

Line-shape computation was performed on the University of 
Massachusetts VAX Cluster using programs based on the dif- 
fusion step model of Sillescu." The programs used were from 
the laboratory of Professors A. Jones and P. Inglefield a t  Clark 
University. Observed line shapes were manually digitized for 
comparison with computed line shapes. 

Results 
Line-Shape Analysis. 31P NMR line shapes at 315 

K with varying M, in these  poly(propy1ene glycol)/ 
urethane networks with phosphorus as t h e  junction point 
a re  shown in Figure 2. T h e  observed shape  for t h e  M, 
0.4K sample is that for an axially symmetric chemical 
shift  tensor and  implies reorientation of the phosphorus- 
sulfur axis is occurring at a frequency less than the  spread 
of t he  line shape which is 22 kHz. As M, increases, t he  
line shape  changes dramatically to a broad line with i ts  
maximum shifting to higher field. For  M, 3K t he  very 
narrow line is positioned at the  isotropically averaged 
chemical shift,  uiso. A very similar change in line shape  
is seen for these same networks as a function of temper-  
a t u r e  in  F igu re  1 of ref 7 .  Because  of t h e  above-  
mentioned phasing problem, a new set of spectra were 
obtained on  a fresh sample of M ,  1K using simple spin 
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Figure 3. 31P NMR line shapes of the M 1K network over 
the range of temperatures from 220 to 400 k as marked. 

echos for the broader line shapes (Figure 3). These line 
shapes, which are intermediate between axially symmet- 
ric and narrow liquidlike, contain information about the 
molecular motion in the networks which can be extracted 
by modeling. 

The model for molecular dynamics used in this work 
was derived entirely from Sillescu16 and requires forma- 
tion of a N-dimensional matrix A where N is the num- 
ber of magnetic sites across the spectrum. The elements 
of A are determined by the rate of the diffusion step- 
ping between sites i and j ,  rij, and site frequencies, w'. 
The problem of determining the line shape is the same 
as diagonalizing A 

S ' A S  = h (1) 
which gives the transformation matrix elements Sij and 
the eigenvalues hij. The line shape is then the sum of 
probability terms as described by Sillescu." For this dif- 
fusion model one can choose the step spacing and solid 
angle for motion between sites across the axial spectrum 
with x i  = cos f l l ,  the direction cosine of the ith site. With 
A = (xmin - x m a x ) / N ,  the only nonzero off-diagonal ele- 
ments are adjacent to the diagonal 

(2) 
with A ,  = Aji.  The diagonal elements are 

(3) 
T,  broadening is convoluted into the calculated intensi- 
ties. The program evaluates the A matrix, diagonalizes 
it, and determines the eigenvalues and the summation 
over angles in the same way as Sillescu." A limit of the 
present computation is that  diffusion over less than a 
complete octant results in averaging about only a lim- 
ited set of orientations of the CSA tensor. For these unori- 

Aij = ri,i+' = (6~)- '(xi/A)~ 

A .  = - A , .  1,1+1 - A , .  14-1 +io. 1 
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Figure 4. Comparison of observed 31P NMR line shapes with 
those calculated for the diffusion model described in the text 
for the diffusion rates indicated on Figure 5. 

ented materials all orientations of the CSA tensor must 
be considered. 

We have calculated the line shape for the case of fully 
isotropic diffusion, all orientational elements being equally 
weighted so that the range of 8 is 0"-90°, and the only 
variable is the number of sites, N .  The diffusion incre- 
ment size is then 90/ (N - 1) deg, and T is the only adjust- 
able parameter for fitting the observed line shape. A line 
broadening of 111 Hz is included. 

We are currently writing an appropriate program to 
include diffusional reorientation over less than the full 
90" anisotropy and that includes libration about all pos- 
sible orientations. The expected result is broader lines 
for the same correlation time so that a given observed 
line shape will require shorter correlation times for fit- 
ting. I t  is also expected that there will be more inten- 
sity in the wings of the calculated diffusion line shape 
than for the line shapes calculated here for diffusion 
through a full octant. Thus a shift to shorter T is expected 
for the diffusion model with all orientations considered. 
This issue is an important one in view of the inference 
from the relaxation data below that the reorientation of 
the chemical shift tensor is undergoing libration at  about 
a half-angle of 40". 

Computed line shapes for the M ,  1K sample spectra 
are shown in Figure 4 along with the observed spectra. 
The agreement is quite satisfactory over the range T = 

(291 K). The fitting is 
best for the upper 80% of the line shape; the calculated 
shape has a wider base than the observed shape. A plot 
of these correlation times versus inverse temperature 
appears as Figure 5. The results for M ,  3K yield a lin- 
ear Arrhenius plot over a limited temperature range. The 
data of M ,  1K spans a wider range and is linear up to 
the temperature where TIP is a minimum. The higher 
temperature change of slope will be discussed in a later 
section. 

Relaxation Time Analysis. Figures 6 and 7 show, 
respectively, spin-lattice relaxation of 31P in the labora- 
tory frame ( T I p )  and the rotating frame (Tl,4 for M ,  

(400 K) to T = 1.6 X 
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3K 

l o  -8 2.0 u 3.0 4.0 

I I T  x i 0 3  
Figure 5. Log T versus 1/T for correlation times determined 
from diffusion model line-shape fitting for 1.8-deg steps for M ,  
3K (A) and M, 1K (0). For the M ,  1K case fitting was also 
done with 0.9- (e), 4.5- (a), and 9-deg (0) steps. The dotted 
line is the correlation time dependence determined from relax- 
ation times for M ,  1K and is transcribed from Figure 9. 

xx) 250 208K 

3 K  

1 

0.1 
3.0 4.0 50 XIO-3 

K-l 
Figure 6. 31P spin-lattice relaxation time T ,  (s) as a function 
of 1 /T (K-') for M, 425 (a), M, 1000 (Q), and M, 3000 (A). 

0.4K, M ,  l K ,  and M ,  3K samples over a wide range of 
temperature. The data for the M ,  2K are very close to 
those of the M ,  1K and are omitted for clarity. The T I P  
data show a clear minimum in the M ,  lK,  case although 
the partial curves in Figure 7 suggest the minimum would 
shift to lower temperature with higher molecular weight. 
Minima in T,, are observed for all three samples. The 

0.1 1 1 I 1 I I I 

31) 4.0 5040-2 
K-1 

Figure 7. 31P spin-lattice relaxation times in the rotating frame 
TI (ms) as a function of 1/T (K-') for M, 425 (O), M, 1000 
(07, and M, 3000 (A). 

values of both T,, and the temperature a t  which the 
minimum occurs decrease with increasing M,. 

Relaxation times and line shapes are both the result 
of specific molecular motions. While there are a num- 
ber of examples of computation of line shape with motional 
theories especially for 2H line shapes, there are few 
instances of careful analysis of both relaxation times and 
line shapes. Jones and co-workers' were able to con- 
struct a motional model that generates a reasonably con- 
sistent set of relaxation times and line shapes in polycar- 
bonates. The case of 31P NMR line shape and relax- 
ation times for these networks is somewhat less favorable 
than the polycarbonate case for several reasons. For the 
axially symmetric 31P tensor the motion rotating about 
the z axis is not detected, whereas the asymmetric 13C 
CSA tensor in polycarbonates makes for line-shape sen- 
sitivity to motions in all directions. In addition, the poly- 
carbonate motions are subtle with averaging of selected 
components of the CSA before the complete line-shape 
collapse. Most of our 31P CSA data involves collapse to 
a featureless line of varying width at  uiso. 

The electronic environment of the phosphorus nuclei 
in these networks is axially symmetric as shown by the 
low temperature or low M, spectra such as Figure 1. The 
dominant mechanism of relaxation in these networks is 
by reorientation of the CSA. Our observation that pro- 
ton decoupling does little to the line shape in these net- 
works eliminates heteronuclear dipole-dipole (IS) relax- 
ation as a significant mechanism of relaxation for the 
31P nuclei, and there are not other reasonable contend- 
ing mechanisms. The unimportance of the IS mecha- 
nism is also expected as there are no nearby or bonded 
protons to the phosphorus atom. As noted below isotro- 
pic CSA theory predicts relaxation times too short com- 
pared to the observed minima; an additional mechanism 
such as IS would shorten the predicted time even more 
and thus increase the discrepancy. All subsequent anal- 
ysis of relaxation times in this paper is based exclusively 
on the CSA mechanism. 
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The theory of isotropic CSA relaxation has been devel- 
oped along the basic formalism originated by Bloember- 
gen, Purcell, and Pound17 for dipolar relaxation. Paral- 
lel equivalent equations for CSA reorientation relax. 
ation have been developed by a number of authors1s-20 
to yield the following equations, which we use in 
Mehring'slg format 

(4) (T&* = r*B:CillbI) + j21(WI)J  

(Ti,,-')CsA = 

Y2B;boo(We)/3 4- j 1 1 ( 4 / 2  2jzo(We)/3 jz l (w1)/2]  (5) 
where the j k q ( w )  are the spectral density functions con- 
taining the symmetry and averaged fluctuations of the 
magnetic interactions, wI = yB,, we = { ( Y B , ) ~  + (w- wI)2)1/2, 
y is the gyromagnetic ratio of the nucleus measured, Bo 
is the dc magnetic field; B,  is the spin lock field and w is 
the observing frequency. The spectral densities, jp , (w) ,  
are the Fourier transforms of the fluctuations in time 

jkq(u) = Re x d t  (-1)q (aA,,(t=O) aAk,-q(t))e-'"t (6) 

where the Akq are components for the CSA interaction 
in terms of irreducible spherical tensors. For the isotro- 
pic case assuming no fluctuations of the chemical shift 
tensor on an NMR time scale, Le., no molecular changes, 
aA, = 0. For the axially symmetric case of these 31P 
sites the antisymmetric components of the chemical shift 
tensor are negligible, aA,, = 0, and only the fluctuations 
of the traceless symmetric part of the chemical shift, 
aA2q, contribute to the relaxation. I t  is important to real- 
ize that the Akq values are evaluated in the laboratory 
fixed frame governed by the direction of Bo and trans- 
formation from the molecular principal axis fixed frame 
to the lab frame is accomplished with Wigner rotation 
matraices, which are a convenient way of averaging as 
detailed by S p i e s ~ . ' ~  It  is characteristic of the isotropic 
case that averaging of the A,, orientational fluctuations 
greater than 90° for all orientations of Bo results in 

where the full range of the anisotropy of the CS tensor 
contributes to the motionally induced magnetic fluctua- 
tions felt by the 31P nuclei. For T,, the spectral density 
terms dependent on up = 2 ~ 8 0  X lo6 rad s-l will not 
contribute significantly in comparison to the densities 
a t  the spin lock frequency, we = 2 ~ 5 0  X lo3 rad s-l; the 
former can be dropped, leaving only the j 2 J w )  term. For 
isotropic motion all j,, values will average to the same 
value,Ig yielding 

(8) 

Equations 7 and 8 predict the minima (at which UT = 1) 
for T ,  (0.45 s) and T,, (0.43 ms) shown in Figures 6 and 
7 ,  respectively. In both cases the observed values for M ,  
1K are about a factor of 2 longer than those predicted 
on the basis of the isotropic model. This discrepancy 
probably arises because the P-S axis is not isotropically 
reorienting. Qualitatively and intuitively, if the motion 
of the molecular fixed axis system does not sweep through 
a full 90°, then the factor (u,, + ai)2 in eqs 7 and 8 will 
be too large and thus the predicted relaxation times will 
be too small. If this factor can be reduced by some appro- 
priate averaging process, then the calculated T I  or T,, 
will better agree with the observed values. This incom- 
plete averaging of the anisotropy is consistent with the 
NMR spectra. In the case of M ,  1K the line position 
has not reached uiso at  the temperature of the T,, mini- 

TI,,-' = (4/45)y2B;(all - u ~ ) ~ T / ( ~  + 
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mum (285 K).  However, at the temperature of the T I  
minimum (345 K) the spectral position has reached that 
of the liquid line, It is also interesting that with increased 
M ,  the T,, minimum approaches a lower value as shown 
in Figure 7. This shows a progressive approach to more 
isotropic motion with a lower degree of cross-linking. 

Howarth21 has treated the motional problem of libra- 
tion, but for the case of IS relaxation. Because both CS 
and IS relaxation depend upon the same orientational 
spherical harmonics, the result is transferable to our case. 
A rigorous treatment of the problem of CS averaging 
(Iu(8,t) - ~ ( f l ' , t + r ) ) ~ )  where (6 - 8') is less than 90° will 
be given as a separate paper." While the symmetry of 
the reorientation for IS and CS is the same, it is not clear 
how the CS anisotropy prefactor in eqs 7 and 8 should 
be averaged for the case of limited reorientation. Howarth 
computes the IS relaxation functions for a model that 
restricts the reorientation of the internuclear C-H vec- 
tor to a cone of half-angle 6, arriving at  a result where 
the spectral densities are reduced by a multiplicative fac- 
tor (1 - A) where 

(9) 
The factor A has a range of [0,1]. This formalism has 
been applied to polymer segmental librations as distinct 
from Hall-Helfand segmental d y n a m i c ~ . ~  The observa- 
tion that both T,  and TIP. minima are about a factor of 
2 longer than the isotropic case prediction argues that 
the factor A in front of the spectral density functions is 
about the same a t  the minimum point for each relax- 
ation time for each case. This would mean that the libra- 
tion half-angle, 8, does not change significantly between 
285 and 345 K but remains constant a t  about 40' or A = 
0.5. This implies that the constraints on the spatial motion 
are not very temperature dependent so that increasing 
the temperature only increases the frequency of motion 
of the cross-link within those amplitude constraints. 

Relationship between Segmental  and  Cross-Link 
Point Motions. The major design in studying these net- 
works is the clarity of separately observing the dynam- 
ics of the cross-link point (31P) and the dynamics of the 
connecting segments (I3C). Figure 8 shows the 31P T I ,  
data from this work plotted with the I3C T,, data from 
our previous study.' Both curves are for identical M, 
1K samples. It is reasonable to compare the two relax- 
ation curves because frequency and single-correlation time 
dependence of the spectral densities in the relaxation time 
expressions can be reduced to the same functions regard- 
less of the differences in prefactors for the IS and CS 
relaxation  mechanism^.'^ That is, CS and IS relaxation 
expressions will have the same 7/(1 + ~'7') factor. The 
absolute values of T ,  and TI, predicted for IS and CS 
will differ, but the shape of the log (relaxation time) ver- 
sus 1/T plots should be the same. According to the data, 
clearly the minima are not reached at  the same temper- 
ature, indicating differential mobility of the carbon seg- 
ments and the phosphorus cross-link. These plots can 
be converted to log 7 versus 1/T plots by assuming that 
the shape function above is correct although the abso- 
lute values are offset by some constant multiplier. Thus 
plotting the observed data as log (T,,/T,p,min) versus 1/ 
T and comparing abscissas for equal ordinate values on 
a plot of log (7/[1 + ( 2 ~ 5 0  X 103)272]] versus T ,  one con- 
verts temperatures to 7's. This mapping of 7 from tem- 
perature is plotted as log 7 versus 1/T as shown in Fig- 
ure 9. One can see that a t  a given temperature the cor- 
relation time for the carbon motion is shorter than that 
for the phosphorus motion by about a factor of 3. Thus 

A = ((cos 6 - cos3 8)/2(1 -cos S)I2 
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13C and 31P T,, data in Figure 8 a t  which the value of T 
is most accurate. The origin of the lag may lie in an 
inherent property of cross-link points anchored by three 
chains or in the anchoring effect of the rather bulky cross- 
link molecule of these networks. The discrimination of 
these causes depends upon the extent to which the aro- 
matic rings participate in the random chain statistics of 
the PPO chains, which can only be resolved by prepara- 
tion of chains without the bulky cross-link. 

Discussion 
Cross-linked systems have been investigated by vari- 

ous techniques. Gronski et a1.l’ examined poly( 1,4-bu- 
tadiene) networks with deuteration either along the whole 
chain or only near the cross-link point. They concluded 
that deformation was inhomogeneous with “excess orien- 
tation near network junctions”. Our results showed a dif- 
ference in dynamics of the cross-link point, and the bulk 
exists even for the undeformed networks. Monnerie et 
alaz3 attached fluorescent anthracene probes to bulk poly- 
isoprene to quantify reorientational mobility. Some recent 
neutron spin-echo (NSE) studies by Oeser et al.24 stud- 
ied the spatial fluctuations of cross-link points in poly- 
(dimethylsiloxane) (PDMS) and found that the “time scale 
of motion for the crosslinks is comparable to the time 
scale of segmental diffusion within the chains attached 
to the junctions”. The differences with our work may 
reflect the extreme flexibility of the PDMS backbone and/ 
or the anchoring effect of our bulky cross-linking moi- 
ety. 

It is of interest to compare the correlation times obtained 
independently from 31P relaxation analysis (Figure 9) to 
those obtained from line-shape analysis in the first part 
of this paper (Figure 5). In all cases the correlation times 
obtained from the line-shape analysis are longer, and for 
M ,  1K the discrepancy is a factor of 6;  for M, 3K it is 
about 3. Given the above-discussed limitations of the 
line-shape and relaxation analyses, this discrepancy 
between the methods of determining T is not surprising, 
but the direction of the discrepancy suggests that some 
shorter T values are being missed by the line-shape anal- 
ysis. The discrepancy between the slopes of the log T 

versus 1/T plots for the two techniques in the higher 
temperature regime also suggests that a temperature- 
dependent process such as increase in libration angle, 
ignored in the line-shape model used, may be important. 

The above analysis is based on correlation times derived 
from TlPP. In the analysis of TlP the minimum based 
on the isotropic relaxation model will occur at T = 2 x 
lO-’s, which is a t  345 K (1/T = 2.90 X K-‘) for M ,  
1K. This point is 2 orders of magnitude below the 31P 
line derived from T,, data in Figure 9! Plots like those 
of Figure 9 but based on T I P  data have a slope of 10 
kcal. The line-shape and T,, analyses for correlation times 
are thus widely discrepant from the T ,  analysis. One 
must bear in mind that the most reliable points in this 
analysis are those correlation times derived from the min- 
ima where one is reasonably certain that 7 = u-’. The 
procedure used above for conversion of relaxation times 
to T values over ranges beyond the minimum points is 
the simplest approximation for converting temperatures 
to T values. If the two minima for TIP  and TlpP are taken 
as the only reliable points the activation energy of r ver- 
sus T1 is 13.4 kcal/mol, a not unreasonable value for 
moving a bulky cross-link environment such as these net- 
works have. The discrepancy will probably clear up when 
better interpretations are devised for the nonisotropic 
CSA case and a more versatile diffusion step line-shape 
model is implemented. 

\ 

b+= 1 K 

1 w x 1 ~ 3  
0 f.1 

3.0 4.0 

Figure 8. Comparison of 31P (0) and 13C (a) spin-lattice relax- 
ation in the rotating frame T1, versus 1/T (K-l) for M, 1000 
sample. 

I c’4E 

3’P k 3 C  

-7- 
lo 2.5 3.5 4.5 

I I ~ ~ 1 0 3  
Figure 9. Plots of log T versus 1/T (K) for the 31P (0) and 
13C (a) data of Figure 8 for T calculation based onn an isotro- 
pic relaxation model. 

on this model the cross-link frequency lags the segmen- 
tal frequency by about a factor of 3. The slopes of the 
plots are virtually identical, yielding on Arrhenius anal- 
ysis an activation energy of 10.8 kcal. The equality of 
the I3C and 31P slopes indicates that the motions of each 
species may be coupled so that the segmental motion and 
cross-link motion differ by what may be called an entropy, 
which would be the intercept term at 1/T = 0. Similar 
data analysis can be performed on the T1, data for the 
M ,  3K sample resulting in the same slope as for M ,  1K 
but with a factor of 5 separation in the T values for the 
two nuclei. This indicates that in the longer chain net- 
works the coupling is somewhat weaker, resulting in a 
larger lag in frequency between the cross-link motion and 
the chain motion. This lag factor is especially reliable 
because the difference is apparent at  the minima of the 
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The temperature dependence of correlation times deter- 
mined from the line-shape analysis as presented in Fig- 
ure 5 shows an interesting break. In the low-tempera- 
ture region of 250-320 K the plot is reasonably linear for 
the diffusion step arbitrarily held constant to 1.8 deg. 
Several points calculated for larger diffusion steps do not 
deviate much from the 1.8-deg step points. This indi- 
cates that  for low temperature where the line shape is 
broad, the computed shape is relatively insensitive to step 
size. These line-shape-determined 7’s can be compared 
with those determined from the relaxation times, which 
have been drawn onto Figure 5 as a dotted line. Clearly 
the T values from line shapes are a factor of 3-6 longer 
than those from relaxation times over the low-tempera- 
ture range. Under the limitations described above for 
both the line-shape and the relaxation models this dis- 
crepancy is not surprising. The apparent change of slope 
near 330 K is quite interesting. It is well above Tg and 
the TI, minimum for the M ,  1K material. The temper- 
ature 330 K is near the minimum for TI where the line 
shape reaches the isotropic position. As discussed above 
this isotropic position implies that the P-S axis is reori- 
enting a t  a frequency higher than the CSA, but the angu- 
lar displacement must be greater than 90”. If we make 
the simplest assumption that there is one mechanism of 
relaxation and line shape averaging over the entire tem- 
perature range, then the change of slope a t  330 K prob- 
ably means that above that temperature the diffusion 
steps become larger. Thus by increasing the step size 
one could linearize the line-shape-calculated times as a 
function of inverse temperature. Unfortunately, the relax- 
ation time plot of Figure 9 extends only to a little above 
330 K so that the linearity over the temperature range 
cannot be corroborated. 

One must bear in mind that the determination of T 
from the short T line shapes is not unique. This fact is 
indicated in Figure 5 where values of T corresponding to 
diffusion jumps of 0.9, 1.8, 4.5, and 9 deg are shown. 
Another limitation of this calculation is of course that 
the diffusion model breaks down as the steps get larger. 
A similar line-shape analysis with a 1.8-deg step was per- 
formed on the M ,  3K sample, yielding the points shown 
in Figure 5 .  In this case the error is somewhat larger 
because of the lower signal to noise ratio on the observed 
spectra and the narrow temperature range of observable 
spectra. It appears that the cross-link points in this higher 
M ,  network are moving 1 order of magnitude faster than 
those in the M ,  1K network at  a given temperature. 

The fitting discrepancy at  280 K in Figure 4 suggests 
a breakdown of the diffusion model. An alternative is 
the jump model with its larger changes of orientation: 
this is physically unreasonable as the jumps have to be 
large and are thus less likely a t  the lower end of our tem- 
perature range. Although we made some computations 
based on the jump in the range of T required to 
get the width of the observed line shape even larger devi- 
ations than with the diffusion model were observed, par- 
ticularly in the form of large humps presumably due to 
the limitations on the number of sites, up to 6, consid- 
ered. For precise line-shape fitting in the lower temper- 
ature regime a model combining both diffusional and jump 
motion may be required. 

Conclusions 
The line-shape and relaxation times for these poly(pro- 

pylene glycol) /urethane systems are found to be strongly 
dependent upon the, molecular weight between cross- 
links and on temperature. The combined line-shape and 
relaxation time motional information even with the lim- 
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ited state of theory and modeling lead us to several inter- 
esting conclusions regarding the motion of the cross-link 
point in these systems. The observed decrease in line- 
width with increasing temperature or increasing Me nicely 
reflects the increased mobility of the cross-link point. The 
cross-link point even with M, 3K well above the Tg of 
the segments is not tumbling isotropically although the 
higher M ,  makes the motion more nearly isotropic. For 
the M,, 1K sample studied in detail, the activation energy 
for the reorientation of the cross-link determined from 
line-shape analysis has two regimes, suggesting a transi- 
tion temperature a t  which the amplitude of reorienta- 
tion increases. The frequency of reorientation of the cross- 
link point in these networks is, depending upon M,, a 
factor of 3-5 slower than the motion of the carbon seg- 
ments of the connecting chains. 

The correlation times and motional parameters in this 
work undoubtedly reflect some “anchoring” effect of the 
bulky cross-link agent on the poly(propy1ene glycol). Syn- 
thetic efforts are underway to prepare simpler network 
systems free of the bulky cross-link, which will have dynam- 
ics more simply comparable to microscopic theories of 
rubber elasticity. 

Performing measurements of this type on stretched sam- 
ples will result in very interesting details regarding the 
the role of the cross-link point in the properties of elas- 
tomeric materials. Experiments a t  a series of Larmor 
frequencies and some modification of theory will be nec- 
essary to fully exploit the cross-link dynamics informa- 
tion contained in the effect. 
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ABSTRACT: A mechanistic kinetic model of 4,4'-diaminodiphenyl sulfone cured tetraglycidyl-4,4'-diami- 
nodiphenylmethane epoxides is developed, which accurately describes experimental data published in the 
literature. The model is based on an accepted reaction mechanism, which consists of three main reactions. 
Other efforts to quantitatively model epoxy cure generally focus on empirical rate laws, which apply only 
to the conditions to  which they are fit. It is demonstrated that a mechanistic approach results in a model 
that can predict the effects of moderate variations in the resin formulation, without being cumbersome or 
impractical. Moreover, the mechanistic model, unlike the empirical ones, is capable of estimating the rel- 
ative amounts of linkages formed during the cure reactions. These data offer some insight into the cured 
resin morphology, which determines the mechanical properties of the material. 

Introduction 
Epoxy resins based on 4,4'-diaminodiphenyl sulfone 

(DDS) cured tetraglycidyl-4,4'-diaminodiphenyl- 
methane (TGDDM) are currently the most commonly 
used matrix material for advanced fiber composites. It 
is desirable to understand the reaction kinetics of these 
epoxies for processing purposes. In this work, mechanis- 
tic rate expressions are written for the main reactions 
according to an accepted reaction mechanism. The result- 
ing kinetic model is compared to published literature data. 

There have been a number of experimental studies on 
the cure of DDS/TGDDM resins published in the liter- 
ature. Most of these efforts utilize differential scanning 
calorimetry (DSC) to estimate overall degree of cure as 
the reactions proceed.14 The disadvantage of this method 
is that the contributions of the individual reactions are 
not elucidated. Moreover, the method assumes implic- 
itly that the reaction enthalpies of the important reac- 
tions are similar, which may not be true.5 Recently, Mor- 
gan and  Mones' performed an  extensive Fourier- 
transform infrared (FTIR) spectroscopy analysis of DDS/ 
TGDDM epoxies, which yielded cure data on the individual 
species involved. 

To  date, virtually all thermoset polymer kinetic mod- 
els that appear in the literature are based on empirical 
rate l a ~ s . ~ - ~ * ' , ~  These empirical rate laws have been used 
successfully in modeling s t ~ d i e s . ~ - ' ~  However, there are 
advantages to using mechanistic kinetic models: (1) Unlike 
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empirical models, moderate changes in the resin formu- 
lation that do not change the reaction mechanism would 
not require recharacterization, because the contribu- 
tions of the individual chemical components are described. 
(2) Extrapolated behavior of the resin system outside of 
the envelope from which the kinetic parameters were fit- 
ted is more predictable, since the temperature dependen- 
cies of the individual reactions involved are known. With 
empirical models, the resin behavior is only predictable 
over the temperature range used to characterize it. (3) 
Unlike empirical models, which can only estimate rela- 
tive degree of cure, mechanistic models account for indi- 
vidual chemical species. Thus, they offer some insight 
into the cured resin morphology, which determines the 
material mechanical properties.'"' 

Model Development 

The structures of the TGDDM and DDS monomers 
are shown in Figure 1. It is generally agreed that there 
are three main reactions that occur for amine-cured 
e p o x i e ~ : ~ " ~ ~ ~ ' ~ ~  Re actions 1 and 2 are the primary and 

(1) RNH2 + CH2-CH- RNHCH2CH- 
I 

'O/ OH 
RNHCHzCH- + CHz-CH- ----) RN(CH,CH-)z (2) 

(3) 

I 
'0' OH 

I 
OH 

-CH- + CHZ-CH- -CH- 

I 
OH 

I 
'O/ OCHZCH- 

I 
OH 
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