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ABSTRACT: Solid-state 'H NMR techniques were used to determine the cross-link density of highly 
cross-linked polymers common in the aerospace industry. As the temperature was increased, the spin-spin 
relaxation times of cross-linked epoxy polymers were observed to reach a plateau value which increased linearly 
with increasing molecular weight between cross-links, as predicted by theory. The results show that, for the 
epoxy system studied, approximately 10 rotatable backbone bonds are needed to form a statistical segment, 
the portion of the polymer backbone that moves independently of the other backbone motions. 

Introduction 
The macroscopic properties of a thermoset polymer, 

such as hardness, impact strength, brittleness, and elas- 
ticity, are intrinsically related to the molecular motions 
occurring within the cured thermoset; therefore, it is im- 
portant to quantify the dependence of these motions o n  
the cross-link density. Theoretical studies of the effects 
of cross-links and entanglements on motions within a 
polymer are extensively d0cumented.l Experimental 
studies, however, have dealt primarily with lightly cross- 
linked materials. The results of a preliminary 'H NMR 
study2p3 of highly cross-linked epoxy polymers suggested 
the validity of a theory4 that relates the spin-spin relax- 
ation time to the cross-link density. This paper presents 
the results of a more complete 'H NMR study which 
provide an agreement with the theory for highly cross- 
linked epoxy resin systems of importance to the aerospace 
industry. 

An important quantity used to investigate motions of 
a polymeric chain is the average squared direction cosine 
of the angle between some vector rigidly attached to the 
chain and a fixed direction determined by the experiment. 
Nuclear magnetic resonance (NMR) is a sensitive tech- 
nique for investigating (cos2 e ) ,  where 19 is the angle be- 
tween a particular proton-proton vector (or C-D bond 
vector for deuterium NMR) and the static magnetic field 
direction. The hydrogen dipole-dipole interactions are 
usually the dominant interactions in solids, and they 
therefore determine the hydrogen spin-spin relaxation 
time, T,, of such systems. When a polymer is heated above 
the glass transition temperature, Tg, extensive molecular 
motion occurs a t  a rate faster than TZ-l, thus an increase 
in T2 is observed when the hydrogen dipole-dipole inter- 
actions are averaged by the molecular motions. Heating 
increases molecular motion until the constraints of the 
cross-links at each end of the chain prevent further av- 
eraging. As a result, the measured T2 increases with in- 
creasing temperature to a plateau whose value, T2P, is a 
function of the cross-link density. The smaller the 
cross-link density,  pc, the greater is the allowed number  
of orientations for an average chain. Thus ,  reducing pc 
increases T2P. For lightly cross-linked materials, the 
quantity T2P has been shown to be inversely proportional 
to pc:4 

In our study we relate (cos2 9 )  to T2P, determined in an 
epoxy resin system by NMR, and show that the relation- 
ship in eq 1, and also more sophisticated analyses, holds 
for this  highly cross-linked system. 
Experimental Section 

We have studied a series of epoxy resins having different 
cross-link densities. The cross-link densities were varied by curing 

the epoxy, the diglycidyl ether of bisphenol A (DGEBA), with 
different amounts of the amines, N,N'-dimethyl-1,6-diamino- 
hexane (DDH) and 1,4-diaminobutane (DAB) (see Figure 1). 
Samples of DGEBA were room-temperature cured by careful 
mixing with stoichiometric amounts of six different mixtures of 
the tetrafunctional amine DAB and the difunctional amine DDH. 
The samples were placed into 5-mm-diameter NMR tubes, 
evacuated, and sealed under -100 torr of NP. Postcuring was 
performed during the NMR experiments at elevated temperatures. 

The samples are denoted as X E Z  where X refers to the 
equivalents of DAB, Y refers to the equivalents of DDH, and 2 
refers to the equivalents of DGEBA used in the mixture. In these 
experiments, all samples were made from stoichiometric mixtures 
of amines and epoxy, so that X + Y = 2. The DAl3:DDH:DGEBA 
ratios studied were 055,1:45,235,325,41:5,  and 505. Because 
of the functionalities of the amines, the 5:0:5 sample had the 
largest cross-link density. 

The pulsed 'H NMR measurements were performed on an 
in-house-designed, single-coil spectrometer operating at 100 MHz. 
An external fluorine lock sample at 94 MHz was used to control 
the magnet (Varian V-4014) so that small signals could be signal 
averaged for long times without the attendant drift (with locking, 
the drift was <lo0 Hz/h). The 100- and 94-MHz rf signals were 
derived from a frequency synthesizer (Hewlett-Packard HP5100), 
and the 8-mT-pulsed rf magnetic field was generated with a 
programmable digital pulser and a 100-W linear amplifier 
(Electronic Navigation Industries 3100L). The dead time of the 
receiver/probe circuit was C7 ps. A transient recorder (Nicolet 
4094) was used to acquire and store the signals, and either a DEC 
PRO-380 or a VAX-780 computer was used for the analyses. 

Data were obtained for each sample a t  11 temperatures in the 
range 300-530 K. The temperature was controlled by passing 
dry air over a heating coil located close to the probe and moni- 
toring the temperature at  the air inlet and outlet of the probe 
with copper-constantan thermocouples. The inlet thermocouple 
was connected directly to an Omega Model 6002-TR temperature 
controller, which held the setpoint inlet temperature to < f O .  1 
K. By disconnecting the rf transmitter from the probe and 
inserting a thermocouple directly into the rf coil, we found the 
actual sample temperature to be controlled to  better than &2 K. 

T2P was found by computer fitting each 'H NMR decay signal. 
The fitting routine, FCDA (five-component decay analysis), is 
built around a generalized fitting procedure called ZXSSQ, 
copyrighted by IMSL! FCDA allows the user to define up to five 
component decays to be included in the fit, along with a base-line 
parameter. The form of the fitted equation is then 
S(t)  = al exp[-(t/T2Jn1] + ... + ab exp[-(t/TzJns] + C (2) 

where the parameters af, Tz,, and nf 8pe the fractional amplitude, 
spin-spin relaxation time, and line-shape parameter, respectively, 
for the j t h  component decay, and C is the base-line parameter. 
Each parameter can be fixed or fitted, depending on the user's 
input. The user can choose decays to  be Lorentzian, n, = 1, 
Gaussian, n, = 2, or other, n, = (user defined or fitted) in character. 
The fits extrapolate the experimental data back to time t = 0, 
assumed to  occur a t  the midpoint of the initial rf pulse. 

Both the experiments and the fitting procedures had to  be 
varied according to the time regimes of the T ,  values observed 
for a particular sample a t  a particular temperature. Fitting the 
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CH,-CH-CH,-O /O\ e r a O - C H 2 - C H - C H 2  / \  

CH3 

DGEBA 

Curing agents: 
CH3-NH-(CH2),-NH-CH3 

DDH 

NH2 - (CH,), - NH2 
DAB 

Figure 1. Curing agents and the epoxy resin used in this study. 

Table I 
Data Analysis Procedures for Epoxy Resin Experiments 

T,. us NMR exDeriment line-shape assumptions 
~ 

<40 FID Gaussian (fast) + Lorentzian (slow) 
<ZOO FID Lorentzian (fast) + 
>ZOO FID and CPMG Lorentzian (fast) + Lorentzian (slow) 

relaxation decays with two components assumed to be either two 
Lorentzians or a Gaussian and a Lorentzian always produced fits 
within 4% of the initial magnetization (see the discussion of 
difference spectra below). Equation 2 thus becomes 

S( t )  = af e ~ p [ - ( t / T ~ ~ P ' ]  + a, exp(-t/Tza) + C (3) 

where f stands for fast decay and s for slow decay, and nf = 1 or 
2. 

The experimental and fitting procedures used for determining 
T 2 P  are listed in Table I. The T2, component arises from the 
entangled or cross-linked polymer, whereas the T,, component 
is most likely due to the more mobile chain ends which are not 
tied down.6 Since the plateau region of interest here is due to 
the entangled or cross-linked polymer, we are primarily concerned 
with measuring T2f as a function of p c  and temperature. Thus, 
to be more specific, we will denote the plateau value obtained as 
T2p. Since T, is not used in this study, we need not be concerned 
with its line-shape character. Free-induction decays' (FID) were 
measured at all temperatures to monitor the fast-decaying com- 
ponent. The Carr-Purcell-Meiboom-Gill (CPMG) spin-echo 
pulse sequences was used to determine decay times longer than 
200 ps. The CPMG technique eliminated broadening caused by 
magnet inhomogeneity (-65 Hz) and chemical shift dispersion 
(-700 Hz). Various echo times were used and were always long 
enough to ensure that spin-locking of the magnetization during 
the CPMG sequence would not occur. 

Difference spectra generated by subtracting the fitted data from 
the raw data were used to check the validity of each fit. Typical 
results from the fitting procedure are shown in Figure 2. The 
largest errors in a particular fit always occurred near the beginning 
of the fit. We fit decays using more than two components in many 
ways but found that eq 3 always produced fits that were within 
4% of the initial intensity. To keep the analyses as straightforward 
as possible, we present here only the results obtained by use of 
eq 3. 

Theory 
Gotlib et aL4 developed a theoretical treatment relating 

'H NMR spin-spin relaxation times to cross-link densities 
and showed experimental  evidence that suggested the 
theory  might  apply to lightly cross-linked systems. The 
basic equat ion  i n  Gotl ib  et al.'s treatment is  the follow- 

CPMG Lorentzian (slow) 

ing:9J0 

= (1 - 3) = ; + a( $), + $( 34 + ... 
(4) 

where y defines the angle between the vector connecting, 
a specific proton pair  of interest  to the vector connecting 

- 
L 
x 

E 

E 

.- 

d - 

a) Fitted data curve 

t 
0.75 

b) Difference spectrum 

Temp = 430 K F 
0.075 

0.050 

I 

0 5 10 15 20 25 30 35 40 45 50 5 5  
Time (ms) 

-0.050I ' ' I ' I ' ' ' ' I 

Figure 2. Typical curve fitting results and difference spectra. 
(a) A Lorentzian + Lorentzian fit to CPMG data obtained from 
the 1:4:5 sample a t  430 K. The fit runs through the raw data, 
whereas the two component curves are displaced downward for 
clarity. (b) This difference curve is the raw data minus the fitted 
curve shown in (a). 

X // 
Figure 3. Coordinates in the molecular frame. Points A and B 
are the cross-link points. h is the cross-link distance. Ths vector 
?jk extends from the j t h  to the kth atom in the chain. H, is the 
unit vector parallel to the laboratory static magnetic field direction. 
i l k  is the unit vector parallel to f j k .  

the cross-link points (as shown in Figure 3), z is the number 
of freely jointed statistical segments  of length b between 
cross-links, h is the distance between cross-link points, and 
p = L-'(h/zb), L-l being the inverse Langevin function. 
Equation 4 is based on the concepts of freely jointed chains 
as described in  the work of Kuhn and Grun.lo For lightly 
cross-linked systems, h << z_b, and th_e average squared  
distance between cross-links h2 = zb2 (h mean h) so that 
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3 cos2 y - 1 6/52 (5) 
For highly cross-linked systems, however, Gotlib et al.'s 
formulation is based on the persistent chain model" 
wherein (eq 7 in ref 4 is incorrect) 
3 cos2 y - 1 = 2[15x - 26 + (9x + 27) exp(-x) - 
- 

exp(-3x)][x - 1 + exp(-x)]/ 15x3 - 52x2 - 18x(4 + [ 
1 2 

3 
x) exp(-x) + - x  exp(-3x) + (214/3)x (6) 

The quantity x is the ratio of the contour length to the 
persistence length, which equals 52/3 for x - (note also 
that the right-hand side of eq 6 approaches 2 for x - 0, 
and 2/x as x - a). 

There are a number of serious assumptions involved in 
the derivations of eq 4-6 which become more important 
as pc gets larger. The most serious of these is the freely 
jointed chain approximation. For highly cross-linked 
systems, all current analytical methods contain varying 
levels of assumptions. Numerical methods are available 
which include restricted chain motions caused by molecular 
interactions and we will present the results of such an 
investigation in a future paper. 

Other approximations must be made when relating eq 
5 and 6 to the NMR spin-spin relaxation times. The 
second moment of a rigid-lattice line shape, M2, is usually 
written as12 
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where N is the number of spins, I is the spin quantum 
number, ym is the magnetogyric ratio, and r ,k  is the dis- 
tance from spin j to spin k. Motion is introduced by 
assuming that the major changes in the second moment 
will be in d j k  = e j k ( t ) ;  i.e., the angle between the protons 
changes significantly with time while the spacing between 
nearest neighbors stays essentially the same. This latter 
assumption is strictly true only for nuclei bonded to the 
same atom. 

Now we transform d j k ( t )  into the molecular frame. 
Dropping the subscripts jk for legibility we have 

4x  
5 mz-2 

f/2(3 COS2 d - 1) = Pz(C0S d) 

= - C Yzm*(~,4)Y2"(df,4? (8) 

where y,@ are the spherical angles of ?jk  in the molecular 
frame and are the spherical angles of the static field 
vector in the molecular frame as shown in Figure 3. P2 is 
the Legendre polynomial and Y2" are the spherical har- 
monics. The square of (3 cos2 d,, - 1) must be used for 
static, powder averaging (i.e., averaging over conformations 
varying in times >>T2). 

If we assume that the chain moves isotropically with 
respect to 4 in a time <<T2, eq 8 becomes 
( (3  cos2 d j ,  - I)),$ = '/(3 cos2 8' - 1)(3 cos2 y j k  - 1) (9) 

Equation 9 is applicable when the internuclear vector 
connecting the two protons is parallel to the chain segment 
axis, as shown in Figure 3. If instead the internuclear 
vector of the two interacting protons makes a fixed angle 

with respect to the chain segment axis, and these pro- 
tons are free to rotate in a cone of half-angle 6ij about the 
chain segment axis in a time short compared to T2,  then 
eq 9 is replaced by 
( ( 3  cos2 8 i j  - l)) ,  = 

1/4(3 cos2 8' - 1)(3 COS' 6 i j  - 1)(3 cos2 y i j  - 1) (10) 

I 

Figure 4. Exploded view of a section of a polyethylene chain. 
Interproton distances and angles are listed in Table 11. 

Assuming that cross-links are isotropically distributed 
throughout the sample gives (3 cos2 0' - 1)2 = 4//5 and by 
separation of the sum in eq 7 into the static distance de- 
pendence and the time-varying 0 components, the rigid 
lattice second moment is 

(11) 
3 MZRL = -ym4h21(I + 1) rjk-6 10N j<k  

and the second moment is then approximately 

M2 = '/1&zRL((3 COP.' 6 - 1)2)(3 cos2 - 1)2 (12) 

where the 6 term is an approximate value (see below). The 
last term in eq 12 can now be substituted by either eq 5 
or 6. Note that the average is over cos2 y only for a 
time-averaged process. To get an expression in T2, we use 
the second moment expression for a Lorentzian line shape 
with 2% cutoffs12 for systems undergoing motions13 

M2 = 2(46)1/2/xT22 (13) 

and the second moment expression for a Gaussian line 
shape for rigid systems 

M 2 R L  = (TzRL)-2 (14) 

Rather than calculating MZRL from eq 11, we use the ex- 
perimentally measured T2RL; thus, combining eq 12-14, we 
obtain 

TZ = 8.3T2RLI((3 cos2 6 - 1)2)1/2(3 cos2 - I)[-' (15) 

Substitution with eq 5 yields 

Tz = 6.9TZRLz( (3 COS' 6 - 1)2)-1/2 (16) 

The last term in eq 16 deserves attention. Since 6 is 
different for different proton pairs in the polymer chain, 
the evaluation of ( (3  cos2 6 - l)z)-l/z is not straightforward. 
6 for the diaminoalkanes used in this study can be esti- 
mated by considering a section of polyethylene chain, as 
shown in Figure 4. The interaction pairs Hl-H3 and 
Hl-H5 are, on average, parallel to the segment axis, so 6,, 
= 0 and (3 cos2 613 - 1)2 = 4. The interaction pair Hl-H2, 
the strongest of all the pairs is, on the other hand, on 
average perpendicular to the segment axis, and (3 cos2 612 
- = 1. Other important interaction pairs and their 
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Table I1 
Polyethylene Model Used To Estimate ((3 cos2 6 - l)2)-1/z 
proton (3 cos2 6,k - 
pair ik rlk, nm 6rk 1 / r tk6 ,  nm4 1)'/r1k6, nm4 

H1-H2 0.180 90' 29600 29600 
H1-H3,5 0.254 O', 180' 3725 14900 
H1-H4,6 0.313 35', 145' 1065 1025 
Hl-H7,9 0.252 60', 120' 3905 245 
Hl-H8,10 0.310 66', 114' 1125 285 

zit2 = 49240 62510 

contributions are listed in Table 11, from which an average 
6 can be defined according to 

(3 cos2 6ik - 
(17) 

From eq 17 and the results for polyethylene chains in 
Table 11, (3  cos2 6 - 1)2)-1/2 - 0.9 for the diaminoalkanes 
used in this study. A similar analysis on DGEBA yields 
the same approximate value, and we therefore use 

(3 cos2 6 - 1 ) 2 ) +  - 0.9 (18) 
Equation 18 is a "best guess". The reader should be aware 
of the large uncertainty arising from the approximation 
given in eq 18 (e.g., (3  cos2 6 - 1)2)-1/2 -, m for a system 
where all 6,k = 54.7O). Inserting eq 18 into eq 16 gives 

We have presented a detailed derivation of eq 19 to 
emphasize some of the more important assumptions made 
along the way. We consider the following to be most im- 
portant. First, the time dependence of rjk in proton studies 
would seem to be nonnegligible, and use of eq 7 should be 
considered for a more accurate analysis. The use of eq 8 
may become necessary for systems having strong interchain 
interactions or other interactions which constrain the chain 
motions in such a way that the averaging of 4 in eq 9 or 
rotation about the chain segment axis in eq 10 becomes 
invalid. The assumptions made in eq 5 and 6 concerning 
constraints on the chain motions appear to be inappro- 
priate for the epoxy resins systems studied here; however, 
they will both be shown to be adequate for relating T,? 
to the cross-link density. Finally, the assumptions about 
the NMR line shape made in eq 13 and the estimation of 
((3 cos2 6 - 1)2)-1/2 in eq 18 may limit the accuracy ob- 
tainable for some results. 

In terms of predicting the behavior of the NMR spin- 
spin relaxation time, Tzf, however, we will show that the 
above assumptions combined to derive eq 19 adequately 
describe the epoxy resin system used in this study. This 
description is realized by use of an adjustable parameter, 
the number of rotatable bonds per statistical segment. If 
no adjustable parameters are permitted in the analysis, a 
numerical solution could be obtained by evaluating the 
average of eq 7 over all the allowed chain conformations, 
taking into account the specific details of the molecular 
structure of the polymer chain and the constraints pro- 
duced by the cross-link points. 
Results and Discussion 

The values of T,, obtained by use of FCDA for each 
epoxy sample at each temperature are plotted in Figure 
5. The plateau area is observed at -60 "C above Tg for 
all but the 0 5 5  sample, which theoretically has no 
cross-links. (In practice, ether cross-links form by com- 
peting reactions.) 

Tg can be estimated from the data presented in Figure 
5 as the point of intersection of the relatively flat low- 
temperature region to the slope of the sudden increase in 
T2p Values found in this way agree within experimental 

1 
( 3  cos2 6 - 1)2)C, - c 

k rik k rik6 

T2 = 6.2TzRLz (19) 

loo00 
DAB:DDH:DGEBA . 0:5:5 .. 

0 1:4:5 
1 2:3:5 
A 3:2:5 

4:1:5 
0 5:O:S 0 

- 
0 

. O O O  1 

0 
1 6 

1 q  
A 

V I A  
A m 

A 
1 
0 

0 0 0  
0 0 

I., 

300 340 380 420 460 500 540 
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Figure 5. Ta values obtained for each sample for the preselected 
11 temperatures. 

1 I I I I 
0 10 20 30 40 50 60 

(average no bonds/crosslink) 

Figure 6. Weighted least-squares fits of eq 19 and 25 to the T2P 
values obtained from the data in Figure 5. The curved line is the 
fit to eq 25 with the intercept equaling 17.0 ps, and { = 0 . 1 7 ~ .  
The straight line through zero is the fit to eq 19 having a slope 
equaling 10.0, whereas the dashed line has an intercept of -11.4 
ps and slope of 10.5. 

Table I11 
Glass Transition Temperatures, T,, Determined by NMR 

and Dynamic Mechanical Analyses 
Tg, K 

dynamic mechanical, 
sample NMR, from T$ tan 8 
0:5:5 
1:4:5 
2:3:5 
3:2:5 
4:1:5 
5:0:5 

330 
343 
355 
372 
388 
405 

329 

348 
364 

408 
This measurement is accurate to f10 K. 

error with T i s  determined by dynamic mechanical mea- 
surements on similarly prepared samples2 as shown in 
Table 111. 

The region where T2f = 200-500 hs was problematic 
during the analyses. This region not only lies within the 
T, regime where chemical shift dispersion begins to affect 
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the FID (it introduces a beat due to the chemical shift 
between the aliphatic and the aromatic protons) but is also 
where the analysis of the CPMG data is least accurate due 
to the small number of data points obtainable for rea- 
sonable echo times. The large error bars given in Figure 
6 reflect this experimental limitation. 

Above 520 K the samples experience some degradation, 
and this degradation is reflected in the data in this tem- 
perature regime. For example, a large crack was observed 
in the 5:0:5 sample following the 520 K run, and the 4:1:5 
sample turned slightly brown during the 530 K run. Values 
of T2p were obtained, therefore, from the data below 520 
K. 

The molecular weight between cross-links, M,, is calcu- 
lated from the composition in the following way. The 
average molecular weight per equivalent in a sample having 
an X : X Z  composition is 
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( X  + Y + Z)-' (20) 

where M ,  (=88) is the molecular weight of the tetrafunc- 
tional DAB, My (=144) is the molecular weight of the 
difunctional DDH, and M, (=340) is the molecular weight 
of the difunctional DGEBA. The DAB molecule is treated 
as two trifunctional cross-link points connected by n-bu- 
tane. (DAB contains two cross-link points per 4 equiv.) 
Hence the number of trifunctional cross-link points per 
equivalent is given by 

(21) 

In general, a polymer that has n-functional cross-link 
points has n chains connecting every two cross-link points. 
Therefore, in this case where n = 3, the average molecular 
weight per chain between cross-links is given by 

X 
4 

pe = 2-(X + Y + ")-I 

The average number of rotatable backbone bonds per 
chain between cross-link points, {, is estimated by assum- 
ing that DAB has five, DDH has seven, and DGEBA has 
ten such backbone bonds. Thus, 

X Y Z  
5- + 7- + 10- 

4 2  2 - - 
X 

3- 
4 

We are interested in {because of its (as yet, undetermined) 
relationship to z ,  the number of freely jointed statistical 
segments per chain between cross-links. Values for M ,  and 
{ derived by use of eq 22 and 23 are listed in Table IV. 

The experimentally determined T2P values plotted as 
a function of {are shown in Figure 6. T2p varies linearly 
with { (and M,) within experimental error, as predicted 
by eq 5, except for the value for the 5:0:5 sample. This 
slope equals 10.0 f 0.5 ps. For very highly cross-linked 
samples ({ and M ,  - 0), the linear behavior must break 
down since T2p must approach not zero, but instead a rigid 
lattice limit usually found to be 15-20 ps (see eq 11 and 
14); Figure 5 shows TZRL = 17 f 1 ps for the DAB/ 
DDH/DGEBA epoxy systems. Since the limiting behavior 
does not give zero, as implied by eq 5, a linear fit including 
an intercept is shown as the dashed line in Figure 6, and 
now all the T2p values fall very close to the line. The slope 
of this fit is 10.5 f 0.3 ps. Inserting the slope and TZRL 
values into eq 19, we calculate that { = (10 f 1)z; Le., 10 

Table IV 
Calculated Cross-Link Parameters for the 

DAB/DDH/DGEBA SamDles 
av molecular wt av no. of 

sample btwn cross-links, rotatable bonds btwn 
DABIDDHIDGEBA M,, e cross-links, r 

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

03 

1547 
740 
471 
337 
256 

m 

53.7 
25.3 
15.9 
11.2 

8.3 

rotatable bonds in this system approximate a freely jointed 
statistical segment. The error bar given above results only 
from the goodness-of-fit of the data in Figure 6. Other 
possible errors, especially those from eqs 13 and 18, lead 
us to give a more conservative estimate 

{ = (10 f 3)Z (24) 
The more extensive theoretical treatment described by 

eq 6 is also plotted in Figure 6, where the correct intercept 
is clearly shown. The equation plotted in Figure 6 is 
T2 = 0.9(4 + 4.3[1 - e~p( -{ / lO) ] )T~~~Q(c{  - x )  (25) 
where Q(c{ - x) is equal to the inverse of the right side 
of eq 6 with c{  substituted for x ,  c being a proportionality 
constant. This equation was fit to the data to determine 
TZRL and c. The expression in the brackets of this equation 
is a mathematical artifice used to produce the correct 
limiting values for T2 in the rigid and motionally averaged 
regions (see the discussion associated with eq 13 and 14). 
As shown in Table I, the fast decaying NMR signal was 
approximately Gaussian for T,, < 40 ps and it was ap- 
proximately Lorentzian for T2, > 200 ps.  Figure 6 shows 
that { = 5 when T2, = 40 ps, and { = 20 when T,, = 200 
ps. Therefore, the expression in the brackets was chosen 
to go from 4 for a Gaussian to 8.3 for a Lorentzian, with 
the major change occurring in the region 5 < {<  20. The 
fit of eq 25 to the data yielded TZRL = 17 ps, in agreement 
with the measured value, and c = 0.17. Equation 25 was 
also fit by using a constant value of 8.4 in the brackets 
because most of the data is in the Lorentzian region; c was 
still equal to 0.17, but TZRL was incorrectly determined to 
be 36 ps. Thus, the expression in the brackets of eq 25, 
while not rigorous, is a useful artifice for satisfying both 
the Gaussian and Lorentzian conditions. The significant 
result of these fits to the data is that c = 0.17, because this 
(along with x = c {  and x = 5 z / 3  for large x )  leads to the 
conclusion that { = 102, in agreement with eq 24 which 
was obtained by using eq 5. 

Equation 24 implies that approximately 10 rotatable 
backbone bonds undergo correlated motions independent 
of similar units along the polymer backbone. In terms of 
averaging NMR spin-spin relaxation times, basic aspects 
of the freely jointed chain theorylO hold true even for highly 
cross-linked epoxy resins. For the most highly cross-linked 
systems (for z - l ) ,  it appears that the freely jointed view 
of a statistical segment revolving about each cross-linked 
end much like a rigid rod turning about its C, axis provides 
an adequate description. We have obtained preliminary 
molecular modeling results that, at least qualitatively, 
confirm this assertion. 

An understanding of the dependence of eq 24 on the 
molecular weight per rotatable backbone bone (for these 
epoxies, this is -3O), of the chemical functionality along 
the backbone, and of side chains and chain packing would 
enable us to better understand the impact of these mi- 
croscopic features on the macroscopic mechanical and 
physical properties of polymers. 
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ABSTRACT: Vibrational spectra have been studied on polyaniline in various forms with different electrical 
properties: two conducting forms, as-polymerized (2s) and doped 1A polyanilines; and three insulating forms, 
reduced-alkali-treated (lA), acid-treated 1A (IS), and oxygen-treated IA [1A(02) J polyanilines. Polyaniline 
1A is spectroscopically evidenced to be poly(imino-1,4-phenylene), -(NHCBH4)"-. Polyaniline 1s consists 
of imino-lP-phenylene (IP) unit (--NHC8H4-) and its salt unit (-NH,+A--CBH4-, (A-, anion)). Treatment 
of 1A with oxygen converts part of consecutive IP  units (-NHC6H4NHC6H4-) to nitrilo-2,5-cyclo- 
hexadiene-1,4-diylidenenitriloll,4-phenylene (NP) unit (-N=C6H4=NC6H4-). Semiquinone radical cations 
of IP units exist only in the conducting forms of polyaniline, 2s and doped lA, indicating that semiquinone 
radical cations play an important role in electrical conduction in polyaniline. 

Introduction 
Polyaniline is an interesting material because it is not 

only an electrically conducting polymer'* but also a good 
material as an electrode of a secondary battery with 
aqueous or nonaqueous  electrolyte^."'^ Polyaniline po- 
lymerized from aniline in aqueous acid solution is con- 
verted to several forms with different electrical properties 
by acidfbase treatments and oxidationfreduction (see 
Figure 1). The as-polymerized form (2S16) gives high 
electrical conductivity ( -5 S/cm).l-? It becomes insulating 
when treated with aqueous alkaline (2A) or 
reduced electrochemically in aqueous acid solution (lS).' 
Reduced-alkali-treated polyaniline (1A) also is insulatinea 
and it is unstable in air; its color changes from white to 
blue upon exposure to air. Polyaniline 1A doped with 
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electrolyte anions14 (doped 1A) is obtained by electro- 
chemical oxidation and it was found, in this work, to be 
a new conducting form (a = 5.8 Sfcm). Recently, a sec- 
ondary lithium battery with a 1A pellet (as the cathode) 
and nonaqueous electrolytes has been developed as a power 
source of memory back up and a maintenance-free power 
source combined with a solar b a t t e r ~ . ~ J ~  

It is important to elucidate the structure of each form 
of polyaniline for understanding its properties. In a pre- 
ceding paper1' Furukawa et  al. s tudied the Raman and 
infrared spectra of as-polymerized (2s) and alkali-treated 
(2A) polyanilines and electrochemical reduction process 
from 2 s  to 1s using some structural key bands. It was 
shown that the 2A form is a hybrid of the imino-1,4- 
phenylene (IP) unit (-NHC6H4-) and nitrilo-2,5-cyclo- 
hexadiene-1,4-diylidenenitrilo-1,4-phenylene (NP) unit 
(-N=C6H4=NC6H4-) containing quinone diimine 
structure (-N=C6H4=N-) and that high electrical 
conductivity in the 2 5  form is due to the presence of 
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