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Seif..Regulating Polycondensations. 111. 
NMR Analysis of Oligomers Derived from 
Terephthaloyl Chloride 
and p-Amino benzhydrazide 

J. C. FAFTDALL,* R. W. MORRISON,T and J. PRESTON$ 

Chemstrand Research Center, Inc. 
A Subsidiary of Monsanto Company 
Durham, Xorth Carolina 27702 

ABSTRACT 

A novel method based on h"MR for the characterization of 
oligomers formed by the reaction of terephthaloyl chloride 
with e x e s s  p-aminobenzhydrazide is presented. These 
studies have provided significant insight to the "ordering 
process" or "self- regulation" involved in corresponding 
pobymerization reactions. 

INTRODUCTION 

The polyamide-hydrazide prepared from the reaction (Eq. 1) of 
terephthaloyl chloride (I) and the symmetrical intermediate, II, in 
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120 ILLWALL, MORRISON, XXD PRESTON 

dimethylacetamide (D3LIc) is wholly ordered in chemicd structure. 
However, when I is reacted (Eq. 2) w i t h  the unsymmetrical monomer 
IV, it is possible to obtain a copolymer of only "Limited order" [ 11, 
polyamide-hydrazide V, in which the moiety derived from IV can 
appear in the polymer chain in either a head-to-head or head-to- 
tail fashion. Because the hydrazide group of IV is more reactiae 

(more basic) than the aromatic amine group toward I, a sex- 
regulating [ 21 nechanism does exist to a large degree; i.e., the 
intermediate II is forined in situ and reacts with I to form m. But 
for reasons previously given [ 31, the extent to which V approaches 
El in structural order depends upon the prevailing e.qerimental 
conditfons during polycondensation. Based on the evidence avail- 
able [ 31, V might reasonably be referred to as a "partially ordered" 
copolymer. 

The more common methods of characterizing polymers for order 
or  sequence distribution are inadequate for determination of the 
structure of V because the structural differences between the 
sequences are only slight at best Furthermore, electron 
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SELF-REGULATING POLYCONDENSXTIONS. ID 12 1 

diffraction and x-ray methods contain the inherent difficulties of 
relating crystallinicy differences to differences in chemical order. 
The problem is further complicated by the fact that physical order 
or crystallinity can exist when small degrees of chemical "disorder" 
exist. 

X method based on nuclear magnetic resonance spectroscopy 
(Nm)  for studying the chemical compositions of oligomers formed 
by a slow addition of I to a solution of TV has provided insight to 
the degree of chemical "ordering" during the polymerization 
process. Consequently, a qualitative estimate of the relative 
degree of chemical order in a resultant polymer has been made 
possib.te by this XMR analysis [ 31. 

D I S C ' L ' S S I O N  A N D  R E S G L T S  

N M R  M e t h o d - G e n e r a l  

The polyamide-hydrazide derived from the stoichiometric 
addition of solid terephthaloyl chloride to a solution of p-amino- 
benzhydrazide, IV, in a one-step reaction is composed of the 
following three structural sequences: 

-N 
I I I  I I  
n n n  HH H 

4 

Unfortunately, the chemical shifts of the C-H o r  NH protons in the 
Y&SR spectrum of 60 MHz of the polymer containing the above sequences 
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222 RXXDALL, MORRISON, .L.D PRESTOX 

are such that delineating differences cannot be found. Distinct dif- 
ferences in proton chemical shifts are observed, however, for the 
unreacted aminobenzhydrazide, and both the "mono-" and the "di-" 
reacted species; the following structurzl units are  e.xpected in a 
mixture of partially reacted aminobenzhydrazides: 

(1) H~N-@NN- I I  hydrazide group reacted only 
HH 

(2) -@iNNH2 I I amine group reacted only 
H H 

(3) -@iNN- a m h e  group and hydrazide group reacted 
I 1 1  

H HH 

(4) jNHNHp unreacted aminobenzhydrazide 

(5) !@! moiety from reacted terephthaloyl chloride 

The NH protons from the above units are subject to chemical 
exchange and do not represent a reliable source for molecular 
structure identification. The ring protons of the aromatic units, 
although not involved chemically, possess chemical shlfts that are  
sensitive to the immediate structural environments. Ln addition 
the AM spectra of the various ring protons are composed of 
familiar & and AaBn spin systems which greatly simplify tfie 
spectral interpretadon [ 41. Since the line spacings and latensi- 
ties of the peaks in each half of an QZBZ system are identical, it  
is necessary to have only one-half d an AZBZ system isolated 
for intensity measurements. 
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SELF-REGUL4TING POLYCOhDENSATIONS. III 123 

The molecular units (I) and (4) above have X2B2 systems in 
which one- half is isolated, thus the total intensity can be measured 
and compared ~ t h  that of the entire spectrum of aromatic signals. 
In eac:h case the protons ortho to the amino groups have relatively 
high field chemical shifts which a r e  displayed apart from the other 
aromatic signals. By measuring the a reas  cf these si,als and com- 
paring them with the remaining aromatic proton si-I areas,  one can 
calculate either the percent unreacted m i n e  groups or percent 
reacted hydrazide groups. This is done in the following manner. 
'When "a" moles of the aminobenzhydrazide a re  reacted with "b" 
moles of the &acyl chloride such that a > b and che diacyl chloride 
is allowed to react completely, the solution will consist of monomers, 
& m e n ,  and oligomers composed of the structural units outlined 
previously. If xl.. . xr denotes the mole fractions of species 1.. .4 ,  
respectively, then xla.. .%a will  describe the number of moles of 
aminolbenzhydrazide which have reacted accordingly. The aromatic 
porticln of the NbIR spectrum can be divided into two parts. X and 
Y ,  wEich have signal a r e s  represented by the following equations: 

a.reaX = &la + 2 b a  

Area X contains NMR signals arising from the ring protons ortho 
to the amino group only. Area Y contains the NMX signals which 
origmate from all of the remaining types of somatic protons. 

Figure 1 gives a typical NMR specL,um oi the reaction mixture 
with assignments of X and Y. It was frequently necessary to add a 
few drops of trifluoroacetic acid to the sample in order to remove 
any calmplicating overlap behveen the aromatic signals and -NHa 
signals. The mole fraction of unreacted amine groups is given by 

b 
x - Y  a 

(Xl + &) = - 2x (1 + - )  

while mole fraction of reacted amine groups is defined as 

b b  (1 - - )  - - Y - x  (xz + 4) = - 
X T Y  a a  
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SELF-REGULXTIXG POLYCOSDEliSXTIOXS. III 12 3 

The IWR a rea  measurements were made with the -4-60 integrator 
and results were obtained from an average of at least 5-10 scans. 
In T&le 1 a re  the integrals for a run, with duplicates, and the 
results from a typical e-qer inental  run. 

TABLE 1. hXR Areas and Calculated Results for a Typical 
Experiment: The Reaction of Dimethylaceramide Solutions of 
p-Xrnmobenznydrazide ( E I  and Terephthaloyl Chloride ( X I a  - 

X>m areas  
(average 1 

b a  2 Yb XI - x4 x2 -r x3 

0.10 

0.15 

0.20 

0.20 

0.25 

0.30 

0.39 

0.39 

0.50 

235 

17j 

17% 

220 

48s 

6 70 

0.98 0.02 

0.95 0.05 

0.95 0.05 

0.93 0.07 

0.93 0.07 

0.86 0.14 

0.74 0.26 

0.75 0.25 

0.58 0.42 

a j ia  = molar ratio of I to IV; xl . . . x1 = mole fractions of species 

b e e  Fig. 1. 
1...4. 

N W R  An a 1 v s i s - D e t a i 1 e d 

The detersination of percent reacted or unreacted amine groups 
in thle diacpl chloride-amine reaction mixtures by NMR is quite 
straightforward The hifR technique is utilized to its best advan- 
tage since only differences in relatively large signal a r e s  are 
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126 RINDALL, MORRISGN, .WD PRESTOS 

necessary. However, it  is possible through a more tedious analysis 
to determine the concentration of each of the types of p-amiicbenz- 
hydrazide entities in solution, i.e., 

x2a  

The reaction bebgeen p-aminobenzhydrazide (IV) and terephthaloyl 
chloride (1) gives, in addition to the aaducts (I), (2), and (3) above, 
a quantity Jf HCl which is fixed by the b/ a ratio. For b/ a ratios 
less than 1, the liberated HC1 is neutralized by the excess axnines 
and a state of equilibrium exists between HCI adducts and the free 
amine groups. The distribution of HCI among the various basic 
sites will be aifected by the relative basicities of the amine groups. 
This distribution affects the reactions between acyl chloride groups 
and the various amine groups substantially as discussed earlier [ 31 .  
It also siguficantly alters the appearance o r  characteristics of the 
XMR spectra of the reaction mixtures. Xn amine exchange signal 
appears at a position defined by the acid concentration and fre- 
quently overlaps w i t h  one or more of the aromatic signals. rln 
addition of trace amounts of trrfluoroacetic acid to the NMR sample 
can remove m y  complicating overlap by sUting the exchange signal 
to a lower field value (Fig. 1). X second effect noted was that the 
addition of acid not only shifted the NH exchange signal but also 
the aromatic signals. Such 3 result indicates that the shifting 
aromatic signals (with addition of acid) represent averages as well, 
Le., the aromatic proton finds itself in between an environment 
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SELF- REGULXTD-G PO LYCONDESSATIONS. EI 127 

x t h  a protonatea X'Hz unit  and one with an unprotonated KHz unit 
during the li'etime sf the spectroscopic experimert. The position 
of the signal is defined by the population distribution between pro- 
tonated and unprotonated sites, i.e., 

is the chemical shift of the aromatic protons in the 

is the chemical shift of the aromatic proton in the 

protonated i w 
protmated environment, p is the percent protonated molecules, and 

"un pr o t ona ted 
absence of protonation [ 5 1 . )  Chemical exchange among active 
hydrogen atoms is not unuslral behavior and is frequently encountered 
in NhIR experiments. However, it does appear unusual for the high 
field halves of the AZBZ systems which appear equivalent and 
attributed to species (1) and (4) to shift to lower field positions 
by different amounts with the addition of acid. The two distinct 
but similar halves of the originally overlapping AzBz systems 
have now been separated for quantitative measurements. 

The extent of separation of the composite high field AZBZ 
systems was related to the acid concentration. For b/'a ratios 
greater than 0.25, evidence for incipient separation was present 
in the form of a shoulder without ihe addition of a c i d  For b;a 
ratios of 0.4-0.5, the separation was distinct and further addition 
of acid was unnecessary. This behavior w a s  confirmed b o u g h  
examination of a model system: 

and 
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SELF-REGULATNG POLYCOXDENSATIONS. III 129 

The chemical shifts of the Ha and Ha' were nearly identical prior to 

the addition of acid. On addition of acid, the Ha signals moved to 

lower field values a t  a faster rate than did the Ha'. If sufficient 

amounts of acid were added, they later merged again at a lower 
field value. 
reproduced in Fig. 2. The ratio of signal areas  of the Ha to Ha' 

proton in the NMR experiment were observed to be 0.94. The 
calcuiated ratio based on the known molar concentrations was 0.96. 
(The 0.94 result was  obtained from an average of 10 XMR integrals.) 

T h s  unexpected result cf achieving separation of the NMR sig- 
nals from the two types of amine compounds made i t  possible to 
calculate x1 and xr independently. The H and H ' signal areas  

could be measured independently and used in the following equations 
for  h e  calculation of XI and K: 

The NBTR spectra from this experiment a r e  

' 

a a 

where x 
since complete reaction of the diacyl chloride molecules is assumed: 

= signal area of H and xB = signal area of Ha'. Also, A a 

2b = xla + xza + h a  

then 

and the concentrations of all the p-aminobenzhydrazide entities 
could be determined. 

The effects reaction conditions have on mole fractions XA, XZ, 
&, and x, are  given in Table 2. The minimum value expected for 
x, is 1 - 2(b/a); however, the values obtained for % were some- 
times less Ban the predicted micima. These results were 
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TABLE 2. The Effects of Reaction Conditions on Intermediate 
Speciesa 

XZ 

Reaction of solid terephthaloyl chloride(1l with a dimethylacecaaide 
solution of p- aminobenzhydrazide(IV)b 

0.30 0.21 0.00 0.22 0.62 
0.40 0.06 0.00 0.42 0.62 

Reaction of a solution of I in tetrahydrofuran (THF) with a solution or' 
IV in dimefhyiacetamide 

0.10 0.33 0.00 0.00 0.67 
0.20 0.47 0.03 0.00 0.50 
0.25 0.45 0.04 0.00 0.51 
0.25 0.52 0.01 0.00 0.48 
0.30 0.54 0.09 0.00 0.37 
0.40 0.40 0.14 0.13 0.33 
0.50 0.37 0.08 0.28 0.28 

Reaction of solid I with a solution oi N in dimethylacetullide/ 5% LiCI 

0.10 0.15 0.00 0.03 0.83 
0.15 0.21 0.00 0.05 0.75 
0.20 0.28 0.00 0.06 0.66 
0.25 0.28 0.00 0.14 0.64 
0.30 0.35 0.00 0.11 0.5 1 
0.40 0.39 0.00 0.23 0.43 
0.50 0.42 0.00 0.32 0.32 

Reaction of dimethylacetamide solutions of I and IV 

0.10 0.21 0.02 0.00 0.78 
0.15 0.24 0.05 0.00 0.70 
0.20 0.54 0.05 0.00 0.41 
0.20 0.53 0.07 0.00 0.38 
0.25 0.43 0.07 0.00 0.50 
0.30 0.32 0.02 0.12 0.52 
0.39 0.38 0.09 0.16 0.38 
0.50 0.23 0.08 0.34 0.34 

(continued) 
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TABLE 2. The Effects oi Reaction Conditions on Intermediate 
Species (Continued) 

b, a XI xz x3 Ir, 

Reaction of solid I with a solution of IV in N-methylpyrrolidone 

0.10 0.19 0.03 0.00 0.78 
0.20 0.3 1 0.04 0.02 0.62 
0.25 0.29 0.00 0.14 0.64 
0.30 0.33 0.06 0.11 0.51 
0.40 0.29 0.11 0.20 0.40 
0.50 0.23 0.09 0.34 0.34 

Reaction of solid I with a solution of IV in hexamethylphosphoric 
triamide 

0.15 0.19 0.01 0.05 0.75 
0.25 0.27 0.00 0.13 0.63 
0.40 9.30 0.00 0.30 0.50 
0.50 0.26 0.00 0.45 0.45 

%,/a = molar ratio of I to IV; xl. . . x ,  = mole fractions oi species- 

beparat ion not achieved on others or too low to detect. 
1...4. 

reproducible. There is no readily appazent explanation unless the 
technique is rather insensitive. The procedure for obtaining the 
sum (xi - X I )  and (XZ 7 L) did not rely on the small separations 
m-d intensity differences the xl.. . & procedure required. Thus 
the precision and accuracy of the former procedure is undoubtedly 
better. yet the values of xl.. . x, obtained were cerrainlp revealing 
as indicators of the effects of reaction condifions. For example, 
an increase in s3 suggests an increase in diffusion control of the 
reaction. 

halves of composite AzBz systems into two similar parts as a 
result of competitive exchange reactions deserves further comment. 
The populations of protonated and unprotonated species for the 
aminobenzhpdrazide (4) and its hpdrazide derivatives ( I) under 
the same acid concentration a re  certainly different. This obser- 
vztion likely reflects a change in basicity of the -SXZ unit when 

The situation that resulted in the separacion of the high field 
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the hydrazide group is protonated. Such a possi'Dilitjf e.ur;Iaiqs the 
dependence or' the incipient separation on acid concencracion. At 
k s  point the competing equilibria can be reduced to 

The hydrazide salt  may iniluence the -XHZ group b a s i c i e  to a 
greater extent than the hydrazide derivative. The observed result 
is a higher percentage of protonated species among the latter under 
competitive conditions, thus giving the different averages necessa-ry 
for the L X E ~  separation. 
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