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ABSTRACT: Coloration in polyacrylonitrile can be induced in three distinct ways: by heat treatment, by 
treatment with base, or during synthesis of the polymer itself using ionic initiators at relatively higher 
temperatures. The present investigation employing 'H and NMR spectroscopy has revealed some common 
features in colored polyacrylonitrile irrespective of ita mode of coloration. All colored polyacrylonitriles give 
an additional peak around S 2.7 in 'H NMR spectra and, except for heat-treated polyacrylonitrile, one extra 
group of peaks in the region 8 12-16 in 13C NMR spectra. The former peak has been attributed to methine 
and/or methylene protons in branched and/or cyclized structures, while the latter peak has been attributed 
to methylene carbon atoms in the branched structure. Colorless polyacrylonitriles have been found to be 
predominantly heterotactic, while colored polyacrylonitriles have been found to have appreciable isotactic 
contribution. 

Introduction 
It is known that polyacrylonitrile (PAN) can be pro- 

duced in essentially colorless form.' Thus, PAN obtained 
from acrylonitrile (AN) with free radical initiators like 
a,a'-azobis(isobutyronitri1e) (AIBN), benzoyl peroxide 
(BPO), persulfate-metabisulfite, etc., or with energetic 
radiation like UV radiation is colorless. However, PAN 
obtained with anionic initiators is invariably colored unless 
prepared at low  temperature^.^^^ It is well-known that 
PAN shows peculiar discoloration effects on heat treat- 
ment or on treatment with bases.4 Thus coloration in PAN 
may be attributed to three distinct causes: (a) coloration 
associated with synthesis of the polymer with anionic in- 
itiators, particularly at relatively higher temperatures; (b) 
coloration resulting from heat treatment of the polymer 
below its decomposition temperature; (c) coloration arising 
out of base treatment of the polymer. 

Thermal1i4-l7 and alkali-induced degradat i~n 'J"~~ of 
PAN has received considerable attention of researchers in 
the recent past, and aspects such as chain scission mech- 
anism, thermal stability, generation of coloration, etc., have 
aroused significant interest among various investigators. 
Attempts made so far have been limited to  the use of 

account for coloration in thermally and alkali degraded 
PAN, although techniques such as  isc come try,^^,^^^^^^ 
XRD," thermal c o n d ~ c t i v i t y , ~ ~  etc., have also been used 
to study other aspects of the degradation phenomena. 
PeebleP in an excellent review has summarized the var- 
ious attempts made by different workers in thermal and 
base degradation of PAN. It is, however, surprising to note 
that no attempt has so far been made as far as we know 
to study the degradation and coloration of PAN using an 
NMR technique, in spite of its high effectiveness toward 
elucidation of molecular microstructure, though the 
structure of PAN itself has been extensively studied by 
using 'H NMR2&= and 13C NMR3- techniques. It may 
also be noted that no systematic attempt has so far been 
made in regard to the coloration in anionic PAN obtained 
a t  relatively higher temperatures. The present work is, 
therefore, an attempt to investigate the various aspects of 
coloration of PAN with 'H NMR and 13C NMR tech- 
niques. 

techniques like UV4JL173X22b and IR14,7,9,'0,'"'7,20.23 only to 
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Experimental Section 
PAN was obtained by the use of a number of initiators-free 

radical as well as ionic. Among free radical initiators AIBN, BPO, 
and energetic radiation like UV radiation were employed. Among 
ionic initiators n-butyllithium and phenylmagnesium bromide 
were used. Metallic lithium and sodium were also used as ini- 
tiators for a number of bulk and solution polymerizations of AN. 

AIBN-initiated originally colorless PAN was rendered colored 
in the following ways: (a) by heating in vacuo (1 X mmHg) 
at 100 "C for 936 h; (b) by treating a 1% polymer solution in 
dimethylformamide (DMF) with 10% sodium hydroxide (based 
on polymer weight) and keeping the mixture at 100 "C for 15 min. 

'H NMR and 13C NMR spectra were recorded with a Bruker 
WH 270 MHz spectrometer operating at 270 and 67.89 MHz for 
'H and 13C nuclei, respectively. The spectral width, pulse width, 
and acquisition time were 2994.012 Hz, 5 ps, and 1.368 s and 
17241.379 Hz, 30 ps, and 0.475 s for lH NMR and 13C NMR 
spectra, respectively. A -0.5% polymer solution in Me2SO-d,, 
which also served as an internal lock, taken in a 4-mm-0.d. tube 
with Me4Si as internal standard, was used for recording 'H NMR 
spectra in the Fourier transform mode. For 13C NMR spectra 
a -5% solution in MezSO-d6 taken in a 10-mm-0.d. tube was 
utilized with Me4Si as internal standard in the Fourier transform 
proton-decoupled mode. A total of 25-500 transients was needed 
for a 'H NMR spectrum, while 1000-30 000 transients were re- 
quired for a 13C NMR spectrum. Most of the 13C NMR spectra 
were recorded at 373 K, while all other spectra were recorded at 
300 K. The accuracy with respect to chemical shift values was 
within S f O . l O ,  and the reproducibility of NMR stereoregularity 
was within f5.9%. 

Results and Discussion 
The polymerization conditions and characteristics of the 

various PAN studied in the present investigation are 
summarized in Table I. 

'H NMR Studies. The chemical shifts and chemical 
shift assignments of the 'H NMR spectra of the various 
PAN samples studied in the present investigation have 
been summarized in Table 11. A survey of presently 
available literature reveals that all PAN studied so far by 
a 'H NMR technique are colorless except those of Imai et 
al.36 All these PAN give two groups of peaks in the 'H 
NMR spectra centered around 6 2.0 and 3.1, corresponding 
to  @-methylene and a-methine protons, respectively. In 
agreement with earlier ~ o r k ~ ~ - ~ ~ * ~ ~ * ~ ~  all the free radical 
initiated PAN studied in the present investigation have 
been found to  give these two groups of peaks (Table 11, 
Figure la). Bulk-polymerized lithium initiated PAN 
(Li-PAN) obtained at -33 "C has also been found to give 
these two peaks (Figure 1b)-incidentally, they are all 
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Table I 
Polymerization of Acrylonitrile and PAN Characteristics 

POlYm 
temp./ mol wt/sp 

initiator atm. ("C) viscosity color 
1% AIBN" 65/air 4.1 X IO5 colorless 
1% BPO 65/air 6.3 X IO5 colorless 
UV radiation RTb/air 4.0 X IO5 colorless 
n-BuLic 65/vacuod 0.4ge yellow 
n-BuLic -6O/vacuo 5.2 X IO5 colorless with 

yellow tint 
C,H5MgBrf 45/air 0.13e yellow 
1% lithium 65/vacuo 9.77 X IO3 orange 
1% lithium -33/vacuo 2.32 X IO5 colorless 
1 % lithium (solution 60/vacuo 0.055e brown 

1% sodium 65/vacuo 11.5 X IO3 deep orange 
1% sodium -33/vacuo 23.8 X IO3 yellow 
1% sodium (solution 60/vacuo 0.05Ie brown 

polymerized) 

polymerized) 

a Two more high molecular weight PAN samples were prepared 
with AIBN a t  room temperature. These were subjected to discol- 
oration efffect by (a) heat treatment and (b) treatment with alkali. 
Their steric distribution, before discoloration, was analogous to 
that of AIBN initiated PAN (Table 111) within experimental error. 
*RT = room temperature, 27 "C average. 'AN, 1.0 g; initiator, 0.1 
mL (15% solution in hexane). 1 X mmHg. eSpecific viscos- 
ity of 1% solution in DMF a t  30 f 0.2 "C. 'AN, 0.8 g. Initiator 
obtained out of 61.0 mg of Mg in 0.3 mL of bromobenzene and 10 
mL of ether and kept a t  45 "C for 1 h and 3 h at  room tempera- 
ture. 

colorless. However, a typical anionic initiator like phe- 
nylmagnesium bromide initiated PAN obtained a t  45 "C 
or n-butyllithium initiated PAN obtained a t  65 "C has 
been found to give, in addition to these two groups of 
peaks, another group of peaks centered around 6 2.7 
(Figure IC, Table 11). Similarly, bulk-polymerized sodium 
initiated PAN (Na-PAN) obtained at 65 through -33 "C 
have been found to give the peak around 6 2.7 in addition 
to those a t  6 2.0 and 3.1 (Figure 2, parts a and b, Table 
11). (A triplet observed around 6 2.8 in bulk-polymerized 
Na-PAN obtained a t  65 "C could be attributed to some 
impurity or side reaction. Please note that this peak is 
absent in Na-PAN obtained at -33 "C.) Bulk-polymerized 
Li-PAN obtained a t  65 "C is similar to Na-PAN in this 
respect. All PAN showing the additional peak around 6 
2.1 have been found to be colored various shades-from 
light yellows to dark red through orange. An interesting 
feature of this group of peaks is that the relative intensity 
of this peak compared to that of the peak around 6 2.0 or 
3.1 decreases with a decrease in polymerization tempera- 
ture (Figure 2, parts a and b). In agreement with earlier 

(c) AIBN/65' 

1 I I I 
4 3 2 1 

6 (PPm) 

Figure 1. 'H NMR spectra of PAN obtained with different 
initiators. 

work2l3 the intensity of coloration in these PANS decreased 
with a decrease in polymerization temperature (Table I). 
As already pointed out, Li-PAN obtained a t  -33 "C does 
not show this peak and is colorless. The intensity of this 
peak has also been found to be reduced significantly in 
n-butyllithium initiated PAN (almost colorless) obtained 
at -60 "C. Quite logically, one could then ascribe the peak 
around 6 2.7 observed in all colored PAN (obtained with 
ionic initiators a t  relatively higher temperature) to their 
coloration. 

Solution-polymerized PAN obtained with lithium or 
sodium metal from high dielectric solvents like DMF or 
M e 3 0  has been found to give all the three groups of peaks 
discussed so far. However, the intensity of the peak around 
6 2.7 has been found to grow tremendously in solution- 
polymerized Na-PAN obtained from DMF with a simul- 

Table I1 
'H NMR Spectra of PAN: Chemical Shift Assignment 

soecies 

6 1.15 6 2.7 
terminal 6 1.23 6 2.0 CH2 or CH b 3.1 
CH3 in terminal CH2 in in cyclic CH in 6 8.31 

branches CH, backbone structure backbone imino 
AIBN-PAN 
AIBN-PAN, heat treated X 
AIBN-PAN alkali degraded X 
BPO-PAN 
UV-PAN 
n-BuLi-PAN, 65 "C X 
n-BuLi-PAN, -60 "C X 
C6H6MgBr-PAN X 
Li-PAN, 65 O C  

Li-PAN, -33 OC 
Li-PAN, solution polymerized x (low) 
Na-PAN, 65 "C 
Na-PAN, -33 OC 
Na-PAN, solution polymerized x (low) 

X X X 
x (low) X X X X 
x (low) X X X X 
x (low) X X 
X (very low) X X 

X (very low) X very low X 
X X X X 

X X X X X 
X X X 

X X X 
X X X X X 

X X X 
X (very low) X X X 
X X X X X 
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Table 111 
'42 NMR Spectral Assignment and Stereoregularity of PAN 

6 12.2 6 14.2 6 27.0 6 32.6 6 1 2 ~ . ~  13C NMR stereoreg, % 
sDecies CH, in branches CH, in branches CH CH, nitrile is0 hetero svndio 

AIBN-P AN 
AIBN-PAN, heat treated 
AIBN-PAN, alkali degraded 
BPO-PAN 
UV-PAN 
n-BuLi-PAN, 65 "C 
CBH6MgBr-PAN 
Li-PAN, 65 O C  

Li-PAN, -33 OC 
Li-PAN, solution polymerized 
Na-PAN, 65 O C  

Na-PAN, -33 OC 
Na-PAN, solution polymerized 

(a) Na/DMF/60° 

X 
X 

X 

X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 

x (very low) 

X (very low) 

X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 

x (very low) 

X (very low) 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

29.28 49.69 21.03 
12.58 72.96 14.46 
41.31 39.52 19.13 
24.93 47.01 28.06 
32.25 49.32 18.43 
30.16 53.24 16.60 
51.16 38.76 10.08 
43.33 38.81 17.86 
25.28 48.95 25.76 
58.82 37.64 3.52 
45.99 44.34 9.67 
45.17 36.93 17.88 
55.80 30.0 14.23 

(a) Alkali degraded 

8 ( P P ~ )  

Figure 2. 'H NMR spectra of sodium initiated PAN. 

taneous appreciable reduction in the intensity of the peak 
around 6 3.1 (Figure 24.  As expected, this Na-PAN is 
colored intensely (Table I). Solution-polymerized PAN 
obtained with AN from DMF with alkali metal hydroxides 
like LiOH, NaOH, and KOH as initiators are also deeply 
colored and give lH NMR spectra similar to that of solu- 
tion-polymerized Na-PAN. If coloration is responsible for 
the peak around 6 2.7, one would then expect this peak to 
be present in all colored PAN irrespective of its mode of 
coloration. 'H NMR spectra of AIBN initiated PAN 
(AIJ3N-PAN), originally colorless but rendered colored by 
(a) heating a t  100 "C in vacuo (1 X mmHg) for 936 
h, and (b) treatment with NaOH from DMF solution, 
substantiates this contention (Figure 3, Table 11). 

Heat-treated and alkali-degraded PAN as well as phe- 
nylmagnesium bromide or n-butyllithium initiated PAN 
and solution-polymerized Li-PAN or Na-PAN give, in 
addition to the three groups of peaks described so far, 
another group of peaks around 6 1.15 and 1.23. The latter 
peak has also been observed in free radical initiated PAN, 
though with very little intensity (Figure la), and in bulk- 
Dolvmerized Li-PAN obtained a t  -33 "C (Figure lb)  and 

4 
~~ 

3 2 1 

8 I w m )  
Figure 3. 'H NMR spectra of (a) alkali-degraded PAN and (b) 
heat-treated PAN. 

be attributed to methyl protons in the branched structure 
(to be discussed later). All these PANS except Li-PAN 
have also been found to give another peak of variable low 
intensity around 6 8.31 which could be attributed to imide 
(-NH-) protons from D20 exchange studies. The presence 
of -NH- groups in thermally degraded PAN has been 
advocated by Coleman et al.16 and Rafalkol6 from FT-IR 
studies (the peak around 6 8.31 has not been shown in the 
figures). 

I t  may be recalled a t  this stage that although Imai et 
al.36 have reported 'H NMR spectra of colored PAN ob- 
tained with organomagnesium initiators they have shown 
a break in the region 6 2.5-2.8 in the spectrum so that it 
is difficult to ascertain whether there is any observable 
peak around 6 2.7. 

13C NMR Studies. The 13C NMR spectrum of typical 
PAN shows three groups of peaks centered around 6 27.0, 
32.6, and 120.0 corresponding to the CY-, p-, and nitrile 
carbon atom, respectively.s Data on the 13C NMR spectra 
of the various PANstudied in the nresent investigation 
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(a) Na/DMF/60° 

(b) Li/vac/-33O &LS 

I I ,, I I 1 
128 108" 40 20 0 

8 ( P P m )  
Figure 4. 13C NMR spectra of PAN obtained with different 
initiators. 

of peaks (Figure 4a). Similar is the case with Li-PAN 
obtained a t  -33 "C (Figure 4b). However, phenyl- 
magnesium bromide initiated PAN obtained a t  45 "C or 
n-butyllithium initiated PAN obtained a t  65 "C has been 
found to give, in addition to these three groups of peaks, 
one peak around 6 14.2. This has been found, in agreement 
with earlier work,@ to give a triplet in the 13C NMR off- 
resonance spectrum, indicating it to be due to methylene 
carbon atoms-obviously different from the backbone 
8-methylene carbon atoms. Scheller et alau have ascribed 
a peak occurring around 6 14.2 in alkali metal alkoxide 
initiated PAN to methylene carbon atoms in the branched 
structure. Na-PAN obtained a t  65 through -33 "C (Figure 
5, parts a and b) and Li-PAN obtained at 65 "C have also 
been found to give this peak. The peak around 6 14.2 has 
been found to be absent in heat-treated PAN, while it has 
been found to be present in alkali-degraded PAN (though 
with little intensity (Figure 6, parts a and b). 

An examination of Figure 4a reveals that while the p- 
carbon peak in AIBN-PAN is a sharp singlet the &-carbon 
atom peak is a triplet showing thereby a triad tacticity of 
the polymer. However, in colored PAN the p-carbon peak 
has been split into a number of lines from which a triad 
tacticity could be identified, while from a number of finer 
peaks observed in the a-carbon atom peak a hexad tacticity 
of the polymer could be ascertained. The nitrile band has 
been found to split into a triplet in free radical initiated 
PAN as well as Li-PAN obtained at -33 "C (Figure 4, parts 
a and b), showing thereby a triad tacticity of the polymer 
while higher order placements could be observed in an- 
ionically obtained colored PAN. 

Solution-polymerized Li-PAN or Na-PAN obtained 
from DMF (Figure 5c) or MeaSO has been found to give 
a poor 13C NMR spectrum. An examination of Figure 5c 
reveals that while intensity of the peaks around 6 27.0 and 
32.6 has been drastically reduced in Na-PAN (solution) 
that of the peak around 6 14.2 has increased considerably. 

I I 
(b) Nahad-33' 

(c) Na/vac/65' 

TMS 

108') 40 20 0 

B (ppm) 

128 

Figure 5. 13C NMR spectra of sodium initiated PAN. 

2~ I (a) Alkali degraded 

c 
0 

~ 1 

(b) Thermally degraded 

I/, I I 1 
108'I 40 20 0 

8 (PpW 

Figure 6. 13C NMR spectra of (a) alkali-degraded PAN and (b) 
heat-treated PAN (left: original nitrile band expanded). 

More significant, however, is the appearance of a very 
strong peak around 6 12.2 in this PAN. The peak around 
6 12.2 has been found to give a triplet in the 13C gated- 
coupled NMR spectrum, indicating it to be due to meth- 
ylene carbon atoms. It is possible that most of the 
methylene and methine carbon atoms of the linear polymer 
have been converted into a highly branched structure 
under the prevailing polymerization conditions. Alkali- 
degraded PAN has been found to give 13C NMR spectra 
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similar to typical anionic colored PAN (Figure 6b). 
However, 13C NMR spectra of heat-treated PAN is similar 
to that of the original PAN except that the nitrile band 
has undergone a significant change in its shape (Le., se- 
quence distribution). 

Stereoregularity of PAN samples studied in the present 
investigation has been determined according to S ~ h a f e r ? ~  
who has attributed the three resonances observed in the 
nitrile band of typical PAN to isotactic, heterotactic, and 
syndiotactic placements in order of increasing field 
strength, and is presented in Table 111. An examination 
of data presented in Table I11 reveals that Li-PAN ob- 
tained a t  65 "C, the two Na-PANS, phenylmagnesium 
bromide initiated PAN obtained a t  45 "C and n-butyl- 
lithium initiated PAN obtained a t  65 "C, all of which are 
colored, have appreciable isotactic contribution (>40%) 
compared to free radical initiated PAN and Li-PAN ob- 
tained a t  -33 "C (<30%), all of which are colorless. So- 
lution-polymerized Li-PAN and Na-PAN have been found 
to be highly isotactic (>50%) with appreciable reduction 
in their heterotacticity (<40%) or syndiotacticity (<20%). 
On heat treatment, heterotactic contribution (72.96%) has 
been found to increase quite significantly, mainly a t  the 
cost of its isotactic contribution, while the alkali-degraded 
PAN the isotactic contribution (41.31%) has been found 
to increase appreciably predominantly a t  the cost of its 
heterotactic contribution. 

A comparison of the lH and 13C NMR spectra of bulk- 
polymerized Li-PAN obtained a t  65 "C to those of Li- 
PAN obtained a t  -33 "C reveals that the peak around 6 
2.7 in the 'H NMR spectrum is related to the peak around 
6 14.2 in its 13C NMR spectrum. This is also corroborated 
with 'H and 13C NMR spectra of bulk-polymerized Na- 
PAN (Figures 2 and 5). I t  has also been observed in the 
present investigation that the intensity of the peak around 
6 2.7 in the 'H NMR spectrum and that around 6 14.2 in 
the 13C NMR spectrum run parallel to the intensity of 
coloration in these PANs. As already mentioned earlier, 
the peak around 6 14.2 has been attributed to methylene 
carbon atoms in the branched structure. Quite logically 
one could then assign the peak around 6 2.7 in the 'H 
NMR spectrum of colored PAN to methylene protons. 

Coloration in PAN has been attributed to a number of 
plausible structures, viz. azomethine (1); polyimine (11),'97*8 
iminonitrone (III),i1.25 etc., type of structures. 

.s 

-CH2-CH-CH2-CH- 
I C 'CH/ 

C N  I I I 
I 

C = N H  

I I 
C N  C N  

I 

I I I -C H 2- C H-C H - C H 2  - 

I 
0 

1 
0 

I11 

I 1  
C N  C N  

I V  

So tentatively one could ascribe the peak around 6 2.7 
observed in the lH NMR spectra of colored PAN to 
methylene and/or methine protons in structures 1-111. 
The methine protons (marked with an asterisk in the 
structure), because of chain branching, get more shielded 
and as a result may move upfield. Similarly the methine 
protons in structures I1 and I11 may move upfield due to 
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more shielding, while the methylene protons get deshielded 
and hence may move downfield-the two peaks thus 
shifted may appear as a single peak around 6 2.7. Structure 
I also accounts for the peak around 6 8.31 observed in a 
number of colored PAN (Table 11). Structures I1 and I11 
also may account for this peak if the structure ends up with 
-NH-. A tail-to-tail (or head-to-head) addition, unknown 
in normal free radical initiated PAN, giving rise to 
structure IV may also account for the peak around 6 2.7 
in the 'H NMR spectrum of colored PAN. However, none 
of these structures can account for the peaks in the region 
6 12-16 observed in the 13C NMR spectra of colored PANS. 
These peaks could perhaps be best represented by the 
branched structure V, put forward by Scheller et al.,44 in 

Y B a  
- C H C N  - C H 2  - C C N  - C H 2  - CHCN - 

I 

B' \CHCN/ ,  
I 

C H z C N  

V 

n * 0 , 1 ,  2 

which the a'-methylene carbon to the branched carbon (of 
the backbone) would appear most upfield due to maximum 
shielding from the nitrile group attached to the branching 
point carbon atom, @'-carbon to this branching point 
carbon would appear a t  a relatively lower field, and so on. 
The 13C NMR spectrum of solution-polymerized Li-PAN 
has actually been found to give a number of peaks around 
6 12.1,14.2, to even 16 showing the presence of a', p', etc., 
carbon atoms with respect to the branching point carbon 
atom having appreciable intensity, so much so that the 
intensity of the original methine and methylene carbon 
peaks occurring around 6 27.0 and 32.6 has been drastically 
reduced. This means, in other words, there are more 
carbon atoms in the branched structure than the number 
of carbon atoms in the backbone. 

In conclusion it may be said that there are some common 
features in colored PAN irrespective of its mode of col- 
oration; e.g., a prominent peak occurs around 6 2.7 together 
with less pronounced peaks around 6 1.15 and 8.31 in the 
lH NMR spectrum and one or more peaks appear in the 
region 6 12-16 in the 13C NMR spectrum (except the 
heat-treated PAN). The intensity of all these peaks has 
been found to run parallel to the extent of coloration. 
Colorless PAN are predominantly random (50% or more) 
while colored PAN have appreciable isotactic contribution 
(40% or more). 
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ABSTRACT: The  protonation of some poly(amido amines) has been studied in aqueous solution by FTIR 
spectrophotometry and by calorimetry. On the basis of the stretching bands of both the ionized and the 
un-ionized carboxyl groups, the structures of all four polymeric amino acids in their different protonation 
states are determined. Calorimetric studies show that the enthalpies of protonation do not change with pH 
and follow a trend similar to  that observed in simple amino acids of comparable structure. An anomalously 
high value of (pH,'( observed for the polymer obtained by the polyaddition of 0-alanine to diacryloylpiperazine 
has been found and attributed to the formation of a very highly symmetrical structure when the carboxyl 
groups are in the un-ionized form. 

Introduction 
In previous papers we have reported the synthesis, the 

protonation, and Cu2+ ion complexing behavior of a series 
of polymeric amino acids with a poly(amido amine) 
backbone and the corresponding nonmacromolecular 
models, having the following structure: 
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These studies are performed by potentiometric, viscosi- 
metric, and spectrophotometric techniques.l To better 
elucidate the mechanism of protonation of these polymers, 
we have now carried out spectroscopic and calorimetric 
studies. The spectroscopic studies have been performed 
by FTIR techniques in water. 

Experimental Section 
Materials. The syntheses of polymers PAAA1, PAAA2, PAAA4, 

and PAAA, have been previously described.' The corresponding 
nonmacromolecular models MAAA, and MAAA2 were synthesized 
in a similar way as previously reportedS2 

A CO,-free NaOH solution was prepared, stored, and stand- 
ardized as described e l~ewhere .~  Stock solutions of 0.1 M NaCl 
were prepared from sodium chloride (Suprapur Merck) and used 
without further purification as the ionic medium for calorimetric 
measurements. 
FTIR Spectra. Transmission infrared spectra were recorded 

on a Perkin-Elmer FTIR spectrometer M1500 with a nitrogen 
purge. Typically 250 scans a t  a resolution of 3.2 cm-' were av- 
eraged and the spectra were stored on a microfloppy disk. The  
frequency scale of the instrument was internally calibrated by 
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