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A calorimetric study of the acid dissociation
of the conjugate acids of
poly(N-vinylimidazole) and polyallylamine

Abstract Thermodynamic parame-
ters for acid dissociation of the
conjugate acids of poly(N-vinylim-
idazole) and polyallylamine have
been determined in the presence of
sodium chloride and sodium nitrate.
Even though the plots of AG®
against the degree of dissociation, o,
are highly dependent on the added
salt concentration levels, the con-
centration effect has never been
observed for the corresponding AH°
versus o plots. The effect on the AG®
versus o plots has been attributed to
the entropy change of the counter-
ions between a polyelectrolyte phase
and a bulk solution phase. The o
dependency of AH? is affected
remarkably by the kinds of cationic
polymers and counter-anions. Each
AH" value at completely neutralized
conditions is quite close to the
corresponding AH? value of the
monomer analog. The difference in

the AH® values at fully charged
conditions has been explained by the
heats due to

1. Contact ion-pair formation of
counter-anions to singly charged
sites of the polymer.

2. Hydration of counter-anion and
polymer charged sites.

The ion-pair formation of chloride
anion to the conjugate acids of
poly(N-vinylimidazole) and polyal-
lylamine has been supported by 3°Cl
NMR measurement. It has also been
suggested that chloride anions bind
the basic polymer molecules even at
fully neutralized conditions.

Key words Poly(N-vinylimidazole) -
Polyallylamine - Acid-dissociation
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Introduction

Compared with weak acidic linear polyelectrolytes, such
as polycarboxylic acids, quite a limited number of
thermodynamic parameters have so far been reported
for the acid-dissociation equilibria of the conjugate acids
of weak basic polyelectrolytes [1-3]. Quite recently, a
precise potentiometric titration study was performed by
us [4] on the conjugate acid of poly(N-vinylimidazole),
PVIm, in the presence of NaCl at various concentration
levels, Cs, at 25°C. Even though the skeletal structure as
well as the formal distance between adjacent function-
alities of PVImH™ molecules are almost same as for

poly(acrylic acid), PAA, the magnitude of nonideality
observed in the acid-dissociation equilibria of PVImH™
is always much larger than for PAA. A much larger
difference between an apparent acid-dissociation con-
stant, pKapp, and the intrinsic acid-dissociation constant
of PVImH™ molecules, i.e., the pKa value of imidazole
(7.0) [5], has been observed than for PAA at any
specified o or Cs. Since the nonideality term calculated
for PAA molecules has been rationalized by a purely
electrostatic attraction [6-9] between the negatively
charged polymer surface and positively charged count-
erions, ie., H' ions and supporting cations, the
unexpectedly high deviation observed in the PVImH™



system has been attributed to specific interaction
between chloride anions and positively charged
PVImH™' molecules [2].

Counter-anion binding to strong basic linear poly-
mers has frequently been investigated potentiometrically
by the use of the respective anion-selective electrode [10—
13]. In most cases, appreciable ion-specificity has been
observed in the bindings of polycations to halogen ions,
thiocyanate, and perchlorate ions. Inconsistency between
experimental results and theoretical predictions due to
Manning’s ion-condensation theory has often been
reported for combinations of hydrophobic anions and
hydrophobic polycations [13].

In order to clarify the nature of the specific interac-
tion between cationic polymers and counteranions in
general, and to correlate the acid-dissociation behavior
of the conjugate acids of weak basic polyelectrolytes to
the nature of the supporting anions, a calorimetric
titration technique was applied in this work. The
enthalpy change upon acid dissociation of the conjugate
acids of PVIm and polyallylamine, PAAm, has been
determined in the presence of various concentrations of
NaCl and NaNOs. It has been revealed that the nature
of the functionalities of the polymer as well as support-
ing anions considerably affect the enthalpy change upon
acid dissociation of the polyacids. In addition, 3°CI
NMR spectra have been measured for the mixture
solutions of chloride ions and PVImH" or PAAmH™
polymers with various « in order to get microscopic
information on the binding of chloride ions to these
cationic polymers. It has been clarified by the present
study that chloride anions interact even with neutral
PVIm molecules, which verifies the fact that chloride
ions bind positively charged PVImH™ sites.

Experimental

Chemicals

PVIm was prepared by free-radical polymerization of N-vinylim-
idazole in water-methanol (50% v/v) with 2,2’-azobis(isobutyro-
nitrile) (AIBN) as an initiator under deoxygenated conditions at
60°C for 6h. The N-vinylimidazole used for this polymerization
was distilled under reduced pressure (85°C, 18 mmHg) just before
use, and AIBN was recrystallized from methanol. The polymer
material thus prepared was then dialyzed using a cellulose tube
(8000 molecular weight cutoff) against distilled water for 5 days.
The dialyzed solution was concentrated using a rotating evapora-
tor, and was then dissolved in methanol. PVIm was precipitated
from ethyl acetate, dried in vacuo at 80 °C for 24 h, and was stored
at room temperature. The molecular weight of the polymer
determined by viscosity measurement using the Mark—Houwink—
Sakurada relation was about 10°, ie., an average degree of
polymerization of about 1.0 x 103 [4]. The '"H NMR spectrum of
the PVIm sample dissolved in a D,O solution was the same as the
literature spectrum [14]. Elemental analysis of the N-vinylimidazole
sample used in the present study is as follows:

Calculated for CsHgN,:C,63.9%;H,7.3%;N,28.8%. Found:
C,63.7%;H,7.2%;N,29.5%. PAAmH™*CI~ with a nominal degree

of polymerization of 2 x 102, purchased from Nittobo Co., Tokyo,
was used as received. All other chemicals used in this study were of
reagent grade.

Calorimetric titration

Neutral basic linear polymer solutions of PVIm and PAAm were
titrated with a standardized acidic solution, HX (X = CI™ or
NO3) in the presence of a Na*X™ salt of various concentration
levels. Calorimetric titrations were performed using a twin-type
isoperibal calorimeter (Tokyo Riko Co., Tokyo) regulated at
a constant temperature (298 K) with baseline fluctuations of
+0.0001 K [15]. An autoburette (APB-118, Kyoto Electronics
Manufacturing Co., Tokyo) was placed in a thermostatically
controlled room at 298 K and connected to the outlet through a 15-
m long Teflon tube, which was cooled round an aluminium block
inside the calorimeter. Blank titration and gravimetric calibration
assured that the temperature difference between the titrant and
titrate was negligible at a slow titration speed. The heat of dilution
measured by titrating a polymer-free solution with the titrant was
small (below 0.1J) and was used for correction of the reaction
heats. All the solutions were prepared in a glove box under a
nitrogen atmosphere at 298 K.

Potentiometric titration

Neutralized polymer solutions were titrated with HX in the
presence of NaX under a nitrogen atmosphere. The pH values of
the equilibrated solutions were measured potentiometrically with
an Orion 91-01 glass electrode together with an Orion 90-01 single-
junction reference electrode, both being connected with an Orion
Research Ionalyzer 720A under a nitrogen atmosphere. The
electrochemical cell was standardized using a Gran plot [16]
performed just before and after the sample titration procedures.
The o values of the polyacids, i.e., PVImH" and PAAmH™", were
calculated using the following equation:

o=1—{CuVux — (H"] = Ky/[H)) (Vo + Va)} /np )

where Cy and [H] indicate total HX concentration in the titrant
solution and the free H' ion concentration measured at each
titration point, respectively. ¥ and Vgx represent the volumes of
the initial and the added HX solutions, respectively. n, corresponds
to the total number of functionalities of the polyacids. Ky, indicates
the ion product.

33C1 NMR

NMR spectra of 3CI(I =3/2) nuclei were measured at 22 +2°C
with a JEOL GX 400 NMR spectrometer operating at 39.17 MHz.
The reference used for the chemical-shift measurement was a
solution of 0.1 moldm™> NaCl. All the sample solutions together
with the reference solution contained 10% DO for field-frequency
lock. The *3CI NMR titration was carried out as follows.

Polybase sample (PVIm and PAAm) solutions of 1.0 monomol
dm™ were acidified completely by the addition of an appropriate
volume of aqueous solution of 1.0 moldm™ HCI. To those
PVImHCI~ and PAAmH"CI™ solutions, a portion of a concen-
trated NaOH solution was added stepwise to neutralize the
conjugate acids of the weak basic polymers. The « value at each
titration point was calculated as follows:

o = {Cnaon Maaon + ([H] = Ko /[H™) (Vo + Vavaon) }/1p (2)

where Cnaon and VPaaon indicate the concentration of the NaOH
solution added, i.e., 2.0moldm™>, and the volume, respectively.
The [H] values in the mixture solutions of the acidified polybase



and NaOH solution were measured by the use of a combination
electrode (Horiba 6069-10C) connected with a Horiba pH meter
(model F-14). 7 and n, in Eq. (2) indicate the initial sample
solution volume of 3.3 cm® and the total number of functionalities
of the polybase, i.e., about 3 meq, respectively.

Results and discussion

AH" change upon acid dissociation of PVImH™
and PAAmH™

According to our previous work [4, 17], the nonideality
term in the acid-dissociation equilibria of a polyacid can
be expressed as the difference between an apparent acid-
dissociation constant, pK,pp, and an intrinsic constant,
PKo. pKapp is defined by Eq. (3) and is usually dependent
on both o and C;. In contrast, pKj, is constant
irrespective of the change in o or Cs and should be
equal or quite close to the pK, value of the monomer
analog of the polyacid.

PKapp = pH — log{a/(1 — o)} (3)

The nonideality term defined as the difference between
pKapp and pKj is indicated as ApK.

ApK = pKapp —pKo (4)

The standard Gibbs free-energy change, AG°, of acid
dissociation of PVImH™ was calculated to be 5.71 pKpp
(kJ monomol ') by the use of the pKapp values previ-
ously determined [4]. The AG® values are plotted in Fig.
1 against « at various Cs. The AG® values for the acid-
dissociation reaction of the conjugate acids of imidazole
and methylimidazole, the monomer analogs of PVImH™
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Fig. 1 AG° change with degree of acid dissociation, o, of the poly(N-
vinylimidazolium) cation (PVImH') in the presence of NaCl.
Calculated from Fig. 1 in Ref. 4. C;/mol dm~3: 0.01 (O); 0.02 (A);
0.05 (0); 0.10 (@); 0.20 (V); 0.50 (@); 1.00 (A); 2.00 (H); 3.00 ()

molecules, are 39.94 kJmol™! [5] and 39.98 kJ mol™!
[18], respectively, which are almost equal to the AG®
value, 40 kJ monomol™', obtained for PVImHT at
o=1.

In the present study, the enthalpy change (AH®) upon
acid dissociation of PVImHT was measured as a
function of & and C. The heat produced by protonation,
g, of a portion of the imidazole group, nyg(monomol),
upon addition of a HX standard solution, can be related
to AH® by the following equation.

AH® = —(—q/nys) (5)

Note that the sign‘‘—"" is placed on the right-hand side of
Eq. (5) in order to correlate the g value obtained by the
present experiment, i.e., protonation of the polybase,
to the AH® value defined for acid dissociation of the
conjugate acid of the polybase. At each titration point,
the differential heat, Ag, produced by the differential
amount of dissociated HB™ groups is

AH® = Ag/Anyp . (6)

The Anygg value at each titration point was calculated by
measuring the pH of the equilibrium solution,

Anyg = CuAVy — A[HT)(l + W) (7)

where AV; and A[H] represent the small changes in the
volume of titrant and the free H' ion concentration,
respectively, upon addition of HX solution. The AH°
values thus determined for PVIm plotted against o are
shown in Fig. 2. It is apparent that AH? is not influenced
by C, at all. For comparison, the AH® values of
imidazole, the monomer analog of PVIm, are plotted
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Fig. 2 AH® change with o of PVImH™T (open symbols) and the
imidazolium cation (filled squares) in the presence of NaCl.
Cp = 0.05monomol dm™. C;/moldm™: 0.01 (O); 0.10 (A); 1.00
([J, M). The solid lines were calculated using a linear least-squares
method



against o in order to compare them with the «
dependency of the AH® value of the polymer system.
As shown in Fig. 1, since the AG? versus o plots are
strongly affected by Cs, it is apparent that the C; effect is
just due to the entropy change, i.e., the free H' ion
distribution between a bulk solution phase and a
polyelectrolyte phase at a defined « value is absolutely
controlled by the entropy change of the reaction.

Our previous insight into the effect of the nature of
the counterions, X~ , on the acid-dissociation equilibria
of PVImH™ revealed that X~ ions bind the positively
charged imidazolium groups fixed on the polymer
backbone in a specified manner [4]. It is of special
interest to compare the AH” versus o plots obtained with
different HX solutions in the presence of an excess of
NaX salt. Unfortunately, the addition of Na™ salts with
hydrophobic anions, such as perchlorate, thiocyanate,
and iodide ions produced appreciable amounts of
precipitation with PVImH™ molecules, which prevented
precise titration measurements [1, 4]. This phenomenon
may be supportive evidence for the strong and specific
(hydrophobic) interaction of X~ ions with the positively
charged sites of PVImH' molecules. Only the
NO; /PVImH™ system allowed us to measure the AH°
change upon acid dissociation in the whole o« and Cj
regions as for the CI”/PVImH™ system. As shown in
Fig. 3, the AH" versus o plots of the NO; /PVImH™
system are independent of C;, even though the change in
AH® with o for the NO;/PVImH' system is much
smaller than that for the CI” /PVImH" system.

In order to examine further the effect of the nature of
the functionalities of polyelectrolyte, the AH change
with o was determined for PAAmH™ in the presence of
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Fig. 3 AH° change with 2 of PVImH™ in the presence of NaNOs.
Cp, = 0.05monomol dm™. C; /moldm’3 0.01 (O); 0.05 (<); 0.10
(A) 1.00 (). The solid lme was calculated using a linear least-squares
method

NaCl or NaNOs;. The polymer backbone structure of
polybasic PAAm is the same as that of PVIm, but the
functionalities are more hydrophilic. Since the AH°
values for the acid dissociation of the monomer analogs
of PAAmHT™, i.e., the conjugate acids of methylamine,
ethylamine, n-propylamine, and isopropylamine, are
about 55.29, 57.44, 57.99, and 58.53 kJ mol~!, respec-
tively [19], being much higher in value than for the
imidazolium ion, the AH° values for PAAmH™ are
much larger than for PVImH™ as shown in Fig. 4. The
effect of the counterion, X, on the AH® values was also
examined in the presence of NaCl or NaNOs. It is again
notable that the nature of the X~ ions is appreciable in
the AH" versus « plots, and that the direction and the
magnitude of the change in AH® with o is not the same
as for the more hydrophobic PVImH™ molecules.

In all the AH® versus o plots, it is obvious that the AH?
values at completely neutralized conditions (¢ = 1) are
almost equal to the corresponding values of the conjugate
acids of the monomer analogs, whereas for a completely
protonated state (¢ =0), the AH values are usually
different from those of the monomer systems. Since AH°
seems to change linearly with o for all the systems
examined in the present study, the « dependence of AH"
upon acid dissociation of the conjugate acids of weak
basic polymers can be rationalized in the following way.

The observed AH® term can be divided into two
portions.

1. The enthalpy change corresponding to the intrinsic
acid-dissociation reaction of BH' sites, i.e.,

BH' — B+ H*, (AH},,.)
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Fig. 4 AH® change with o of the polyallylammonium cation
(PAAmH™) in the presence of NaCl (open vymbolv) or NaNOjs (filled
squares). Cp = 0.05 monomol dm™ 3 . ¢s/mol dm™3: 0.05 (<>) 0.10 (Q);
0.50 (V); l.O (J, M. The solid lines were calculated using a linear
least-squares method



2. The enthalpy change accompanied with counterion
dissociation from the positively charged site, BH"X™,
ie, BH"X™ — BH" + X7, (M{](;WX,).

Thus the overall AH? term can be expressed as follows:

AH® = AHgy + (1 — ) fynrx- AHgyex-»
(feux- =0~1) ®)

where fpy+x- represents the fraction of contact ion-
pairs. The AH§H+X, term originates from the assembled
positive charges fixed on the polymer backbone. Indeed,
singly charged positive groups due to the monomer
base cannot produce such a strong ion-specificity. The
linearity observed in all the AH® versus « plots indicates
the constancy of the fpy+x- term irrespective of the
change in X~ concentrations. It can be elucidated that
some fraction of X~ ions, which are electrostatically
concentrated in the polymer domain, are bound to the
positively charged sites to form contact ion-pairs.

According to the Born-Haber cyclic process (Scheme
1), the release of X~ ions from BH™ sites involves the
following four steps Egs. (9-12) with respective AH?
values.

AHg+x-°(vacuum)

BH*X (vacuum) ——— = BH*(vacuum)+ X (vacuum)

-AHgy+x-°(hydration) AHgn+°(hydration) | AHy-°(hydration)

—— » BH%aq) +

o
AHBH"’X'

BH*X (aq) X(aq)

Scheme 1 Born-Haber cyclic process for dissociation of X~ from
BH"X~

1.BH"X ™ (vacuum) — BH X (aq); AHpy, - (hydration) .

9)

2.BH"(vacuum)— BH(aq); AHp,,.(hydration). (10)

3. X" (vacuum) — X (aq); AHy (hydration) . (11)
4. BH" X~ (vacuum) — BH" (vacuum) 4+ X~ (vacuum);

AHg,« (vacuum) . (12)

Consequently, the AHBOH+X, term can be expressed as the

following additive form.

AH§H+X, = B0H+X, (vacuum) — AH§H+X, (hydration)

+ AH§H+ (hydration) + AH)O( (hydration) .
(13)

According to Eq. (8), the product fBH<X*AH§H+X— can
be calculated as AH’(a =0) — AH’(2=1), and the

Table 1 fyy+x- AHpyx-[=AH (2 = 0) — AH(« = 1)]  values
(/kJ monomol~")

Conjugate acid Cl™ NO3
Poly(N-vinylimidazolium) -8.5 -0.1
Polyallylammonium -2.5 +8.2

values are listed in Table 1. Though the exact fpy+x-
values are not available for the present study, it may
be worthwhile elucidating whether the dissociation of
BH"X™ into BH" and X~ is endothermic or exothermic
by examining the sign of the AngX, values for various
combinations of cationic polymers and X~ ions. As
indicated by Eq. (13), AH§H+X, is determined by the

balance among the four terms, where AH]gH+ _(vacuum)
should be positive, and AH§H+X,( ydration),

AHpg: (hydration) and AHY (hydration) should be nega-
tive. The fact that the AHng, values obtained for
the NO;3 system are always more endothermic than
for the CI™ system for both polymers can be explained
by assuming that the term AHng,(Vacuum)—
AH§H+X, (hydration) in the NO5 system is much larger
in value than in the CI™ system. The change in AHEWX,
observed for the PVImH™ system is much more negative
than for the PAAmH™ system for both counteranions,
which seems to reflect the difference in the hydration
state change around the imidazolium and methyl-
ammonium groups accompanied with dissociation of
X~ from BH'.

It should again be noted that the linear AH® change
with a reflects a contact ion-pair formation of X~ anions
and positively charged sites of the polymers. In order
to obtain much more microscopic information on the
specific binding of X~ anions to the positively charged
polymers, a 3Cl NMR study was conducted on the
CI™ ion binding.

Line broadening of 3*CI~ ions due to binding
to cationic polymers

Representative ¥Cl NMR spectra of PAAmHCI™ and
PVImHCI™ are shown in Fig. 5a and b, respectively.
For comparison, the spectrum obtained for the reference
NaCl solution is shown in the same figure. It is obvious
that all the 3*CI NMR spectra obtained with the cationic
polymers are appreciably broadened compared with the
reference, mainly due to a quadrupolar relaxation effect.
Nuclei with a spin quantum number (7) higher than 1
possess nuclear quadrupolar moments and are relaxed
by interactions between the quadrupolar moment (eq)
and electric field gradients (eQ) arising from asymmetry
in the surrounding electric charge distribution [20].
The relaxation time (73) of these nuclei can be related
to the width of the half height, Av; ,, as expressed by the
following equation [21-23].



Avijp = 1/(nT)
= (3/40m){(21 +3)/[1*(21 = 1)]}(e’qQ/h)ze , (14)

where 7. is the rotational correlation time of the
chemical bond. In the present study, all the spectra
obtained were analyzed using a Lorentzian-curve-fitting
method.

o= 0\ 0.5\ 1.0

Ref(NaCl)
A Ve

a) PVImH*

40 30 20 10 o0 -10 -20

o= l)k 0.5\ 1.0 Ref(NaCl)
A Taa &
b) PAAmH*
40 30 20 10 o0 -10 -20

dcr/ppm

Fig. 5a, b *Cl NMR spectra of PVImH*Cl~ and PAAmH"CI™
with different «. a PVImH"Cl~, b PAAmH " Cl~

6Cl/ppm

and PAAmH"CI .

PVImH*Cl-
PVImH'CI™ (O), PAAMH*CI™ (@), NaCl (x)

Fig. 6 o¢ against o for

Fig. 7 Av;;, against o for PVImH"Cl™ and PAAmH'CI".

PVImH'Cl™(O), PAAMH ' Cl~ (@), NaCl (x)

The dc; and Avy, values calculated by the peak
analyses are expressed as a function of « in Figs. 6 and 7,
respectively. It is obvious that d¢; shifts downfield upon
Cl” ion binding to cationic polymers, i.e., with an o
decrease. Due to a symmetrical electric field gradient
around the free ions of CI~, the Cl NMR spectrum of
the NaCl solution is quite sharp, i.e., the Av;,, value
is 6.2 Hz; however, when CI™ nuclei are placed in the
vicinity of the cationic polymer skeletons, where an
unsymmetrical field gradient is generated mainly due to
the strong electric field, the peak is broadened remark-
ably. Because of rapid chemical exchange, the magni-
tude of the peak-broadening can be expressed by the
fraction of bound counterions and the intrinsic peak
width of the bound ions:
(Avipa) = (Avip)or + (Avipp)pps (pr+po=1) ,  (15)
where the suffixes “f” and “b” denote “‘free”” and
“bound”, respectively, and “p” indicates the fraction.
(Avy),), corresponds to the intrinsic peak width of the
ions located in the sheath of the polyion skeleton. Since
pr can be directly related to o in the present study, it can
be expected that the plots of observed Av;/, against o
give straight lines, once (Av;),), is a unique value. It is
apparent, however, that the plots do not give straight
lines, which indicates the presence of different binding
modes of Cl™ ions to the polymers. For a completely
neutralized condition, it is expected that p, =0, i.e.,
(Avi2) = (Avy)2)s however, even at o = 1, Avy, values
for both polymers are apparently larger than for free
CI” ions, showing that CI™ ions interact with the
polymer molecules under completely neutralized condi-
tions. This result is consistent with the reports by Oh
et al. [24] and Song et al. [25], who studied the halogen
ion binding to neutral polymers using halogen NMR.
They determined binding constants of halogen anions to



neutral polymers, such as poly(vinylpyrrolidone) and
poly(ethylene oxide). Our results show that the magni-
tude of deviation observed between the mixture solu-
tions of NaCl and neutral polymers from free CI™ ions
is much larger for PVIm than for PAAm, which is in
accord with the order of the hydrophobicity of the
polymer functionalities [24, 25].

In contrast to the peak-broadening under neutral
conditions, the limiting Av;/, values in the completely
charged state (« =0) for PVImH" and PAAmH™ are
150 Hz and 200 Hz, respectively. The smaller value
obtained for PVImH"™ may be due to delocalization of
the unit positive charge (+1) per functionality distrib-
uted over the imidazole rings, which is not the case for
the ammonium ions fixed on the PAAmH™ molecules.
In accord with the order found in the Av;/, versus o
plots, the ultimate order of the d¢; values at o = 1 for all
the series of polybases, i.e., 0.73 ppm for PAAm < 1.69
ppm for PVIm, is again consistent with the order of the
hydrophobicity.

Since ¥Cl NMR of CI™ ions in the presence of
monomeric ligand, imidazole, gives dc; and Av,/, values
equal or quite close to the values of NaCl, suggesting no
interaction between Cl- and imidazole, it should be
pointed out again that fixation of week basic function-
alities in a limited volume element around the polymer
skeleton is essentially responsible for giving rise to the
specific interaction between anions and the polymers.

Conclusions

The exceptionally high nonideality term observed in the
acid-dissociation equilibria of the conjugate acid of
PVIm compared with PAA at specified o or ¢s can be
attributed to specific interaction between positively
charged sites fixed on PVIm molecules and supporting
anions, but not to the change in the intrinsic acid-dis-
sociation property of the conjugate polyacid. Calori-
metric titration measurement reveals that AH° is not
influenced by the added salt concentration levels at all;
on the other hand, AG® is highly sensitive to the added
salt concentration levels. The AH® change upon acid
dissociation of the conjugate acids of PVIm and PAAm
is highly affected by the hydrophobicity/hydrophilicity
of the polymers as well as the counter-anions, even
though the AH° value of the respective polymer
molecules at a neutralized condition becomes quite close
to the AH® value of the corresponding monomer
analogs. The difference in the AH? values of the polymer
and the corresponding monomer analog becomes largest
at the fully charged state of the weak basic polymers,
and is strong proof for the specific interaction. The
change in 6 and Av, ), values of the *>CI NMR spectra of
poly(N-vinylimidazolium) chloride and polyallylammo-
nium chloride solutions supports the contact ion-pair
formation of counter-anions to positively charged sites
of the polymer molecules.

. Manning GS (1988) J Chem Phys
89:3772

solvent extraction, vol 12, Marcel

Dekker, New York, p 275
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