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Abstract: The information obtained on the interaction between small ions and polyions from studies of an ion’s quadrupole re-
laxation is examined in some detail. Important features usually found in the NMR studies of polyelectrolyte systems are in-
equality of the longitudinal (T) and transverse (T2) relaxation times, relaxation given by the sum of two exponential decays,
and a non-Lorentzian resonance signal. The utilization of these features to deduce the correlation time of the polymer-bound
counterion is described as well as the estimation of the quadrupole coupling constant. An illustration of the principles devel-
oped is given by the system Na*-poly(methacrylic acid), for which detailed experimental data are presented. The analysis
gives a description in terms of the correlation times, quadrupole coupling constants, and degree of counterion binding. The cor-
relation time is found to increase strongly with decreasing degree of ionization and this is attributed to a conformational transi-
tion. An increase in the quadrupole coupling constant at low ionization degrees is suggested to be due to the involvement of
both carboxylate and carboxylic acid groups in the ion binding, and this is supported by 2*Na* chemical shifts. The results are
compared with those of the system Na*-poly(acrylic acid) and marked differences are found between the two polyanions.

Introduction

In biological systems, the interaction between charged
macromolecules and their surrounding ionic media is of great
importance. A good understanding of the nature of these in-
teractions is a prerequisite for an understanding, on a molec-
ular level, of the biological functions. Various NMR param-
eters have been shown to offer a means for a detailed investi-
gation of the interactions between small ions and biological
macromolecules.! Our preliminary investigations of, e.g.,
mucopolysaccharides with 23Na NMR have, in some cases,
revealed very complex interaction patterns.2> This has led us
to investigations of simpler model systems to gain a better basis
for interpreting the fundamental modes of ionic interactions
occurring in polyelectrolyte systems.

This report treats the 22Nat NMR relaxation rates and
chemical shifts of aqueous poly(methacrylic acid) and po-
ly(acrylic acid) solutions under various experimental condi-
tions. These synthetic polyanions have been studied by other
physicochemical methods by several workers.4-6 As will be
demonstrated for these relatively simple systems (compared
to most biosubstances), rather detailed considerations are also
required in the interpretations of the NMR parameters. In
particular the effect of nonexponential relaxation in the
analysis of various relaxation experiments is outlined. The
analysis leads to values of the quadrupole coupling constant
and the correlation time of bound Na* ions at various degrees
of ionization of the polyion. The use of these quantities as well
as the NMR shielding for certain aspects of polyion-counterion
interactions is briefly outlined, while a detailed discussion in
chemical terms comparing different polyelectrolyte structures,
charged groups, and counterions is deferred to a later publi-
cation.

Experimental Section

The poly(acrylic acid) (PAA), bought as a 25% aqueous solution
from British Drug Houses Ltd., was titrated with NaOH and diluted
with distilled water to obtain slightly aikaline sodium-PAA solutions
of desired concentrations. Such solutions were used in the NMR and
pH-titration experiments without further purification.

The synthesis of the poly(methacrylic acid) (PMA) used has been
previously described.” The degree of neutralization, o, was determined
from pH-titration curves. In the NMR experiments as well as for the
PH titrations, & was varied by adding concentrated (ca. 9 M) aqueous
HCI to the PMA and PAA solutions. The volume changes in these
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titrations are less than 5% and can, for our purposes, be disregarded.
This procedure was used to obtain a constant ratio of total concen-
tration of polymer to total sodium. In one case, PMA was titrated to
« = 0.8 with NaOH and than titrated back with HCl during the NMR
measurements.

The 23Na* line widths and chemical shifts were determined on a
modified Varian XL-100 spectrometer, operating in the FT mode at
26.46 MHz, in the same way as has been described in ref 7. The def-
inition of the chemical shift used here is that a downfield shift is pos-
itive. The longitudinal (T';) and transverse ( 7) relaxation times were
measured using a Bruker BK 322-s spectrometer operating at 23.81
MHz, equipped with a Varian 71 computer (for data processing) and
an external proton field lock. The time variation of the longitudinal
magnetization was recorded after 180-7-90 pulse sequences for six
different delay times. To improve both accuracy and sensitivity in the
individual measurements, integrals of part of the free induction decay
curves were used as measures of magnetization for the different delay
times. T, values were obtained according to a linear least-squares fit
of the logarithm of magnetization vs. time. As a test of the accuracy
of the individual measurements, four integration areas over the free
induction decay were used. The relaxation rates thus found were well
within 3% of the average value. The reported T, values were obtained
from the transverse magnetization from a Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequence. The computer-programmed analysis
of the magnetization data is a least-squares fit to a single exponential
with the fit being terminated when the magnetization reached 20%
of its value at the first echo. The relaxation times are the average of
at least two separate determinations. The experimental errors in the
individual measurements are estimated to be less than 4% in both T,
and T,. The temperature during all NMR experiments was 29 + 1
°C.

Theory

For the reader’s convenience we give a collection of the
NMR quadrupole relaxation equations which have a direct
bearing on the present study. 23Na* is a quadrupole nucleus
with spin quantum number 7 = 3. Its relaxation is mainly (in
the absence of paramagnetic species) due to interactions be-
tween its quadrupole moment and the time varying electric
field gradients at the place of the nucleus. It has been demon-
strated? that the time dependence of the magnetization in a
system where the relaxation is dominated by quadrupole re-
laxation cannot, in general, be described by a single exponential
for the transverse and longitudinal magnetization of a nucleus
with I > 1.

© 1978 American Chemical Society



4656

The quadrupolar relaxation equations for a spin % nucleus
involved in chemical exchange have been derived else-
where.?

For rapid, two-site exchange, the longitudinal magnetization
is
ML(t) = My o= (ML(0) — MLp)

X (0.2 exp(—ayt) + 0.8 exp(—ayt)) (1)
and the transverse magnetization in a coordinate system ro-
tating at the resonance frequency is

M1(t) = M1(0)(0.6 exp(—by2) + 0.4 exp(—b3t)) (2)

where

ay = prRr + pB/ T fast (3a)
ay = prRf + pa/Th slow (3b)
by = prRr + pa/ T2 ast (4a)
by = prRr + pa/Tasi0w (4b)

Here pr and pp are the probabilities (which equal the mole
fractions) of finding the nuclei in the free state (i.e., in aqueous
solution) and in the bound state, respectively, R is the relax-
ation rate in the free state, and, finally,

PN 2.2
l/Tl,slow = 5 X Tc/(l + 4w?r?) (5a)
2r 2.2
/T fast = 5 x*7e/(1 + wirc?) (Sb)
7('2
l/TZ.fasl = ? XZTc(l + 1/(1 + wz"'cz)) (6a)

.".2
l/T2,s|ow = ? XZTc(l /(1 + 4w27c2))
+ 1/(1 + w?r?)) (6b)

In eq 5a-6b, x is the quadrupole coupling constant, 7 is the
correlation time for the bound ions, and w is the resonance
frequency (inradians/s). If w7, is sufficiently small (in practice
<1.5),theneq 1 and 2 are approximately exponential with the
appropriate time constants®

+ 0.8

1
Ry = prRy + p3 (0.2
Tl.fasl

Tl,lslovv) @

+0.4—! ) ®)

T2.s|ow

1
R, =prRr+ ps <0-6
T2.fasl
where Ry (= 1/T)) and R, (= 1/T) are the longitudinal and
transverse relaxation rates, respectively. If wr. <« 1, the so-
called extreme narrowing limit, then eq 7 and 8 give

272
R1=R2=pFRF+PB’5_X Te €))

(It has been demonstrated!®!! that the extreme narrowing
condition normally applies in aqueous solutions of simple
electrolytes.)

Finally, the high-resolution spectrum can be obtained by
taking the Fourier transform of eq 2. The result is the super-
position of two Lorentzians with the same resonance frequency
but with line widths corresponding to the two relaxation rates
b] and bz.

Clearly, if w7, is not too small, then there are at least three
ways to determine the correlation time. By performing a fit of
the transverse relaxation to two exponentials or by fitting the
high-resolution spectrum to two Lorentzians, we can extract
the two rate constants b| and b,. If ppRF is known, then by
subtracting this quantity from each of the rate constants we
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can calculate
A(Ry) = <R2,fasl> _b— peRF
Rasiow/ b2 — prRF
_ 1+ 1/(1 + w21?)
/(1 + w02 d) + 1/(1 + 4w?rd)

(10)

which is a function only of wr.. Similarly, one can use the ap-
proximate relaxation rates in eq 7 and 8 to calculate

Ry — prRr
AT,/ T) = ———
/T Ry — prRy
1.6 0.4
_ 1+ 4w(2)1:2 1+ wzrlcz (1
0.6 + -
1+ 40272 1+ w?r?

which is also a function only of wr.. Once the correlation time
has been calculated via eq 10 or 11, one can use this value in
the other equations to calculate a value for ppx2 and thus the
quadrupole coupling constant. For the evaluation of the qua-
drupole coupling constant, one has to have rather accurate
independent information on pg, to claim significance in x. (At
least for many polyelectrolyte systems it is probably an over-
simplification to only consider one type of bound counterions.
In this initial application it has not been considered worthwhile
to go beyond the two-site model which will serve well for out-
lining the general methodology. In principle the extension is
straightforward and will be made when more detailed data at
varying counterion-polyion molar ratios are available.)

The counterion binding to polyelectrolytes cannot generally
be discussed in terms of simple independent binding sites. More
general models have been extensively treated in recent modern
polyelectrolyte theory.!2-14 An approximative model for
polyelectrolyte-counterion interactions, originally proposed
by Imai et al.'5:16 and developed by Manning,!”:!8 is the so-
called counterion condensation model. The parameters of main
importance for binding of small ions to a highly charged
polyelectrolyte ion are, in this model, the charge of the coun-
terions and the charge per unit length (the charge density) on
the polyion. Thus, it provides a model for nonspecific ionic
interactions. It seems reasonable to use this model as a starting
point for the evaluation of the amount of bound counterions.
For more accurate estimates, effects of the special structures
of both polyions and counterions also have to be considered.

Results and Discussion

Poly(acrylic acid). Van der Klink et al.!® have studied the
23Na NMR longitudinal relaxation rate for aqueous solutions
of poly(acrylic acid) (PAA) at various degrees of neutraliza-
tion. In order to explain the observed relaxation behavior they
attempted to apply the most commonly used polyelectrolyte
model, i.e., the polyion was considered as a rather rigid rod with
the charges smeared out continuously along the rod. This might
be an acceptable model for a general view of counterion
binding, but for the NMR relaxation of the “nearsighted”
quadrupole nuclei, it will probably be misleading. For example,
the distance between adjacent polyion charges even for « close
to 1 is not much smaller than the distance for the closest ap-
proach of the counterions to the polyelectrolyte chain. Fur-
thermore, in the discussion regarding the quadrupole relaxation
mechanism in ref 19, it was assumed that the only molecular
motion causing relaxation is the fast diffusion of sodium ions
around the charged rod. This fast motion would average out
only part? of the quadrupole interaction. Thus, the counterions
should still experience an anisotropic environment and static
quadrupole effects ought to be observable. Such effects are not
observed. Therefore one has also to consider another motion,
which averages out the rest of the quadrupole interaction. Since
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the fast translational motion of counterions along the rod does
not (in this model) produce any variation in the electric field
gradient, we are left with the slow motions possible in the
system. These would give the major contribution to the re-
laxation. The slow tumbling of the rod and the exchange of
counterions with the bulk solution are examples of such mo-
tions.

It may be estimated that the reorientation time of the
polyelectrolyte rod is so long that the extreme narrowing
condition wr, < 1 for relaxation should no longer apply.!%23
The data presented in Figure 1 show that the longitudinal and
transverse relaxation times are almost equal. The slight dif-
ference observed (which corresponds to a correlation time of
less than 0.5 ns) is, in fact, within the experimental error limits,
and T; and T can be considered equal. Therefore, it seems
that the correlation time is not determined by the reorientation
of the rigid polyion in the PAA solutions.

A more realistic model for relaxation is perhaps a flexible
chain with point charges. Then a (fast) counterion motion
along a curved rod and/or fast internal motions in the rod
would be sufficient to explain the relaxation. An alternative
possibility is that the lifetime of the Na™* ion at the polyion is
so short that the exchange dominates the correlation time.

Since we have not found any evidence for an inequality of
T, and T, we may only say that for the PAA solutions at least
one of the motions mentioned (counterion exchange, change
of direction of the polyion segments, and counterion diffusion
along a curved polyion rod) is faster than 0.5 ns. Further 2’Na+
relaxation studies are planned under conditions more suitable
for obtaining the nonextreme narrowing situation, i.c., low
temperature, higher magnetic field, and D,O as solvent. In
connection with the PAA results, it should be mentioned that,
although not obtained under identical conditions, our 2’Na*
relaxation results parallel those of van der Klink et al.!®
closely.

Included in Figure 1 are also the Na NMR chemical shifts,
6, obtained for a similar PAA solution. An attempt has been
made to use the concept of ““counterion condensation” to ex-
plain the counterion binding in PAA.2! For the interpretation
of the chemical shift data such a counterion condensation
model might be acceptable since the rapid increase in 6 starts
atan « of about 0.4. (The high « value at the beginning of the
increase in chemical shift can be explained by the presence of
some methyl ester groups on the PAA which would cause a
lowering of the charge density as compared to a fully de-
methylated PAA.)

Chemical shift changes of 22Na are dominated by changes
in the paramagnetic shielding term. For monoatomic ions,
chemical shifts are generally discussed in terms of the
Kondo-Yamashita overlap model according to which the
shielding may be schematically written??

4up? - po , _;
= - BHO (o3 (Apm + Anx + Ay
0p <AL (r=3) p(Am-m M-X M-W)

where up is the Bohr magneton, AE an average excitation
energy, and (=), the expectation value of »=3 for an outer
p electron of the sodium ion. The A’s are overlap integrals
between the outer p orbitals of the alkali ion (M) and the or-
bitals of other cations, anions (X), or water molecules (W).
The chemical shifts being dominated by short-range overlap
effects should, in the absence of specific complex formation
involving several groups on the polyion, vary with the degree
of ionization in parallel with the number of counterions bound.
From a counterion condensation two-site model essentially zero
chemical shifts are expected until « corresponds to the critical
charge density, and thereafter a linear increase in the shift to
fully neutralized PAA would obtain. However, from the re-
laxation rates, it seems that additional binding is also present,
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Figure 1. 22Na relaxation rates, R (s™!), and chemical shift, 6 (ppm), as
a function of the degree of neutralization, «, for four different aqueous
poly(acrylic acid) solutions. The transverse relaxation rates presented are
valid for the two PAA concentrations 0.64 (@) and 0.32 m (A), with the
total sodium ion concentration of 0.66 and 0.33 m, respectively. The lon-
gitudinal relaxation rates are for both cases given by the open squares (O).
The lower part of the figure shows the variation of the ZNa chemical shift
for the two concentrations of PAA, 0.88 (0O) and 0.25 m (©O), with the
sodium ion concentrations 0.11 and 0.30 m, respectively.

since nonzero contributions are observed also at low «. (The
nearly zero chemical shifts observed at low « do not necessarily
exclude binding; cf. discussion on PMA below.)

Poly(methacrylic acid). The relaxation pattern in PMA so-
lutions is quite different from that observed in PAA solutions.
In a previous study,” we demonstrated that the 23 Na NMR line
widths exhibit a marked maximum around a neutralization
degree of 0.2. It was also observed that the relative height of
the relaxation maximum is strongly enhanced when the PMA
concentration is increased. To analyze the relaxation behavior
in terms of the fundamental parameters determining relaxa-
tion, determinations of both Ty and T were performed. In
Figure 2, the longitudinal (R,) and transverse (R>) relaxation
rates, determined as described above, are presented as a
function of «. For comparison the relaxation rates obtained
from line widths, 7 Ay 3, are also included in the same figure.
Three features of special interest are exhibited, namely, (1)
maxima in both R; and R, are observed in the region around
a = 0.2, (2) there is a pronounced difference between R, and
R, in the same « region, and (3) there is a difference between
R; and wAvy 2, especially in the region 0.1 < a <0.3.

As has been previously discussed,’ the increased relaxation
around a = 0.2 can be accounted for by a change in polyion
conformation or another process affecting 7. and/or a change
in the nature or the amount of counterion binding. A change
in counterion binding would affect the factor ppx? in the ex-
pression for the relaxation rate. As may be inferred from eq
11 of the theoretical section, a dissimilar variation of R, and
R; implies a variation in the correlation time for the bound
ions.

Normally, one expects the transverse relaxation rate values
to coincide with the relaxation rates obtained from line widths
{(wAv) /7). But this is strictly true only when 7. is so short that
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Figure 2. 23Na relaxation rates in s~! for a 0.47 m aqueous PMA solution
as a function of a. The longitudinal, R, and transverse, R», relaxation
rates are recorded at 23.81 MHz and the relaxation rate obtained from
the line width, 7 Av) 12, at 26.46 MHz. The sodium ion concentration is 0.48

m.

a=0.94 a-0086
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Figure 3. Experimental (upper) and theoretical (lower) 23Na absorption
spectra for 0.47 m aqueous PMA at o = 0.94 (left) and « = 0.06 (right).
The theoretical curves are for « = 0.94 a Lorentzian line with 1/7, =
wAv 2= 55.0 57! and for o = 0.06 the weighted sum of two Lorentzian
lines with Rofast = 180 s~!and Riogow = 425!,

wTe << 1 (i.e., under extreme narrowing conditions, where also
R, = R;).Itis alsoa good approximation when the difference
between R, and R is not too big. When wr, becomes close to
1, an entirely different situation occurs. Then the transverse
magnetization giving R» and wAw; is no longer decaying
exponentially, but rather by the sum of two exponentials as is
shown in the general eq 2 in the Theory section. When the
fast-decaying and the slow-decaying components are suffi-
ciently different one will, in a line width measurement, obtain
a value closer to the slow component than to the weighted mean
of them. On the other hand, for a T, measurement performed
as described in the Experimental Section, the fast component
is given a larger weight. This explains qualitatively the ob-
servations presented in Figure 2.

Furthermore, if the difference between the relaxation
components is very large, the broad component in the ab-
sorption spectrum is ““hidden” in the baseline. The line width
then measures only the narrow (= slow relaxing) component
and only 40% of the total intensity is observed. For the T, de-
termination, if the fast-relaxing component decays on a time
scale comparable to the “dead time” of the spectrometer,
mainly the slow component is left when the recording of the
magnetization starts. Therefore, also with this method only
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Figure 4. The natural logarithm of the 22Na magnetization after a CPMG
pulse sequence for three different « values. The solid lines are from the
best fit of eq 2 to experimental data and the dashed lines indicate the
contribution to total magnetization from the slow and fast relaxing com-
ponents.

the slowly decaying part of the magnetization contributes to
the measured 7. Thus, similarity in R, and wAw); can be
caused by both a very long and a very short correlation
time.
In the « region where the two measures of the transverse
relaxation rate are significantly different, a non-Lorentzian
line shape is expected in the absorption spectra and, similarly,
a nonexponential decay of the magnetization ought to be ob-
servable. Indeed, this is the case. In Figure 3, absorption
spectra for & = 0.94 and 0.06 are shown, which have very
similar line widths at half height, but very different line shapes.
Below each spectrum, a theoretical curve is drawn. For the high
@, a Lorentzian curve with T, = 1 /wAw 2 is plotted, but for
the other case a line composed of two Lorentzians is drawn.
Obviously, the sum of two Lorentzians, weighted in accordance
with theory, is a much better approximation of the observed
line shape at low « than is a simple Lorentzian curve. There-
fore, the two relaxation rates were evaluated from the ab-
sorption spectra in the a region 0-0.5. The results of the
evaluation, carried out by simple visual inspection of the fit
between experimental and theoretical spectra, are summarized
in Table I, where the calculated 7. values are also included. No
more sophisticated fitting procedure was used in view of the
inaccuracies caused by experimental errors in the line shape.
For experimental reasons such as, e.g., a slight spin sideband
intensity and/or a non-Lorentzian magnetic field inhomo-
geneity, the fast component is expected to be slightly exagge-
rated, and an error that increases with decreasing line width
is expected. By fitting the transverse magnetization obtained
with the CPMG technique to the weighted sum of two expo-
nentials according to eq 2, the two relaxation rate constants
can also be obtained. The deviation from simple exponential
decay is not as easily detected by the eye in a plot of magneti-
zation vs. delay time as when the logarithm of magnetization
is plotted. In the latter case, nonexponential decay is seen as
a deviation from linearity.

The natural logarithm of the observed magnetization for
= 0.34,0.19, and 0.12 is plotted as a function of time in Figure
4, The solid lines drawn are from the best fit to a biexponential
model. The magnetization data for & = 0.34 are rather closely
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Table I. 22Nat Relaxation Rates and Correlation Times Evaluated
from the Shape of the Absorption Spectra (at 26.46 MHz), Rp =
19.5s71

a by, s7! by, 571 Te, NS
0.582 40 34 2.3
0.469 43 38 2.0
0.411 63 52 2.5
0.352 83 63 3.1
0.293 167 69 8.0
0.235 250 74 10.5
0.176 232 65 11.5
0.118 213 59 12
0.059 180 42 14

Table I1. Rate Constants, b, and b,, and Correlation Times, 7,
Obtained from the Transverse Magnetization in Carr-Purceli-
Meiboom-Gill Pulse Experiments at 23.81 MHz, Rp = 16.7 s~!

o bl,S-l b, s~1 Tey NS
0.41 64 51.5 3
0.34 94 67.5 3.8
0.26 118 92 33
0.19 147 94.5 4.6
0.12 142.5 65.0 8.2
0.04 61.5 30.4 10

(but not completely) approximated by a single exponential,
whereas for the lower degrees of neutralization, nonexponential
relaxation is evident as shown by the curved plot in Figure 4.
(The dashed lines show the logarithmic contributions to the
magnetization from the fast and slow components, respectively,
as resulting from the fit of the magnetization data. For a =
0.34 the fast and slow relaxation rates are nearly the same,
resulting in an approximately linear curve of In (total magn)
vs. time. For the case o = 0.12 the two slopes differ much more
and the logarithm of the weighted sum is clearly nonlinear.)
Nonlinear least-squares fits for « ranging from 0.04 to 0.41
gave the results reported in Table II. A comparison of the rate
constant data in Tables I and II shows that the slow compo-
nents (which are easily obtained with both methods) are very
similar for comparable «. The fast component, ), on the other
hand, differs in the two cases. We have, so far, no really good
explanation for this. It is possible that the fast relaxing com-
ponent becomes slightly suppressed for some reason.

Thus we have evaluated the relaxation rates which can be
used to obtain 7, following the three routes that are indicated
in the Theory section. But 7. can be accurately calculated only
if prRE is known. Rp for 23Nat can, as has been shown pre-
viously, be considered practically unaffected” by the presence
of polyion and is therefore assigned the same value as observed
in, e.g., an aqueous solution of NaCl of corresponding con-
centration. Thus, in the cases where longitudinal and transverse
relaxation are encountered, 16.7 s~! is used for Ry, and for
calculations on relaxation rates obtained from absorption
spectra 19.5 s~! is used for the relaxation rate for the free ions.
{The higher value in the latter case is due to the magnetic field
inhomogeneity contribution to line widths.) The possible
variation in R cannot appreciably affect the 7. and pgx?
values deduced below. To see the effect of pr on the calculated
7., 1t is illustrative to make calculations with extreme choices
of pr. Such extremes are first, as an upper limit, that all
counterions are free (pr — 1) for all @, and second, as a lower
limit, that all carboxylate sites are occupied with sodium. Here
the fraction of free ions is given by the formula

pr=1—pp=1 _an/CNa

where C;, is the total concentration of monomeric units in PMA
and Cn is the total sodium concentration. Even if these limits

of

Figure 5. Correlation time, 7 (ns), for the bound sodium ions in 0.47 m
PMA as a function of a. ¢ is obtained from R; and R; of Figure 2 asde-
scribed in the test, with Rp = 16.7 571,

(and especially the upper limit) are rather unreasonable, they
do not produce any dramatic effects on the correlation times
calculated. This is clear from the 7. data calculated from eq
11 which are presented in Figure 5. The size of the circles in
the figure indicates the 7. limits due to the extreme pg’s chosen.
(The upper limit corresponds to the choice pr — 1, and the
lower to the lower pg extreme.) The estimated error due to the
experimental uncertainty (indicated by the vertical bars) has
a greater influence on the calculated correlation time for all
a. But none of these uncertainties alters the main feature of
Figure 3, i.e., the correlation time obtained with the aid of eq
11 varies appreciably with the degree of neutralization.

To have a more realistic function for the variation of pr with
«, some further considerations are needed. As was mentioned
in the discussion of the PAA data, the concept of counterion
condensation is frequently applied in discussions of counter-
ion-polyion interactions. For PMA, as well as for PAA,
“condensation” of counterions is assumed to start at an « of
about 0.3.!° The idea behind the counterion condensation
approach is that over a certain charge density p. (the “critical”
charge density) on the polyion, counterions are associated with
the polyion in order to keep the “effective” density roughly
equal to p.. One easily finds that in a two-site model, pg is given
by

pr=1whena <0.3 and
PE=1—-(a—03)C,/Cnafor0.3<a =1

The counterion condensation model will, however, not suffice
to explain either the observation of maximal relaxation rates
around a = 0.2 or the observation of a very strong binding at
high a. A strong binding at fully neutralized PMA is the most
obvious interpretation of the data in Figures 2 and 3 of ref 7.
Studies of the variation of the binding constant with « are in
progress in our laboratory and we are presently exploring
different approaches of ionic interactions in polyelectrolyte
systems.

Therefore, in addition to the ion condensation also another
function for counterion binding must be of importance. Quite
arbitrarily, we choose the following function for the fraction
of free counterions:

pr=1—045aC,/Cna a<03
and

pE=1—(0952¢—0.15)C,/Cna 03<a =1 (12)
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Figure 6. The quadrupole coupling constant, x, and pgx? for the bound
sodium ions as a function of « for a 0.47 m aqueous PMA solution with
0.48 m sodium ion concentration. (a) pgx? as obtained from relaxation
rates in Figure 2 and 7. from Figure 5, as a function of «. The error limits
indicate the uncertainty in pgx? due to uncertainty in pf. Data obtained
from the values in Table Il are included (4). (b) Quadrupole coupling
constants, x (kHz), caiculated from the data in Figure 6a and with pf
according to eq 12. In both (a) and (b), 16.7 s~! is used for the relaxation
rate of the free ions.

This corresponds to an average of counterion condensation and
a strong association of ions which is linear in « (i.€., pp =
0.9aCp/Cna). This binding equation is used for the rest of this
article, not because of any special significance of the function,
but due to the fact that it does not produce any large errors in
the deduced quantities for any neutralization degree.

The 7. values given by the dots in Figure 5 are calculated on
the basis of this pr function chosen. (Direct information on the
counterion binding may be obtained from studies of the effect
on the NMR parameters of systematic variations of the ratio
between counterion and polyion concentrations. Such studies
are in progress.)

With the aid of eq 10 and with pr given by eq 12, 7. was
calculated from the transverse relaxation rates in Tables I and
II. The values obtained are included in the tables.

A comparison of correlation times from A(7»/T)) and from
line shapes shows that the latter increase more rapidly at the
lowest « values, while similar values are obtained for inter-
mediate degrees of neutralization. Also for the correlation
times from the transverse decay good agreement is obtained
with the data of Figure 5 for the higher « values encountered,
whereas for low « values lower 7, values were obtained than
with the A(T,/ T) evaluation procedure. The difference in 7.
from different methods, at low « values, is caused by the in-
accuracy of the b, values in Tables I and II, respectively. Our
conclusion is that the correlation times presented in Figure 5
are the most accurate owing to the fact that they are in a range
where the approximative expression (eq 11) is expected to be
valid and that some kind of systematic error in R produces a
lesser effect on the 7. calculated from A(7,/T,) than from
A(R5). In any case, the overall picture provided is the same for
all three cases: 7 is rapidly decreasing with increasing « until
about half-neutralization of PMA is reached.
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As has already been pointed out in the theoretical section,
the part of the relaxation expression due directly to ionic in-
teractions, pgx?, can be deduced when . is known. Values of
this quantity, calculated with 7. from either A(7T/T)) or the
transverse decay, are given as a function of « in Figure 6a.

It is interesting to note that a variation following simply the
assumed function for pp is not observed. Again a maximum
around a = 0.2 emerges. The vertical bars on the curve indicate
the limits of variation of ppx? due to the extreme choices of pg
already used in the 7. evaluation. Thus, so far the choice of
function for the fraction of bound ions has not introduced any
uncertainty that can critically affect the derived quantities.
However, if we now want to separate the product ppx? and
quantify both pp and the quadrupole coupling constant sepa-
rately, caution has to be taken. Thus, the only safe way to ob-
tain unambiguous values of x is to perform a separate deter-
mination of pg. But, within acceptable accuracy, a separation
can be made.

To start with, we assume that the quadrupole coupling
constant is the same for all degrees of neutralization. This gives
a variation in pg that deviates greatly from the assumed vari-
ation in pg. Most important is that with a constant and rea-
sonable value of x we obtain the result that the amount of
bound sodium exceeds the amount of -COO~ present at «
around 0.2. This is an extremely improbable situation.
Therefore, it is concluded that a variation in pg only cannot
explain the maximum in pgx? observed around « = 0.2. In-
stead, by assuming that the pp values obtained from eq 12 are
reasonably close to reality, values of the quadrupole coupling
constant were calculated. As presented in Figure 6b, the
variation of x resembles the change of 7. with «. Noteworthy
also is that the values obtained with the different 7.’s are
similar and do not at all change the major features of the
variation. Of course, for this calculation rather limited changes
in the choice of pg can at high « values cause alterations in the
x curve. But, even in the limit of maximum binding (i.e., pp
= aCp/Cna), an increase in x must still be inferred for low
.

A change in the quadrupole coupling constant is in fact also
expected from the chemical shift data presented in Figure 4
of ref 7. The anomalous « variation of the chemical shift in-
dicates a change in the environment of the bound ions. Since
x and the chemical shielding should have some qualitative
relation, both monitoring the interactions of the bound coun-
terions, a change in x is not unexpected.

Briefly summarized, the 23Na* relaxation data in PMA
solutions presented show that in the region above a = 0.5 the
variation in relaxation is mainly due to a change in the fraction
of bound counterions, while in the low « region changes in both
the correlation time and the quadrupole coupling constant also
are involved.

To relate the variation in the correlation time for the bound
ions with a conformational change in the polymer is not entirely
trivial. However, if the reorientation time of the polyelectrolyte
dominates the correlation time, a variation in 7. opposite to that
observed would be expected. This is based on the generally
assumed and accepted4-¢ conformational change in PMA,
which is from a (randomly) coiled to a more extended form
with an increasing «. Therefore a direct relation between the
polyion reorientation and the NMR correlation time is re-
jected.

Instead we propose that an internal motion (e.g., a segmental
motion) within the polymer chain or the rate of counterion
exchange between the bound and free states determines the
correlation time, at least at high degrees of neutralization.
Possibly both motions can make appreciable contributions to
.. At lower a these motions can be so seriously hindered that
the rotational motion of the (coiled) PMA can give a signifi-
cant contribution to 7.. Without further experiments, none of
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Table I11. Longitudinal and Transverse Relaxation Rates, Correlation Times, and Quadrupole Coupling Constants for Different Degrees of
Neutralization in 0.314 m Aqueous PMA with Cn, = 0.25 m, Rp = 16.55™!

a Pr? Rl,S-1 Ry, 57! A(Tz/T]) T NS pr2X 10-10 x, kHz
0.8 0.24 45.0 55.5 0.8 2.5 0.60 89
0.6 0.48 33.1 376 0.85 2.0 0.414 88.6
0.3 0.83 45.1 64.2 0.62 4.2 0.412 156
0.2 0.89 427 81.8 0.43 6.9 0.424 194
0.1 0.94 28.5 60.24 0.29 10.5 0.232 203

2 The values used for the fraction of free counterions are obtained from eq 12.

these motions can be excluded as unimportant, but some al-
ternatives are tentatively discussed below.

The concentration dependence of the relaxation rate max-
imum around « = 0.2 indicates that inter-PMA interactions
play an increasingly important role with increasing PMA
concentration. The most obvious implication of this is that an
aggregation of PMA occurs. This may indicate that the con-
tribution to 7. from PMA reorientation is of little importance
even at low degrees of neutralization (since rotation of com-
plexes of (coiled) PMA is expected to be comparatively slow).
If the relaxation maximum was simply a concentration effect
a similar behavior would be expected for PAA. But, as shown
in Figure 1, no change in 7. justifying an assumption of inter-
chain interactions is observed even at a 0.65 m concentration
of PAA. A pronounced difference between PAA and PMA
persists also at much lower polyion concentrations (e.g., less
than 0.1 m). At low concentrations an aggregation of PMA
is probably of minor importance. Therefore, in addition to
aggregation, even an intramolecular conformational change
must be of importance in PMA. The difference between the
two polyelectrolytes can possibly be derived directly from the
difference in molecular structure. The exchange of the methyl
group in PMA for a hydrogen in PAA can tentatively be as-
sumed to make the PAA chain so much more hydrophilic than
PMA that PAA preferentially exists in an extended form also
at very low charge densities. Furthermore, the difference in
size of the methyl group and the hydrogen would be expected
to result in a slower internal motion in PMA than in PAA.

Our preliminary interpretation of the maximum in the re-
laxation rate and the altered sign of the chemical shift” was
that specific complexes of Na,qt-COO~-COOH should be
of importance. If such complexes are formed within the polyion
chain, then the segmental motion in PMA is expected to be
reduced. For both inter- and intramolecular PMA complexes,
a decrease in sodium ion exchange rate (or more accurately,
an increase in the lifetime for bound ions) and a modified mode
of sodium ion binding would also be expected.

If the proposal of interpolyion complexes is well founded,
it would also be expected that the changes in both 7. and x
should decrease with decreasing concentration of PMA since
the occurrence of complexes between different PMA molecules

is much less probable at low concentrations. As a test of the
hypothesis, relaxation rates, R, and R,, were measured for a
0.31 m PMA solution with a sodium ion concentration of 0.25
m. The relaxation rates as well as calculated values of 7, pgx?,
and x (with pg from eq 12) are given in Table III.
Compared to the 0.47 m PMA solution a slight reduction
in the correlation time can be inferred at low «. The reduction
of the quadrupole coupling constant is significant over the full
« range but is especially pronounced at the lower degrees of
neutralization. Consequently, macromolecule-macromolecule
interactions are significant at high polyion concentrations.

References and Notes

(1) B. Lindman and S. Forsén, ""Chlorine, Bromine and lodine NMR, Physico-
Chemical and Biological Applications’, Springer-Verlag, Heidelberg,
1976.

(2) G. Siegel, H. Gustavsson, R. Ehehalt, and B. Lindman, in "Recent Advances
in Basic Microcirculatory Research”, Part |, D. H. Lewis, Ed., S. Karger,
Basel, 1977, p 126.

(3) H. Gustavsson, G. Siegel, B. Lindman, and L.-A. Fransson, FEBS Lett., 86,
127 (1978).

(4) V. Crescenziin "Polyelectrolytes”, E. Sélégny, Ed., D. Reidel Publishing
Co., Dordrecht, 1974, p 115.

(5) A. M. Liquori, G. Barone, V. Crescenzi, F. Quadrifoglio, and V. J. Vitagliano,
J. Macromol. Chemn., 1, 229 (1966).

(6) G.Barone, V. Crescenzi, F. Quadrifogllo, and V. Vitagliano, Ric. Sci., 36,

447 (1966).

H. Gustavsson, B. Lindman, and B. Térnell, Chemn. Scr., 10, 136 (1976).

P. S. Hubbard, J. Chem. Phys., 53, 985 (1970).

T. E. Bull, J. Magn. Reson., 8, 344 (1972).

H. G. Hertz, Prog. Nucl. Magn. Reson. Spectrosc., 3, 159 (1967).

H. Gustavsson and B. Lindman, J. Am. Chem. Soc., 97, 3923 (1975).

C. Tanford, "Physical Chemistry of Macromolecules”, Wiley, New York,

N.Y., 1961.

N.Y., 1961.

(15) N. Imai and T. Onishi, J. Chem. Phys., 30, 1115 (1959).

(16) T. Onishi, N. Imai, and F. Oosawa, J. Phys. Soc. Jpn., 15, 896 (1960); N.
Imai, ibid., 16, 746 (1961).

(17) G. Manning, J. Chem. Phys., 51, 924, 934 (1969).

(18) G. Manning, Annu. Rev. Phys. Chem., 23, 117 (1972).

(19) J. J. van der Klink, L. H. Zuiderweg, and J. C. Leyte, J. Chem. Phys., 60,
2391 (1974).

(20) H. Wennerstrom, G. Lindblom, and B. Lindman, Chem. Scr., 6, 97
(1974). :

(21) G. Manning, J. Chem. Phys., 62, 748 (1975).

(22) B. Lindman and S. Forsén in **NMR and the Periodic Table'’, R. Harris and
B. Mann, Ed., Academic Press, New York, N.Y., in press.

(23) F.E. Treloar, Chem. Scr., 10, 219 (1976).



