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Chernical shift and relaxation time meazsurements on the water protons in polyelectrolyte solutions containing i aent
paramagnetic counterions have shown the existence of three types of counterions: — site bound with loss of water mole-
cules and partial or complete release of the electrostriction in the first hydration sphere, — atmospherically trapped with
no change in hydration, — free. The overall stoichiometry of the two former is in agreement with Manning’s fraction of
condensed counterions. A complete analysis of the frequency dependent contribution of site bound counterions to the
water protons relaxation times leads us to interesting conclusions on the modifications of the first hydration shell and on

the iife time of site binding.

1. lntroduction

A clear understanding of the counterion-polyion
interaction in polyelectrolyte solutions and particular-
Iy of the problem of jonic selectivity of highly charged
polyelectrolytes requires us to go beyond the thermo-
dynamic treaiment [1-—31 and to describe in more
detail the physical state of the considered counterions.
Volumetric [4], acoustic [5] and potentiometric [6]
measurements have been used for this purpose. We
have recently shown that an extension of magnetic
resonance techniques which were developed for
the study of ion binding to discrete sites of biological
macromolecules [7] can be of great use in studies of
homopolyelectrolytes. The state of the divalent para-
magnetic jons added to the teiramethylammoniom
(TMA) salt of a polyelectrolyte can be characierized
through the chemical shift and relaxation times of
the water protons. Due to rapid exchange, the change
in bulk water proion resonance reflects the perturba-
tion in the hydration sphere of the paramagnetic fon.
Chemical shift will essentially refiect the change in

number and distance of water molecules in the {rst
hydration shell. Relaxation times will depend both

on the hydration and motions of the paramagnetic

counterion,

By adding Co?2* cations to the polyelectrolyte salt,
we have already shown [8,9] that the chemical shift
of the water protons reveals the existence of at least
two successive types of counterions. The first type
corresponds 1o about half the total condensed frac-
tion predicted according to Manning’s electrostatic
theory [3]. The second type has characteristics close
to that of a free counterion. Under the same condi.
tions, i.e. the addition of Mn?* cations to the poly-
electrolyte salt, relaxation measurements distinguish
qualitatively befween three successive types of ions.
The first fraction corresponds to that found in chem-
ical shift measurements. The sum of the first and
second corresponds to the total condensed fraction.
The third type has the same influence on water relaxa-
tion as free ions [10]. We have therefore proposed the
identification of these three types as “site bound”™,
“atmospherically trapped” and “free” counterions.
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A systematic study of the frequency dependence
of the relaxation times is required in order to extract
quantitatively some hydration and mobility param-
eters from the relaxation data and io compare them
with the results of the chemical shift experiments.
We have chosen for such a study a series of four poly-
electrolytes with a very similar value of the linear
charge density parameter A = e2/ekTh (where b is the
mean distance between charges along the polymer
axis and e the dielectric constant of water) close to 3.
Polyphosphate and Ganirez (an alternating copolymer
of maleic anhydride and vinylether) have been used in
our previous studies of chemical shift and relaxation at a
single frequency [10]. They are known to strongly affect
the hydration of site bound counterions. From previous
chemical shift measurements [8] polyacrvlic acid is
known to produce site binding with a smaller effect on
hydration. Polystyrene sulfonic acid on which no
shift or relaxation studies had yet been performed,
was believed, from volumetric studies [4], to
produce essentially no site binding. Complementary
EPR measurements on the Mn2* ion have been per-
formed on the four polymers.

2. Experimental procedures
2.1. Polyelectrolytes

Polyphosphate (PP) (gift of U.P. Strauss), Poly-
acrylate (PA) (K and K), Polysiyrene sulfonate (PSS)
(Dow Chemical Co) and Gagirez (Borden Chem. Co)
were high molecular weight samples. They have been
put in acid form, the three former by passage through
ion exchange resins, and the latter by mild hydrolysis-
at 60°C. After titration of aliquots by TMA OH, exact
neutralisation of the solutions has been carried out.

A series of solutions was prepared for each polysalt
by adding water and the chloride of a divalent para-
maguetic ion, the ratio of water to chloride being
chosen to keep constant the final polyelectrolyte con-
centration and to obtain the desired value of the ratio
R=2[M%*]/ [TMA™] which has been varied in a
series from O to 1.6. Depending on the polyelectrolyte
and its concentration, precipitation may arise for
R~1.

2.2. Chemical shift measurernents

Chemical shift measurements have been carried out
on standard CW high resolution NMR ianstruments
(Varian HA 100 or CAMECA 250 MHz). Co?* is used
for chemical shift measurements due to its high elec-
tronic relaxation rate (7 ~ 10722 ) which minimizes
its contribution to water proton line broadening.
Since line broadening at higher fields overcomes the
gain in absolute frequency shift, the stability and
the precision in frequency determination is the main
criterion for the choice of an instrument. In order
not to introduce an ionic marker into the solution,
chemical shifts are measured with respect to the signal
of a benzene capillary. The correction for paramagnntlc
susceptibility is derived from a measurement of Co?*
solutions in the absence of polyelectrolyte and in the
presenceé of 2,2-dimethyl-2-silapentane-5-sodium
sulfonate (DSS) as a marker.

2.3. Water relaxation measurements

Longitudinal (7;) and transverse (7,) relaxation
times have been measured on a Bruker SXP pulse
spectrometer working in the 4—90 MHz range. For
7; measurements by the inversion recovery method,
the whole free induction decay (FID) was recorded
for at least 25 values of the time between the 180°
and 90° puises. The relative changes in height were
measured at different positions on the FID to ensure
the absence of field drifis or phase changes during
the experiment. For 7, measurements, a Carr-Purcell-
Meiboom-Gill sequence was used. Programs for the
acquisition and the treatment of the data have been
writien for the Nicolet BNC 12 minicomputer. The
calculated semi-log plots are superposed on the ex-
perimental points on the oscilloscope for optimization
of phase adjustments in 7, measurements and for
inspection of the final agreement for T and 7. For
these relaxation measurements Mn2* has been used
because of its longer electronic relaxation time
(s~ 10~° s). The concentrations m Mn?* and poly-
electrolyte are in the range of 103 M, roughly ien
fold more dilute than in the chemical shift experi-
ments.
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2.4. EPR measurements

FPR measurements have been performed at X
band using a dual cavity with a flat quartz cell for
agueous solutions.

3. Experimental results

3. 1. Chemical shift

‘The results of chemical shift measurements for PP,
Gantrez and PA have been already published [8,10].
We give in fig. 1a the result obtained for PSS and re-
call in fig. 1b the result obtained for PP in order to
stress the extreme cases for both the differences in
the slopes relative to Co?* in the absence of poly-
electrolyte and the amplitudes of the TMA chemical
shifts. The slopes expressed in terms of an apparent
number n of water molecules subjected to the influ-
ence of the paramagnetic counterion (6 for Co?* in
the absence of polyelectrolyte) are given in table 1.

3.2 Relaxation rneasurements

Typical plots of 1/ and 1/7, versus the concen-

H20 . {a) TMA
560 b
540 41040
520 41030
5004 41020

0.0% (eli7] 003 {Co™"1

Table 2

Slopes of the water chemical shift in presence of Co?™ salts
expressed in terms of the number n of water molecules subject-
ed to Co?* scalar jnteraction

Cl,Co PSS-Co PA-Co PP-Co Gantrez-Co

6 6 ~1.5 ~0 ~0

tration in Mn>* are given in fig. 2 for PSS and PA.
Corresponding plots for PP and Gantrez have already
been puiblished [10]. The NMR frequency displayed
is that at which the distinction between the two or
three different states of the counterion is the most
evident. The coincidence of the first break in the
curves as a function of R with the fraction found in
the chemical shift experiments favours an interpreta-
tion in term of ““site binding”.

We shall be essentially concerned by the quantita-
tive analysis of the relaxation in the low R region
{R < 0.4) to obtain information on the hydration
and mobility of the first added counterions. This can
be obtained from the frequency dependence of their
contribution to the water relaxation rates, derived
from the initial slope of 77! and 73! versus R, and
expressed as:
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Fig. 1. Water proton (e) and TMA protons (o) chemical shift as a function of the molar concentration of Co?* ions. The chemical
shift in absence of polyelectrolyte is given by the straight line in a) and the dotted line in b). 2): in the presence of PSS 0.649 N

{250 MHz); b): in the presence of PP 0.051 N (100 MHz).
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Fig. 2. Relaxation rates 73! and 752 (in s 1) of water in the polyelectrolyte solution as a function of the concentration of added
Mn2*. The R scale gives the corresponding Mn2*/polymer ratio. The dotted line gives the relaxation rates in the absence of poly-
electrolyte. a) and b): with PSS (1.6 X 1073 N); ¢) and d): with PA (1.5 X 1073 N).

WTD ! = (Trherea — T Mn2*] =

where T},

is the bulk water relaxation time in the
presence of polyelectrolyte with no Mn?¥, AV the
molarity and P the molar fraction of manganese ions.

55 Py T;°

Fig. 3 gives such a frequency dependence for Mn?*
alone and in the presence of the four polyelectrolytes.
1t is qualitatively clear that for PSS — which from
chemical shift experiment does’nt seem to induce any
dehydration of Co?* — the frequency dependence
closely parallels that for Mn2* alone. It is very dif-
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ferent for the three other polyelectrolytes. In all cases
a detailed analysis is required to extract the hydration
and mobility parameterss.

3.3. EPR measuremenis

The fine structure of the Mn2* ion cannot be ob-
served any more at low R in polyphosphate and
Gantrez [10]. It remains, however, clearly visible
for PSS and PA. Each of the six lines results from five

AH [(gauss) (a)

15 [Mnl=10°
as 1 15 R

Fig. 3. Normalized relaxation rates (WT3)~1 and (WT>) 7! (for
small values of R) as a function of freguency. In each fisure
the full curve represents the best fit obtained from relations
(3) and (4). a) and b): Mn®" in absence of polyelectrolyte; ¢}
and 4): in presence of PSS; e): in presence of PA; ) in pres-
ence of Gantrez; g): in presence of PP.

overlapping lines due to the zero field splitting [11].
The resulting line broadening is known to be minimal
for the fourth line from low field and the change of its
width reflects the change in the electron spin relaxa-
tion time 7 [12]. These changes as a function of R
are given in fig. 4.

AH
(b}

a5 1 135 R

Fig. 4. Line width of the fourth line in the Mn®” EPR spectrum as a function of R; dotted line: line width with no polyelectrolyte.

a) for PSS; b) for PA.
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4. Analysis and interpretation of the results

The chemical shift Av/v of water protons can arise
from both the contact interaction resulting from the
hyperfine coupling (4) and from the pseudo contact
interaction resulting from an incomplete averaging of
the dipolar interaction in the case of an anisotropic
g factor of the paramagnetic ion. In the fast exchange
limit, the chemical shift is given by [23]:

Ap - _p 8BS(E+1)
Av —p 2568 +1)
—v—pseudo contact =Py, TRT
,/3 cos26 — 1
X Gy + 2601 — g0 (3227 =1) @
q

where g is Bohr’s magneton, S the electron spin, vy
the proton magnetogyric ration, 8 and r define the
position of the proton with respect to the g tensor
axis. The two last factors in relations (1) and (2) mea-
sure the overall centact or pseudo contact interaction
in terms of the product of a number of water mole-
cules by an hyperfine or geometric constant which
have different ranges. For that reason g and g’ have
not been set formally equal.

The change in the slope Av/v as a function of Py
for CoZ* alone and in the presence of polyelectrolyte
could then result from the superposition of any of
the following effects:

i) the replacement of some water molecules
(change in g with 4 constant)

ii) a possible change in the hyperfine constant 4
due to partial or complete reiease of the electrostric-
tion
iii) a loss of symmetry in the environment of the
paramagnetic ion leading to a pseudo contact shift.

It seems that i) has to take place before ii) and iii)
contributes appreciably to the change in Av/y. The
formation of a close contact ion pair redistributes
the charge and subsequently the electrostriction
weakens or disappears. Binding of ligands breaks the
symmeiry and makes the g factor anisotropic.

The shift observed in TMA as a function of R can
indeed be attributed to the exisience of a pseudo
contact shift. The fact that PSS, for which Av/v is

unchanged, produces a small but significant effect may
indicate that smaller distorsions due to local electric
fields are sufficient to create some loss of symmetry.
The effect cannot however result from the influence
of the overall radial field of the polyelectrolyie taken
as a smeared cylindrical distribution of charge. In

that case the TMA shift would always have the same
sign while we have shown it to be of opposite sign

in the case of carboxymethylcellulose [8].

The significance of the number 72 defined precedent-
ly (table 1) has to be handled with care. It should
not be taken as the number of water molecules not
replaced by ligands in the first hydration shell. The
fact that it is roughly proportional to the total volume
change when passing froma TMA toa Co2* salt &4
would simply mean that in a first apprcximation 4 is
proportional to the electrostriction and goes to zero
when it is completely released. It suggests also that
pseudo contact interaction plays a minor role for the
water protons. Complementary information is anti-
cipated from the analysis of the frequency dependence
of the relaxation times.

For dilute solutions in the fast exchange limit, the
frequency dependence of the relaxation rates 1/N7T;
can be analysed in term of the Solomon-Bloembergen
relations for the relaxation of water in the presence
of paramagnetic ions which are extensively discussed
in ref. [7]:

67 14+ 27
i5—=D( < 4 < )+ c T, @
1+ w_z' ’
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The scalar interaction of amplitude C is modulated
with the correlation time 7, resulting from both the
electronic spin relaxation time 7 and from the water
exchange time 7y ;

C=qCy =q%S(5+1)42, ®)

Te_l =’rs_1 + 75t ®©)
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The dipolar interaction of amplitude D is modulated
with the correlation time 7, which incorporates the

rotational corzelation time 7 of the hydrated complex:’

D=aDyr=q =5 Deyen -, Q)
r
Tgl = Tﬁl + 1’;1 > ®

where fis a geometrical factor less than unity, which
takes in account the anisotropy of motion of the vec-
tor between the eleciron and nuclear spins (see ref.
[71 p. 187); g and ¢ are the nuclear and electronic
resonance frequencies at a given field .

We have left out any contribution due to the
modulation of the pseudo scalar interaction which
can formally be considered [14] since the g tensor
anisotropy is much smaller for Mn?* (used in the
relaxation experiments) than for Co®* [20], and since
it is the square of the interactions responsible of the
shift which come into the formulae, making the ratio
of pseudo contact to contact interaction surely
negligible.

The application of these formulae to the case where
the counterion can exchange between two different
environments with different hydration might be
questioned. Indeed, even if the population of one of
the species is much bigger than the other, as expected
for site binding at low R, the dynamic of the binding
might introduce new terms in the spectral densities
associated with the modulation of both the dipolar
and the scalar interaction. Some information on the
time scales involved can be in some cases obtained
from the analysis of the dispersion of the ultrasonic
absorption [21]. Since however, the Solomon-Bloem-
bergen relations are already a function of five param-
eters C, D, 7y, 7y and 7 there is little hope to de-
velop useful expressions for more complicated models.
Therefore we use these equations as the simplest
phenomenological equations for the modulation of
the dipolar and scalar interaction with average cor-
relation times 7 and 7, and we shall discuss their
possible meaning later on. One difficulty arises how-
ever, from the fact that the electronic spin relaxation-
7, is frequency dependent. 7, will however be fre-
quency independent if 7 is much larger than 75
or TR.

We shall use the approximate frequency dependence
relation of Bloembergen and Morgan [13]:

T 47,
_ v v
751=B{ -5+ 5 2), ©®
1+ owiry 1+4wi7-

where B is related to the zero field splitting which is
modulated by the fluctuations in the symmetry of the
environment with the correlation time 7,,.

A true mathematical fit of the experimental data
to a six parameter expression through a multi param-
eter regression scheme would require, to be statistically
valid, an impossible experimental accuracy. Moreover,
we are dealing with two sets of theoretical relations
and measurements for 7} and 7,. They contain the
same parameters and cannot be treated independenily.
Fortunately there are cases where some of the terms
are negligible and an approximate value of some of
the parameters can be estimated from the information
obtained from the chemical shift and EPR experiments.
We therefore describe successively the treatment of the
data concerning the different polymers, at values of
R corresponding to the first linear part according to
three classes:

PSS: — frequency dependence of T; and T, similar
to free Mn
~— no effect of polymer on chemical shift
— fine structure in the Mn2* EPR spectrum
PA: — frequency dependence of T; and 7, different
from free Mn
— some effect on chemical shift [8]
— fine structure in the Mn?* EPR spectrum
Polyphosphate and Gantrez:
— frequency dependence of 7; and 7, dif-
ferent from free Mn
— the polymer completely inhibits the effect of
Co?* on the water protons chemical shift
— only a broad unresolved EPR signal.

1) pin** and PSS

Considering the order of magnitude of 7, deduced
for free Mn®* and PSS Mn from EPR line widih at
X band (Hgy ~ 3600 G, w; ~ 15 MHz, 7, ~ 2—3
X109 s) the constant value of 7 1 at high wj and
the higher values at low wj indicate that 7_ is dominat-
ed by 7. Neglecting at first the scalar term in 7 the
value at high ¢v; gives directly the first term in rela-
tion (3) i.e. 6D7, while the frequency dependence
at low co; gives 7. One then calculates the dipolar
eontribution to 75 1 and, after subiraction, the scalar



P.C. Karenzi et al. /Site binding in polvelectrolytes 189

Table 2

Best fit parameters derived from the frequency dependence of the relaxation rates of water in presence of Mn2*

Tp X 108! Taq X 10°
(s) s) (s)

Parameter

- 2
7, X 101

BXxX10718
(s™2 rad)

Ccx 10712
(s~2 rad)

Dx10713
(572 rad)

2.9:0.3 1.8 0.2
3[13] 2.3 [13]
5 {15] 3 [16]

Our resalis
Previous results

4505
1.6 [18]
2.1 {13}

8.2+08
10 {13}

4.8+ 05
4.8 [13]

3.1+0.3
3.24 [13]

2.4 117}
4.6 [19]

5

[11}

contribution (see relation 4). For Free Mn?*, Cis
known from other experiments, as the chemical shift
of the proton in the hexahydrated ion [13]. The
frequency dependence of 75 1 is then calculated and
fitted to the three parameter equations (6) and (9).
This first set of parameters is used to calculate the
scalar contribution to 7 and by subtraction a correc-
ted dipolar contribution. Iieration is then carried on.
In that procedure D and 7 are obtained to a very
good accuracy. C is taken for PSS-Mn to be equal to
that of free Mn®* from the chemical shift result. The
final set of values for Mn>" is given in table 2 where
the results obtained by other authors for Mn2*
have been reproduced for comparison. Corresponding
values for PSS-Mn are given in table 4.

2)P4

The frequency dependence of T suggests that 7,
cannot be taken as constant. Since, from EPR,
7, (1.1 X 107 s) has not changed in order of magnitude
this implies that 7 has increased and is now of the
same order of magnitude as 7, making 272> 1 in the
whole frequency range. On the other hand the chem-
jcal shift indicates a decrease for € We therefore start
neglecting the scalar term in Ty and reduce relation
(3) to:

6D7 /(1 + witd)
and as a first approximation to the value of D, we take:
D/Dyy2+ = /6,

where 72 is taken from table 1. The frequency depen-
dence of 7 is then fitted according to relations (5), (6)
and (7) with the three parameters (1/7; + /), 7
and B. The best fit curve gives smoothed values of 7

= PA

0 . x

20 40 60 80 MHz

Fig. 5. Frequency dependence of 751 in the analysis of the
relaxation rate of water in the presence of PA-Mn (low R).
The full curve correspond to the fit according to equations
(6), (8) and (9).

at each frequency from which one recalculates the
dipolar contribution to 7, and by subtracting the
scalar contribution. B and 7, being given, its frequen-
cy variation is fitted with two parameters C (which
should be close to (##/6)Cyyn2+) and 7py-

An example of the fit of 1/7, as a function of w is
given in fig. 5. The changes in the calculated frequency
dependences arising from the small changes in the
parameters given in table 3 are depicted in fig. 6. They
give an idea of the accuracy and justify in particular
that the values of D and 7 reported in table 4 are
given to an accuracy of 10%.

3. Polyphosphate and Gantrez

From the chemical shift results, one would expect
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Fig. 6. Effect of small variations of the “best fit™ parameters for the frequency dependence of the water relaxation rates in the
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Table 3
Influence of small changes in the parameters on the it of the freguency dependences: set of values used in fig. 6 for PA-Mn
Reference of the 7g X 10° DX10712 ™\ X 108 Bx10718 7, X 1011 Cx1071
curve on fig. 6 ) (rad.s"2) () (rad.s™2) (s) (rad.s™2)
@) 1) 1.65 5.6 2.5 10.5 1.05 19
2) 1.85 5.6 2.5 20.5 1.05 19
3) 2.5 5.6 2.5 10.5 1.05 19
b) 1) 1.8 5.9 2.5 8 1.3 9.7
and 2) 1.8 5.9 2.5 7 1.7 3.7
{d) 3) 1.65 5.9 2.5 10.5 1.05 19
(©) 1) 1.8 5.9 2.5 8 1.3. 2.7
2) 1.4 4.9 2.5 8 1.3 8.7
3) 1.8 6.3 2.5 8 1.3 9.7
© n i.8 6.9 2.5 8 1.3 9.7
2) 1.8 6.9 2,5 5.33 1.3 6.47
3) 1.8 6.9 2.5 8 1.3 9.7
) §5) 1.8 5.9 2.5 8 1.3 9.7
2) 1.9 5.9 2.5 8 1.3 9.7
3) i.8 5.6 2.5 B 1.3 9.7
Cto be close to zero and the expressions of 7 and much improved by adding a small scalar contribution.
T, to be both reduced to their dipolar part. Then 7 The iterative process is then the same as for PA. The
would be uniquely determined by the ratio of 7y to “best fit” parameters from which full curves of fig. 5
T, and D obtzained from the absolute values. 7, varies have been drawn are given in table 4.

in the range 10~8-.1079 but D is not found constant,

varying between 2 X 101! and 3 X 102 rad.s™2 for

PP and between 6 X 10! and 6 X 1012 rad.s~2 for 5. Discussion of the results
Ganirez. Assuming this variation to be partly due to

experimental inaccuracy in 7 /75, we have taken for The parameters of table 4 can now be discussed

D the value obtained at 90 MHz, where the sensitivity in terms of hydration and mobility of the counterion.
and stability are best, and we have recalculated the The relaxation study on PSS nicely confirms the
frequency dependence of 7, and the values of 77,. chemical shift data. The fact that D is the same as for
The agreement is never very satisfactory and is very free Mn2* implies the same number of water mole-
Table 4

Best fit parameters from the frequency dependence of the relaxation rates of water in the presence of Mn salts, according to rela-
tions (3) to (7)

Parameters Free Mn?% PSS-Mn PA-Mn Gantrez-Mn PP-Mn
T X 10! () 28 =0.3 5.7 0.6 (1.8 +0.2) X 102 (1.6 = 0.3) X 102 (1.6 * 0.5) X 102
7pg X 102 (5) 1.8 0.2 1.8 +0.2 25+08 35+1.3 ~3

7y X 1012 (5) 0.45 = 0.05 0.85= 0.09 1.320.3 ~2 ~7

Dx10712 (s72 1ad) 31 =3 31T =3 59:06 6.1+1.2 3.2=21
CX10712 (72 r2d) 48 =05 4.8 0.5 0.9 0.3 1 *04 ~0.5

ANX10718 (s72 rad) 82 208 82 208 8 =2 8 =4 ~8
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cules in the first hydration shell. The rotational correla-
tion time 75 is however twice that for free Mn?*._ This
can be interpreted in terms of a “local viscosity” in
agreement with the fact that 7, the correlation time
for the modulation of the zero field splitting by solvent
collisions, is also about twice that for pure Mn>*.

The values of 7 calculated from formula (7) at the
EPR fre uency using B and 7, of Table 4 are 6.8 X 10°°
s for Mn?* and 5.3 X107 % s for PSS-Mn, systematically
higher than the values deduced from EPR line widths.
This has been already noted [16] and attributed to:

— the non-lorentzian EPR line shape which results
from the overlap of several transitions,

— the oversimplification contained in the relations
(5) and (6) where no distinction is made between the
longitudinal and transversal electronic relaxation times
T1s and 7o

— the oversimplification of relation (9) as compared
with more exact calculations.

For PA, PP and Gantrez, the qualitative sumlanty
in the shape of the frequency dependence of (VT )_
and (NTz) comes from the fact that 7 becomes of
the order of magnitude of 7. and partiy reﬂects its
frequency dependence.

In the case of PA, EPR experiments reveal that
has not much changed compared to the free Mn?*
value and therefore the analysis performed to extract
T and D seem very reliable considering the effect of
small changes in the ““best fit”’ parameters depicted in
fig. 6. If we compare the relative amplitudes of the
dipolar and scalar interactions for PA-Mn and Mn2*
with no polyelectrolyte we find D/Dyg, 2+ ~ C/Cpyp2+
~ 0.2. This result is in good agreement with the value
7/6 ~ 0.25 where n is the apparent hydration number
derived from chemical shift data (table 1).

The value of the remaining dipolar interaction re-
quires further discussion. Indeed, if C/Cyy,, 2+ reflects
the loss of hyperfine interaction resulting from both
the replacement of some water molecules by ligands
from the polymer and the subsequent relaxation of
the electrostriction on the remaining water molecules,
one would expect D/Dy;,2+ to reflect mainly the
replacement of water molecules since a slight increase
of the ion-water protons disiance has only a small in-
fluence on the dipolar interaction. One should there-
fore postulate the replacement of a least 4 molecules
of water. Such a strong binding seems contradictory
with the value of 7 ~ 10~-° s, unless it reflects the

local and highly anisotropic motion of the polymer
chain. In that case the anisotropy factor f should be
much smaller than unity indicating a smaller replace-
ment of water by ligands. The number of water mole-
cules replaced in the first hydration shell upon site
binding cannot therefore be unambiguously determined.
The two order of magnitude increase in 7y can how-
ever be taken as a good criterion for site binding to-
gether with the decrease in the amplitude of the

scalar interaction.

The situation for PP and Gantrez is somewhat more
complicated. While the EPR line width suggest a large
decrease in the transverse electron spin relaxation
time, the fitting of the frequency dependence of
7. and of the residual scalar interaction leads to values
of B and 7,, which imply only a small increase in 7.
This makes the use of formulae (3) and (4), in which
no distinction is made between the transverse and
longitudinal values of 7, more questionable. Even if
one neglects completely the scalar inieraction the
values of 7_ remain in the range 10-8-10"9 s and
therefore none of the correlation times 7 , 7 or
7 can have a much smaller value; once again the large
increase in 7y appears as the reliable test of site
binding.

In fact 7 could in that case be much longer. The
scalar contribution would then be very small at the
highest frequency and the values of D/Dy,, 2+ and 7,
obtained at 90 MHz are therefore quite reliable.
These values (D/Dyy,2+ ~ 0.1—0.2) are similar to that
obtained for PA. On the other hand, the apparent
discrepancy between the amplitude of the scalar
interaction revealed by shift and relaxation measure-
ments can be due to the crudeness of relation (9) and
the absence of distinction between the longitudinat
and transverse electron spin relaxation time.

A tentative model can be proposed out of our
results. Site binding is characterized by the replace-
ment of one or two molecules of water in the first
hydration shell by ionized groups from the polymer
with formation of a close contact ion pair. The sub-
sequent relaxation of the electrostriction has a very
large effect on the decrease of the counterion para-
magnetic spin—water proton nuclear spin hyperfine
interaction, justifying the parallelism of the shift and
volumetric results. The apparent decrease of the di-
polar interacijon reflects the anisotropy of the mo-
tion of the partly hydrated site bound counterion,
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controlled by the local conformational changes of
the polymer backbone.

In that picture, the residence time of the site bound
counterion must be much longer than the measured
correlation time 7, . Ultrasonic dispersion data on
PP-Co [21] reveal however that the binding proceeds
according to a three step model. Each intermediate
state is characterized by different states of hydration
corresponding in particular to the outer sphere and
inner sphere complex in fast exchange. Each inter-
mediate state would then be characterized by a dif-
ferent value of C and D and the spectral densities
would result from the modulation by exchange. This
could explain a negligible contribution of the scalar
interaction in the static shift experiments, related to
a high population of the inner sphere complex, while
the modulation of this scalar interaction in the ex-
change with a small amount of outer sphere complex
could noticeably affect the relaxation.

In the case of a two step model, the Solomon-
Bloembergen relations might remain a phenomenologic-
al approximation with a redefinition of 7y and 7.
The analysis is hopeless for a larger number of param-
eters as requested in a three step model of the type
given below:

1) Polyelectrolyte counterion ..... gH,0
T (relaxed) "

2) Polyelectrolyte ....oceeeeminnncnnn counterion —gH, 0 «— H20
]» ] (electro- (bulk)

st?
3) Polyelectrolyte + counterion 6H,0

(electrostricted)

We have only one indication suggesting that ex-
change between states of different hydration might
control the relaxation. This comes from a considera-
tion of the relaxation time associated with the “atmo-
spherically trapped” counterions. Indeed in the case
of PA, the break in the 1/7; and 1/T, curvesasa
function of R is sufficiently clear to define, by sub-
traction of the counterion of the site bound counter-
ions, the relaxation rates for the second type of con-
densed counterions. One would expect their frequency
dependence to resemble that found in the case of PSS.
They in fact closely resemble that found for PA at low
R, ie. in the case of site binding.

Our attempt to quantitatively analyze the change
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in relaxation time of water under the influence of
Mn?? in the presence of polyelectrolyte in terms of
hydration and mobility appears therefore more com-
plicated than anticipated. However, using the Solomon-
Bloembergen relations as a phenomenological approach,
the decrease in D and C and the increzse in 7, appear
as reliable signs of site binding.

It is difficult to discuss at that stage the reason why.
among polymer with the same charge per unit length
PSS does not produces site binding and why in the
other cases only a fraction of the condensed counter-
ions is able to site bind. In a simple picture, initially
introduced by Eisenmann [22] to explain the specificity
of binding of alkaline ions to different anions, site
binding would be controlled by the strength of the
local electric field. It governs the balance between the
change in free energy resulting from the modification
in the structure of the hydration sphere and the change
in electrostatic energy resulting from a closer contact
allowed by that modification. The problem in the
case of polyelectrolytes is to decide whether the major
contribution to the local electric field arises from the
nearest ionized group or from the overall charge
distribution along the polyelectrolyte. If the second
hypothesis holds, it will at the same time explain the
limitation in the number of binding sites. The first
site bound counterions decrease the charge per unit
length up to the point where the electric field is not
high enough to permit further site binding. Another
limnitation could however proceed from a conformation-
al constraint for ligand exchange with divalent counter-
ions.

Some arguments can be found in our results in favor
of a control of site binding by the overall field of the
polyelectrolyte. This field depends not only of the
charge by unit length but of the distance of the charged
site groups from the main chain. It is also known that
the volume change on divalent cation addition, which
is very small for PSS, is much larger for polyethylene
sulfonic acid where the same SO3 group is closer to
the main chain [4];

Polyacrylic acid offers a way to test this hypothesis
by performing chemical shift and relaxation experi-
ments at variable degrees of ionization. These experi-
ments are now under way.
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