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Chemical shift and relaxation time measurements on the water protons in polyeIectroIyte solutions containing _‘.ffent 
pammagnetic counterions have shown the existence of three types of counterions: - site bawd with loss of water mole- 
cules and partial or complete release af the electrostriction in the first hydration sphere, - atmospherically trapped with 
no change in hydration, - free. The averall stoicbiometry 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 concIusions on the modifications of the first hydration shell and on 
the life time of site binding. 

A clear understanhg of the counterion-polyion 
interaction in polyelectrolyte solutions and particular- 
ly of the problem of ionic selectivity of highly charged 
polyelectrolytes requires us to go beyond the thermo- 
dynamic treatment [l--3] and to describe in more 
detail the physical state of the considered counterions. 
Volumetric [4], acoustic 151 and potentiometric [63 
measurements have been used for this purpose. We 
have recently shown thai- 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 
horno~o~~e~ec~~tes. The state of the divalent para- 
magnetic ions added to the te~~e~yl~mo~um 
(‘I’IHA) salt of a po3yelectrolyte can be characterkd 
through the chemical &ift and relaxation times of 
the water protons. Due to rapid exchange, the chauge 
in bulk water proton resonance reflects the perturba- 
tiori in the hydration sphere of the paramagnetic ion, 
Chemic& &dft will essentially reflect the change in 

number and distance of water molecules in the 9rst 
hydration shell, Relaxation times will depend both 
on the hydration and motions of the paramagnetic 
counterion, 

By adding Go=+ cations to the polyelectrolyte salt, 
we have &ready shown [8,9) that the chemical shift 
of the water protons rev&s the existence of at least 
two successive types of counterions. The first type 
corresponds to about half the total condensed frac- 
tion predicted according to Manning’s electrostatic 
theory {33. The second type has characteristics close 
to that of a free counterion. Under the same condi- 
tions, i.e. the addition ofMn2+ cations to the poly- 
electrolyte salt, relaxation measurements distinguish 
qu~tativeIy between three successive types ofions. 
The first fraction corresponds to that found in chem- 
ical shift measurements. The sum of the first and 
second corresponds $0 the total condensed fraction. 
The third type has the same influence on water relaxa- 
tion as free ions [I 03. 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 to 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 h = e2 jEkTb (where b is the 
mean distance between charges along the polymer 
axis and E the dielectric constant of water) close to 3. 
Polyphosphate and Gantrez (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 ofsite bound counterions. From previous 
chemical shift measurements [S] polyacrylic 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. PoIyeZecfroZytes 

Polyphosphate (PP) (gift of U-P. Strauss), Poly- 
acrylate (PA) (K and K), Polystyrene sulfonate (PSS) 
(Dow Chemical Co) and Gantrez (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 
neutrahsation 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- 
magnetic ion, the ratio of water to chloride being 
chosen to keep constant the fmal polyelectrolyte con- 
centration and to obtain the desired value of the ratio 
R = 2 [M2”] / [TMA+] which has been varied in a 
series from 0 to 1.6. Depending on the polyelectrolyte 
and its concentration, precipitation may arise for 
R- 1. 

Chemical shift measurements have been carried out 
on standard CW high resolution NMR instruments 
(Varian HA 100 or CAMECA 250 MHZ). Co2* is used 
for chemical shift measurements due to its high elec- 
tronic relaxation rate (rs - IO-l2 s) 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. 3he correction for paramagnetic 
susceptibility is derived from a measurement of Co2” 
solutions in the absence of polyelectrolyte and in the 
presence of 2,2_dimethyl-2-silapentane-S-sodium 
sulfonate @SS) as a marker. 

2 3. Water rezaxatioz measurements 

Longitudinal (T1) and transverse (T2) relaxation 
times have been measured on a Bmker SXP pulse 
spectrometer working in the 4-90 MHz range. For 
TX measurements by the inversion recovery method, 
the whole free induction decay (FlD) was recorded 
for at least 25 values of the time between the 18Oo 
and 90° pulses. The relative changes in height were 
measured at different positions on the FiD to ensure 
the absence of field drifts or phase changes during 
the experiment. For T2 measurements, a CamPurcell- 
Meiboom-Gill sequence was used. Programs for the 
acquisition and the treatment of the data have been 
written 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 T2 measurements and for 
inspection of tire final agreement for Tl and T2. For 
these relaxation measurements Mn2+ has been used 
because of its longer electronic relaxation time 

(75 - lo-’ s). The concentrations in MI-I=+ and poly- 
electrolyte are in the range of 10e3 M, roughly ten 
fold more dilute than in the chemical shift experi- 
ments. 



Table 2 

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

Slopes of the water chemical shift in presence of Co2’ s&s 
expressed in terms of the number n of water molecutes SUbjeCt- 

ed to Co2* scalar interaction 

t&co PSS-CO PA-Co PP-co Gantrez-Co 

6 6 --1.5 -0 -0 

The results of chemica.? shift measurements for PP, 
Gantrez and PA have been already published [&IO] _ 
We give in fig. la the result obtained for PSS and re- 
call in fig. lb the resuit obtained for PP in order to 
stress the extreme cases for both the differences in 
the slopes relative to Co2” 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 inffu- 

ence of the pammagnetic counterion (6 for Co’+ in 
the absence of polyelectrolyte) are given in table I- 

tration in Mn2+ are given in fig. 2 for PSS and PA. 
Co~espon~g plots for PP and Gantrez have already 
been piiblished [IO]_ 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 %te binding”. 

We shall be essentially concerned by the quantita- 
tive analysis of the relaxation in the low fit region 
@Z < 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 TF* and Ty’ versus R, and 

Typicai plots of i/T1 and 1/T= versus the concen- expressed as: 

I 
o.ol cm2 on3 Its+1 

16OL 
OJn a02 rco+* I 

F&.1_ Water proton (a) and TMA protom (0) chemical &Xt as a function of the molar concentration of Co= ions_ The chemical 
sfiift in absence of polyelectxolyte is given by the st&ght line in a) end the dotted Iine in b), a): in the presence of PSS 0.049 N 
(250 MHz); b): in the presence of PP 0.051 N (lo0 MHz). 
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fig. Z Relaxation rates T;’ and zz (in s-l) of water in the poiyelectrolyte solution as a function of the concentration of added 
Mn2+. The R scale gives the corresponding Mn*~/polymer ratio. The dotted line gives the relaxation rates in the absence of poly- 
electrolyte. a) and b): with PSS (1.6 X low3 N); c) and d): with PA (1.5 x 10m3 N)_ 

(mj)- ’ = (F:bs& - ri,‘>l [fi2+1 = 55 jM q 3 

where T&, is the bulk water relaxation time in the 
presence of polyelectrolyte with no Mn2j, N the 
molar&y and Phi the molar fraction of manganese ions. 

Fig. 3 gives such a frequency dependence for Mn2+ 
alone and in the presence of the four polyelectrolytes. 

ft is qualitatively clear that for ES - which from 
~hen5ca.l shift experiment doe&t seem to induce any 
dehydration of Co”’ - the frequency dependence 
closely parallels that for Mn2* alone. It is very dif- 
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20 LO SO 80 MHz 

Fiz. 3. Normalized relaxation rates (NT,)-’ and (NTz)-’ (for 
small values of R) as a function of frequency. In each figure 
tbe full curve represents the best fit obtained from relations 
(3) and (4). a) and b): Mn2* in absence of polyelectroZyte; c) 
and d): in presence of PSS; e): in presence of PA; f): in pres- 
ence of Gantrez; g): in presence of PP. 

ferent for the three other polyelectrolytes. hi all cases 
a detailed analysis is required to extract the hydration 
and mobility pamneters. 

3.3. EPR measurements 

The fine structure of the MI-I’* ion cannot be ob- 
served any more at low R in polyphosphate and 
Gantrez f IO] _ It remains, however, clearly visible 
for FSS and PA. Each of the six lines results from five 

overlapping lines due to the zero field splitting [ 1 I] _ 

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 7s f12f _ These changes as a function of R 
are given in fig. 4. 

AX 

70 

1 I I 
a5 1 IS R 

Fig. 4. Line width of the fourth line in the Mn ‘* EPR spectrum as a function of& dotted line: tine width with no polyefectrolyte. 
a) for PSS; b) for PA. 
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4. Analysis and interpretation of the results 

The chemical shift b/v of water protons can arise 

from both the contact interaction resulting from the 

hyperfime coupling (A) and from the pseudo contact 

interaction resulting from an incomplete averaging of 

the dipolar interaction in the case of au anisotropic 

g factor of the paramagnetic ion. In the fast exchange 

limit, the chemical shift is given by [23] : 

&contact = -Pbl gPS(S-t 1) @ 
7H3kT ’ 

&pseudo contact = PM p 2 S(S+ 1) 27kT 

(1) 

(2) 

where @ is Bohr’s magneton, S the electron spin, yH 

the proton magnetogyric ration, 0 and r define the 

position of the proton with respect to the g tensor 

axis. The two last factors in relations (1) and (2) msa- 
sure the overall ccntact or pseudo contact interaction 

in terms of the product of a number of water moie- 

cules by an hyperfme or geometric constant which 

have different ranges. For that reason ~7 and 4’ have 

not been set formally equal. 

The change in the slope Aviv as a function of PM 

for Co 2+ alone and in the p resence of polyelectrolyte 

could then result from the superposition of any of 

the following effects: 

i) the replacement of some water molecules 

(change in q with A constant) 

ii) a possible change in the hyperfme constant A 
due to partial or complete release 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 Au/v. The 

formation of a close contact ion pair redistributes 

the charge and subsequently the dectrostriction 

weakens or disappears. Binding of ligands breaks the 

symmetry and makes the g factor anisotropic. 

The shift observed in TMA as a function of R can 

indeed be attributed to the existence of a pseudo 

contact shift. The fact that PSS, for which Avfv 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 polyelectrolyre 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 carboxymethylceilulose [S] _ 
The significance of the number II 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 from a ThlA to a Co’+ salt [9] 

would simply mean that in a fust apprcximation A 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 fiVTi 

can be analysed in term of the Solomon-Bloembergen 

relations for the relaxation of water in the presence 

of pammagnetic ions which are extensively discussed 

in ref. [7]: 

55=D 4rc‘ 
37, 13rc 

*2 ( 
+ 

1 + cl+, 1 + ,2,2 1 s c 

( 
7, 

+c ‘Te . 
1 -t &J2,2 s e 1 

The scalar interaction of amplitude C is modulated 

with the correlation time T, resulting from both the 
electronic spin relaxation time rs and from the water 

exchange time rM ; 

c=qchl =q$Y(S+ l)A2, (5) 
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The &polar interaction of amplitude D is modulated 
with the correlation time rc which incorporates the 
rotational correlation time rR of the hydrated complex: 

7c 
-1 crEl ++, (8) 

where f is a geometrical factor less *&an unity, which 
takes in account the anisotropy of motion of the vec- 
tor between the electron and nuclear spins (see ref. 
173 p_ 187); wI and ws are the nuclear and electronic 
resonance frequencies at a @ven field iYo_ 

We have left out any contribution due to the 
modulation of the pseudo scalar interaction which 
can forma&jr be considered 1143 since the g tensor 
anisotropy is much smaller for Mn2+ (used in the 
relaxation experiments) than for Co2+ [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 [Zl ]. Since however, the Solomon-Bloem- 
bergen relations are already a function of five param- 
eters C, D, TV. r&T and 7s 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 rc and re and we shall discuss their 
possible meaning later on. One difficulty arises how- 
ever, from the fact that the electronic spin relaxation - 
rs is frequency dependent. -re will however be f’re- 
quency independent if rs is much larger than rM 
or rR. 

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

where 3 is related to the zero field splitting which is 
modulated by the fluctuations in the symmetry of the 
environment with the correlation time rv_ 

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 T1 and T2_ ‘Ihey contain the 
same parameters and cannot be treated independently_ 
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 fiit linear part according to 
three classes: 
PSS: - frequency dependence of T1 and T2 similar 

to free Mn 
- no effect of polymer on chemical shift 
- fme structure in the Mn*+ EPR spectrum 

PA: - frequency dependence of T1 and T2 different 
from free Mn 

- some effect on chemical shift [S] 
- fine structure in the Mn2+ EPR spectrum 

Polyphosphate and Gantrez: 
- frequency dependence of T1 and T2 dif- 

ferent from free Mn 
- the polymer completely inbrbits the effect of 

Co2+ on the water protons chemical shift 
- only a broad unresolved EPR signal. 

Considering the order of magnitude of rs deduced 
for free Mn2+ and PSS =Mn from EPR line width at 
X band (H,, - 3600 G, wI - 15 MHz, 5; - 2-3 
X 1O-9 s) the constant value of Til at high wI and 
the higher values at low o1 indicate that 7, is dominat- 
ed by TV. Neglecting at fust the scalar term in Tl the 
value at high wI gives directly the first term in rela- 
tion (3) i.e. 6Drc while the frequency dependence 
at low oI gives 5-c_ One then calculates the dipolar 
contribution to TF1 and, after subtraction, the scalar 



Table 2 
Best fit parameters derived from the frequency dependence of the relaxation rates of water in presence of Mfn2+ 

Parameter rv x 10’2 
0) 

D x lo-‘3 cx lo-r2 
(sT2 rad) (s-~ rad) 

B x lo-‘8 
(s-~ rad) 

Our results 2.9 c 0.3 1.8 i- 0.2 4.5 t 0.5 3.x + 0.3 4.8 c 0.5 8.2 i 0.8 
Previous results 3 I131 2.3 f131 1.6 II81 3.24 1131 4.8 I131 10 1131 

5 1151 3 f16f 2.1 113) 
2.4 1171 
4.6 II91 
5 [llj 

contribution (see relation 4) For Free Mn2+, C is 
known from other experiments, as the chemical shift 
of the proton in the hexahydrated ion [ 131. The 
frequency dependence of rgl is then calculated and 
fitted to the three parameter equations (6) and (9). 
This first set of parameters is used to calcu!ate the 
scalar contribution to TI and by subtraction a correc- 
ted dipolar ~ont~butjo~_ Iteration is then carried on. 

in that procedure D and rR are obtained to a very 
good accuracy. Cis taken for PSS-Mn to be equal to 
that of free Mn2* from the chemical shift result. The 
fmal set of vah3e.s for Mn ‘* is given in table 2 where 
the rem&s obtained by other authors for Mn2+ 
have been reproduced for comparison. Corresponding 
values for PSSMn are given in table 4. 

2fPA 

The frequency dependence of T1 suggests that TV 
cannot be taken as constant. Since, from EPR, 
5s (1.1 X 10-’ s) has not changed in order of magnitude 
this implies that TV has increased and is now of the 
same order of magnitude as 7s making w,‘T~ % 1 in the 
whole frequency range. On the other hand the chem- 
ical shift indicates a decrease for C We therefore start 
nedecting the scalar term in Tl and reduce relation 
(3) to: 

6.urJ(1 + c+,“) 

and as a first approximation to the value of D, we take: 

where n is taken from tabIe I _ The frequency depen- 
dence of T= is then fitted according to relations (S), (6) 
and (7) with the three parameters (1 /TV + 3 f-r,,), rv 
and B. The best fit curve gives smoothed values of I-~ 

PA 

L- 

0 
20 50 60 80 MHz 

Fig. 5. Frequency dependence of 7;’ in the analysis of the 

relaxation rate of water in rhe presence of PA-WI (low I?). 
Ihe ml1 curve correspond to the fit according to equations 
(6), (8) and (9). 

at each frequency from which one recalculates the 
dipolar contribution to T2 and by subtracting the 
scalar contribution. 3 and 5;, being given, its frequen- 
cy variation is fitted with two parameters C (which 
should be close to (~/6)&~2+) and rbnl. 

An example of the fit of 1 f%, 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 vahzes of D and TV reported in table 4 are 
given to an accuracy of 10%. 

3. PoIypho~hat~ and Gantrez 

From the chemical shift results, one would expect 



190 

(d> 
3 

1 
20 LO 60 80 MHz 

20 40 60 80 MHz 20 Mf 60 80 MHz 

F&. 6. Effect of small variations of tlze “best fit” parameters for the frequency dependence of t&e water relaxation rates in the 
pr&?mce of PA-Mrs. The set of pammeters cozmspond to table 3. 
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XnBuence of sma.U c%ames in the parameters on the fit of the frecueney dependewes: set of values used in tig. 6 for PA-MIX 

Reference of the TR x 109 
curve on rig. 6 (a) 

DX 10-r* 
(rad.s-2) 

r&f x 10s 
(s) 

23X 10-18 
(rad.s-*) 

rv x 10’ r cx 10-l’ 
(a) (rad.sv2) 

- 

<a) 1) 1.65 5.6 2.5 10.5 1.05 19 
2) 1.85 5.6 2.5 10.5 1.05 19 
3) 25 5.6 2.5 10.5 1.05 19 

fb) 
and 
td) 

(c) 

1) 
2) 
3) 

1) 
2) 
3) 

(e) 3) 
2) 
3) 

(f) 1) 
2) 
3) 

1.8 5.9 2.5 8 
1.8 5.9 2.5 7 
1.65 5.9 2.5 10.5 

1.8 5.9 25 8 
1.4 4.9 2.5 8 
1.8 6.3 2.5 8 

1.8 6.9 2.5 8 
1.8 6.9 2.5 5.33 
1.8 6.9 2.5 8 

1.8 5.9 2.5 8 
l-9 5.9 2.5 8 
1.8 5-6 2.5 8 

1.3 
1.7 
?.OS 

1.3. 
1.3 
1.3 

1.3 
1.3 
1.3 

1.3 
1.3 
1.3 

Cto be close to zero and the expressions of Tl and 
T2 to be both reduced to their dipolar part. Then re 
would be uniquely determined by the ratio of T, to 
Tz and D obtained from the absolute values. rC varies 
in the range 10W8- 1C9 but 23 is not found constant, 
varying between 2 X 1011 and 3 X 10’” rad.se2 for 
PP and between 6 X 1Ol1 and 6 X lOI rad.sd2 for 
Gantrez. Assuming this variation to be partly due to 
experimental inaccuracy in Tl/T2, we have taken for 
D the value obtained at 90 MHz, where the sensitivity 
and stability are best, and we have recalculated the 
frequency dependence of re and the values of T,. 
The agreement is never very satisfactory and is very 

9.7 
3.7 

19 

9.7 
9.7 
9.7 

9.7 
6.47 
9.7 

9.7 
9.7 
9.7 

much improved by adding a small scalar contribution. 
The iterative process is then the same as for PA. The 
‘&best fit” parameters from which full curves of fig. 5 
have been drawn are given in table 4. 

5. Discussion of the results 

The parameters of table 4 can now be discussed 

in terms of hydration and mobihty of the counter-ion. 

The relaxation study on PSS nicely conErms the 
chemical shift data. The fact that I) is the same as for 
free Mn2+ * nnplies the same number of water mole- 

Table 4 
neat fit parameters from the frequency dependence of the rehxation rates of water in the presence of Mn salts. according to rela- 
tions (3) to (7) 

Parameters Free Mnz* PSSMn PA-MII GZiXltreZ-Mn PP-Mln 

TR x 10’ l W 28 * 0.3 5.7 + 0.6 (1.8 + 0.2) x 102 (1.6 f 0.3) X lo* (1.6 t 0.5) X lo2 
7Mx1oe(s) 1.8 t 0.2 1.8 f 0.2 2.5 + 0.8 3.5 A 1.3 -5 
rv x 10’ ’ (a) 0.45 t 0.05 0.85 2 0.09 1.3 i 0.3 -2 -7 
D x aO-‘2 (s* md) 31 z3 31 +3 5.9 f 0.6 6.1 * 1.2 3.2 * 1 
C X 10-r 2 (so2 rad) 4.8 f 0.5 4.8 * 0.5 0.9 * 0.3 1 f 0.4 -0s 
N x IO-’ 8 (s-~ rad) 8.2 * 0.8 8.2 * 0.8 8 12 8 24 -8 
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cules in the first hydration shell. The rotational correla- 
tion time rR is however twice that for free Mn’+_ This 
can be interpreted in terms of a “local viscosity” in 

agreement with the fact that r-v, the correlation time 
for the modulation of the zero field splitting b;+solvent 
collisions, is also about twice that for pure Mn- _ 

The values of rs calculated from formula (7) at the 
EPR fre 
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uency using B and ‘5; of Table 4 are 6.8 X IO-’ 
s for Mn and 5.3 X lo-’ s for PSS-Mn, systematically 
higher than the values deduced from EPR line widths. 
This has been already noted [ 161 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 
rIs and rB> 

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

For PA, PP and Gantrez, the qualitative similarity 
in the shape of the frequency dependence of (NT,)-’ 
and (iVTZ)-1 comes from the fact that rc becomes of 
the order of magnitude of rc and partly reflects its 
frequency dependence. 

In the case of PA, EPR experiments reveal that rs 
has not much changed compared to the free Mn2+ 
value and therefore the analysis performed to extract 
TR and D seem very reliable considering the effect of 
small changes in the “best tit” 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/Dhf,,a+ - C/Chlnz+ 

- 0.2. This result is in good agreement with the value 
n/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/C&z+ reflects 
the loss of hyperflne 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/Dnln2+ to reflect mainly the 
replacement of water molecules since a slight increase 
of the ion-water protons distance 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 rR - 10eg a., 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 rR 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 
rc and of the residual scalar interaction leads to values 
of B and ru which imply only a small increase in 5;. 
This makes the use of formulae (3) and (4), in which 
no distinction is made between the transverse and 
longitudinal values of rs, more questionable. Even if 
one neglects completely the scalar interaction the 
values of rc remain in the range 1O-8--1O-g s and 
therefore none of the correlation times rR, rbI or 
rs can have a much smaller value; once again the large 
increase in rR appears as the reliable test of site 
binding. 

In fact rR could in that case be much longer. The 
scalar contribution would then be very small at the 
highest frequency and the values of D/Dhln2+ and rc 
obtained at 90 MHz are therefore quite reliable. 
These values (D/Dnn2+ - 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 longitudinal 
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 electrostrktion 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 interaction reflects the anisotropy of the m0- 
tion of the partly hydrated site bound counterion, 



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 rR _ 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 contriiution 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 rR and Tag_ 
The analysis is hopeless for a larger number of param- 
eters as requested in a three step model of the type 
given below: 

1) Polpelectrolyte counterion _____ qHzO 
h 

I1 

(relaxed)- 
\ 

2) Polyelectrolyte _____.__..___..______ counterion -qHzO +--+ Hz0 
T I (elecuo- (bulk) 

Ii strictedj 

/ 
3) PolyelectroIyte + counterion ~ 6Ht0 / 

(electrosticted) 

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 l/T1 and l/T2 curves as a 
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. 
‘Ihey in fact closely resemble that found for PA at low 
R, i.e. in the case of site binding. 

Our attempt to quantitatively analyze the change 

in relaxation time of water under the influence of 
Mn2i 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 Cand the increase in ‘K 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 Iength 
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 Eisenmarm [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 ener,7 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 
limitation 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 SO, 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. 



194 P. C. Karcnzi ei al. /Sire binding in polyeIectro&tes 

Aeknowkdgemeni 

-is work has benefited of a Grant of the French 
Di;l&ation GBndrale H la Recherche Scientifique et 

Technique no. 75.7.1020 - Action Concertee Tech- 
niques de Separation H I’aide de mat6riaux macro- 
mokkulaires. P.C.K. thanks UNESCO for the thesis 
grant which made possible his stay in France. 

References 

f I ) A. KatchaIsky, 2. Aiexancirowia and 0. Kedem, in: 

Chemical physics of ionic solutions. eds. B-E. Conway 
and R.G. Barradas (John WiIey, New York, 1966). 
F. Oosawa, PolyeIectroIytes m%arcel Dekker. N-Y_. 1971). 
G.S. Manning, J. Chem. Phys. 51 (1969) 924, 3249. 
U.P. Strauss and Y.P. Leung, J. Am. Chem. Sot. 87 
(1965) 9476. 
C. Tondre and R. Zana, J. Phys. Cbem. 75 (1971) 3367. 
M. Rinaudo, in: Polyelectrolytes. ed. E. SeIegr~y (D. 
Reidel Pubfishing Company, Dordrecht Holland, Boston, 
USA, 1974) p_ f57. 
R. Dwek. Nuclear magnetic resonance in biochemistry 
(Ciarendon Press, Oxford, 1973). 

181 G. W&U and P. Spegt, in: PosyeIectrolytes, ed. E. Se&my 
CD. Reidel PubIisJiinS Company. Dordrecht, HoI.Iand, 
B&ton USA, 1974). 

193 P. Spegt, C. Tondre, G. WeiII and R. Zana, Biophys. Chem. 

1 (1973) 55. 
[IO] P. Spegt and G. WeiII, Biophys. Chem. 4 (1976) 143. 
[I 1) E. Van Goldammer, A. MuUer and B.E. C&way, Ber. 

Buns. Ger. 78 (1974) 35. 
ff21 R-G. Hayes and RJ. Myers, 5. Chem. Phys. 40 (1964) 777. 
[I 31 N. Bloembezen and LO. Morgan, J. Chem. Phys 34 

cl9611 842. 
1141 Seeref. 173 p_ 189_ 
[15] A. Hudson and CR. Luckhurst, Mol. Phys. 16 (1969) 395. 
1161 T-I. Swift and R.E. Connick, J. Chem. Phys. 37 (1962) 

307. 
1171 A.W. Nolie and L-0. Morgan, J. Chem. Phys. I6 (1962) 

378. 
[is] J. Karger and H. Pfeifer, Arm. der Whys. 22 (1968) Sl- 
1191 M. Rubiiteiu. A. F3aram and 2. Luz, Mol. Phys. 20 

(1971) 67. 
[20] A. Abragam and B. Bleaney, Electron paramagnetic reso- 

nance of transition ions (Uarendon Press, Oxford, 1970). 
1211 R. Zana and C. Tondre, Biophys- Chem. I (3974) 362. 
f221 Eisenmaun, Symposium on Membrane transport and 

metaboIism (Academic Press, New York, 1961) p. 163. 
1231 D-R. Eaton and W-D. PhilLips, Advances in Magustic 

Resonance, Vol. I (Academic Press, New York) p_ 103. 


