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A combination of the water protons NMR chemical shifts, lon#udinal and transversl relaxation ratesand of the pata- 
magnetic counterion EPR signal is shown to provide 2 clear distinction between site binding. atmospheric trapping and free 
CounterionS in sotutions of potyetectrolyte ThlA Salts with kcreasing concentrations of the divatent counterions Co++ and 
hfn++. Site binding is defined by the loss of water in the counterion fist hydration shell while atmospheric binding results 
in a change in the counterion correlation time as compared to a free ion. 

1. Introduction 

Thermodynamic properties of polyelectro!yte solu- 
tions are generally well interpreted using a purely cou- 
Iambic interaction, the poIymer being represented by 
a linear or cylindrical distribution of charges caracter- 
ized by a single charge density parameter X [1 ]. For 

X> 1 counterions are shown to bind or “condense” 
on the polyelectrolyte j2] _ A number of evidences, 
particularly from binding specificity and volume 
changes [3] have led to distinguish among the con- 
densed counterions between “site binding” and 
“atmospheric trapping”. This distinction is in many 
respects imilar to that between contact ion pairs and 
solvent separated ion pairs in the case of small ions. 
Thermodynamic properties give no direct way to the 
physical state ofbound counterions, particularly their 
state of hydration and their mobility. We have recent- 

ly stressed [4] that in the case of paramagnetic coun- 
terions, the magnetic resonance techniques which have 
Seen widely developed for the study of ion binding on 
discrete sites of biotogical macromoIecuIes [5], can be 
of much interest in the case of homopolyelectrolytes, 

with a regular distniution of charged groups along 
the macromolecde. 

Three different types of experiments can be per- 
formed to probe the environment of a paramagnetic 
ion. Two use the water proton magnetic resonance, 
namely their chemical shift and relaxation times. The 

third use the spin resonance of the counterion itself. 
Chemical shifts are induced in the protons of the first 
hydration shell as a result of the Fermi contact inter- 
action_ Fast exchange with the solvent water results 
in an averaged displacement of the proton’s resonance. 
A paramagnetic ion with a short electronic relaxation 
time, like Co*+ (5; = lo-l2 s) has to be used to limit 

line broadening_ Variations in the relaxation times T, 
and T, result both from changes in hydration, ligand 
fluctuation and rotational correlation time for the 

bound counterion. They require a paramagnetic 
counterion with an el!ectronic relaxation time of the 
order of magnitude ok the inverse of the nuclear re- 
sonance frequency. h\ncc (-rs = 10eg s) has the advan- 
tage that these same changes are reflected in the char- 
acteristic line shape of its ESR spectrum which results 
from the 5/2 value of both its electron and nuclear 
spin. 

2. Materials and methods 

Measurements have been performed on polyphos- 
phate (PI?) and on an alternating copolymer of maleic 
anhydride and methylvinylether (trademark Gantrez). 
The starting material was the tetramethylammonium 
(TMA) salt of the above palyacids. TMA was used as 
a reference counterion since its interaction with poIy- 
ions give rise to a negligible volume change, owing to 
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its large ionic radius and weak hydrophobic and elec- 
trostrictive effects on surrounding water molecules_ 
For each polysalt a series of solutions was prepared 
by adding aliqucts of water and MCI, stock solution 
(M=Co ++, Mn++) to the polytilt solution to keep 
the fina polyelectrolyte concentration Cconstant for 
different ratios r = Chr ++/C where C,, ++ is the concen- 
tration of paramagnetic ion in equivalent/liter. 

Chemical shifts measurements with M = Co”* have 
been performed on a Varian HA 100 spectrometer, 
locked on a benzene capillary. This signal corrected 
for the effect of the solution magnetic susceptibility 
- calibrated in pure Co++ solutions, versus the signal 
of 2-2~imethyl-2-sitapentane-5-sodium sulfonate 
(DSS) - is taken as a reference in all our measurements. 

The chemical shift experienced by water protons in 
the presence of a paramagnetic ion can be directly re- 
lated to the number of water molecules in its first hy- 
dration shell. If this number is changed due to site 
binding to a polyelectrolyte this change will be reflect- 
ed in the change of chemical shift compared to a solu- 
tion of free ion. The stoithiometry of binding can 
therefore be followed. A quantitative evaluation of 
the number of remaining exchangeable molecules in 
the hydration shell requires to postulate that its strut- 
ture, and therefore the Fermi contact term is not 
largely perturbed due to replacement of a water mole- 
cule by another lipand. A study on several polyelec- 
trolytes together with volume change measurements 
[6] seems to prove that this approximation is valid. 

Water relaxation measurements have been perform- 
ed using a Bruker spin echo spectrometer working in 
the range 4 -90 MHz with home made probes of suf- 
ficiently small dimensions to work within the &~p of 
the magnet of a HA I00 Varian spectrometer. T, was 
measured through ISO-9G” sequences and T2 through 
Carr FurceIl Meiboom Gil1 90--n(180°) sequences_ 

In a paramagnetic salt solution, the water protons 
relaxation is essentially dominated by the nuclear 
spin-electrbn spin interaction, through the simple di- 
potar inte~ction as weti as through the scalar hyper- 
fke coupling. The spin--lattice T1(M) and spin-spin 

T*(M) relaxation times of a proton coupled to the 
electron are given, assuming the nuclear tinnor-fre- 
quency wI very smafl compared to that of the elec- 
tron ws, by the Solomon-~loembergen equations 
f7,IOj: 

7;: 

1+L+~ 
with 

E = & S(S + 1) (~~)2~(4=~~= 2d3)2 

and 

D=; S(S+l)A2/h2. 

The first term corresponds to the modulation of 
the dipolar interaction between spins S (electronic) 
and f (nuclear) with a correlation time T=- The second 
term corresponds to the modulation of the seatar cou- 
pling with a correlation time ree- 7 is the proton gyro- 
magnetic ratio, fi Bohr’s mameton, d the nuclear spin- 
electron spin distance,@ the hyperfine coupling con- 
stant, c the light velocity and e. the vacuum permittiv- 
ity. 

The correlation times are defined through 

7-C 
-1 = .-1 5 + 7;’ f g-%1, 7;’ = 7;’ f T& G.9 

where sK5 is the mean residence time of the water 
molecule in the hydration shell, TR the rotational oar- 
relation time of the parantagnetic ion and TV the elec- 
tron spin relaxation time_ 

As a result of the o dependent term and of the 
frequency dependence of rs, Tt and T2 are frequency 
dependent, even in simple water solutions [S] . A de- 
termination of the number of molecules of water in 
the first hydration shell, together with the param- 
eters T= and rc permitting an estimation of the mobil- 
ity of the counterions through rR, requires a detailed 
study of the frequency dependence of Tl and T2 in 
the presence of polyelectrolytes which is now in pro- 
gress. Work at a single frequency as a function of the 
~ncent~tion of pa~magnetic counte~on will help to 
a qualitative distinction between different types of 
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counterions if one of these parameters varie sufficient- 
ly for ‘“site bound”, “‘trapped” and free ions, It is con- 
venient to use the enhancement ratio defined by 
Eisinger f9] 

q-‘(MP) - 7p(OJJ) 

% = zy(itf.0) - 2y(O,O) * 
13) 

where i = 1 or 2 for spin lattice and spin spin relaxa- 
tion, M and Pare the concentration in paramagnetic 
ion and polyelectrolytes. its variation as a function of 
r will reveal the successive states of bound counterions. 

ESR measurements on Mnft solutions in the pres- 
ence and absence of polyelectrolytes have been per- 
formed on a Varian V 4.5000, X band spectrometer 
using a thin water cell and dual cavity measurements 
to correct for Q changes due to small variations in the 
positioning of the cell. 

The ESR spectrum of the hexacoordinated free 
MI** in aqueous solutions is made of a set of five 
neatly coincident sets of six hyperfine lines. Upon 
binding this pattern may be profoundly changed due 
both to a loss of symmetry inducing large ZPIO Geld 
splittings which remove the quasi-coincidence of the 
fme structure sets and a change in the electron spin 
relaxation which broadens the individual hyperfine 
Iines. As a result in many cases, the spectrum of 
bound MnCf becomes so broad that it is not observ- 
able at tow concentration and a titration of “free” 
&In”+ can be performed on the basis of the intensity 
of the obseNed hypefine structure_ In more com- 
plicated cases a computer analysis of the signal has 
to be performed to separate signals with different 
line widths. 

3. Results and discussion 

ChemicaI Shifts of Water protons in the presence of 
Co+* and polyelectrolyte are given in fig. la and lb. 
It is obvious that in the presence of polyelearolytes 
there is no shift up to values of the order Ofr * 0.4. 
For v&es over r * 0.6 the shift closely parallels the 
one observed in the absence of polyebctrolyte. This 
means that the water of the first hydration she& for 
the first added CofS ions is either completely relaxed 
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Fig. 1. Water protonschemical shift as a function of the mofllr 
concentration of Co ?ons: (a) in the presence of polyphor- 
@ate, 0.0412 N; <b) in the presence afGantrez, 0.035 N_ The 
dotted line gives the chemica1 shift in the absence of poly- 
electmIyte. The r scale give the corresponding CoHlpolymer 
ratio. 
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FG. 2. Intensity of the hypetine EPR signal of Mni+as a 
function of the molar concentration of hlnwions: (a) in the 
prcance of polyphosphate, (b) in the presence of Gantrez. 
The dotted lines gives the intensity in the absence of p-&y- 
electrolyte. The r scale gives the corresponding Mnct/poiymer 

lZti0. 

or not any more in fast exchange with the free solvent 
moleccles. Volume changes upon binding 161 are in 
favour of a total relaxation of the first hydration shell. 
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Fig- 3. Relaxation rates of water in a palyphosphate solution 
as a function of the concentration of added &I++: <a) El; 
(b) Ti’ . The straight ti ne gives the daxatioa rates in the 
absence of poIyebxtrolyte_ 
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Fig. 4. ReIaxatian rates of mter in it Gantrez solution as a 
Function of the concentration of added &&I~: (a) Ti’ ; 
(b) Tcs. The stmight line gives the retaxatian rates in the 
absence of polyek&roXyte. 

The Fraction of such bound ions is much smaller 
that the total fraction of condensed divalent ions 
which from Manning theory should be between 0.8 
and 09 for the two poIyrners_ Measurements of the 
intensity of the EPR signal reveal however that in the 
range 0.4 < r < 0.8 there is still a considerable broad- 
ening of the line. The intensities of the small unbroad- 
ened hypertine signal in the presence OF polyelectro- 
lytes have been plotted in figs. 2a and 2b. 

No detailed line shape analysis have been perform- 
ed so that this signal may be due either to the pres- 
ence of a small fraction of free ions, due to the com- 
petition of Mn++ and TMAf for atmospheric trapping 
or to the residual hyperfine structure of atmospheri- 
cally bound counterions. In any case atmospheric 
trapping is shown to be reflected in the MnC+ EPR 
spectrum. The total Fraction of perturbed Mn*’ ions 

as obtained from an extrapolation of the curves at 

r> 1 indicates a value of 0.8 to 0.9 as the fraction of 
condensed counterions in good agreement with 
Manning’s theory. 

The distinction between the two types of binding 
appears more clearly in the relaxation measurements 
as shown in figs. 3 and 4 where Ti’ and 7’2’ hzve 
been plotted as a function of r. 

They all show an initial linear behaviour up to 

r = 0.4 and a more or less marked break at r = 0.4 
and r = 0.8 to 09. The first one corresponds to the 
transition from site binding to atmospheric trapping 
the second one to free counterions. A quantitative 
evaluation of the exaltation factor e associated with 
the two types of bound counterion can be performed. 
In the fast exchange limit one has 

Mt E = M, f ebl Mb, f ~~~~~~~~ (4) 

where Mt. MF. Mt,, . &fu2 are the total concentration 
in paramagnetic ions and the concentrations of free. 
site bound and atmospherically bound ions respec- 
tively, l b1 and ebz being the exaltation factors for the 
two types of ion binding. Since 

Mt - MF = Mb1 + Mb2 , 

eq. (4) can be rewritten as 

(E-l)Mt=(ebt --E&&tf(eu*-1) 0&-M&- (5) 

For the ease of a single binding site it becomes 

(~-l)lclt=(~~-l)(Mt-~f~). (6) 
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Fig. 5. Determination of the enhancement ratios follow& re- 
lation (5): (a) polyphosphate; (b) Gantrez. 

Using MF as calculated from the intensity of the EPR 
hyperfine structure such relations have been plotted 
in figs. Sa and Sb using the Tt measurements of fizs. 3 
and 4 for potyphosphate and Gantrez. The breaking 
point at r = 0.4 corresponds well to what bar been ob- 
served in the chemical shifts measurements and the 
two slopes give directly ebl and eb2_ From the extra- 
polation of the second segment to (ni, - hfF) = 0 one 
gets a value of the maximum value of Mb1 in very 
good agreement with the abcissa of the breaking point. 
The following values have been obtained from the 
exaltation bf T1: 

Polyphospahte: (~~1)~ = 3.1 (&t = 1.8, 

Gantrez: (~111 = 5.6, (Et&l = 4.4. 

The abrupt break in the E plot indicates that site 
binding and atmospheric binding do not compete and 
can be considered as successive processes upon addi- 
tion of divalent ions to the TMA salts. The same anal- 
ysis performed with Tz measurements leads to ~2 = l- 

E, and e2 are dependent on several factors: A de- 
crease in hydration number at constant geometry in 
the first hydration shell should decrease the relaxation 
rate (E < 1) as well as a complete dehydration which 
leads to the loss of the proton electron scalar interac- 
tion_ An increase in relaxation rate for the site bound 
counterions can only arise from an increase in the cor- 
relation time T=. For Gantrez at 20 MHz the value of 
T1/T2 = 1.2 arising from site bound Mnf* is very 
close to the theoretical value 7/6 given by eq. (1) for 
D=0,ws7cC l,w[rc< 1 leadingtoanorderof 
magnitude for rc = 10eg s_ Assignment of changes of 
Tc to changes in Te or rR (see eq. (2)) an only arise 
from the analysis of the frequency dependence of El 
and e2_ 

Such a work is now in progress on these polyelec- 
trolytes as well as with other where site binding in- 
volves only a partial dehydration [6] or where there 
is no site binding at all. 

4. Conclusion 

Magnetic relaxation methods developed for the 
study of paramagnetic countedon binding on discrete 
sites of biopolymers have been adapted to the case of 
homopolyelectrolytes with a continuous distribution 
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of charges along the macromotecukr chains. The com- 
bination of chemical shift, nuclear relaxation and EPR 
spectrum of the pararnagnetic ion has led to a clear 
experimental distinction between site binding and 
atmospheric trapping on the basis of the counterion 
hydration and correlation times. A quantitative evahrz- 
tion of the dehydration accompanying site binding has 
been performed. A quantitative interpretation of the 
exaltation of the relaxation rates as a function of fre- 
quency now in progress should lead to an evaIuation 
of the restriction in the counterion rotational mobil- 
ity. 
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