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Proton magnetic relaxation rates in the system N(CH)3)4Br/NiBr2/D20, N(CH3)4Br/MnBr2/ 
D20, Ni(00CCH3)2/D20  and Mn(00CCH3)2/D20  have been measured as a function of the 
solute concentration in the range 0.002 < c* <> 1 m. Division by the concentration c* and by a 
quantity characterizing the ionic motion yields the association parameter (4-parameter). A de­
creases and increases with decreasing concentration for the systems involving cation-cation and 
cation-anion interaction, respectively. The relaxation rates of 35C1~, 133Cs , and 25Mg+ + in 
diamagnetic aqueous solutions have also been measured down to high dilution. Here as well in most 
cases we have found an increase of the ^-parameter with decreasing salt concentration, indicating 
ion-ion association at high dilution. A comparison with the results of the Debye-Hückel theory is 
given; there is qualitative agreement. Our experimental results for 35C1~ generally do not support 
theoretical considerations in the literature, where a C1~-C1~ association was postulated.

1. Introduction

In the galvanic cell the reversible electric work to be 
supplied to the system when a chemical reaction 
v + ̂  + v_ß=>Av+ß v_ is proceeding is given by an ap­
propriate standard value plus a certain contribution 
which is due to the entropy variation and an addi­
tional composition dependence of the total Gibbs free 
energy. At high dilution of the solute Av + Bv_, the 
latter contribution is due to the electrostatic interac­
tion between the ions. Thus, when a given ion, cation 
or anion, enters into the solution, it takes on a state of 
potential energy caused by the surrounding other 
ions. Moreover at high dilution the contributions of 
cations and anions are determined by the Debye- 
Hückel ion-ion distribution functions g + -(r), g ++(r) 
and g--(r), and for electrolyte concentration c->0 the 
corresponding expression for the electric work con­
tains a term

-KTconst = -  RTconst[\(z\ c ++ z 2_c_)]i , (1)

where I is the ionic strength. As is well known, other 
properties show the y/c-dependence as well.

Electrolytes for which (1) holds are called "strong 
electrolytes". Strong electrolytes are considered to be
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completely dissociated at high dilution. But this state­
ment is inaccurate because it is not based on a precise 
definition of the term "completely dissociated". The 
generally used, loose understanding of the expression 
"completely dissociated" is based on the fact that the 
radius of the sphere around the central ion containing 
on its surface the total charge of all other ions increases 
more and more as the concentration of the electrolyte 
decreases. But this argument contains two conceptual 
objects or steps, the ion-ion pair distribution functions
( + — and + + , ----) and the interpretation of what is
essentially the difference of the corresponding local 
densities times r2. In fact, the anion-cation pair distri­
bution function contracts as the electrolyte concen­
tration decreases, under dilution the cation is more 
strongly attracted by the anion and vice versa and 
when compared with associating non-electrolyte solu­
tions (see e.g. [1-3]) this effect must be called associa­
tion. Thus in strong electrolyte solution we have cat- 
ion-anion association as the solution is diluted, an 
elementary fact which, surprisingly enough, is gener­
ally not known. Correspondingly repulsion of ions of 
equal charge gives de-association.

All experimental methods so far used to study ra­
dial distribution functions break down if the atoms of 
interest are as highly diluted as is the case here. So the 
results to be presented here are -  apart from [1] -  the 
first experimental proof of the pertinent properties of 
ion-ion distribution functions, association, and in con-
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trast to that, de-association at high dilution, and 
thereby, as will be shown below, the Debye-Hückel 
distribution functions (see also lit. ref. in [4]).

Reformulating our above statement slightly, we can 
also say that the cation-anion distribution function, 
g + -(r), has the property that with increasing dilution 
of the electrolyte the ratio of the local to the mean 
counter-ion concentration increases which represents 
association [1], i.e.

9 + -(r)r2d r < 0 .  (2)

Here the term local refers to a region around the 
reference ion given by a radius r* with (a/r*)6 »1/10, 
where a is the closest distance of approach between 
cations and anions. The quantity we call the re­
duced first coordination number, n* _ = n + _/c, where 
n + _ is the first coordination number defined by the 
cut-off function (a/r)6 of a cation with respect to the 
counter anions.

n%_ appears in the expression for the intermolecu­
lar nuclear magnetic relaxation rate (l/7\)inter, if the 
corresponding relaxation mechanism is based on 
nuclear magnetic dipole-dipole interaction between 
cations and anions [1, 4]:

n  -1 1/inter
Kcxn%_, (3)

where the constant K contains nuclear and ionic 
properties and z is an appropriate (microscopic) corre­
lation time. In those cases where t  depends on r, the 
form of (3) implies that a proper approximation for t 
is chosen (see below). The l/r6 = (l/r3)2 dependence is 
due to the fact that (3) represents the mean squared 
magnetic dipole-dipole interaction, multiplied by a 
correlation time.

For one 1 — 1 electrolyte, namely N(CH3)4F, it has 
indeed been shown that the relation (2) is valid. With 
decreasing salt concentration c the quantity

. (V îJinter „  * A = ----------- = Kn*
ct (4)

increases; thus we have dn*+_/dc < 0 in agreement with 
the Debye-Hückel theory (see below). In this experi­
ment the 19F relaxation rate of N(CH3)4F in D20  was 
measured [1].

When we now consider the like ion distribution, it 
is expected that e.g. the ratio of the local cation to 
mean cation concentration around a reference cation

decreases with decreasing salt concentration, which is 
de-association, i.e.

d n*++ d r: ( a \

and also

dn*_ d . r: / a \ 6

(5)

dc
d r; / a \ 6 

= dc H W  d - ( r ) r 2d r > 0 .

This expectation comes from the fact that ions of 
equal charge repel one another and that at high con­
centration the solution of noble gas ions due to screen­
ing of the charges looks more and more like a solution 
of rigid spheres. The relation (5) describes a flattening 
of the ion-ion distribution functions, whereas (2) de­
scribes a sharpening of g + -(r) with decreasing concen­
tration. The relations (5) follow from the Debye- 
Hückel theory as well, as will be shown below. The 
validity of this relations, that is of

d ( m i \
de V c t

d 
dc (6)

has not yet been demonstrated experimentally, and 
this proof will be one of the objects of the present in­
vestigation. In order to make the constant K suffi­
ciently large in the present study, we employed the 
magnetic dipole-dipole interaction with a paramag­
netic ion, so we are reporting on :H relaxation time 
measurements of the systems N(CH3)4Br/NiBr2/D20  
and N(CH3)4Br/MnBr2/D 20.

When paramagnetic ions act as interaction partner 
for the relaxing nucleus then, if the static magnetic 
field is properly chosen, the quantity K in (3) takes the 
form

K _ (y syih)2s (s + i)  k
(3a)

where y, nad ys are the gyromagnetic ratios of the 
proton and paramagnetic ion, respectively, S is the 
spin of the paramagnetic ion, k = 4/3 and 2/5 for Ni+ + 
and Mn ++, respectively. Equation (3 a) holds in a 
range where the frequency dependence of (1/Ti)inter 
can be neglected [5-11].

Moreover, in order to check the consistency of our 
results we also measured the proton relaxation times of 
the systems Ni(00CCH3)2/D20  and Mn(OOCH3)2/ 
D20 , so as to verify the expected property expressed 
as relation (2), which is valid for the cation-anion pair 
correlation function g + _(r).
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Apart from 19F, the ions with noble gas structure 
relax by nuclear quadrupole-electric field gradient in­
teraction. This fact precludes separation of cation- 
anion and equal-ion relaxation effects for diamagnetic 
systems. But in comparison with the relaxation effects 
of separated cation-anion and cation-cation interac­
tion effects it is of interest to see the combined effect 
of both distributions. Therefore we add some experi­
mental results for 35C1", 133Cs + and 25Mg2+ relax­
ation rates in dilute aqueous solutions. The systems 
investigated are: HCl, LiCl, RbCl, Cs CI, MgCl2, CsF, 
CsBr, Csl, and C sN 03. The underlined symbol indi­
cates the relaxing nucleus studied.

2. Experimental

All proton Tx measurements were performed with a 
Bruker SXP 4-100 pulse spectrometer combined with 
a Bruker electromagnet. The resonance frequency was 
vo = 90 MHz. For the Ti measurements of the ionic 
nuclei 35C1 (v0 = 29.39 MHz), 25Mg (v0 = 18.36 MHz), 
and 133Cs (v0 = 39.35 MHz) we used a Bruker SXP 
pulse spectrometer combined with a Bruker Cryo- 
magnet BZH 300/89.

Ti values were obtained via the 180°-x-90° pulse 
sequence in the usual way. For weak signals occurring 
in highly diluted solutions we applied signal accumu­
lation by the aid of a Bruker computer Aspect 2000.

For the proton relaxation measurements, tempera­
ture control was performed by pumping water from a 
thermostat through the probe head; the temperature 
at the position of the sample was controlled by a 
calibrated thermometer before and after the measure­
ments; the temperature was T= 25 ± 0.3 °C. In the cry- 
omagnet the proton free cooling liquid Fluor Inert 
was pumped through the probe head, the temperature 
was measured in the probe head via a Pt 100 temper­
ature control. For the very dilute N(CH3)4 - and ac­
etate-solutions it was necessary to remove any proton 
containing plastic supporting the probe coil.

All chemicals were of commercial origin, 
N(CH3)4Br was dried before use during two days at 
75 °C and under vacuum. Magnesium bromide was 
purchased as MgBr2-6H20. H20  was exchanged 
against D20  to a degree sufficient for our purpose (see 
below), the content of XH was controlled via high 
resolution NMR.

The D20  used was usually of deuterium content 
99.5 atom percent, for the proton relaxation measure­

ments at highest dilution we had to use D20  with 
99.97% deuterium content (MSD Isotopes, Montreal, 
Canada). Undesired proton content of all solvents and 
solutions was checked by high resolution NMR. The 
samples were prepared by weighing. For the proton 
relaxation measurements in the Ni-salt solutions of 
high dilution it turned out that it was necessary to free 
the samples from oxygen by the usual freeze -  thaw 
cycles. All samples were sealed off. The experimental 
error of the proton Ti data is <2%, the error limit for 
35C1, 25Mg, and 133Cs measurements is ±3%.

3. Results

3.1 Cation-Cation Correlations

In Fig. 1 the proton magnetic relaxation rate of the 
mixture N(CH3)4Br + NiBr2 + D20  as a function of 
the concentration c* = c£(Me)4Br + c$iBr2 is shown, c* is 
given in the aquamolality scale, moles salt/55.5 moles 
of D20 . We have c£(Me)4Br = c$iBr2. It will be seen that 
1/Ti is almost proportional to the concentration c*; 
merely at the lowest concentrations a feeble deviation 
from linearity appears, which is shown in more de­
tail in Figure 1 b. The slope of the relaxation rate, 
d(l/T1)/dc* decreases as c* decreases. We have to 
show that 1 /Tx given in Fig. 1 really is an intermolec­
ular relaxation rate caused by magnetic dipole-dipole 
interaction with the Ni2+ ion. For this purpose we 
consider Fig. 2, which gives the relaxation rate of 
N(CH3)4Br in a solution with MgBr2 in D20 , again 
with c* = cÄ(Me)4Br + ̂ gBr2 and c£(Me)4Br = c*gBr2. The 
limiting value of l/T1(N(Me)4Br) for c*->0 with 
cMgBr2 = 0 is 0.097 s-1; so according to Fig. 2 at 
c* = l m we have 1/Ti=0.13s-1. The molecular mo­
tion effects of Ni2 + and Mg2 + are about equal, so 
inspection of Figs. 1 and 2 tells us that the intramolec­
ular contribution to l/T1(N(CH3)4Br) is in fact negli­
gible. This means that we can apply (3) and (4) with the 
data given in Figure 1. In the present system the corre­
lation time t is the electron spin relaxation time; it is 
of the order 10"12 s [6, 7]. The relaxation is caused by 
the spin-orbit interaction of the unpaired electrons in 
the presence of hydration water, and we have no indi­
cation that t  varies appreciably in the concentration 
range of interest to us. Furthermore, in the low con­
centration range, where deviations of 1/Ti from linear­
ity occur, it is allowed to neglect the difference be­
tween the molality and molarity scales; we have set 
c* = c and performed the evaluation according to (4);
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Fig. 2. Proton relaxation rate of the system (CH3)4NBr/ 
MgBr2/D20  as a function of the total cation concentration 
with c"NMe4+— cMg + + ' T = 25 °C. Left-hand part: lower curve 
self-diffusion coefficient of Mg + + in H2Ö + MgCl2, upper 
curve mean self-diffusion coefficient l/2(DMg+ + +DNMe + ).

Fig. 1. a) Proton magnetic relaxation rate 1/7, of the system 
(CH3)4NBr/NiBr2/D20  as a function of the total cation 
concentration with c£Me. =c£i+ + . v0 = 90MHz, T=25°C, 
m = aquamolality scale, -b) Details of a) at low solute con­
centration.

Fig. 3. Association (zl-)parameter referring to the NMe4 -  
Ni + + pair distribution function as function of the total 
cation concentration in the system NMe4Br/NiBr2/D20. 
T= 25 °C.
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Fig. 4. a) Proton relaxation rate of the system (CH3)4NBr/ 
MnBr2/D20  as a function of the total cation concentration 
with cNMe4+ = -  • V0 = 90 M Hz, T=25 °C. -  b) Details of a) 
at low solute concentration.

the result is shown in Figure 3. It will be seen that we 
have in fact a decrease of the ^-parameter, that is 
dn*++/dc* > 0 (de-association) is confirmed as expected 
from (5).

In Figs. 4 and 5 we show the corresponding results 
for the system N(CH3)4Br + MnBr2 + D20 . The only 
difference is that for Mn2 + the electron spin relaxation

A„(1(r7l<g m2mol"V2

Q2 at 06 as 1.0 12 ĉm
Fig. 5. /1-parameter referring to the NMe4 -Mn + + pair dis­
tribution function as a function of the total cation concentra­
tion in the system NMe4Br/MnBr2/D20. T = 25 °C.

time is ca. 10" 8 s [6]. Thus it is longer than the corre­
lation time of the XH -M n2+ magnetic dipole-dipole 
interaction which is of the order of 10"11 s. We set 
t  = a2/3 D [12] where a is the closest distance of ap­
proach between the cationic protons and the centre of 
the Mn2 + ion. D is the mean self-diffusion coefficient 
of the cations, an approximate value is given as the 
upper curve on the left-hand side of Fig. 2 [13-15]. 
The lower curve is the self-diffusion coefficient of 
Mg2+ in the system MgCl2 + H20  [16]. For all cases 
where the interaction partner is not member of an 
ionic solvation sphere we have no indication that this 
approximation of t  is inapplicable, see also [1 -4]. Fur­
thermore, in all cases studied our association state­
ments based on the .4-parameter are confirmed by the 
observation of positive velocity correlations [1,17-21].

Figure 5 again demonstrates that A decreases with 
decreasing concentration, thus, as expected, cation- 
cation repulsion causes de-association when the solu­
tion becomes more diluted. Further details will be 
given in the discussion.

3.2 Cation-Anion Correlations

Figure 6 shows the proton-magnetic relaxation 
rates of nickel acetate Ni(OOCCH3)2, (NiAc2), dis­
solved in D20 . As will be seen from Fig. 6, at about 
c* «  0.8 m we have fairly strong deviation from linear­
ity; it is due to comples formation

Ni2+ + A c~~N iA c+, 
K2NiAc + Ac" <-► Ni(Ac)2
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Fig. 6. a) Proton magnetic relaxation rate of the system 
Ni(00CCH3)2/D20  as a function of the salt concentration. 
vo = 90 MHz, T=25 °C. -  b) Details of a) at low solute con­
centration.

with logKj =0.58 and logX2=0.67 [22], Computa­
tion of relative species distribution yields the result 
that at c* = 0.1 we have ca. 9 percent NiAc+ and 9 per­
cent Ni(Ac)2, both contributions decreasing rapidly as 
we go towards c*->0. Figure 7 gives the correspond­
ing X-parameter according to (4), where again we have 
assumed z «  const (t the electron spin relaxation time). 
We see that, in contrast to the features of Figs. 3 and 
5, now the ^-parameter increases with decreasing salt 
concentration, we have cation-anion association [1].

General linearity of l/7 \ is better fulfilled for the 
solution of Mn(Ac)2 in D20 , as is seen in Figure 8. 
Thus, here complex formation is absent or at least not 
detectable by our method. The slight curvature at low 
concentrations is magnified in Figure 8 b. We calcu­
lated the ^-parameter with the same mean self-dif- 
fusion coefficient as used for the system N(Me)4Br + 
MnBr2 + D20 , the c*->0 limiting ionic conductivities 
for N(Me)4 and CH3COO~ are almost the same [23]. 
In the present system the A-parameter (see Fig. 9) is 
almost constant in the range 0.5<c*<1.2 m, then it 
increases by a factor of « 4  as c* decreases to 
c* = 0.001 m. This differs from the behaviour of the 
NiAc2 solution. Here the increase of A is smeared over 
a wide concentration range which certainly is due to 
the complex formation existing for the NiAc2 system.

Note that at higher concentrations, c* «  1 m, where 
the A-parameter varies little, it is 6-7 times larger for 
the anion-cation interaction than for the cation-cation 
interaction.

3.3 Diamagnetic Systems, Relaxation 
by Quadrupole Interaction

So far our proof that cation-anion association and 
cation-cation de-association, respectively, exist at 
high dilution was based on a particular kind of inter­
action, the magnetic dipole-dipole interaction be­
tween the proton and the unpaired electrons. The lat­
ter particles possess a certain distribution in space, 
moreover they exert contact interaction with nuclei [5, 
6, 9]. To make sure that our association results are not 
special properties of the dipole-dipole interaction we

distribution function in the system Ni(00CCH3)2/D20. 
T = 25°C.
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0 .10 c*m
Fig. 8. a) Proton magnetic relaxation rate of the system Mn(00CCH3)2/D20  as a function of the salt concentration. 
vo = 90 MHz, T=25 °C. -  b) Details of a) at low concentration.

confirm them by studying systems where the nuclear 
quadrupole-electric field gradient interaction is the 
cause of magnetic relaxation. As already mentioned, 
however, it is not possible to separate cation-anion 
effects from cation-cation effects, yet, in a certain way 
in contrast to the dipole-dipole situation, we consider 
it to be of interest to study the combined effect of 
cations and anions. In Fig. 10 we show 1/Tt results for 
35C1 in a number of electrolyte solutions (LiCl, RbCl, 
HCl, CsCl and MgCl2). These data confirm our previ­
ous finding [24, 25] that 1/TX at low concentrations is 
proportional to yfc*, see Fig. 11 which already indi-

A, 10"6kgm2mof1s"2

0.2 1.0 c*. ffi
Fig. 9. /1-parameter referring to the CH3COO -Mn + + 
pair distribution function in the system Mn(OOCCH3)2/ 
D20, T=25 °C.

cates on a qualitative basis that there is anion-cation 
association as c*->0 (compare Figs. 6 a and 8 a). 
Within experimental error our present results, when 
extrapolated to concentrations c* > 1 m, are consis­
tent with our previous measurements at higher con­
centrations [26]. The order of the relaxation rate in­
creases with c*, i.e. CsCl > RbCl«  LiCl, is the same as 
previously found at higher concentrations (H35C1 and 
Mg35Cl2 have not been measured before). In [25] we 
studied mostly the magnetic relaxations of cationic 
nuclei, i.e. 7Li+, 23Na+, 87Rb+; some 81Br" results 
were also given. Having found the square root concen­
tration dependence for all these systems it is the more 
surprising that an increase of the slope d(l/T1)/dc* as 
c*->0 was not detectable for the 25Mg++ relaxation in 
the solution of MgCl2, as will be seen from Figure 12. 
We have included experimental values of Struis and 
Leyte in Fig. 12 [27]; these data confirm the correct­
ness of our measurements.

In analogy to (1), the relaxation rate caused by 
quadrupole interaction essentially is the mean 
squared nuclear quadrupole interaction with the local 
electric field gradient, to which the total surrounding 
contributes. It follows that the path to our proof of 
ion-ion association for c*-»-0 will be more compli­
cated.

As a first consequence, it is not possible to remove 
the ion-solvent contribution by isotopic substitution 
techniques. Thus we have

l / n  = (i m ,C1"-H20 + (1 /T j ' (7)
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001 0.Ö5 01 0.8 c>  0.9

Fig. 10. 35C1 magnetic relaxation rates in a number of aqueous solutions as a function of the salt concentration (in molality 
scale, m). The dashed straight lines represent approximate solvent contribution to the relaxation rates. 1: MgCl2, 2: CsCl, 
3: RbCl, 4: LiCl, 5: HCl. T = 25 °C, v0 = 23.39 MHz, water = H20.

The ion-ion contribution is the object of our study 
(association indicator), and the ion-solvent contribu­
tion has to be calculated. For our purpose it is suffi­
cient to write for the ion-solvent contribution [25]

(l/Ti)cl-H2° = Kisnhi v (8)

(MgCI2,I1/2)

Fig. 11. Ion-ion contribution to the 35C1~ relaxation rates 
shown in Fig. 10 as a function of concentration. The dashed 
curve for MgCl2 is obtained if the numbers on the abscissa 
represent ionic strengths.

where Kis is a constant, nh is the effective number of 
water molecules around the Cl~ ion not being effected 
by geometrical correlations with the approaching 
counter ion, and t w is the reorientation time of these 
water molecules, rw is a function of the salt concentra­
tion; let r0 be the reorientation time of pure water, 
then we set [25]

^  h(l/Tj)c*
Tw" ToX(c)m ) 0

(9)

h(l/Ti) is the hydrogen nucleus magnetic relaxation 
rate ('H or 2H), the meaning of the subscript "0" is 
again pure water, x(c*) transforms from the mean 
solution reorientation time to the local reorientation 
time at the relaxing ion. As we did previously [25], we 
use the approximation

x — xn 4"
1 — x(

c* fo r0 < c* < 6 m . (10)

For CI we have x0 «1 [28], for Cs +, to be used below, 
xo = 0.5 [28], In Fig. 10 we have included (1 /TJ0 - - "20 
according to (8)—(10) as dashed straight lines. Having 
thus given a scheme to extract the ion-ion contribu­
tion from the total relaxation rate, this term has to be 
analysed in order to verify that the quadrupole mech-
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Fig. 12. 25Mg + + magnetic relax­
ation rates of solution of MgCl2 in 
H20  as functions of the concentra­
tion c* (molality scale) o: this work, 
A: after lit. [14] (A) to our oppinion 
unprecise results, x : after lit [33]. 
The dashed curve represents a pos­
sible solvent contribution, the 
dotted curve the corresponding 
ion-ion contribution; T = 25 °C, 
v0 = 18.36 MHz.

anism as well shows strong electrolyte ion-ion associ­
ation at high dilution. As the electric field gradient has 
many contributions, the corresponding expression is a 
little more complicated.

(1 /T1)ion-ion is given by a relation of the form (for 
more details see [25])

(J \ ion-ion c* r  j a '  / fl\  6

+ ~  |  ( j J f u(r){gUr) + 9 --M )r2d r J ,

where Kn and Ki2 are constants, a is the closest dis­
tance of approach between anions and cations, / iw(r) 
describes the effect of those water molecules in the first 
coordination sphere of the reference ion (here CI") 
which are geometrically correlated with the approach­
ing counter ion (here the cation), at a distance a' such 
correlation have disappeared, 0 + _(r) is a cation-anion 
pair correlation function also involving the occur­
rence probability of proper water-counter ion configu­
ration [25]. In the second term on the right-hand side 
of (11) we find contributions from both kinds of ions. 
But the motions of cations and anions are correlated. 
The counter ions (the cations here) are screened by the 
like ions, and vice versa. The screening is the more 
effective the higher the concentration. Thus, the 
screening function goes to zero for larger r values, and 
the range of decay is roughly given by the Debye 
length. The important point is that the integrals of (11) 
also contain the function (a/r)6g{r)r2 occuring in (2)

and (5) and yielding the basic purpose of this work, 
however in a somewhat more involved form.

In Fig. 11 (1 /Tj™-™ as the difference between the 
full and dashed curves in Fig. 10 has been plotted as 
a function of y/c*. The linear yjc* dependence at 
small c* values has already been mentioned, the order 
of the strength of the ion-ion relaxation effect has now 
changed:

Li+ < N a+ « H + < Rb+ < C s+ «M g 2+.

The influence of LiCl and MgCl2 has decreased 
strongly as compared with the curves of Fig. 10, which 
means that for these solutions the increase of the water 
reorientation time with increasing salt concentration 
plays an important role. Mg2 + and Li+ are "structure 
forming" cations, Cs+ and Rb+ are "structure break­
ing" ions; here the appreciable ion-ion contribution is 
certainly due to water-cation correlations expressed 
by the function / iw(r) in the first integral of (11). If we 
plot (i/j^)10"-10" versus the square root of the ionic 
strength, then in the order just given Mg2 + is even 
placed close to H + (see Figure 11).

In Fig. 12 we have included a dashed curve which 
shows a possible behaviour of ( l / T ^ 2*- "20. It is 
drawn in such a form that x according to (10) is not a 
linear function; rather t w stays constant for a small 
concentration range around c*ss0. In this way the 
lowest curve in Fig. 12 results as (l/T1)ion-ion which 
should also yield an increasing ^-parameter as given 
for the 35C1 systems in Fig. 13 and thus demonstrating 
high-dilution anion-cation association. The ^4-curves
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Fig. 13. The ion-ion 4-parameter 
of the system the relaxation data of 
which are shown in Fig. 10, derived 
from the curves given in Figure 11.

in Fig. 13 were obtained by the use of the left-hand 
part of (4) with (13), where according to the purpose of 
this paper we have set (l/T1)inter = (l/T1)ion-ion accord­
ing to (11).

The self-diffusion data to be used to get A have been 
taken from [15,25,29]. As we go from c* = 0.5 to 
c* = 0.005 m, the /1-parameter increases by a factor of 
«  7,11, 9, 7, and 12 for CsCl, Mg, Cl2, HCl, RbCl, and 
LiCl, respectively. We learn from these data that the 
increase of the ,4-parameter due to quadrupole relax­
ation of 35C1 is stronger than that observed for pro­
tons which relax by dipole-dipole interaction (Figs. 7 
and 9). In our previous work [25] we found similar 
/1-values, although the results there were not extended 
to such high dilutions as achieved here (A (0.1)/ 
,4(0.5)% 2.3-5.5).

In Fig. 14 we show 133Cs relaxation rates in various 
electrolyte solutions. It will be seen that in most cases 
1 /Ti is smaller than the extrapolation value of c*->0. 
In fact, we have observed previously that at higher 
concentration, c*> l m, for some 133Cs halide solu­
tions (except CsF) 1/TX < 1/TX (c*-*0) [30, 31]. This is 
the first case observed that the mean squared electric 
field gradient at the centre of an ion decreases when, 
started with the isolated ion, c* = 0, the concentration 
of the salt considered is increased, that is, the number 
of other ions which should be the sources of additional 
field gradients, becomes larger. Yet, is the proof of 
cation-anion association still feasible? The answer is 
yes, as will be shown below.

It should be remarked in passing that Rb+ has not 
this property of relaxation loss as the concentration 
increases starting from c* = 0 [25]. We have performed

measurements in the solvents D20  and H20  in order 
to make sure that the relaxation mechanism really is 
the quadrupole interaction. Indeed, the H20  results 
lie below the D20  curves, which shows that the 
shorter correlation time makes the difference of the 
1/Ti values and not the larger magnetic moments of 
1H. The l/Ti(c*->0) extrapolation value in H20  is 
slightly higher than expected (86%) [32]. In Fig. 14 we 
have again drawn the dashed straigth lines which give 
the expected concentration dependence of t w for the

£________ A
___ I___ I___ I___ I___ I___ i___ I-----1-----1-----1----02 0 1 0 6  0 8 tOÜfm

Fig. 14. 133Cs+ relaxation rates of various cesium salt solu­
tion in D20  (upper set of curves) and in H20  (lower set of 
curves). Dashed straight lines represent approximations of 
the uncorrected solvent contribution to the 133Cs+ relax­
ation rates. 1,2,3,4: CsF, CsCl, CsBr and Csl, respectively 
in D20, 5 and 6: CsCl and CsBr in H20. T=25°C, 
v0 = 39.35 MHz. o, •  CsBr, a, a CsCl, v Csl, ■ CsN03, □ CsF.

006
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0,1 02 03 Of 05 Oft 0J OJB Oü̂m 1
Csl CsF

1.0 c*,m
Fig. 15. Ion-ion -I- correlated solvent contribution to the re­
laxation rate of 133Cs+ in H20  and DzO solutions. -  Inset: 
4-parameters for three of the solutions considered here.

substraction of the ion-solvent contribution as de­
scribed above (see (8)—(10)). It will be seen that all 
variations of reorientation times t w are not negligible, 
they demonstrate the transition from the local water 
motion around the structure breaking ion Cs+ to the 
mean structure breaking effect in the total solution at 
c* = 6 m (see (10)). Since F" is a structure former the 
exception is again the case of CsF.

In Fig. 15 1/Ti*, the difference between the fully 
drawn and dashed curves in Fig. 14, is depicted, it 
shows the "convex" concentration dependence typical 
for cation-anion association at high dilution, but the 
sign is reversed. The conclusion is that the decrease of 
the 133Cs relaxation rate as c* increases certainly is 
not an effect of the uncorrelated water molecules, it 
must be due to the electric field gradient of the water 
molecules, the configuration of which is correlated 
with the position of the colliding anions. The CsCl and 
CsBr curves for the solutions in H20  and D20  are 
slightly different, which is a consequence of the fact 
that we do not know exactly the correct c*-»0 extra­
polation value in H20.

The water-anion correlation appears twice in the 
formulas given above. (I) in (8) nh decreases as c* 
increases. (II) the function / iw(r) in (11) assumes values 
differing from unity. In previous work [25] the relation

(  9 mr3 X2

was derived, m is the electric dipole moment of the 
water molecule, the meaning of the symbols 0 , 9, and 
r0 may be seen from Figure 16. The function 0(0 ,9) 
has values between -  2 and + 2, for the present anion- 
cation configuration 9mr3/2ero«l. Taking a collision 
distance r = 4 Ä we have 0  = 50° and / iw(r) = 0 for 
d=  —60°, as shown in Figure 16. If we accept this 
value / iw = 0, then the total effect of the anion on the 
133Cs relaxation is a decrease of the effective number 
of uncorrelated water molecules nh as given (by (8)) by 
ca. 15 percent in the range 0 < c * < l m. F~ is more 
strongly hydrated, 0  is smaller and f iw(r) > 0 results, 
so that the field gradient quenching effect of the water 
molecules is weaker.

Thus, the curves indicated as "ion-ion" in Fig. 15 
are not the direct ionic effect, rather they are the par­
ticular effect of the water molecules produced by the 
presence of the approaching anions which in turn un­
dergo association with the cation Cs+ at high dilution. 
Indeed one can derive an X-parameter from the curves 
Fig. 15 according to the prescription

A = (l/T1)i
D

Of course now A is negative, and it is the ^-parameter 
indirectly caused by the associating cation-anion pairs 
via the dimple formed by the water molecules in the 
encounter configuration. The results are shown in the 
inset of Figure 15.

4. Discussion

In this discussion we compare the observed behav­
iour of the ^-parameter with the prediction accord-

Fig. 16. Cs + -Cl encounter configuration causing the neg­
ative /1-parameter shown in Figure 15.
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1013kg mofV2

Fig. 17. Theoretical ^-parameters, 4 + for the solutions of 
Ni(OOCCH3)2 and N(Me)4Br-NiBr2, calculated from the 
cation-anion and cation-cation Debye-Hückel pair distribu­
tion function for a 2-1 electrolyte. The data given contain a 
multiplicative factor as given in the text. Solid and dashed 
lines represent cation-anion and cation-cation ,4-parameters, 
respectively. The numbers at the curves are the Debye- 
Hückel b-parameters in Angstrom units. The dotted curves 
represent the quantities

/l%.(c* = 0.005)b
,4+J(c* =0.005) +-''c •> -+ '-•  

For further details see text.

ing to the Debye-Hückel theory. We define a Debye- 
Hückel /1-parameter by the relation

dr
~4A™ = 4 n S g +j(r) 

b r
with g+j(r) = e - ŵ /kT,

q+ q je-*-»>
where w .; = --------------—

1 er 1 +xb

(12)

is the potential of mean force between the ions, q+ and 
q_> 0 being the charges of the ions,

, 4ne2{c'+z2++c'_z2_)
x = ----------- ;------------ ,ekT

e is the dielectric constant and b is the closest distance 
of approach between the ions in the sense of the De- 
bye-Hückel theory. c'+, c'_ are the number densities of 
cations and anions, respectively. In (2) and (5) a -b , 
however, the relation for the correlation time

T =
3D (13)
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L-

A_+,10"8 kg m2mol'V2
Fig. 19. Theoretical A-parameters for the 
diamagnetic solutions investigated here 
which now involve the Debye-Hückel dis­
tribution for 1-1 electrolytes. The 1 A and 
2 A curve represent A_+/104 and A_+/5, 
respectively. All other details as described 
for Figure 17.

------------

- - - T - -  A J I ---- —
0.1 02 (13 0 A 0.5 5 0.6 c, m

involving the closest distance of approach a is an ap­
proximation [20], and thus the precise equality a = b is 
not required.

The results for are given in Figs. 17-19 in the 
form:

Ni + + : Al+j = 4.97 • 10 ~ 4 kg m3 mol~1 s ~ 2 a dh■K+ji

The factor of proportionality is a6 K according to (3 a) 
divided by t  = 10"12s.

Mn++: ^ .= 2 .3 0 - 10"23kgm5 mol"1 s"2 ^ ,

The factor of proportionality is a6 K according to (3 a) 
multiplied by a /3 according to (13), and a = 3.65 Ä,
chosen so as to bring Al+j in the proper range.

C P : = 1.76 • 10"25 kgm5 mol"1 s"2 • A™.,

where in (11) the two constants Kn and Ki2 have been 
contracted to the factor of proportionality [25]

P ^ ' U t t '

6 n 2 / + 3
T  / 2( 2 / - l )  L h

and we have set a = 4 Ä. (Q = electric quadrupole mo­
ment, y00 = Sternheimer factor, P = polarization factor). 
These theoretical ^-parameters Al+j can directly be 
compared with the experimental ones A+j given in 
Figs. 3, 5, 7,9, and 13. For the paramagnetic solutions

the A%?s belonging to b = 1 Ä and b — 2 Ä have com­
paratively very large values between 4-1015 and 
5 1021 kg mol-1 s~2 for Ni + + and between 2 10"4 
and 2• 102kgm2mol-1 s~2 for Mn++.

Comparison of the curves given in Figs. 3, 5, 7, 9, 
and 13 with those presented in Figs. 17-19 shows that 
the theoretical and experimental ^-parameters are in­
deed of the same order of magnitude. To obtain a 
more detailed comparison we have included the ex­
perimental ^-parameters in Figs. 17-19 in such a 
manner that by multiplication of A +j (c*) by a factor 
A+J(0.005)/>l+7(0.005) = a we obtain equal A-parame- 
ters at c*= 0.005 m.

The quantities

a A+j(c*) =
/l* .(0.005)
,4+,(0.005) " +j

A+j(c*), ; = + , -

are drawn as dotted curves in Figures 17-19. Turning 
first to the Ni + + results, Fig. 17, we see that the 
olA ++(c*) curve is closest to the theoretical one for 
b = 3 Ä. In order to get coincidence at c* = 0.005 we 
would have to compute Ax++ with t  = 0.63 ps instead 
of x = 1 ps. In the range 0.01 < c* < 0.5, a • A ++(c*) dif­
fers markedly from Al++ for b = 3 Ä. For Al+_ with 
b = 4 Ä, t=1 .4ps yields coincidence A + _= A l+_ at 
c* = 0.005 m, however at higher concentrations the 
curvature of A + _(c*) is much weaker that that of A + _. 
It is almost not necessary to remark that at higher 
concentrations c*> 0.01m the Debye-Hückel pair
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distribution function is no longer exactly valid, so 
from both sides, the NMR relaxation and electrolyte 
solution theory, the comparisons given here can only 
be of qualitative nature. Next we consider the Mn + + 
results, Figure 18. To get coincidence of A ++(0.005) 
and (0.005) we have to set a = 4.1 Ä with b= 1 Ä, 
or a = 5.2 Ä with b = 5 Ä. The experimental a • A + _ (c*) 
curve essentially crosses the Al++ curves for b = 2,3,4 Ä 
as c* increases. For A + _ we have shown two a A +_(c*) 
curves which give A + _ (0.005) = A*_ (0.005): for 
b = 5 Ä, a = 4.65 Ä is required, for b = 4 k, a = 2.32 Ä 
has to be used. Again, the almost equality of a and b 
should not be overvalued.

Attention should also be paid to this reminder when 
we now turn to the diamagnetic systems, Fig. 9, where 
the evaluation contains many approximations. For 
the LiCl solution we get agreement .4+ _ (0.005) = 
A + _ (0.005) when we set a = 2.9 Ä for the computation 
of X + _ with b = 3 Ä, for the CsCl solution the corre­
sponding figures yielding coincidence at c* = 0.005 m 
are a = 1.7 Ä with b = 2 Ä, so interpolation yields the 
results a = b = 3.15 k  and a = b — 2.2k for LiCl and 
CsCl solution, respectively. It is a well known fact that 
the Cl~-Cs+ approach is closer than that between 
CP and Li+ [30, 31]. The other systems, solutions of 
HCl, RbCl and MgCl2, yield numerical values be­
tween these extreme ones. It will be seen from Fig. 19 
that the curvatures of the experimental /l + _(c*) 
curves are much stronger than those of the theoretical 
ones. Note that we have compared ,4(c*) with Al+_; 
however, we might have compared A + _(c*) with 
Ax*_+Al*_. Since is much smaller than 
and the relaxation theory involves another averaging 
process, the central features of our conclusion are not

altered by this simplification. Summarizing, we obtain 
the result that our observed ion-ion association and 
de-association effects at high dilution are in qualita­
tive agreement with the predictions given by the elec­
trostatic Debye-Hückel theory. However, close agree­
ment between the closest distances of approach, the 
"experimental" a and "theoretical" b, should not be 
overvalued. Yet there is one aspect which gives a par­
ticular importance to our results. This is the fact that 
Pettitt and coworkers have claimed that in strong 
electrolyte solutions there is C l~-CP association, 
[34-37] see also [38]. Thus one could argue that the 
strongly increasing A-parameters we have observed 
are due to anion-anion association, not to anion- 
cation association. However, the close agreement be­
tween a and b, where b stems from the Debye-Hückel 
theory, may be taken as an indication that our ob­
served strongly increasing ,4-parameter is indeed due 
to cation-anion association. Consequently, if there 
were anion-anion association as well, then the A- 
parameter in our systems should be about twice as 
large as predicted by the Debye-Hückel pair distribu­
tion functions, which however has not been observed. 
Exception is the CsCl solution, here a certain degree 
of microheterogeneity has been postulated so that 
part of the strong increase of A + _ is in fact due to 
close C P -C P  neighbourhood [31].
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