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Proton Magnetic Relaxation Study of
Water Orientation Around |I” and Li"
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Proton relaxation time measurements are performed for 6 m aqueous solutions
of "Lil and °Lil in DO containing small amounts of H,O. The measurements
are done at low temperatures and yield maxima of the relaxation rate plotted
against 1/T. From the maxima of the relaxation rates, proton-I- and
proton-Li* distances in the first coordination sphere of the ions are determined,
and from the knowledge of the ion-water oxygen distance it is shown that
for iodide a somewhat broadened H-bonded configuration is valid and that
Jor Li* the electric dipole orientation deviates from the radial direction. In
order to test the reliability of the method a proton-*2"1 interaction study is
also performed in KI solution in glycerol. The I-H distance obtained is in
satisfactory agreement with that found in the aqueous system.

KEY WORDS : Nuclear magnetic relaxation ; hydration of ions ; solvation
of ions ; molecular motions in liquids.

1. INTRODUCTION

In a previous communication in this journal one of the present authors®
gave a preliminary and qualitative description of the possibility of studying
the hydration structure—more generally, the solvation structure—of the
iodide in solution. The iodide ion is one of the most important structure-
breaking ions, not alone in aqueous solution®-%; therefore, knowledge of its
solvation structure is of particular interest. If such an investigation were
successful, it would be the first experimental determination of structural
details in the strict sense around a structure-breaking ion.

The basic principle of these experiments is the evaluation of proton
magnetic relaxation time measurements in iodide solutions with the particular
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requirement that the vast majority of the solvent molecules contain only
deuterons (and other nonmagnetic nuclei) and that there be only very few
solvent molecules which carry ordinary hydrogen nuclei, i.e., protons. By
this means the proton relaxation mechanism is partly due to the magnetic
dipole-dipole interaction with the magnetic moment of the iodide nucleus,
and this fact in turn should yield information about the direct neighborbood
of the iodide ion. However, it has already been mentioned in that article®”
that difficulties appeared because in the corresponding experimental study a
relaxation mechanism, which is as yet unknown, was found in addition to
the magnetic dipole-dipole interaction which prevented the numerical
evaluation of the measurements. It is the purpose of the present paper to
give details of these experiments, with improvement of the measurements
and of the procedure of evaluation.

2. FORMULATION OF THE PROBLEM

We say that we know the solvation structure of an ion if we know the
ion-solvent pair distribution function. This function, if known, would give
the probability density of finding a solvent molecule at a given distance and
orientation relative to the center of the (spherical) ion. In the present study
the orientational part of the pair distribution function is not the primary
subject of the investigation.®~™ In water this limitation is inherent in the
nuclear properties of 27 and '"O. Both these nuclei have a rather large
electric quadrupole moment. Therefore, our structural information in the
system I~-H,O has to be confined to the ion nucleus—water proton radial
distribution function. The question of the ‘orientation of the water molecule
then can only be treated in a qualitative and indirect way.

Since our method is not an interference method, we cannot hope to
get information regarding the total continuous distribution function. What
we can only do is construct a model function which is characterized by a
small number of parameters. Then, by a finite set of measurements, we can
try to determine these parameters. A model function which we have often
used is the following®:

=0 for r<a
Br) = po/(r —roy* for a<r<b )
pr)=c =NV for r>b

Here p(r) dr is the probability of finding a solvent proton in dr at a distance
r from the center of the ion, a is the closest distance of approach of the
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proton toward the center of the ion, b is the radius of the second coordination
sphere of the ion, N/V is the number of solvent protons per unit volume,
ro and n are constants, and # characterizes the steepness of the pair distribu-
tion function. The constant p, is given by the relation

iy = 4 f: (e dr )

where #, is the first coordination number of the ion with respect to the
protons. In normal water 7,/2 is usually defined as the hydration number of
the ion. If n = 0, then

Po=¢ ©)]

when n is large, we say that we have a rigid hydration sphere (with respect
to the ion—proton separation); in the limit » —> 0 a hydration sphere as a
specific structural entity would be entirely absent. We see that our model
pair distribution function is characterized by five parameters: a, /i, n, b, r,.
The quantities b and r, are of minor importance and may easily be estimated;
thus we are left with three unknowns. Our procedure will be to determine a,
the closest distance of approach of the proton toward the iodide ion, from
our measurement. We shall give a reasonable estimate for #A.; it turns out
that knowledge of #, is not very critical for the determination of a. Indeed,
the steepness parameter n must remain undetermined; the uncertainty of the
final result due to this fact will be discussed below.

Of course, if we pick out a pair, ion-solvent molecule, then we can
choose the solvent molecule as the reference particle instead of the ion.
Then p(r) dr is the probability of finding an ion (of the kind considered here)
in dr at a distance r relative to the solvent proton considered. We have

p(r) = (N,[N)p(r) @
and
By = (Nl/N)ﬁc (5)

where N, and N are the total numbers of ions (cations or anions) and solvent
protons considered, respectively, and », is the first coordination number of
the solvent proton with respect to the ion.

The experimental quantity which we will study is the nuclear magnetic
relaxation rate 1/7,.%:8® In electrolyte solutions of high fluidity, such as
aqueous solutions at room temperature, (1/7;)%, the proton relaxation rate
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caused by the magnetic interaction with the iodide ion, is given by the
relations

INT 4, I
(Tl) 3'y1'ys/i S(S + Dg(n, k, l) e"'c + A+ (T1)e1 ©)
A = S mpes(s + 1) 1 = 2 mpyies(s + 1) S
b2
Tt EE
ifn > 1, and
1\ 16 , 1
(7)) - mniess + 05+ (7). )

32 9 Cth 1
= Zmpaess + D5+ (£),

a2

Ty = 6__5
ifn = 0;

k =ryfa, 1= bla (7a)
g(n, k, 1) is defined as

g, k, 1) 8% [dufu(u + ka)*]
a® (e [r?dr/(r — ka)"]

i.e., g(n, k, D)/a® is proportional to the mean-square magnetic field at the
relaxing nucleus. The term g(n, &, [) is a function of the model parameters
nk,1;0 < gln,k, 1) <1, and g(n, k,I) = 1 if n is large; further values of
the function g(n, &, [) have been given elsewhere.® The rest of the notation
is as follows: S is the spin of the ionic nucleus (here 271, I = 5/2), y; is the
gyromagnetic ratio of the proton, y, is the gyromagnetic ratio of the ionic
nucleus, 7, is the rotational correlation time for the vector connecting the
relaxing proton with the ion nucleus in the first coordination sphere, D =
D + Dy, D is the self-diffusion coefficient of the solvent molecule, D, is
the self-diffusion coefficient of the ion considered, and (1/77),, is the contribu-
tion to the proton relaxation rate caused by the electrons of the ion (in this
case the iodide ion); thus, the remaining terms on the right side of Egs. (6)
and (7) are the contribution due to the magnetic interaction with the iodide
nucleus.
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It may be seen from Egs. (5), (6), and (7) that (1/7;)! vanishes as the ion
concentration ¢ = N/¥V —0. For the iodine nucleus, y25(S + 1) is a
relatively small quantity; thus, in order to make the relaxation rate (1/7)"
observable, ¢; must be great, i.e., of the order of some moles per liter. This
has the consequence that studies regarding the solvation properties of the
isolated ion are precluded. We can only get information when the concentra-
tion is high, and this in turn implies that on the average one of the nearest
neighbors of the iodide ion will be a cation. On the other hand, the measure-
ment of (1/7;)" at high concentration has the advantage that the rotational
correlation time =, in Eq. (6) can be estimated®?:

Te S To S 41,
if » is large, and
Te A a2/3D
if n—0.0D

Here =, is the mean rotational correlation time of a solvent molecule in
the electrolyte solution at a concentration ~5m ( is the aquamolality,
moles salt per 55.5 moles solvent). As an example, we quote 7, = 1.8-10712
sec in aqueous KI solution at 25°C.@-1»

The quantity (1/73),, in Eqs. (6) and (7) is as yet unknown. Probably the
relaxation mechanism is similar to that caused by spin-rotation interaction.®
As a consequence, it is to be expected that (1/73),, — O as the temperature
is lowered sufficiently. Measurements of the temperature dependence of
(1/7,)* can be done. Extrapolation to low temperatures, if needed, will
vield the proton-iodine nucleus magnetic dipole-dipole interaction alone.
Such measurements are in progress at this laboratory.

In the present study, however, we followed up another procedure. We
performed measurements at low temperature in order to determine the
correlation time 7, directly. The principle of this procedure is as follows: At
low temperatures one has to replace the correlation times 7, in Eq. (6).and
7, in (6) and (7) by the functions ¢ (wr,) and ¢ (wr,), respectively.®-3:13
The quantity » is the nuclear magnetic resonance frequency. The explicit
forms of these functions are given in the Appendix. The term ¢,(w7,) is to be
used if the pair distribution function is a very sharp function, ie., n—>6
and g(n, k, I} = 1. The other function ¢{wr,) is to be applied in the situation
where the pair distribution represents a uniform particle distribution, i.e.,
n—> 0. In the Appendix we ‘shall present a third function ¢(wr,) where the
form of the potential is unspecified.

Now all these functions have the property that they go through a
maximum when 7, (or =) is varied and the resonance frequency is kept
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constant. At the maximum, 7, (or 7,) may be calculated from simple relations
of the form

Tow = kr, Tiw = kt (8)

where the constants k, and &, (£, &, = 1) depend on the type of motion
considered and the kind of interacting nuclei. Some numerical values of the
constants &, and k, are given in the Appendix. Then, in the next step, knowing
7. {y) and the function ¢ (wr.) [${wr,)] at the maximum, the “structural”
quantity @ occurring in Eqgs. (6) and (7) may be determined. This is the final
result we wish to obtain. A variation of 7, (or =) is accomplished by a
variation of the temperature.

A lowering of the temperature such that wr, & 1, w7, & 1 for aqueous
solutions of iodide is feasible only in few cases. A concentrated solution of
Lil in H,O forms a system for which this can be done. Hence we shall
report experimental results for aqueous Lil solutions. This has the disadvan-
tage that Li* is a structure-forming ion and thus, at high concentrations,
part of the structure-breaking effect of I~ is compensated by the structure-
forming effect of Li*. On the other hand, this system offers the advantage
that magnetic interaction of the proton with the ?Li nucleus can also be
studied. The proton-Li* nucleus separation in the hydration sphere of Li+*
is fairly well known, and thus the simultaneous study of the proton-"Lj
interaction may serve as a verification of the results regarding the proton-1271
interaction.

Another system where iodide also acts as a structure-breaking ion® is
the solution of I~ in glycerol. This system has two advantages: (1) The
molecular motion in the viscous glycerol is so slow that w7, & 1 already at
room temperature. Thus, cryogenic equipment which makes the measure-
ments more difficult is not needed. (2) KI is sufficiently soluble in glycerol
so that it is possible to study a system in which the anions and cations are
structure breakers (or are at least indifferent). Of course, there is less general
interest in the solvation sphere of [~ in glycerol than that in the hydration
sphere of 1~; also, due to the many conformations of glycerol the question
of orientation of the solvent molecule is more difficult to answer. In spite of
this, it seemed to be of interest to perform the corresponding measurements
with the solution of KI in glycerol in order to examine the reliability of our
method with an entirely different system.

3. EXPERIMENTAL

All measurements were carried out on a pulse spectrometer consisting
of a homemade rf transmitter and receiver. This set of instruments (and two
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other pulse spectrometers) were connected to a process control computer
(Mincal 523, Dietz, Miilheim, F.R.G.). The computer system is set up as
follows'*: A reentrant steering routine communicates with three teletypes,
one for each spectrometer, and assembles the input in a multitasking mode in
several control strings which describe the pulse-sampling sequences necessary
for the desired measurements and which are executed by a real-time operating
system. The pulse separations in the pulse sequences are generated by 'the
executive by means of a homemade program-controlled clock with a precision
of +1 usec. The pulse lengths are produced via a 12-bit counter with a
clock frequency of 10 MHz. The analog signals were read in by an analog-
digital converter having a conversion frequency of 100 KHz. Improvement of
the signal-to-noise ratio is not only accomplished by signal accumulation but
also by integration over certain ranges of the signals recorded. In this way
we were able to perform measurements using very weak signals with a signal
difference/noise ratio as low as 1/20. All proton relaxation measurements
were standardized so as to give T, == 3.60 sec for pure water at t = 25°C.

All measurements reported are given as a function of the temperature.
The temperature control was done in the following way: A gas stream flowed
through a Dewar probe head which contained the sample. If needed, the gas
was cooled by passing through a cooling coil immersed in liquid nitrogen.
Within the Dewar probe head the gas was heated to the desired temperature
by variation of the electric heating power. The actual temperature was
measured in the gas stream by means of a thermocouple directly before the
sample. The temperature constancy achieved was +0.3°C during the total
measuring time. As a check, the temperature was also measured directly
behind the sample. With Jow gas flow rates we observed a temperature
difference up to 3°C between the two measuring points, which corresponds
to a temperature gradient of 1°/cm along the sample. As the “temperature
of the sample” we took the mean value of these temperatures assuming that
the temperature varies linearly along the sample. Of course, all samples
were carefully freed from oxygen in the usual way.

"Lil-2H,0 was of highest purity commercially available (Merck AG
Darmstadt). "Lil- 2H,0 was dissolved in D,0 (99.9%, D,O content, Merck),
and most of the protons were removed by a repeated solvent evaporation
and dissolution procedure. The salt concentration was determined by
titration.

Then a calibration sample consisting of 1.5%, H,O and 98.5%, D,O
(99.9%,) plus a trace of CuCl, was prepared. The free induction signal of the
calibrated sample was compared with that of the "Lil solution in D,O,
giving the proton content of the latter solution. The following precautions
had to be observed: readjustment of 90° pulses and corrections for variations
in the filling height, water concentration, and thickness of sample walls.
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The SLil solution in D,O was prepared according to the following
reactionss’;

FeS + 2DCl (in D,0) — D,S + FeCl,
D,S + I, + D,O—2DI + S + D,0

The DI solution was treated with DzPO, in order to remove I, and D,PO,
was prepared by exchange reaction in D,O:

5Li,CO;3 + 2DI — 25Lil 4+ D,O + CO,

A small amount of H,O was added. The salt concentration was determined
by titration, and the amount of *H was determined by signal comparison as
above. 8Li,CO; was purchased from Union Carbide Co., U.S.A. KI (suprapur,
Merck) was dried at 120°C. The solution in glycerol was prepared by weighing
in the presence of Py0;.'® Normal glycerol, according to the producer
(Fluka, Basel), had a water content less than 0.1 wt.%,. The fully deuterated
glycerol-dg was purchased from Merck, Sharp and Dohme, Canada (the
producer quotes a deuteron content better than 97%,).

4. RESULTS AND EVALUATION

4.1. Lil in Water
We performed three sets of measurements:

1. The proton relaxation rate of a ¢* = 6 m soultion of "Lil in H,O as
a function of the temperature (m, molality scale). This quantity is
denoted as 1/T; = 1/T,(T) (T is the temperature in degrees Kelvin).
The results are shown in Fig. 1.

2. The proton relaxation rate of a ¢* = 6 i solution of "Lil in a solvent
of composition (1 — x;)D,0 + H,0x, as a function of the tempera-
ture. The quantity x; is the mole fraction of H,O when the solution
was prepared. This relaxation rate is denoted (1/7)* = (1/T)XT).
We measured x; = 0.011 + 0.002. The results are given in Fig. 2.

3. The proton relaxation rate in a ¢* = 6 7 solution of °Lil in a solvent
of composition (1 — x;)D;0 + x,H,0 as a function of the tempera-
ture. In this solution the mole fraction of H,O was x, = 0.022 +
0.002. This relaxation rate is denoted (I/7,)® = (1/T)®(T). The
results are given in Fig. 3.

When we varied the temperature we varied the correlation time 7, or
7.. The functional interconnection between 7, and T is not known precisely.
However, we did not need to know this relationship because we only measured
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Fig. 1. Proton relaxation rate of a ¢* = 6 m Lil solution in H,O as a function of the
reciprocal absolute temperature 1/T (7 is the aquamolality scale, moles salt per 55.5
moles solvent). v = 60 MHz.

the temperature at which the relaxation rates are maximum. Of course, the
approximate relation between 7, and 7 is

o = 7oeAPT ©

but this relation is not of much value because with our measurements we
cannot ascertain that r, is a quantity whose significance is the same over the
entire temperature range investigated. The quantity we wish to know is the
(1T given in Egs. (6) and (7), but with the correlation times 7, or =,
replaced by the functions ¢ (w7,), dwr.); (1/T1)q = O at low temperatures.
The interrelation between the experimental quantities (1/73), (/7)Y and
(1/T))® and the desired one is the following:

(TP = (YT )P + (YT + (/T (10)
(UT)® = (YT + (T + &(1/T)™ (11

whence
(YT = {(1/T)® — (YT — e[(1/T)® — A/TY*PL/A — &) (12)
(1/T)™ is the relaxation contribution due to the magnetic dipole-dipole

interaction between “Li and the proton, and e, is the ratio of the squares of
the magnetic moments of ®Li and "Li:

&g = yoiudo(ls + Vfyiiuo(I; + 1) = 0.076
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(1/T)#2, i = 1, 2, is the contribution to (1/T)®, i = 1, 2, due to the solvent
protons and deuterons in the solution. We have

(YT P = (1/Ty)le; + (1 — &1)x;] i=1,2 (13)
with

2D+ )
173y I+ )

3¢, is the ratio of the squares of the magnetic moments of the deuteron and
proton, yp, is the gyromagnetic ratio of the deuteron, and I, is the spin of the
deuteron (Ip = 1). The factor % is due to the fact that interaction between
like spins and unlike spins are compared.®

It should be mentioned that Eq. (14) is not quite exact. This is so
because for like spins (proton-proton) another linear combination of the
spectral densities® is valid as for unlike spins (see also Appendix). This
effect would shift the maximum of (1/77)™>, i = 1, 2, toward lower tempera-
tures. On the other hand, there is a dynamic isotope effect in D,O solution
which shifts the maximum toward higher temperature. Within the limits of
our experimental error these two tendencies compensate each other.

The quantity (1/77)'° determined from Eq. (13) with the experimental
1/T, and x; = 0.011 is shown in Fig. 2 as the smooth curve below the

= 0.041 (14

1 g

051

02t

01 + + + + + + + t y
40 44 48 52 56 60 103 o,
T

Fig. 2. Experimental curve: proton relaxation rate of a ¢* = 6 m "Lil solution containing
the solvent 1.1%, H;O 4+ 98.9%, D;O. Lower curve: relaxation rate of Fig. 1 multiplied
by a factor 0.0525 (see text). v = 60 MHz.
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Fig. 3. Experimental curve: proton relaxation rate of a ¢* = 6 77 °Lil solution contain-
ing the solvent 2.2%, H.O + 98.89, D,O. Lower curve: relaxation rate of Fig. 1
multiplied by a factor 0.062 (see text). v = 60 MHz.

experimental one for (1/7;)?. In the same way, (1/7,)%5° is calculated with
Xy = 0.022 and is shown in Fig. 3. From Fig. 3, (1/T1)% — (1/T)*® is
determined, and likewise from Fig. 2, (1/T)! — (1/T))'®® is determined ; this
quantity is shown as the dashed curve in Fig. 4. Then (1/71)" is calculated
from Eq. (12), and the result is presented as curve I in Fig. 4. Finally, knowing
(1/Ty),, we obtain (1/7,)™ from Eq. (10) and present it as curve II in Fig. 4.

4.1.1. Hydration Data for I~

As can be seen from Fig. 4, the maximum value of the proton-iodine
contribution (1/73)! is

(1/T)" = 0.72 + 0.25 sec™!

The experimental error of the low-proton-concentration data in Fig. 3
is estimated to be +5%,, the experimental error of the data in Fig. 1 is
+3%,, and the uncertainty due to proton content is also + 3%,. The maximum
occurs at 197.5°K. We worked with a resonance frequency /27 = 60 MHz;
thus, with the relation given in the Appendix [Eq. (A5)], we find

7. = 2.5-107° sec at 197°K

According to Fig. 1, the maximum of 1/7; occurs at 193°K. The quantity
1/T; corresponds to a relaxation mechanism involving interactions between
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Fig. 4. Dashed curve: Difference between experimental curve and calculated curve as
shown in Fig. 2. Curve I: *27I-'H contribution to the proton relaxation rate in a ¢* =
6 77 aqueous Lil solution. Curve 1I: "Li—*H confribution to the proton relaxation rate
in the same solution.

equal spins (proton-proton). Thus, according to Eq. (A26) we have 752° =
1.6-10"°sec at 193°K. This correlation time partly corresponds to the
intramolecular vector and partly to the intermolecular vector. Using the
approximation in Eq. (9) with £, = 6 kcal/mole, we obtain 7, = 3.5-107° sec
for the vector proton-iodide at 7 = 193°K, i.e., this vector reorients more
slowly than the mean proton—proton vector.

Next, in order to evaluate (1/77)" according to Eq. (6), we calculate the
translational part of the relaxation rate, A. We need b, the radius of the second
coordination sphere of I~ with respect to the water protons. The I--O
distance in the second hydration sphere is 5.2 A.%™ From this we estimate
b = 4 A. Then, by means of Eqs. (A11)-(A14) we find A = 0.05sec™?,
which gives as the first-coordination-sphere contribution: (1/7)® — A =
0.67 + 0.25sec™!. For the evaluation of this quantity, we consider two
models: Model I assumes a symmetric arrangement of the water molecules
in the first hydration sphere. The electric dipole moment of H,O has the
radial direction. In this situation we have

A, = 2n,
where 1y, is the (first) hydration number of 1-, and according to Eq. (5)
He = ﬁc(Nl/lll) = 2nh(N1/111) = nhc*

where ¢* = N,/55.5 is the ion concentration in the molality scale. Model II
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assumes an asymmetric or hydrogen-bonded configuration. One of the protons
is located on the vector connecting 1~ with O. In this situation we have

,-=nc

ne = A(N111) = (na/2)c*

and the second proton of the water molecule must be counted as belonging
to the second coordination sphere. We set n, = 8, which is in agreement
with x-ray-diffraction data.®™ Then, using Egs. (A2) and (A6), we obtain

Model I: a = 2.60*9:2L
Model I1: @ = 2.47%3:13

In calculating the parameter a for model I1 we have applied a small correction
(0.04 sec~*) taking account of the second water proton which points away
from the iodide ion.

Finally, we examine what we can denote as model III: a uniform
distribution of the water protons around the iodide ion, i.e., no hydration
sphere of I~ in the usual sense. Application of Eq. (A17) yieldsa = 1.7%3:3
which clearly is not realistic. We may multiply the purely translational
relaxation formula equation (7) by a factor 2 [(1/71)e; = 0] in order to take
into account a certain crowding of water molecules around I-. This gives
a=21%3¢A, a distance which is still too small. Thus, model III may be
ruled out, and we have to decide between models I and II. To do this, we
calculate the 1--O separation R;-_o from our I--'H distances. Model I
gives Ri-_o = 3.25 A, and Model II gives Ri-_o = 3.43 A (rox = 0.96 A).
From the sum of the ion and water radii one expects R;-_o = 3.60 A.47
This leads us to the result that the asymmetrical hydration water configura-
tion is the real one. Very likely, the translational or uniform contribution
A has been underestimated by Eq. (6), and increasing A somewhat would
lead to a slightly greater 1-—O distance. Our findings are in agreement with
Narten’s interpretation of his x-ray-diffraction data on concentrated NH,I
solution that some water hydrogen lie between I~ and O, having a distance
around 2.6 A from I-.?® We may note here that the asymmetrical anion—
water configuration has also been found for® F- and Cl~.@%

So far the I-—'H pair distribution function was assumed to be a §
function. In the next section an argument will be given which shows that a
& function is not a realistic model. Moreover, from our knowledge that I~
is a structure-breaking ion, it follows that the distribution function must be
spread over a wider range. This leads us to the conclusion that the Gaussian
form of the correlation function [Eq. (A18)], is a better description of the
real situation. Then, according to Eq. (A21"), our experimental (1/7)yaK
is smaller by a factor 0.65 when compared with Eq. (A6). Furthermore, if we
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Fig. 5. Model radial-pair-distribution function between I~ and the water protons in a
6 m Lil solution at 197°K. The dashed part of the curve is not quantitatively connected
with the experimental result and is only given in an approximate form.

leave our result for @ unchanged, we have to apply Eq. (A21), which yields
g(n, k, 1) = 0.65. Withd = 4 Aanda = 2.6 A, we have/ = 1.6 [see Eq. (7a)].
From the numerical knowledge of g(, k, 1)®® and putting k = 0.9, we find
n ~ 2. The corresponding model pair distribution function is shown in
Fig. 5. As already mentioned, the second coordination sphere of iodide with
respect to the solvent protons is due to the “second water proton” which
points away from the ion. The small relaxation contribution of this second
proton was only taken into account qualitatively. One sees that the probability
density of finding a water proton in the exact hydrogen bond position is
only about 3. Now, according to Eq. (A20), the correlation time is redefined,
and we have 7, = 1.74.107° sec at 197°K.

The line width of the *27I magnetic resonance in 6 m Lil solution was
measured down to a temperature of 247°K. Here the relaxation time was
(Ty)r27; = 1.33-1075 sec. Linear extrapolation on a semilogarithmic plot to
1000/T = 5.0 (T = 200°K) yielded (Ty)27; = 4.2-1077 sec. This is much
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longer than the correlation time =.; thus, the 27 relaxation time cannot
serve as the correlation time for the 12’I-'H interaction.?

4.1.2. The Hydration of Li*

The maximum of the 'H-"Li relaxation contribution occurs at a
temperature of 201 °K. As can be seen from Fig. 4, at this maximum

(/T )msx = 1.26 + 0.30 sec™?

The estimate of the experimental error is the same as given above.

We are in a position to compare this result with that part of the relaxa-
tion rate of "Li (as Li*) in aqueous solution which is caused by the magnetic
dipole-dipole interaction with the water protons. Corresponding measure-
ments have been performed, although those investigations were done with
another objective.'®-1® The mean value of the maximum relaxation rate
obtained in several aqueous Li halide solutions was (1/7)pax = 3.0 £ 0.3
sec™! at 30 MHz (after a suitable correction due to the dynamical isotope
effect). Hence, according to Eq. (A2), we have

Kuyy  S7alS7y + D 5. c*
KLiH - SlH(Slﬂ + I)ﬁc o 255.5
(c* = 6m). With wig = 2w, we expect [see Eqs. (A8), (A10) and (A23),

(A25)}:

= 0.27

UTOEE 0431

(/T)eE = 0275233 = 02
or

TR 0661

(UT)her = 027 g5 = 032

when we assume an exponential or Gaussian function as the correlation
function, respectively. This gives the expected maximum proton relaxation
rates 0.75 + 0.075 and 0.96 + 0.09 sec™ in the first and second cases,
respectively. The latter value is closer to our present result, and therefore
we shall use the Gaussian time correlation function Eq. (A18) for the evalua-
tion of the experimental result.

The correlation time at the relaxation maximum of the vector connecting
Li* with the proton in the first coordination sphere is [see Eq. (A22)]:
7o = 1.70-107° sec (201°K). Let us compare this figure with the correspond-
ing one for the vector I"-'H. We transform this number to the temperature
of the maximum of the H-'27] relaxation rate, i.e., T = 201°K — T = 197°K.

2 We wish to thank Mr. H. Weingértner for performing these measurements.
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By means of Eq. (9) with E/R = 3-10® we find 7, = 2.2-10% sec. This time
is longer than that found for the motion of the vector I-—'H, and it is longer
in spite of the fact that the first hydration sphere of I~ is much larger than
that of Li*. We see that even at the high concentration of 6 m the effects of
structure forming and structure breaking in their dynamical manifestations
are still detectable. But if there is fast motion in the neighborhood of the
iodide ion, there must also be a flatter effective potential well. This fact has
already been taken into account in the preceding section when we replaced
the 3 function by a pair-distribution function of greater width.

Further evaluation of the 'H-"Li relaxation data also has to be done by
applying Eq. (6) with the modifications as explained for the *H-1?"I interaction
We set b = 4 A; then we set A = 0.1 sec™?, whereby we have multiplied
the theoretical expression for A by a factor 2. This gives (1/7)® — A =
1.16 + 0.3sec™!, and with y#/242S(S + 1) = 3.26-1073" cmS-sec2, we
find from Eqgs. (A2) and (A20)

a=256%31%

This Li*-proton distance is smaller than expected if the electric dipole
moment of H,O has a radial direction (in this case we should have a = 2.76 A)
If we denote the angle between the dipole moment and the negative radial
direction as #, we obtain the result

9 = 122.5%%3

(& = 180° corresponds to a radial orientation of dipoles). We have considered
only that configuration in which Li* lies in a plane perpendicular to the
0]
/N

H H plane and containing the bisector. Here the Li*-O distance was
taken to be 2.08 A. Our result is in satisfactory agreement with x-ray and
neutron-diffraction data reported by Narten, Vaslow, and Levy.?°® These
authors found a LiD separation of 2.43 A in a 7 m LiCl solution. Quantum-
chemical calculations show that the radial orientation of the dipole moment
has the lowest energy.®1-23 We feel that the present investigation should not
be regarded as a means of examining the correctness of these theoretical
predictions. In our system, due to the high ion concentration, certainly each
potential is strongly distorted.

4.2. Solvation of 1~ in Glycerol

In Fig. 6 the experimental points shown as triangles give the proton
relaxation rate in glycerol-d, with a small but unknown admixture of proton-
containing glycerol. Furthermore, the proton relaxation rate ina ¢* = 3m KI
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Fig. 6. (a) A, proton relaxation rate of glycerol-d; with a proton content of 3.2%,;
®, proton relaxation rate of a ¢* = 3 # solution of KI in glycerol-dg with a proton
content of 4.8%,; O, proton relaxation rate of a ¢* = 5 7 solution of KI in glycerol-dg
with a proton content of 6.4%,. The dotted curve is for the proton relaxation rate of a
3 7 X1 solution in normal glycerol, muitiplied by a factor 0.077. The dashed curve is for
the same relaxation rate, multiplied, however, by a factor 0.087. The dot-dashed curve
is for the proton relaxation rate of a ¢* = 5 7 KI solution in normal glycerol multiplied
by a factor 0.1022. v = 30 MHz. (b) 27I-*H contribution to proton relaxation in
c¢* = 3 and ¢* = 5 7 solutions of KI in glycerol. Full curves, » = 30 MHz; dashed
curves, v = 60 MHz.

solution in normal glycerol was measured as a function of the temperature
(7 is the aquamolality, moles salt per 55.5 moles of glycerol). Let us denote
this relaxation rate as (1/7}),. Then in the equation ,

(1/T1) = (A/T)ole + (A — &)x]

x was determined such that the maximum value of 1/T; is equal to the
maximum of the rate as given by the triangles. We obtained x = 0.032; thus,
the proton content of glycerol-dg was 3.2%,. Next the following two solutions
were prepared: ¢* = 3 m KI in glycerol-dg and ¢* = 5 m KI in glycerol-ds.
Comparison of the signal strength of the free induction signal of these two
solutions with the glycerol-dg sample containing 3.2%, protons showed that
the relative proton content was 4.0:3.0:2.0. Consequently, the ¢* = Sm
and 3 7 solutions had a proton content of 6.4 and 4.8, respectively.

The proton relaxation rates of the two glycerol-dg—KI solutions were
measured. The results are given as the filled circles (3 ) and open circles
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(5m) in Fig. 6. The proton relaxation rate (1/73); of a 57 KI in normal
glycerol was measured. Then the relaxation rates

(UT)sm = (1/T1)ole + (1 — €)4.8]
and
1/T)sm = (1/T1)17[8 + (1 - 2)6.4]

were calculated and plotted as the dashed and dot-dashed curves in Fig. 6.
These quantities represent the proton—proton and proton-deuteron contribu-
tion to the relaxation rate. The differences between the experimental curves
given as circles and these calculated curves is the *27I-proton contribution to
the relaxation rate; the corresponding curves are shown in Fig. 6b. It can be
directly seen from Fig. 6a and b that the maximum of the *2"I-'H contribu-
tion occurs at lower temperatures than the contribution due to hydrogen—
hydrogen interaction, i.e., the motion of the *2"I-'H vector is faster than the
mean proton-proton vector in glycerol. This is distinctly different from the
behavior we found in the aqueous solution of Lil, where the proton-iodine
vector moved more slowly. Most probably, this is also true in the absence of
the structure-forming ions Li*, i.e., in aqueous KT solution. In pure glycerol
at 30 MHz the maximum of relaxation occurs at 1000/7 = 3.52°K —*(®
(t = 11.1°C) [our glycerol-dg measurements, A in Fig. 6a, yield a maximum
at slightly lower temperatures (experimental error ?)]. Thus, from Eq. (A26)
T = 3.3-107° sec.

A previous study of the structure-breaking effect of I~ in glycerol®¥
showed that 7o, the mean correlation time of glycerol in the first solvation
sphere of I-, should be =, = 0.8 r3. However, using an activation energy
E,/R = 3-10% when we convert the correlation time of the **"I-'H vector
found at the temperature of relaxation maximum (—17.4°C) to 11.1°C we
find 7, (I-H) = 0.4673. Thus, the *H-'2I interaction suffers an additional
fast modulation over and above the one caused by the motion of the mean
H-1H vector. This shows that here enhanced fluidity caused by a structure-
breaking ion is really found at the surface of the jon. This is in contrast to the
model postulating A, B, and C regions around the structure-breaking ion in
water.® These results have already been briefly reported in Sec. 5 of ref. 1.
(The slight difference in the numerical result given there is due to an activa-
tion energy which was assumed to be a little higher.)

We turn to the determination of the closest distance of approach
between I~ and the proton. At 57 the relaxation contribution due to the
127]_'H interaction is 1.8 + 0.3 sec™!. The experimental error has been
estimated as given before. The translational contribution A [see Eq. (6)]
should not differ much from the value given for the aqueous system, and
thus it may be neglected. The first coordination number of I~ with respect
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to the glycerol molecules most likely is », = 6. The first coordination number
of I~ with respect to the protons is A, = 8-n, = 48. High-resolution NMR
analysis yielded the result that in the 3 and 5 glycerol-dg solutions,
among the total amount of protons there are 62 and 55%, OH protons,
respectively, the remainder being alkyl protons.® Thus, the probability that
a given hydrogen nucleus in a glycerol molecule is a proton is twice as great
for hydroxyl as for alkyl hydrogen. Certainly the OH groups are closer to
the I~ than the alkyl part. Therefore, we use a distribution parameter
n = 1 in Eq. (1). The longest intramolecular proton-proton distance in the
glycerol molecules is ~4 A. Expecting a & 2.5A, we set [ = 6.5/2.5 = 2.6,
and with this number we get g(1, 0.9, 2.6) = 0.175.® Applying Eq. (A6) and
the reduction factor g = 0.175, we find

a = 25531

This figure is in good agreement with the corresponding distance in aqueous
solution.

Again, if we use the Gaussian time correlation function [Eq. (A18)],
our observed relaxation rate would be compatible with a wider distribution
of protons around I-, which may be more realistic.

4.2.1. Measurements at 60 MHz

Finally, we have to establish that the correlation time is really determined

by the molecular motions and not by the relaxation time of the iodine nucleus.
Due to the large quadrupole moment, this relaxation time is very short.??
We were able to measure the line width of **I as I~ in glycerol at temperatures
> 100°C. For lower temperatures the line becomes too broad and the signal
is no longer detectable. We estimated the activation energy for the *27I
relaxation to be E,/R ~ 4-10°. This gives (T)ur, = 5-107%sec at
t = —174°C. At this temperature the correlation time for the 'H-'271
interaction was found to be 7., =49-10"°sec, ie., (T, > 7o, and
consequently (7)., should not act as the correlation time.

Furthermore, if the 127] relaxation time were the correlation time, then
this time must become longer when the temperature is increased. In order
to examine the temperature dependence, we measured the ¢* = 3/ and
c¢* = 5 m solutions in glycerol-d; at 60 MHz.®® A simplified evaluation of
the results yielded the 2H-'27] contributions, which are shown as the dashed
curves in Fig. 6b. At the maximum of these curves, according to Eq. (A5),

3 Unfortunately, during the preparation of the samples a small admixture of C:HsOH
was introduced in the solutions. Using the work of Versmold,?® we can show that the
presence of the ethanol molecules does not disturb the observed 27I-*H interaction
effect.
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7, = 2.5-107% sec. One sees from Fig. 6b that the maxima corresponding
to this correlation time occurs at slightly higher temperatures than those
obtained previously (at 30 MHz =, = 3.3-107° sec). Therefore, =, decreases
as T increases, and the dynamic process is dominant in determining the
correlation time since (1/77)pmax ~ 1/w. Lastly, it can be seen from Fig. 6b
that the relaxation data obtained at 60 MHz lead to the same distance of
approach a as given above.

APPENDIX

The proton relaxation rate caused by magnetic dipole-dipole interaction
with another (unlike) nuclear spin S in a fixed distance a is given by the
formula®-3-1%

1\T ne
(71) = $y3y#2S(S + 1)$.¢r(w1"'c) = K- ¢p(wrr) (AD
with
K = $3932S5(S + 1) l% (A2)
and
1 1 3 1
¢r(w17c) = Tc{ml ¥ (1 — s')2w12'r§ + 10 T+—a)12—1:g
6 1
TOTF A+ e')zwlzfg} (A3)

where wy is the resonance frequency of the relaxing spin I, and wg = &'y is
the resonance frequency of the spin S. This formula holds if » > 6 and
g(n, k, 1) = 1. In this situation the correlation function for the magnetic
dipole~dipole interaction is assumed to be

2
&i(t) = qog et (a%)

If the spin S is 271, then ¢’ = 1, and ¢, (w;7.) for a given frequency has its
maximum when

wpre = 0.93 (AS5)

If 7, is given by Eq. (A5), then the relaxation rate at the maximum is

(7). = K22 (46)
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where Ky, is the quantity X according to Eq. (A2) applied to the interaction
partner 1271,
If the interaction partner is "Li, then one has

wrt, = 0.91 (A7
1 0.43
(7)o = o (A8)
and
e = 0.389

On the other hand, if “Li is the relaxing nucleus and the proton is the inter-
action partner, then

wy, = 0.69 (A9)
1 0.23
(7 = 2 (1o
and
& = 2.57

In the case of a uniform pair-distribution function, i.e., # — 0, we have the
model of free relative translational motion for all particle separations greater
than the closest distance of approach a. The correlation function is derived
from the solution of the translational diffusion equation. The relaxation rate
is given as®

1\ c’
() = mtaess + D Fhtord = Kubulorrd)  (AID

with
Ko = BmdniS(S + ) (A12)
2
= g% (Al13)
and

dlwry) = o flont) + Tofilwrm) + Fofilwnd)} (Al4)
oy = ol — &)

wis = w(l + &)

X = Vbwr (A15)
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When the relaxing nucleus is the proton and the interaction partner is *271,
then, for a given w;, ¢(w;7,) has its maximum for

wyr, = 1.55 (A16)
and the relaxation rate at the maximum is
(1/ Tl)max = Ktr(0'255/ wI) (A17)
The correlation function is a Gaussian function
g) = _1%5 e~ 1%4Te (A18)

The form of this correlation function is not derived from any dynamical
model. Now the relaxation rate is given as

(Til)IK\/;{T% —(1-¢)220f + T%e—tﬁw?+ _lﬁde—(1+e)2tczw§"} (A19)

and K is the same as given in Eq. (A2). If *H is the relaxing proton and 271
is the interaction partner, we have the maximum relaxation rate for

wiT, = 0.65 (A20)
and
(/T )max = Kur(0.69/wr) (A21)
or
(1T )max = &, k, DKr(0.69/wr) (A21)

if the distribution function is not a 8 function. Likewise, if “Li is the inter-
action partner,

wrr, = 0.64 (A22)
and
(1/ T l)ma,x = KHL1(0'66/ wI) (A23)

However, if "Li is the relaxing nucleus and 'H is the interaction partner, one
finds

wTt, = 0.59 (A24)
and
(/T )max = Kpin(0.28/wy) (A25)
For completeness we add the “equal spin” formulas corresponding to
Egs. (A5) and (A6):
wrt, = 0.62 (A26)
(/T )max = Kun(0.43/wy) (A27)
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and those corresponding to Egs. (A16) and (A17):

wyrg = 1.05 (A28)
(/T )max = Kuemm(0.242/w;) (A29)
With equal spins the Gaussian time correlation function yields
wite = 0.40 (A30)
(I/T)max = Kun(0.61/cr) (A31)

For equal spins the linear combination of spectral densities is®-3:19

T, = K- %‘rc{%f (‘“I"'c) + %f (2“’170)}
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