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Abstract: Measurements oLi nuclear spin-lattice relaxation times are made at applied magnetic field strengths
from 0.25 mT to 7.05 T, in order to determine directly the form of the frequency dependent spectral densities
that modulate relaxation. This Magnetic Relaxation Dispersion (MRD) technique provides detailed information
regarding molecular dynamics down to the picosecond time séal8RD measurements on aqueous lithium

ion relaxed by the paramagnetic Mn(Ii$ € 5/2) ion reveal the formation of a catiercation complex that

has a lifetime at least as long as the rotational correlation time of approximately 100 ps. Translational electron-
nuclear dipole-dipole contributions are resolvable, and there is a significant change in the nuclear electric
quadrupole contribution to thé.i relaxation. The results obtained from solutions of LiCl and LiN&re

compared and found to be similar.

1. Introduction

lon—ion interactions participate in a great variety of chemical,
biochemical, and physical processes. lon pairing effects
between cations and anions are well and widely known, but
intimate interactions between ions of like charge are less often
a theme of chemical reasoning because of the qualitative

arguments concerning the repulsive forces presumed to separat

ions of like charge. Nevertheless, pioneering work by Friedman
and co-workers™ has laid a clear foundation for understanding

that close encounters between ions of like charge may not only

be common but also a central mechanism of some crucial
chemistry such as electron transfer processes between cafions.
Direct experimental characterization of ieion interactions has
been difficult because time scales of some of the interactions
are short and instantaneous populations of intimate complexe
may be small. Nuclear magnetic relaxation has provided one
fruitful approach, in that while signal integration is performed
over a long time period because of the long relaxation times,
the spin relaxation itself is driven by fluctuations at the nuclear
or electron Larmor frequencies, which may correspond to time
scales from picoseconds to hundreds of microseconds, dependin
on the magetic field strength. For those few ions that are in
close proximity to a paramagnetic relaxation sink, these local
fluctuations caused by changes in the orientation of the
internuclear vector result in very large spilattice relaxation
rates on the order of ¥G1. Thus, the weighted contribution

of very small concentrations of ion pairs results in an experi-
mentally resolvable component of the observed relaxation rate.
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Friedman and co-workers studied lithium nuclear spin
relaxation induced by Ni(Il) iort,which has a short electron
spin relaxation time that dominates the time dependence of the
electron-nuclear dipotedipole coupling. Because the electron
relaxation time is very short, the nuclear relaxation rate is
insensitive to the details of the relative translational diffusion
of the spin bearing molecules, and they were able to deduce a
Bistance of closest approach between the lithium and Ni(ll) ion
of about 5.5 A for the hard-sphere-pair-correlation function,
demonstrating an intimate collision. Teméieal > showed that
for electron transfer int+2/+3 systems, almost all of the
calculated exchange derives from configurations in which the
metal-metal distance is< 7 A.

Electron spin relaxation @& > 1 ions derives primarily from
thermal modulation of the zero field splitting (ZFS) tensor.

STransient ZFS are correlated on the time scale of intramolecular

motions ¢, = 2—10 ps) associated with collisionally induced

vibrational motions of the ligand field. Short electron relaxation
times indicate a static ZFS, which is an average over all
configurations of the coordinate shell, correlated on the time
scale of Brownian motion of the entire molecule. The spherical

Yistribution of valence electrons in Mn(ll), in a symmetrical

hexa-aquo environment results in long electron spin relaxation
times of several nanoseconds. On this time scale, the details
of electron spin relaxation mechanisms are unimportant, and
the nuclear relaxation is not explicitly determined by the lattice
dynamics.

Lithium ion is convenient for study because it has a small
nuclear electric quadrupole moment that is inefficient in causing
nuclear spin relaxation which permits easy resolution of the
effects induced by the paramagnetic ion. We have constructed
an instrument that will measure the dependence of solute particle
spin—lattice relaxation rates on the magnetic field strength
between 7.05 T and the earth’s field, thus permitting extension
of the dynamical characterization of the catiaration interac-
tion. We find striking evidence supporting the formation of a
complex between the hydrated cations, which has a lifetime
sufficiently long to rotationally reorient in watere., the cation-
cation complex has a lifetime of at least 100 ps.

At currently achievable magnetic fields, nuclear spin relax-
ation is not a spontaneous process and must be stimulated by
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fields fluctuating at the resonant frequency. Generally, the fields
to which spin systems couple fluctuate with the random
rotational and translational motion of surrounding spin-bearing
molecules. The spinlattice relaxation rate is then proportional ) ) ) o
to the real-valued spectral density at the Larmor frequency andWhereK is the ion pair association constant. We denote the
its first harmonic, even though the observed relaxation time may Mean lifetime of the complex ase, and the relaxation
be on the order of a second. The magnetic relaxation dispersionattrlbutable to the intramolecular mechqnlsms e}sso_mated Wlth
(MRD) is a graph of the spinlattice relaxation rate versus the e presence of the paramagnetic spin density in the first
Larmor frequency, that is directly proportional to the applied cpordlnatlon sphe_re bia.. The |nFrarT_10IecuIar electron-r)uclear
magnetic field strength, thus directly mapping the spectral dipolar ano_l Ferr_m contact contributions to the relaxation have
density functions, which are the Fourier transforms of the time P€€n descibed in a series of papers by Solofi@ipember-
correlation functions that characterize the spatial flucuations. gen{** and Morgar® and have been reviewed extensively
Therefore, the MRD provides direct insight intoter- and elsewheré? For relaxation in the weak coupling approximation,
intramolecular dynamics over a very wide time scale range that the result for isotropic rotational diffusion is

is approximately given by the reciprocal of the Larmor frequen- 2

cies studied. Should these relaxation interactions involve 1 _ 2 [“0 y? yZhZM x
paramagnetic compounds, molecular dynamics on the picosec-T,  15{4x| "' *® re

ond scale may be probed because the relaxation equations then
contain terms in the electron Larmor frequency which is usually
three orders of magnitude larger than its nuclear counterpart.

bound

®3)

T, T,

7 C
1+ (wsrf]

C

3
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2. Theory

In aqueous solution, the tiion is symmetrically coordinated
by solvent molecules that are reported to be very labile, with
exchange lifetimes on the order of 20 9s.Since the elec-
tric quadrupole momenteQQ) of the 7Li nucleus ( = 3/2) is
also smalf dipole—dipole coupling with surrounding water
protons is a significant relaxation mechanism. Design&gd (5)
= T[Dl, the diamagnetic contribution to the total relaxation of
LiT in solution is thus due to interactions with field gradients uo = 47 x 1077 TmA~! is the free space permeabilityis is
at the nucleus and dipolar coupling with both ligated water the radial separation between the nucleus and the center of
protons {s) and those inhabiting the outer spheos)( paramagnetic spin densi@g|s the hyperfine coupling constant,

andSis the electron spin quantum number of the paramagnetic

2 a 2 Te
=SS+ D5 [————| @)
3 A1+ (0g)?
given thatys > y,. They; are the magnetogyric ratios with

corresponding angular frequencies

w; =B,

TIl = Tfl + TIl + Tfl (1) species $ = 5/2 for Mn(ll)). The relevant correlation times
D H.is H,0s Q H
are given by
This relaxation is concentration dependeahd amounts to a “1_ -1, -1 -1
baseline shift of the dispersion data. Te Trot ¥ Tex T Tle 6)
Addition of even a small amount of a paramagnetic species R 1
changes the situation dramatically, because the nucleus interacts Tem =T T Tle (1)

with the much larger magnetic induction fields generated by

the magnetic moments of unpaired electrons. Sjrce 658y The electron relaxation timek,, ~ T,, are expected to be on
= 16937, the dipolar fields produced by the presence of the order of 2 n¥ and so should not be significant relative to
unpaired electron spin density provide much more efficient the fast rotational correlation timeg,. Furthermore, the long
relaxation mechanisms, particularly for those nuclei in close electron relaxation times permit decoupling of the electron spin
proximity to the paramagnetic center. For nuclei that participate and spatial variables, a required condition for the validity of eq
in some binding process with the paramagnetic electron spin 4.17:18 Complexation with [Mn(HO)]?* brings about a change

bearing molecule, the total observed relaxation ra{elis
-1 _ -1 -1 -1
Tlobs_ Pfree(TlD + Tltrans) + Pbouno(rex+ TlM) 2
where T;* = T,' + T,, and where the mole fraction of

bound’Li is denotedPpound= 1 — Pree Here, the definition
of a bound complex is taken to mean one in which the

intermoment vector is rotationally correlated, as opposed to a

translational pair. Because the total lithium ion concentration
[Li(D] ot is very large compared with that of the Mn(ll) ion
[Mn(I1)] ror, we may write
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in the symmetry of the electronic environment at thienucleus
from that in [Li(H,O))]". Interaction of the’Li electric
guadrupole momengQ, with the electric field gradient at the
nucleus along the ki-Mn axis, eq, is given by

eQ )2
eq| 7.

where the extreme narrowing limi¢; < 1) is assumed and

1_ 3 21+3
T R
the asymmetry parameter has been neglected. Beyond the
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extreme narrowing limite.g, for slowly rotating macromol- 57 7

ecules, relaxation under the quadrupolar Hamiltonian can no 1+§+§

longer be described by a single exponential, and a manifold of Jw) = 7 (11)
coupled differential equations must be considéfetlo attempt 1+z+ Z_Z + 53 + 4z + z + i

is made to seek resolution on the time scale of internal motion; 2 6 81 8l 64

hence, lattice dynamics determining the explicit time evolution

of the geometric coupling termss, a, andeq are neglected.  with

Disregarding the high frequency internal motions yields a rigid

molecule model. At this level of approximatiort, = ,o, but g2 \12

this is a tentative assertion since the dispersion of the quadru- = (sz_D) (12)

polar relaxation is not observed over the accessible time scales

of these experiments, and the localized motions determining whereD = D, + Ds s the relative diffusion constant between
the time correlation of the quadrupole coupling may be complex the two spin-bearing molecules, adds the distance of closest

indeed’

Regardless of whether or not a rotationally correlated complex
is formed, the ubiquitous intermolecular relaxation mechanisms
must be considered. Liquid phase intermolecular correlation
functions are appropriately treated in the classical limit, and
for the dipolar interaction between spihgnd S are writter°

g(ro)
GO = [t [dtDE@IDER )P0 I35 (©)
0

The pair correlation functiong(ro) describe the initial equilib-
rium pair distribution and are related to the intermolecular
electrostatic potentidl(r) of averaged forces between the spin
bearing moleculéd and to the number density &spinsR in

an infinitesimal volume contained byycentered about the spin
I

(ro) = 2> NFy(r) (10)

Radial probability distribution®(ro, t|r) determine the likeli-
hood that an initial intermoment vectog will evolve into r
after some time, and as solutions to a stochastic differential
equation, determine the time evolution of Brownian motion. The
seminal work of Torrey? describing the molecular motion as

a sequence of random jumps between nodes of a discrete lattice

was later modified by Hwang and Freéé®to exclude from
the diffusive path the spherical volume occupied by the colliding

molecules. Moreover, the potential of averaged forces between

diffusing molecules was formally included in this development
via the Smoluchowski equation. This potential is assumed to

have only a radial dependence and does not account for any

molecular orientations that might be preferred at close range.

Hydrodynamic effects, which would lead to a space-dependent

diffusion equation are also ignored. Using Deby#ickel
theory to examine the effect of ionic interactions on dipolar
relaxation in liquids, Hwang and Freed confirmed the intuitive

expectation that repulsive potentials reduce the magnitude of

the spectral density functions governing the relaxation while
attractive potentials enhance relaxation. Taking the limits of
continuous diffusion andyw > 1 one obtains for the force
free modet*
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translational approach. The resulting contribution to spin
lattice relaxation resembles the dipolar part of eq 4.

1

TanI'\S

(@)2 220295 + 1) «
4z) "1 7S dD

fo(N[Iws — @) + 3I(w,) + 6J(ws + w))] (13)

_3
405

The translational correlation timeyans, Of random Brownian
motion is

2 2
s = o5 = s (14)
in terms of the mean squared displaceméntwhich we
approximate byd. Repulsive electrostatic potentidlgr) tend
to reduce the effective spectral densities determined from the
force free resulf!l The relative contribution of translational
diffusion to the relaxation is thereby scaled by the fadg@m),
which will be some function ofJ(r) and will be taken to be
invariant with frequency. To the extent that fully hydrated
cations in aqueous solution may be characterized as spheres,
their diffusive behavior should be well accounted for by Freed's
formalism. While it would be more satisfying to include both
a formal ionic potential in the pair-correlation function used to
analyze the translational contribution fioi relaxation and the
appropriate propagators in the diffusion equation, we elected
to make use of Freed's observation and regard the pair-
correlation function as a scaling factor that reflects the reduced
number of effective encounters between molecules of like
charge. Even in the absence of a detailed functional form of
the interionic potential, and though 2 M ionic strength it is
ikely that the diffusive characteristics will be spatially depend-
ent, we believe this to be an adequate treatment of the problem.
If a more realistic form of the potential is used in an improved
version of the diffusion equation, these would manifest as
relatively minor corrections to the theory used here, and would
necessitate the introduction of several additional parameters,
which would be difficult to verify independently. This simpli-
fied model is assumed to be sufficient given the resolution of
the data to be discussed.

These equations assume that the paramagnetic electron spin
density may be treated as a point dipole centered at the Mn(ll)
ion. Kowalewski and co-workers have tested this approximation
for aquo-complexes, and find only small effectsfidrrelaxation
of coordinated water molecul@s. The approximation is, thus,
easily justified for the present case where interactions are at
longer distances and direct interactions moderated by strong
bonding are absent.

(25) Nordensit, L.; Laaksonen, A.; Kowalewski, J. Am. Chem. Soc.
1982 104, 379.
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Figure 1. MRD data for 1.0 M'LiNO3 by Mn(ll) (a) (top) [MnSQ]

. - _
—2.25 mM (), 3.48 mM (1), 4.91 mM (), 6.74 mM ©). (b) Figure 2. MRD data for 2.0 M'LiCI by Mn(ll) (a) (top) [MnSQy]

. mM . ) 1.02 mM (1), 2.50 mM (), 3.48 mM (), 4.90 mM ©). (b) (bottom)
((t;ottrc:m) Re!at'vﬁ contnt:unc:jnj_ frcim t:janshlaélonalI):jcorr((ejlatedld|pglarh Relative contributions from translationally correlated dipolar (dash),
(dash), rotationally correlated dipolar (dash-dot) and quadrupolar (das “rotationally correlated dipolar (dash-dot) and quadrupolar (dash-dot-

dot-dot) relaxation mechanisms. All lines are least-squares fits to the o re|axation mechanisms. Al lines are least-squares fits to the data
data as discussed in the text. as discussed in the text

containing varying amounts of MnSO The total observed
relaxation rate consists of distinct contributions: the diagmag-
netic relaxation of unbound lithium ionT(Dl), the intermo-

3. Experimental Section

Relaxation time measurements were made as a function of magnetic,

field strength on an instrument to be described elsewhere that WasI | | | dinolar i DL d th
assembled in this laboratory and utilizes a 7.05 T superconducting '€cular electron-nuclear dipolar |nteract|0ﬂ|'1§ ), and the

Magnex solenoid in close proximity to a GMW 4-in. electromagnet intramolecular mechanis.mngl). TIDl is concentration d_e'
which is isolated magnetically from the higher field by an iron shield. pendent and frequency independ&hséo measurement Jt.i
The sample is stored in the high field, moved pneumatically to the T, in the absence of any paramagnetic agent gives the baseline
variable lower field for various relaxation delay periods, and then correction applied both to individual samples and eq.&,
r_etur_ned_ pneumatlcally_to the high field where the remaining magne- TIDl = 0. Experiments were performed in which the lithium
izaon s mezsred win a s o othr sequence. The U C3hontaton was varied between 0.6 and 40 M, and it wes
cylinder. The sample movement is controlled by a Tecmag Libra r}c_)un‘d. that apart from the expected baseline Sr."ft’ there was no
significant departure from the mass law established by varying

system controlled by a MacIntosh Quadra 800 computer, which activates ) . .
dual dc solenoid valves to control the air/vacuum pressure that drives the concentration of manganese. Atthe concentrations used, it

the sample through the field cycle. The magnetic resonance probesiS Not unreasonable to expect the formation of Mn-X type
were constructed in this laboratory employing commonly used LRC complexes. Such a reduction in point symmetry at the Mn(ll)
single resonance circuits. All experiments were performed at ambient center would have a dramatic effect on the electip
temperature which was maintained near 294 K. However, measurement &fl T, in solutions of MNSQ reveal

LICl (99.99%) and LINQ (99.99%) was used as received from  only small perturbations of the proton hyperfine coupling over
Aldrich. The manganese sulfate monohydrate obtained from Mallinc- g wide range of anion concentrations. There was no difference
krodt contains less than 0.01% (wt/wt) total metallic impurities. in the data obtained from solutions buffered at pH 4.0 and 7.0,
although no general effort was made to control pH in the
reported experiments in order to avoid complexation between

Figures 1 and 2 show the least squares fits of eq 2 to the the buffer ions and Mn(ll), and formation of [Mng®)sOH]*"
data collected from 1.0 M LiN@and 2.0 M LiCl solutions in basic conditions.

4, Results and Discussion
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Table 1. Molecular Parameters Determined from Theoretical electron wg(rad/s)
Analysis of 'Li/Mn(ll) MRD Data 108 10° 1010 1M 1012
LICI/MNSO, LINO3/MnSQ; 4'5__ O ooy DD IR ' ]
d (m) 6.0x 10710 5.85x 10710 OF v, T
D (msY) 2.2x 10°° 2.2x 10°° 35r vV ovy 1
fo 0.40 0.54 w30F o o v o ]
s (m) 5.6x 10710 5.5x 1071 - I ©co o OO0 v o 1
¢ (S) 1.00x 1070 0.97 x 10710 ~asp o oo 1
K (M;l) 0.221 0.126 Fooof ov MO -
%3% (MH2) 1.20+0.06 1.00+ 0.05 15 ° ZZ m gl
101 o
Theoretical results for both sets of experiments presented in 05
Table 1 reveal nearly identical molecular parameters. Here, . e - - e .
attention is restricted to the results for the LipdnSQy system. 10 1o 7 19 10 10 10
The dashed line in Figure 1b represents the translational term Li o, (rad/s)
of the total relaxation and is modeled after eq 13. The values
that minimize the sum of the squares of the deviationdare o eleczron Os s:')adls) " 12
5.85 A andD = 2.25x 10~ m? s~%, which imply that through 25 10 19 19 019
eq 14 tyans = 25 ps. Bothryans and the relative diffusion ]
constant are reasonable for strong electrolytes in soltifibore ook A A i
significantly, the distance of closest approach is consistent with ’ a® A A
the sum of two hydrated radii, indicating that while the hydration @' 2 N
shell water molecules may be labile, on the level of resolution 181 i
afforded by macroscopic relaxation, the integrity of the first Oolo o nog %A RS
hydration shell of the Li(HO),* complex is intact during a = 10r 9o 5 a 8 > N
translational encounter with My, The relative weight given i 1
to this translational contribution was setfgt) = 0.54 for the 0.5 0o ool 0
best overall fit to the data. Without explicit knowledge of the
intermolecular potentials (likely complicated, particularly at fut : 4 L
short range), it is difficult to judge the accuracy of this 104 10° 108 107 108 10°

parameter, beyond suggesting that it is consistent with the
expected order of magnitude reduction in the number of effective
encounters between like-charged species, especially given thal
short-range interactions are most efficient at inducing relaxa-
tion.

Regardless of the detailed analysis of translational diffusion,
the form of the MRD profile itself clearly demonstrates the
presence of a rotationally correlated Lorentzian contribution to
the relaxation. The substantial change in the relaxation rate

“Li o, (rad/s)

g ure 3. MRD data for 2.0 MLiCl by Mn(ll) (a) (top) [MnSQy] =

4 mM: acetone= 0 % w/w (O), acetone= 15 % w/w (v), acetone
=25 % w/w @). (b) [MnSQy] = 2.50 mM: acetone= 0 % w/w @),
acetone= 50 % wiw (a).

ig
7

dot-dot line was computed with = 7, = 97 ps and an average
quadrupole coupling constagtqQ/h = 1.00 & 0.05 MHz.

over a small frequency range cannot be completely accounted A good measure of the efficacy of this model can be read
for by a model of liquid phase translational diffusion with from Figure la, where the data from four different samples,
physically reasonable parameters. The integral in eq 9 is takeneach containing different concentrations of Mn(ll), is shown.
over the entire sample volume and includes both short- and long-The equilibrium fraction of lithium bound in a complex with
range interactions corresponding to variations over a large manganese will vary as eq 3 and directly affects the observed
frequency range. Intramolecular electron-nuclear dipole cou- relaxation through eq 2. Using exactly the parameters deter-
pling, eq 4, is shown by the dash-dot line for a displacement mined from the fit in Figure 1b, eq 2 simultaneously converges

between the molecular centers o = 5.50 A and an
intramolecular dipolar correlation time at = 97 ps. With

this large separation, it is not reasonable to expect significant
overlap of paramagnetic spin density at the lithium nucleus, thus
we ignore the Fermi contact interaction. Without direct scalar
coupling and significant perturbation of the first coordination
sphere symmetry, the Mn(ll) electrom;, should not be
significantly changed by transient interaction with the lithium
nucleus. As mentioned, we expect the electignto be one
order of magnitude larger than the observgdbut we cannot
resolve the relative sizes afy and ey Without an observable
dispersion caused by a finite Fermi interaction (egs 6 and 7).
However, the value aof; obtained from this analysis is consistent
with the correlation time expected for rotation of a bimolecular
complex in watef® Upon the formation of a rotationally
correlated, catiorcation outer sphere complex, transient field
gradients arising from a reduced electronic field symmetry
induce greater quadrupole relaxationbifvia eq 8. The dash-

to all four sets of data fak = 0.125 M1 Only the quadrupole
coupling term was allowed to vary, and this only over a 10%
range. To our knowledge, this is the first equilibrium constant
determined from direct spectroscopic evidence reported for such
an ion pair. Qualitatively, the free energy of complex formation
is consistent with hydrogen bond enthalpies and a small
(negative) entropic contribution. From Coulomb’s law, a simple
calculation of the magnitude of the electrostatic force between
a +/2+ ion pair in aqueous solution with a dielectric constant
near 80 shows that the energy required to bring these two ions
within 6 A of each other is less than 6 kJ mél This repulsive
energy can, in principle, be overcome by the formation of one
or more H-bonds, as suggested by earlier theoretical studies.
Furthermore, it is reasonable to expect that the cat@ation
complex may be stabilized by counterions.

From the distance constraints obtained, a bonding event would
be mediated by the formation of hydrogen bonds between
bridging water molecules and those from the first coordination
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spheres. Table 1 shows that the-tiin vector contracts by  of the Lorentzian component are consistent with loss of cation
about 0.4 A from the sum of hard-sphere radii. Notably, the cation pairs in the mixed solvent.
value ofK = 0.224 M1 obtained from the LiCl data, hints at
the possible role played by the counterion in stabilizing the
cation—cation complex by reducing the effective charge. From  In concert with the theory of magnetic relaxation, these MRD
steric considerations, chloride might be more effective than data have provided experimental evidence for the formation of
nitrate in this regard. Yet, comparing the effective translational cation—cation outer sphere complexes, revealing a clear physical
collision factorsfo(r) for the two anions reveals that chloride model of the encounter between like-charged species in aqueous
reduces the relative efficiency of collisionally induced relaxation. solution. As expected, translational dynamics within the solvent
Clearly, however, formation of catiercation outer sphere  cage are a significant source nuclear relaxation, regardless of
complexes intimately depends on factors that influence diffusive repulsive electrostatic potentials. The distance of closest
mobility and charge dispersion. translational approach between the cations is consistent with
To verify the existence of a bimolecular complex, attempts an encounter between two solvated species, although little detail
were made to repeat these experiments in solvents with bothcan be given regarding the hydration shell dynamics. Coun-
lower dielectric constants and reduced capacities to form terintuitively, most of the nuclear relaxation is derived from
hydrogen bonds. Both the lithium and manganese salts werethe formation of a rotationally correlated outer sphere complex.
soluble in a wateracetone mixture. As Figure 3 shows, the The calculated intermoment vector is consistent with the
MRD profiles from these experiments reveal a trend toward a formation of hydrogen bonds between bridging water molecules
more slowly varying translational modulation as the acetone and those in the first coordination sphere of each metal ion.
content is increased, indicating a destabilization of the cation Furthermore, the intramolecular correlation time is consistent
cation complex. At higher fractions of acetone, the rotationally with the Brownian rotation of a complex with the dimensions
correlated component is further diminished, but under these expected of the cationcation pair. Apart from these geo-
conditions the results are complicated by complex formation metrical constraints, which are consistent with those derived
between acetone and the metal ions. Substitution of acetonefrom previous independent studits, several properties par-
for water in the ion solvation sphere reduces the octahedral pointticular to the Li/Mn?* system have also been determined. While
symmetry at the lithium nucleus and induces relaxation through the electron ZFS at the Mn(ll) center remains unperturbed in
the nuclear electric quadrupole interaction that causes a baselinghe presence of the anions studied, the relative effects on
shift toward higher observed relaxation rates. Presence ofdiffusional characteristics and complex stability were resolved.
solvent substituition in the manganese coordinate sphere induced here is no direct coordination of the lithium and manganese
the formation of a ZFS in the electron spin manifold that ions, as this would imply a strong relaxation due to Fermi
increases the electron relaxation rate dramatically. The relativecoupling, and this was not observed. However, formation of
maximum apparent in the high frequency portion of the MRD this outer sphere complex causes formation of an electric field
curve in Figure 3b is characteristic of a field dependence in the gradient at théLi nucleus inducing an observable contribution
electron relaxation time which contributes significantly to the to the relaxation.
correlation time for the electron-nuclear coupling in this aceteone
rich solution. While a discussion of the lattice modulation can
be presented in terms of the correlation times for electron spin
relaxation, the situation is further complicated by the fact that
several chemical species are likely to coexist in this system.
Although detailed modeling of these data is difficult, qualita-
tively, the increased width of the relaxation dispersion and loss JA9728810

5. Conclusion
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