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NMR Paramagnetic Relaxation Enhancement: ZFS-Limit Behavior forS = 3/2
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The NMR paramagnetic relaxation enhancement (NMR-PRE) induced by transition metal ions with electron
spin S = 1 is strongly influenced by zero-field splitting (ZFS) interactions when the ZFS Hamiltonian is
comparable or greater in magnitude than the electronic Zeeman Hamiltbthgdn> Hzeen). In the vicinity

of the ZFS limit Hzrs > Hzeen), the spatial quantization of the electron spin motion is oriented along the
molecule-fixed principal axes of the ZFS tensor. In this situation, the NMR-PRE, corrected to constant-electron
nuclear interspin distance, has been predicted to be a function of the orientation of the eleatiear
interspin vector with respect to the principal axes of the molecular frame. This prediction was tested
experimentally and confirmed fd8 = %/, using the complex, Cgacac)(H,0),, for which the ZFS-limit
axial/lequatorialT; ratio, p = 2.7 + 0.4, is substantially greater than the Zeeman limit value of unity. A
second theoretical prediction has been tested concerning characteristic differences in the effect of ZFS
rhombicity on the magnetic field profile of the NMR-PRE produced by integer and half-integer spinS. For

= 1, the ZFS-limit NMR-PRE is profoundly depressed due to the effects of the orthorhombic terms of the
ZFS tensor, a phenomenon which results physically from the splitting oftthElnon-Kramers doublet by

ZFS rhombicity and consequent alterations in the spin eigenfunctions. This depression is reversed by the
application of a Zeeman field when the Zeeman energy exceeds-flidloublet splitting produced by ZFS
rhombicity. Thus, the NMR-PRE of orthorhomi#se= 1 Ni(ll) complexes exhibits a characteristic dispersive
feature in which the NMR relaxation efficiency increases several-fold between about 0.2 and 10 T. For half-
integer spins, this phenomenon is expected not to be present because the Kramers doublets remain unsplit by
ZFS interactions of any magnitude or symmetry. This prediction was tested and confirmed through

measurements of the magnetic field depend

ence of the NMR-PRE produced ®y-the complex, C8-

(acac)(H.0),, the NMR-PRE behavior of which differed qualitatively from that of the analog®us 1
complex, Ni(acac)(H,0),, as well as from other previously studi€d= 1 model compounds.

Introduction

The introduction of small concentrations of paramagnetic
species in solution enhances the relaxation rates of nuclear spin
on ligand and solvent species, a phenomenon called the NMR-
paramagnetic relaxation enhancement (NMR-PRE). For para-
magnetic solutes withS > 1, the NMR-PRE is strongly
influenced by the zero-field splitting (ZFS) interaction at Zeeman
field strengths where the ZFS Hamiltonian is comparable to or
greater than the electronic Zeeman Hamiltontdpeg = Hzeen)-

The ZFS interaction, which results from an interplay of the spin
and orbital angular momenta mediated by the crystal field,
vanishes foiS = 1/, but is present foS > 1 unless precluded
by reasons of symmetry of the metal ion; the quadratic ZFS
interaction vanishes in cubic or higher site symmetry. Over the
past decade, a considerable body of theoretical work from
this' 11 and othel?> 2! laboratories has been directed toward
incorporating the effects of the ZFS interaction into the theory
of the NMR-PRE.

In the vicinity of the ZFS limit Hzrs > Hzeen), the motion
of the electron spin is driven by the ZFS Hamiltonian, and as
a result, the electron spin motion is spatially quantized (or
polarized) along the molecule-fixed principal axes of the ZFS
tensor rather than along the Zeeman field. In this situation, the
mean-square local dipolar field of the electron spin differs at
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axial and equatorial positions with respect to the ZFS tensor.
For S = 1, the ZFS limit NMR-PRE, corrected to constant
electron-nuclear interspin distance, has been predictédo

be up to 4-fold greater for axial nuclear positions than for

equatorial positions; i.e., the axial/equatorial, T ratio, p, is
thus predicted to lie in the range ¥ p < 4, where, in
comparison, the Zeeman limit value is urity23 This prediction
has been confirmed experimentaifyAngular dependence in
Rupis also expected fdb = 3/, although the physical situation

is rather different than that f{@= 1. We report here an analysis
of the S= 9/, case and an experimental measurement of the
molecular frame angular dependenceRaf, for the S = 3/,
complex, C8(acac)(H20),. The measured ZFS-limit ratig,

= 2.7+ 0.4, is consistent with theoretical analysis.

A second theoretical predictiérf2> has also been tested
concerning characteristic differences in the effect of ZFS
rhombicity on the magnetic field profile of the NMR-PRE
produced byS= 1 vs S= %,. For S = 1, the NMR-PRE is
profoundly depressed in the ZFS limit due to effects of the
orthorhombic components of the ZFS tensor, which split the
|+10non-Kramers doublet, forcing a Cartesian polarization on
the spin eigenfunctions. In the orthorhombic ZFS limit, the
diagonal part of &[] evaluated in the spin eigenbasis, vanishes,
and in consequence, the NMR-PRE is suppressed, often several-
fold, relative to the value calculated for a cylindrical ZFS tensor.
The rhombicity-induced ZFS-limit depression in the NMR-PRE
is reversed by the application of a Zeeman field when the
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Figure 1. Spin energy level diagram f@= 3, in a powder sample ~ Figure 2. Spin energy level diagram fd8 = %> with a cylindrical
when the Zeeman field is zero. ZFS rhombiciBy/D) is plotted on the ZFS tensorE/D = 0) as a function of Zeeman field strength in a powder
abscissa. sample.

Zeeman energy rises above thel(doublet splitting. Experi- Computations were carried out using the computer program
mental results have confirmed this phenomenon. The NMR- RotJmpDyn.£8which implements theory at several levels: (1)
PRE of orthorhombicS = 1 Ni(ll) complexes exhibits a  the Zeeman limit (SBM) theor§?2329(2) the theory of ref 11,
characteristic dispersive feature in which the NMR relaxation which gives closed-form expressions that parallel the Zeeman
efficiency increases several-fold between about 0.2 and 10 T;limit expressions but are valid in the slow-reorientation orthor-
this feature is, as predictéfabsent in theDsy complex Ni'- hombic ZFS limit; (3) slow-reorientation theory with arbitrary
(enk. magnitudes of the ZFS and Zeeman Hamiltonians; (4) spin
For half-integer spins, an analogous dispersive feature is dynamics simulationd?®which generalize level 3 to incorporate
expected to be absent because the Kramers doublets remaithe effects of Brownian reorientation. Level 3, rather than SD
unsplit by ZFS interactions of any magnitude or symmetry, and simulations, was used in computations because this level
there is no corresponding rhombicity-induced change in the spin @commodates the incorporation of level-specific electron spin
eigenfunctions. We report here the results of an experimental relaxation times, as described above. Slow reorientation is amply
test of this prediction that is based on a measurement 6fthe ~satisfied by the chemical system; an estimater@f from
magnetic field dispersion profile produced by the orthorhombic Debye’s theor§* gives a reorientational correlational timg)
S = 3/, complex, Cd(acac)(HO),. As predicted, the NMR- ~ 80 ps at 20°C for Cd'(acac)(H.O), in water.
PRE behavior of this complex differs qualitatively from that of  For the purpose of analyzing the physics of the relaxation
the analogou$= 1 complex, Ni(acac)(H:0),, as well as from  mechanism, the closed-form expressions of level 2 are useful.

other previously studie8 = 1 orthorhombic Ni(ll) complexe% In this approximation, the NMR; paramagnetic relaxation rate,
Rip, can be written as a sum of molecular frame Cartesian
Theory components,
The ZFS limit spin level diagram fo® = 3, is shown in
P g 2 Ry, = Ry + Ry + Ry (1a)

Figure 1. There are two Kramers doubletsl/;0and |4-%/50)

which are not split by the ZFS interaction in the absence of a 1, \2

Zeeman field. The ZFS splitting is 2D in a uniaxial ZFS field. — o -6

ZFS rhombicity E = 0) mixes the spin states for whichms Ry = (8/3)(7/9482) (4n) s [1+ Py(cos6;)] x

= +2; thus, the rhombic ZFS term mixes the3/,0state with 0

the |—1/,0state and—2%/,0with |+%,0 This mixing increases ; P/‘lwsF'szJf(w/"V +w) (1b)
theinterdoublet separation but, in the absence of a Zeeman field,

does not break the degeneracy of the Kramers doublets. Figure f=%92

2 shows the level diagram f@& = %/, with a cylindrical ZFS

tensor E = 0) as a function of Zeeman field strength in a Wherey, is the nuclear gyromagnetic ratif, is the Bohr
powder sample. The Zeeman field splits the Kramers doublets magneton, angdo is the permeability of free space. The electron
by an amount which depends on the angle between theaxis ( g-factor,ge, may in general depend on the Kramers doubit (
of the applied magnetic field and the molecule-fixed principal and it may be anisotropic. We show below thatalues which
axis @) of the ZFS tensor. In the presence of a Zeeman field, differ for the two Kramers doublets but are isotropic within each
the spin levels in a randomly oriented sample broaden into a doublet are appropriate for Co(ll) in NMR-PRE theory. Thus

band structure. we use level-specifig-values,gt™? and gi*"/?. Equation 1a

For octahedral Co(ll), the ZFS splitting is very lafje, is expressed in the molecule-fixed coordinate frafé,(2) of
approximately 160 cm in Co'(acac)(H,0),, and positive so  the ZFS-PAS (the laboratory coordinate frame is denotey (
that the|+3/,doublet is above thet/,[Houblet. The Kramers  2)). The interspin distance igs, and cog); is the direction cosine
doublets are well separated in energy and must be treatedof the interspin vector with respect to tiith coordinate axis.
separately. As is shown below, the electron spin relaxation The sum is over eigenstatgs,v} of S, and the spin operators
properties are very different within the two doublet manifolds, are expressed in the molecular franf, is the fractional
such thatrs 1z, ~ 2 ps for the|2-3/,00doublet andrs+1/2 ~ 0.2 Boltzmann population of the eigenstam] Ji(w) are dipolar
ps for the|£Y,0doublet. power density functions,
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J(w)=——
He) 1+ o’td

(1c)

wherets is electron spin relaxation time.

Uniaxial ZFS Limit .In the uniaxial ZFS limit, eq 1b can be
simplified as follows. The matrix of&[lis diagonal with
elements equal tons. Thus, forRy;, the nonvanishing terms
havew,, = 0, giving

R, = (8/3)@.[%92(%‘;)2 fs °[1+ P,(cos0,)]((9/2)
[g P2 X w) + (112)[g5 217 PS L 3 A w) (22)

e 1/2

(+3/212
e

Electron spin relaxation times within the two Kramers doublets
are substantially different, so the spectral density functions are
denoted £%,) and @3/,).

In the uniaxial ZFS limit, we writeR;z for the transverse
contribution. Nonvanishing matrix elements @and (50
couple the 1Q transition§ 43/, <= £%,} and{+Y, < =1/},
for which the ZFS-limit transition frequencies atie = 2wp
(interdoublet) andw = 0 (intradoublet), respectively. The
interdoublet transition frequencies are very high, about 160'cm
for orthorhombic Co(llj” and 2vpts > 1. The relaxation
contributions of these terms are negligible. However {thé/,
< —1/,} intradoubletRys contribution is appreciable, given by

2
Ry = (4/45)@.ﬁe>2(f7‘;) fis 12 -
P,(cos6,)](2[gS?)2P

e

0
12

Jiw, + wyp)) (2b)
where wy, is the doublet splitting, which equals zero in the
absence of a Zeeman field. The angular function;-[P»(cos
0:)], which describes the sum of thkeandy contributions, is
preferentially directed in the plane.

The Electron g-Factor. The calculation of the magnetic
dipolar field generated by the unpaired electrons at the positions

of the various nuclear spins requires effective magnetic moments

which may in turn be related to electronigvalues. These
moments differ from those used to calculate magnetic suscep-
tibilities in that they do not contain contributions arising from
Zeeman mixing of zero-field states of different energies. The
large zero-field splitting in C(acac)(H,O), may be viewed

as a consequence of the large first-order sfirbit splitting in
the“T.g ground multiplet of octahedral Co(ll). Using parameters
of A = 9300 cnt! and¢ = 435 cn1! (ref 32), together with

an effective axial splittingd = —550 cntl, we previously
obtained’ for the axially symmetric tetragonal casg & 0)
values ofg, = 2.43 andgp = 4.99 for the lowest|M;| = /2)
doublet. These values assumed an effe@ive Y/, if referenced

to the trueS= 3/, as we do heregy = 49, = 2.50, indicating
that use of an isotropig of approximately 2.452.50 is
justifiable for this lower energy doublet. For the uppil| =

3/, doublet, we similarly obtaineg, = 5.29 if referenced t&
=1,, or g, = 5293 = 1.76 if referenced to the trud= %/,. In

this axial limit, gg = O for the|M;| = 3/, doublet with Zeeman
splittings arising in second order from off-diagonal mixings with
the lower energyM;|= %/, doublet. However because the axial
zero-field splitting is very large, approximately 165.4 ¢m
corresponding to @& parameter of 165/2= 82.5 cn1?, it is
quite justifiable to neglect Zeeman matrix elements between
the doublets, so for simplicity we may assume an isotrgpic
of approximately 1.80 for the upper Kramers doublet. We have
also reportedf g-values computed for the orthorhombic case
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(E = 0), but the changes from the axial case are too small to
consider here.

Summarizing these results, for the calculation of the strength
of the local magnetic dipolar field generated by the unpaired
electrons, we use isotropgevalues ofgt™/? = 2.45 andgt*3'?
= 1.80 together with spin matrix elements appropriat&te
3/, to compute magnetic moments. This approach differs from
that normally used in the analysis of high-spin Co(ll) ESR
spectra, where the isolated Kramers doublets are treated as
effective spinl/, systems. In that description, tigefactors are
highly anisotropic and are very different for thg = 4%, and
ms = £, doublets; typicallygn ~ 4, g, ~ 2 for |£%,Candgg
~ 0, g ~ 6 for |£3/,0

Influence of the Boltzman Population Factors.The ZFS
of Co(ll) is large, comparable tkT at 300 K, and thus, the
Boltzmann population®?, are outside the high-temperature
limit. For 2D ~ 160 cnt?, the fractional populations of thes
= 43/, doublet are 0.46 that of thes = £/, doublet. The
spin populations enter eq 2a,b as products of the ftg,t;g =
ans Tsm (this is true because the denominators of the signifi-
cant spectral density functions very nearly equal unity), and it
is these products which are determined by fits to theory. In the
following discussion, we refer to the quantiti as electron
spin relaxation times, using a prime to indicate the presence of
the Boltzmann factor.

Experimental Section

The orange-red complex €@cac)(H.0), was synthesized
by the method of Ellern and RagsdafeThe ligand 2,4-
pentanedione (acac) was added slowly to aqueous NaOH (equal
molar quantity as 2,4-pentanedione) with the temperature
maintained<40 °C. The yellow-colored solution was added
dropwise to an aqueous solution of CetH,0)s, where the
Co(ll) salt was one-half the final molar concentration of 2,3-
pentanedione. The resulting precipitate was filtered and washed
with water. The solid was then dissolved in a hot mixture of
95% EtOH and CHGI The red solution was slowly cooled to
room temperature in ice. The precipitate was filtered under
vacuum, washed with 95% EtOH, and air-dried. Characterization
by IR%3 and magnetic momett3® (1 = 5.11ug) measurements
agreed with literature.

The intermolecularR; relaxation rates were measured as a
function of magnetic field strength for the solvent protons in a
20 mM solution of the complex in 1,4 dioxane to which 0.5%
v/v 2H,0 had been added. The solution and a diamagnetic blank
were deoxygenated using five freezgump—-thaw cycles and
sealed under vacuumR; measurements at Zeeman field
strengths<2 T were made on a home-built, variable field NMR
spectrometer specialized for relaxation measurentédtsll
R; values were measured using the phase-shifted triplet se-
quence, £)—[tq— (/2)o— 14— (1) »—Tr— (7/2)0]n, iN Which the
magnetization decay following the initial inverting pulse is
sampled periodically at intervalg by a pulse triplet f4—(st/
2)o—tr— (1) »—7r— (71/2)] n. This sequence provides a rapid and
accurateR;, measurement. Using this sequence chemical shift
information is suppressed; measurements at 4.7, 7.0, and 8.6
T were obtained using commercial high-resolution NMR
spectrometers by means of the inversioecovery technique.

The measurement of the axial/equatoril, ratio of the
complex in aqueous solution requires the measurement of both
the water protorR; (near-axial) and the acac-methyl proten
(near-equatorial). These measurements were made at 10.2 MHz,
a field strength which corresponds approximately to the ZFS
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Figure 3. T, decay of the composite methyl/methine/water proton
signal of 20 mM Cé(acac)(H.0),, dissolved in 99.96%H,0 (solid
circles). Also shown is the decay of the acac-methyl proton signal after
subtraction of the water baseline (open circles). The acac-methine
protons were partially deuterated by chemical exchange with the solvent
and accounted for about 3% of the signal & 0. The slow component

of the decay was due to residual water protons, the fast component

T
200 250

due to acac-methyl protons. Measurements were conducted at a Zeeman

field strength of 0.24 T, 20C.

limit. The water protorR;, was measured in 15 mM aqueous
solution. The methyl protons were measured in a saturated
solution prepared ifH,0 (99.96%?H). The sample temperature
20°C was controlled by a stream of dry nitrogen and monitored
by a calibrated thermistor placed in a dummy sample tube.

Results

ZFS Limit Axial/Equatorial R;p Ratio. A 200 MHz high-
resolution NMR spectrum of C'¢acac)(*H,0), in 2H,O
exhibited three peaks arising from the methyl and methine
protons and from residual protonated solvent, with integrated
intensities of 1.0:0.1:1.2. The ratio of methyl/methine peak
integrals was larger than the expected value of 6:1 due to
exchange of methine protons with deuterium in the solvent. The
ZFS limit acac-methyl protofR; was measured at 10.2 MHz
(0.24 T) using the phase-shifted triplet sequence (see above)
which samples a composite signal of methyl, methine, and
solvent protons on top of a spin echo. The separation of the
water and methyl proton decay was carried out as described
previously?*ignoring the methine contribution (which was about
50% deuterated). The decay was highly nonexponential, the
methyl protons relaxing approximately 20 times faster than water
protons (Figure 3), so the water and methyl components were

Miller et al.
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Figure 4. T, decay of the methyl proton decay, taken from the data of
Figure 3, after subtraction of the slowly decaying component.
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Figure 5. T: magnetic field dispersion profile (28C) of the solvent
dioxane protons in a solution of 20 mM acac)(H.O),, prepared

in a dioxane solvent which contained 0.5% (v/v) water (solid circles).
Open circles show a previously repo®; fdp of an analogous sample
containing N (acac)(H-O),, prepared in the same solvent and measured
at the same temperature.

1E+01

onstrated that chemical exchange is rapid,<< Tim, giving
Rim(H20) = 15624+ 50 st at 10.2 MHz, 20°C.

»  The axial/equatoriaRy, ratio, uncorrected for the difference

in interspin distances, was 34.7+ 1.5. This value was
corrected for the difference in axial and equatoriablinterspin
distances using results from X-#yand neutron diffractiot?
studies. The CoO (water) distance in Co(aca@),0),is 2.22
+0.02 A. Using the standard-€H bond distance in water (0.96
A) and a cock angle of P4between the plane of the water
molecule and the CeO axis gives a CoH distance of 2.93

easily separated. The acac-methyl proton decay (Figure 4) gavep.06 A (Co to water hydrogens). Cock angles in the range-14

Rlp(CH3) =45¢s1,

The water protorR;, measured separately at 10.2 MHz for a
15 mM solution of Cé(acac)(H0), in protonated HO, was
1.60 £ 0.01 st The measuredntramolecular Ry, after
correcting for the diamagnetic background (0.320.007 s?)
and theintermolecular paramagnetic contributioRyf(inter) =
0.45 s1), wasRyintra) = 0.83 s'1. Ryinter) was measured
in a separate experiment using the dioxane proton resonance o
a sample prepared in dioxane, a noncoordinating solvent.

Rim (=Tim Y for the bound water protons was calculated
from Ryp(intra) using the Luz-Meiboom equatioff

le(intra) = fm(Tlm + Tm)il
wherefy, is the fraction (bound/free) of solvent protons and

is the mean residence time of water bound in the complex.
Variable temperature measurementsRgf (not shown) dem-

17° have been measured from neutron diffraction stiflies
aquated divalent transition metal cations. From the X-ray crystal
structure of the complex, the average-Go distance for the
methyl carbons is 4.2% 0.03 A. Assuming tetrahedral bond
angles, the average E#l distance (calculated asi{®0°) to

the methyl protons is 4.56 0.03 A. The correction factor,
rax %req 8, is 13.1, giving a distance-corrected axial/equatorial
Rip ratio, pexp = 2.7 + 0.4.

Comparison of S= 1 and S = %/, T, Field Dispersion
Profiles. An experiment was also conducted to determine
whether the ZFS rhombicity-induced dispersive feature that is
characteristic of orthorhombis = 1 spin systems (see above)
is likewise present in th@; magnetic field dispersion profile
of analogousS = 3/, spin systems. An experimental exaniflle
of this feature is shown in Figure 5 (open circles) for e
1 complex Ni(acac)(H.0),. An analogous experiment was
conducted using th& = 3, complex, Cé(acac)(H2O),, with
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results shown as solid circles in the figure. In both experiments, TABLE 1: Calculated and Experimental Axial/Equatorial
the NMR samples were prepared in a dioxane solvent containing Rl%l Ratios and Expenme_nlt/al (Pexp): _Z?eman Limit (pzeen),
0.5% (v/v) water. The magnetic field dispersion profiles in 2nd ZFS-Limit (pzrs) Axial/Equatorial Ratios

Figure 5 were measured for thatermolecular Ry, of the complex Pexp pzrs(SR)  pzrs(SD)  pzeem
dioxane solvent protons. UseiofermolecularR;, data provides Co'(acac)(H.0)> 2.7+0.4 2.7 1
a direct comparison between the two spin systems in which only Ni"(acac)(H.0),* 2.2+ 0.3 4.0 2.4 1

the spin dynamics, not the molecular structure variailesd aThe ZFS limit ratios were calculated from slow reorientation (SR)

ns, play a r(_)le._The concept that dioxane does not enter the theory (eq 1 of the text) and, for the Ni(Il) complex, by spin dynamics
metal coordination sphere was tested by comparing the-UV (sp) simulationCalculations assumed = 80 cn?, E = 0, &2

vis spectra of samples containing“(\AcaC)(HzQ)z (M = Ni- = 0.2 ps, and7§¥ = 2.0 ps (the calculated ratio was nearly
(1) and Co(ll)) dissolved at equal concentrations in water and independent ob andE). ¢ Experimental results taken from ref 24; ZFS-
in a dioxane solvent containing 0.5% water. The-t)s spectra limit calculations assumeB = 3.2 cnv?, E = 0.52 cn?, 75 = 19 ps,

of samples prepared in the two solvents were essentially and7 = 77 ps.
identical, indicating that dioxane remains outside the metal
coordination sphere.

Figure 5 shows th&; magnetic field dispersion profile (fdp)
for the dioxane protons of these two systems over the range
0.15-8.6 T. The large ZFS rhombicity-induced dispersive
feature in the fdp of th& = 1 complex is absent for th& =
3/, complex. This difference in behavior is expected theoretically
(see below) and results from the fact that ZFS rhombicity splits Rip 047
the non-Kramerg+1doublet ofS= 1 but not the Kramers
doublets ofS = 3/,. For S = 3/,, ZFS rhombicity produces a

0.8

very small downward dispersive feature which is described 0.2
below. /2>
Results of Simulations 0.0 1
1E-01 1E+00 1E+01

Axial/Equatorial Ryp Ratio. The slow-reorientation theory
(eq 2) was used to fit the experimentally determined axial/ Bg
equatorialRyp ratio. All distances and angles required by the Figure 6. Simulations of the Ct{acac)(H,0) fdp shown in Figure
simulations were held fixed at the values determined by the 5. Calculations (except bold dasHot) were based on eq 1 of the text
X-ray and neutron diffraction studies as described above. The with the parameter values shown in Table 1. The calculations assumed
theory depends on the following electron spin parametéxs: ~ & ZFS parameteD = 80 cni* but were essentially insensitive to
E, and the relaxation times, 1> andrs.as, of the two Kramers ~ Variations inD for D > 25 cm &, Results are shown for three values of

- o E: E=0 (dashed)E = 7 cnr(solid line);E = 15 cn1! (dashed)R,
I p
doublets. The value of thiaterdoublet splitting D for Co contributions of thams = £3, andms = 4/, doublets are indicated.

(acac)(H20), has been eStimateq to be 160.T%r.from afitto The bold dashdot curve assumes equal electron spin relaxation times
temperature-dependent magnetic susceptibility tafeor a in the mg = +Y, andms = 43, doublet manifolds.

splitting of this magnitude, the simulations are almost indepen-

dent of the magnitude d apart from effects on the Boltzmann  above. There was, however, a strong dependence on the electron
populations becausk2wp) ~ 0. The effect of the ZFS rhomb-  spin relaxation times, for which the values in Table 1 were used;
icity E was explored in test calculations, and this parameter these values were derived frdRig(intra) measurements of the
likewise was found to exert very little influence on the low field water and acac-methyl protons as described above.

limiting value of Ry, The influence ofE for S= %, is very The simulation of;(inter) also depends on ar-5 “distance
different than for integer spin cases, where ZFS rhombicity splits of closest approach” parametek, rather than upoms. The

the non-Kramers doublets, forcing a Cartesian polarization on calculatedRy(inter) was in agreement with experiment when
the spin eigenfunctions and, in consequence, profoundly de-d. = 3.4 A. A molecular dynamics simulation af, carried
pressing the ZFS-limit NMR-PRE (see below). Taking the out using the commercial program CefigBiosym/MSl, Inc.),
molecular structure parameters as known, the calcuRigts suggested a slightly larger value for the physical distance of
almost entirely determined by the level-specific electron spin closest approachl. = 3.6 + 0.2 A (Figure 7). This difference
relaxation times within the two spin manifolds. Thus, the probably results from the nonspherical shape of the solute,
calculation involves two measured quantitiBg,(for the water coupled with the fact that the axial/equatoma), ratio is >1.40

protons and the acac-methyl protons) and two parameters ¢ Rig(inter) also depends in principle on the mutual diffusion
andr’'szsp2). Agreement between experiment and calculation was coefficient of the solvent and solute, but in the present system
found for'sis2 = 1.5 £ 0.2 ps andr's+12 = 0.2 = 0.2 ps. electron spin relaxation is rapid with respect to diffusional
The calculated ZFS limiRy, ratio, corrected for the difference  motion, which thus has negligible influence on the calculation.
in interspin distance, wagexp = 2.7 £+ 0.4 (Table 1). The simulated (bold solid line) and experimental (symbol)
Calculation of the Intermolecular Ry, The Ty fdp of the Rup(inter) profiles for Cd'(acac)(H20),, compared in Figure

dioxane solvent protons, shown in Figure 5, was simulated using6, are in good agreement. The fact that fg(inter) profile

the slow-reorientation simulation techniques contained within was accurately simulated using electron spin relaxation times
the computer program RotIJmpDy#fiwhich describeRy(inter) derived from a separate experiment usiRg(intra) data for

in the ZFS limit and intermediate regimes. Results of the the water and acac-GHesonances provides an internal check

simulations are shown in Figure 6. The simulatons dependedon the consistency of the overall analysis.

very little on the ZFS parameteBsandE for D > 25 cnTl, as An assumption that the electron spin relaxation times in the
was likewise true for the calculations f&(intra) described two doublet manifolds are approximately equal, i®41/2 ~
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Figure 7. Co(ll)—proton radial distribution functiog(r) of a solution

of Cd'(acac)(H.O), in dioxane. Results were generated by a molecular
dynamics simulation using the simulations software package of Cerius
(Biosym/MSI, Inc.). Periodic boundary conditions were assumed with
a unit cell containing one solute molecule plus 36 dioxanes. The solute
was constrained to be rigid with a €E€—0 backbone taken from the
X-ray structure. The sharp peaks corresponidtamolecular distances
from Co(ll) to water, methine, and methyl protons, while -G&
distances to the dioxane constitute the continuous background. A
T-damping algorithm was used to simulate constant temperature
conditions aff = 20 °C. The simulation employed 1 fs time steps and

a total duration of 20 ps.

is S0 i

0

Ts+3/2, did not produce high-quality fits to the high-field data.
Figure 6 (bold dashdot line) shows a simulated fdp which
assumes thats 112 = 5132 and that these quantities have the
magnitude required to give the measufg at By = 0. This
simulation does not fit the data well in the high-field region.
This is because thes = +%/, contribution toRy, originates
largely in the transversé&(r) term, which disperses away when
wi12 Tsr12 = 1 (wxa2 is the intradoublet splitting). If the
contribution of theg+/,Cimanifold were important (as is required
if Ts+1/2= Ts131), the fdp would exhibit a substantial downward
dispersion at Zeeman field strengths of several tesla. The

Miller et al.

Figure 8. Polar plots of the functiona)?[1 + P(cos6s)] for ms=
43/, (outer solid line) andns = £/, (inner solid line). Also shown is
a polar plot of the function3-%,|S|—.0P[2 — P2(cos #5)] (dashed
line).

The magnetic field dispersion profile for &@cac)(H.0),
was nearly field-independent below 8.6 T and lacked the
profound rising dispersive feature that is characteristi& ef
1 orthorhombic Ni(ll) complexes. This behavior likewise
confirms theoretical prediction.

Physical Origin of the Molecular Frame Anisotropy in
Rip. A physical model of the slow reorientation ZFS-limit
relaxation mechanism, for which eq 2 supplies the mathematical
description, is given in ref 8. We briefly summarize the physical
picture here. The NMR-PRE results from additive contributions,
with Ry (F = X, ¥, 2) arising from the molecular frame Cartesian
components of the electron spin magnetic momeaRt,= gefe-

[5:L] Rix can be viewed as resulting, in a semiclassical picture,

absence of such a feature in the data thus supports thefom the local field at | due to a sum of oscillating electron
conclusion, reached above on the basis of the measured ZFSyin dipoles located at the origin and directed aléngach

limit axial/equatorialRy, ratio, thatrgt1, < 7513/

The very slight €5%) downward dispersion in the experi-
mental fdp of Figure 6 might result from the/,[Icontribution
with tg112 < T5432, although this feature seems more likely
to result from the effects of ZFS rhombicity, which mixes the
ms = £/, and £3/; levels, thus bringingns = £/, character
into the zero-ordems = +%, spin eigenstates. As a result, the
|+3/,0doublet, which provides the bulk of the NMR relaxation
efficiency, exhibits an sdf-type dispersion due to the small
rhombicity-induced +%,Ccomponent of thed-3/,00wave func-
tion. This phenomenon is shown in the simulations of Figure
6, where increasing ZFS rhombicity introduces a downward
dispersion into the fdp without influencing the ZFS-limit
magnitude oRyp. An accurate fit of the data occurs f&fD ~
0.1, using thers+1/» andtg132 values given in the table.

Discussion

Table 1 compares a series of theoretical and experimental
axiallequatoriaRyp, ratios for theS = 3/, complex, Cé(acac)-
(H20),, and theS= 1 complex, Ni(acac)(H.0),. For S= %/,
as was previously fourdéifor S= 1, the quantitypexp = 2.7 &

0.4 is significantly greater than the Zeeman limit value of unity,
thus confirming a central prediction of ZFS-limit NMR-PRE
theory.

dipole of the sum corresponds to a nonvanishing matrix element,
[ |us|vD) of [agCoscillating at theg ¢ — v} transition frequency,
.- Rip is proportional to the square of the local dipolar field
times the dipolar power density at the nuclear Larmor frequency,
w (i.e., only resonant coupling contributes to the process of
energy transfer). The power densityaatproduced byi|us|vO

is proportional to the spectral density functialfpw,., + w),

and the squared local dipolar field duelipOvaries spatially

as the functiorm;s7%[1 + P,(cos 6;)]. In the special case of a
cylindrical ZFS tensor (eq 2), theand§y contributions toRy
have been combined in the spatial functiog, 6[2 — P,(cos
05)].

Polar plots of the angular functions {1 P»(cos6;)) and (2
— Py(cos6)y)), weighted by the squared matrix elemejiBs P,
are shown in Figure 8. All of the terms contributingRg vary
spatially as the function (+ P,(cos6s)) and are 4-fold larger
at axial nuclear positions than at equatorial positiGigvaries
spatially as the function (2 P,(cos6s)) and is 2.5 times larger
at equatorial positions than at axial positions.

We consider the relative magnitudes of the relaxation
pathways ofR;z; and Ry within the Kramers doublets of Co-
(). In eq 1b, the magnitudes of th&; depend on the quantities
Po gé“:&[[?\](waﬁ) whereJ(wq ) are spectral density functions
evaluated at the transition frequencies of the nonvanishing
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matrix elements of &L Within the ms = 4-3/> doublet,Ry; is 5
significant butRyg is not, since the transverse spin matrix
elements$ Cvanish for all except the 1Q transitions, for which
the transition frequenciesgid, are very high and the spectral
density functionsJ(2wp), are very small. Within the=3/,0
doublet manifold,[$is diagonal and contributes relaxation
efficiency proportional to

£ (3/2)

Ry, 0 P5,I573(0)]
< (+
= P3a(Ms) 7s ar2 )

X
Ru(£3/>) is relatively large both because of the large value of <

ISP, and because, in the case of Co(l..3 is relatively
long. Riri(£3/2) is negligible becausé(2wp) ~ 0.

The relaxation pathway within the=1/,00Kramers doublet is
rather different. Here the contribution 8% is negligible due
to the combined effects of smath? and shortzg.i,. The
transverse contribution is not negligible, howevRia(£/>)
has a significant zero frequency contribution due to{thé/,
< —1/,} 1Q transition, for which the squared matrix element,
|G-2|Syg)| — =[P, equals unity. The dashed curve in Figure 8 Figure 9. Polar plots of the functionf(+3,) andfs(+Y,) as defined
shows the weighted angular functidf P2 — P2(cos6)], in eq 3. These functions are proportional to the paramagnetic NMR
which appears in the contributions . It is this contribution relaxation efficiency.
that causes the calculated axial/equatdRgl ratio to be less
than 4 (the value foRyy).

Figure 8 shows polar plots of the weighted functions

For S= 3/,, the total electron spin Hamiltonian is quadratic,
a sum of static and stochastic terms of the form

|| S |vOPX(w,,y) for the terms of eq 1b that contribute Hs = HO + Hyt)
significantly toRy,. These functions are expected to provide a
relative estimate of the level-specific relaxation efficiencies for Hg» _ D(Sf — §S+ 1)3) + E(S&Z _ ng)

the S = 3/, ion, Cr(lll), where the ZFS splitting is relatively

small and the populationg;values, and electron spin relaxation

times are approximately equal for both Kramers doublets. For Hyt) = z 2)(t) @

Cr(lll), the ZFS-limit axial/equatoriaRy, ratio is expected to =2

be approximately = (8s) under slow reorientation conditions,

as opposed to the valye = 4 for S = 1 under equivalent

assumptions (the principal assumption being thairtteedoublet i i

transitions do not contribute significantly Rz for either spin eigenfunctions oHg™. ) -

value). The terms ofH(t) v_v|th g = +1, +2 induce _transmons
For Co(ll), the situation is quite different, as described above. between levels for whiciAms = +1, £2, respectively. Thus

The relaxation efficiencies are approximately described by the theq = +1 terms induce the following transitiong{+3/z<>

The spin operators oHgt) are written in spherical tensor
form. HYt) induces relaxation transitions between the spin

polar plots of Figure 9, which shows the functions |[+42}, {|+Yo00> | =2}, and{ | =20« |92} . The terms with
g = %2 induce the transitiong|+3/,0< |—1/2} and{ |+,
3 (13/2 |—3/2}. SinceH(t) contains only quadratic terms (higher order
BT, = 11+ Py(cos0))Plasl [g[ﬂZTSﬂ’z (32) terms vanish foS= 3/,), no transitions are allowed within the

1 (172 |£3/,0Kramers doublet to lowest (2nd) order in relaxation
fe(£",) = [057P1%(2 — P,(C0S6;)PLy 0l [§0Frs.1, (3D) theory.
_ N _ The terms ofH(t) which induce relaxation transitions,

These plots, which assunig,, = P, are proportional to the  correspond to specific distortional symmetries of the static ZFS
relaxation efficiency at constamis. Clearly the bulk of the tensor. The terms withq = +1 can be written in linear
relaxation efficiency is produced Biz(+%>) with negligible combinations as Cartesian functions which transforieasd
contribution from Ryx(+1/). Rip(£%2) produces a relatively  §2 These terms describe, to first order in the displacements,
small but significant relaxation contribution which reduces the rotational motions of the ZFS tensor in which th@rincipal
axial/equatoriaRy, ratio from the value op = 4 produced by axis rotates toward th&(y) axis as shown in Figure 10a. The
Ri; down to the observed valupexp = 2.7. terms withq = +2 can be written as Cartesian functions which

Difference in Electron Spin Relaxation within the |+/,> transform asky and %2 — §2. The term that transforms &§
and |+3,> Doublets.Electron spin relaxation rates within the  describes a rotation of ttie and§-principal axes abotit(Figure
|+Y/;0and |+%,0Kramers doublets differ by about an order of 10b). TheXz and$z terms induce spin transitions withms =
magnitude. In this section, we provide a possible explanation +1, and%y induces transitions withms = 4-2. The remaining
for this difference. Electron spin relaxation f8= 1 is caused  terms correspond to distortions of the ZFS tensor that transform
by stochastic fluctuations in the ZFS tensor, which result, on as?? (q = 0) and%2 — 92 (q = +2), which do not induce spin
the molecular level, from collisional and vibrational distortions transitions.
of the metal coordination sphere as well as from reorientation  The interdoublet transition probabilities depend on the ZFS
of the static ZFS tensor. Reorientationally induced electron spin power density (i.e., that dfit) at theinterdoublet transition
relaxation is negligible for Co(ll) because < 73 @) frequency, which is of order 100 crhy while transitions within
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(a) () ) times andg-values differ substantially in thens = 4%/, and
a5 (t) (b) EYLO) 3 . .
43/, Kramers doublets, and the spin level populations are usually
y A \4 ’/'A z not well described by the high-temperature limit. The= £/,
Kramers doublet ofS = 3/, provides a unique transverse
contribution to the relaxation mechanism that has no counterpart
Y in the relaxation mechanisms of integer spins.
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