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NMR Paramagnetic Relaxation Enhancement: Measurement of an Axial/Equatoriall’y
Ratio for S= 1 in the Zero-Field Splitting Limit
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An experimental test of one of the central predictions of the theory of paramagnetic enhancement of NMR
relaxation rates in solution (the NMR-PRE) for spis '/, is reported. Fos > 1, zero-field splitting (zfs)
interactions are present that, when larger than the electronic Zeeman interaction, act to align the spatial
guantization of the electron spin motion along the molecule-fixed principal axis system of the zfs tensor.
When the zfs energy is comparable to or greater than the Zeeman energy, the NMR-PRE has been predicted
theoretically to be a function of the angular variables that specify the orientation of the etectrdear
interspin vector in the molecular coordinate frame, such that the paramagnetic relaxation enhancement is
larger for nuclear spins on the moleculraxis than for nuclear spins in the-y plane. The theoretically
predicted range fop, the ratio of axial/equatorial NMHR; relaxation rates, is ¥ p < 4, the value of unity
corresponding to the Zeeman limi£eem™> His); in the zfs limit, p is predicted to reach its maximum value,
which is significantly greater than unity. The rafidhas been determined experimentally for the first time for

the axial (HO) and equatorial (Ck) protons of arS= 1 complex, Ni(ll)(acag(H.0),, under conditions that
approximate the zfs limit, as was demonstrated from a measurement of the magnetic field dispersion profile
of the H,O protonT,'s. The measured axial/lequatorfl ratio, pexp = 2.2 + 0.3, was significantly greater

than unity as expected theoretically. The measiizetiratio was in agreement with the results of spin dynamics
simulations carried out by the method of Abernathy and Shar&lem. Phys1997 106 9032).

Introduction > H,1). NMR relaxation data are usually reported as a magnetic

Small concentrations of dissolved paramagnetic metal ions f1€1d dispersion profile (FDP) of the NMR; ¢ relaxation rate.

often cause dramatic enhancements of NMR relaxation rates ' '® Shape and magnitude of the FDP are then analyzed by a fit
of nuclear spins on ligand and solvent species. This phenom-t© theory.
enon, termed the NMR paramagnetic relaxation enhancement The NMR-PRE is fundamentally a measurement of the
or NMR-PRE, has been used widely in studies of the structure, efficiency of energy transfer between the electron and nuclear
magnetic properties, molecular dynamics, and chemical ex- Spin systems. This phenomenon depends on a resonant coupling
change kinetics of solutions containing paramagnetic solufes.  between the nucleat)(magnetic moment and the local dipolar
The classical theory of the NMR-PRE, due to Solohjon magnetic field of the electron spif)( The requirement of ener-
Bloembergeh, and Morgaf (SBM theory), can be described gy transfer for a resonant coupling implies a strong dependence
as a Zeeman-limit theory since it assumes that the static electrorof the NMR-PRE on the spatial quantization and precessional
spin Hamiltonian that determines the electron spin quantization (or oscillational) motion of. In the Zeeman limitils = Hzeeny,
and precessional motion is exclusively that of the electronic the electron spin executes a Larmor precession about the lab-
Zeeman interaction. This picture is almost always appropriate oratory field axis, in whicHE,[is a constant of the motion. In
for S= 1/, species, such as Cu(ll). the zfs limit, the electron spin motion is quantized (or polarized)
For S = 1 metal ions, the physical picture is more complex along molecule-fixed coordinate axes. (For simplicity, we restrict
owing to the presence of zero-field splitting (zfs) terms in the a discussion of the zfs limit t& = 1, for which the zfs limit
electron spin Hamiltonian. Zfs interactions arise from the energy level diagram is shown in Figure 1.) When the zfs tensor
interplay of electron spin angular momentum with the orbital is cylindrical, the electron spin undergoes a precession-like
angular momentum of ground and/or excited electronic states, motion in which%,Lis a constant of the motion, quantized along
mediated by spirtorbit coupling. For mosS = 1 oxidation the unique axis of the molecule-fixed zfs principal axis system
states of the first-row transition metal ions, the static zfs (the zfs-PASY, §, 2), rather than along the laboratory magnetic
interaction is of roughly comparable magnitude to the electronic fie|d. In the corresponding energy level diagram, shown in Fig-
Zeeman interaction at ordinary laboratory magnetic field yre 1a, thg+100evels are degenerate. When the zfs tensor con-
strengths, so that it is often possible to conduct NMR relaxation t3ins an orthorhombic component (i.e., wheandy are chem-
experiments across a range of Zeeman f!elq strengths correqcally distinct), the three Cartesian spin componefB&(r =
sponding, at low field strength, to the zfs limit, where the zfs ¢ %) undergo linearly polarized oscillations along the principal
hamiltonian is much larger than the Zeeman Hamiltonkds( axes of the zfs tensor, the oscillation frequencies of which are
> Hzeen), and at high field strength to the Zeeman lintilzeem equal to transition frequencies of the spin system (Figure 1b).

* Corresponding author: E-Mail: rrsharp@umich.edu. FAX: 734-647- An important consequence of the zfs limit quantization (or
4865. polarization) of electron spin motion in the zfs-PAS is that the
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(a) (b) vector with respect to théth molecular-frame Cartesian axis.
j(w) is the spectral density function

Ts

l+1'> '\)\ <> (JJXy J(w) 1 + wzrsz (2)
AYs
[ o o andrsis the electron spin decay time. Equation 2 assumes slow
Xz |y Brownian reorientation, i.e., that the reorientational correla-
YY tion time 7r@ > 15 (Tr@ is describes reorientation of a mole-

|0'> - |Z> cule-fixed second-rank tensor and is relatedr#8), the re-
orientational correlation time for a molecule-fixed vector by
. . . . - R? = rY/3.)
Figure 1. Slp'g',e"‘f' ?]'agr"’?m fo6=1 in the zfs “ml't- l'” (al), the deSI The calculation ofRy, in the presence of rapid Brownian
tensor is cylindrical; the spin elgenstates are circularly polarizea along . . . . . . .
the unique axis of the zfs tensor, and el Clevels are degenerate. reorientation was carneq out by spin dynamlcs (SE,)) simulation.
In (b) an orthorhombic componetis present; this breaks tHe:1'0] The SD algorithms, which are described elsewHeuee the
level degeneracy and forces Cartesian polarizations on the spinguantum mechanical equations of motion of the spin variables
eigenfunctions, labelefX[] | Y] and|Z[] in conjunction with a classical simulation of molecular Brownian
o ) ) reorientation to calculate the time correlation functions (TCF)
NMR-PRE depends, in this limit, on the angular spatial variables f the electron spin. The algorithms generate the TCF's as a
that describe the orientation of the Sinterspin vector with —  gtatistical mechanical average in the time domain by averaging
respect to the molecular coordinate frame (M-F). Theory predicts gyer typically 7000 spin trajectories, each composed of 50 to
that the NMR-PRE, normalized to constant interspin distance, seyeral thousand time points as required to define temporal
differs markedly for axial and equatorial nuclear locations within - f,ctuations in the TCF. This degree of averaging gives random
the zfs-PAS, such that the distance-corrected axial/equatorialysise of approximately=3% in the simulatedR,’s.
Ryp ratio, p, lies in the range k p < 4. In the Zeeman limit, Equation 1 describes the zfs limit NMR-PRE, which is a
In contrast, ihe orientation dependence of the NMR-PRE fnction of the angular variableg)s 6, 6;) specifying the
disappearsd= 1), since in this situation both the electron and  orjentation of the interspin vector in the molecular coordinate
nuclear spin motions are quantized along the laboratory magneticiame. An experimental test of the angular dependence described
field and are not correlated with the molecular axes. In an y equation 1 is the objective of this study. In the Zeeman limit,
isotropic liquid, the spatially averageetSdipolar coupling is e electron spin motion is quantized along the laboratory, rather

thus independent of the M-F orientation of the interspin vector. {han molecular, axes, and this angular dependence is not present.
The dependence of the zfs limit NMR-PRE on the orientation the zeeman limit expression that corresponds to ed® is

of the |—Svector, although a central prediction of theory, has
not previously been studied experimentally. We report here the ( 2 )(ylgeﬁ 2
1p =

15

2
results of such an investigation. Magnetic-field-dependant e) (Z—;) S+ 1) [Bi(w) ti(lws— ) +
measurements are reported for the “axial” water and “equatorial”
methyl ligand protons in th& = 1 complex [Ni(ll)(acacy} 6j(ws+ )] (3)
(H20),]. In this complex, the orientation of the zfs-PAS is
determined by theDa, point group symmetry of the Ni(ll)  This expression (unlike eq 1) can be written in a form valid for
coordination sphere. Th&; data confirm that the distance- fast as well as slow Brownian reorientation by replaciggn
corrected zfs limitRy, ratio, pexp = 2.2 £ 0.3, is significantly eq 2 by the dipolar correlation timeg
larger than unity in agreement with theoretical prediction.
We also report the results of spin dynamics (SD) simulafions rdfl = (rR(z))fl + rs’l

of the axial/equatoriaRy, ratio. The Ni(ll) zfs parameters used
in these simulations were obtained from an analysis of the The electron spin relaxation times, in general exhibits
experimentall; magnetic field dispersion profile for the water magnetic field dependence when the spin level$S diepend
ligand protons. Agreement between experiment and theory wason the Zeeman energy. This behavior could become important
obtained in simulations for which theaxis and rhombic zfs  in the SD analysis of the proton fdp data that was used to
parameters wer® = 3.2 cnt! andE = 0.52 cn1?, respectively. determine the values of the spin parametErandrs, and thus

its influence needs to be considered. The magnetic field
Theory dependence dfsis a rather complex problems. To summarize
briefly, 7s 1 is the sum of three distinct mechanistic contributions
arising from collisionaf® reorientational? and vibrationa*
modulation of the zfs tensor:

3
Mis

For S= 1 in the slow-reorientation, orthorhombic zfs limit,
the T1 NMR-PRE ERy) is given by

Rip= (8/9)1s ° (1Belitg/4m))" {[1 + Py(c0s0,)] j(2wg) + T t=1o T ren T e, t (4)
[1 + Py(cosby)] j(wp + wg) + S Sc SR Sv
[1 + Py(costy)] j(wp — @)} (1) The reorientational contribution, including its magnetic field

dependence, is calculated directly by the SD algorithms
yi is the nuclear magnetogyric ratie is the Bohr magneton,  described above. No parametrization @fr is required in
rs is the I—=S interspin distance, angdo is the magnetic addition to the static zfs parametei, (E) and 7r®@. 7sc and
permeability of free space. The functionst1P,(cos6;) (r = sy Must be parametrized independently; they are unknown on
X, ¥, 2) describe the dependenceRyf, on the angular variables  an a priori basis, in both relative and absolute terms, because
that specify the orientation of the nuclear spin in the molecular of large uncertainties in the coupling constants and correlation
coordinate frame:6; is the polar angle of thé—S interspin times that determine these quantities, is independent (or very
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nearly so) of the Zeeman field strendfi? s is independent
of the Zeeman field in the low-field region but lengthens when
the Zeeman energy is large enough that the sdf’s that determine
7sc become magnetic-field-dependent owing to field dependence
in the level splitting$. When the field dependence introduced
by 7sc! into eq 4 is negligible, the use of a single field-
independent relaxation parameter is appropriatg) ¢ = 75yt
+ (rs0)o L, where ¢sc)o is the low-field value ofs.. It is clearly
advantageous to work in the regime wherg. is field-
independent, since the descriptionzgfthen involves a single
unknown parameter§), rather than threer§,, (rsco, and the
collisional correlation timer,).

As described below, calculations ©f. were also undertaken
in which the field dependence of this quantity was described
using a modification of Westlund’s expression (ref 13, eq 63)
for 7 in which the zfs limit level splittings were replaced by
spatially averaged field-dependent level splittings determined '
by diagonalizing the spin Hamiltonian. This procedure accounts gigyre 2. High-resolution proton NMR spectrum of a saturated solution
approximately for the field dependence of the spin levels as of Ni(acacy(Hz0). in D-O at 200 MHz.
well as of s in the vicinity of the zfs limit.
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Experimental Section

Ni(acac)(H20), (acac= 2,4-pentanedionato) was synthesized
by the method of Charles and PawlikowskiThe blue-green
complex was characterized by IR, WWis, and magnetic
susceptibility measurements, which were in agreement with
literature. A solution was prepared in,® and diluted 1:3 in
2,4 dioxane, and a U¥vis spectrum was obtained. From the
literature value ofmax = 5.00 at 640 nnd? the concentration
of the complex was determined to be 20.9 mM. A 200NMR
sample of this solution and a water blank were degassed by
five freeze-pump—thaw cycles and sealed under vacuum.

The intermolecular contribution tB1, was measured using
Ni(acac}(H.0), solutions prepared in mixed dioxanklg/2H,O
solvent containing 5, 10, 15, E?md 20% dioxane. The d_loxane Figure 3. Plot of the total proton signal (methyt water) measured
'H T, was measured as a function of dioxane concentration andat 0.24 T using the triplet sequence (solid circles). The methyl signal
extrapolated back to 0% dioxane. The extrapolaigg of (open circles) was calculated by subtracting the water signal (solid line)
dioxane, corrected for the difference in self-diffusion coefficients from the total.
of aqueous dioxane and water, gives the intermoledgigof
the water protons. The correction for the difference in self- assigned to methyl, methine, and water protons (the latter due
diffusion coefficients was small (5%) since the translational to exchangeable protons from the complex and to residual

T
0.1

Time (s)

dipolar correlation time is primarily determined hy rather
than by diffusional motion.
The Ry magnetic field dispersion profile (fdp) of the solvent

protons in the?H,O solvent), the latter assigned by sequential
addition of HO. The methyl and water integrals were in an
approximate 1:1 ratio, although spectral overlap prevented

peak was measured between 0.14 and 1.4 T using a home-builprecise integration. The methine peak appears upfield at

variable-field NMR relaxation spectrometdh was measured
by the phase-shifted triplet sequer€dm)o—[rg—(/2)0— 11—
(7)== (1/2)0]n, in which an initial inverting pulse is fol-
lowed by a train of pulse triplets. Each triplet samples the
total magnetization by means of@2-pulse, then refocuses it
with a phase-shiftedr-pulse, and restores the magnetization
alongz with a secondt/2-pulse. In order that the sampling triplet
cause little perturbation of the decaying magnetizatignis

set to be short comparedtg typically, ty < 0.01zr4. For strong
signals such as solvent, the repeatabilityTefdeterminations
on a given sample is typicallr1% or better. The temperature
was held at 24.Gt 0.2 °C by a stream of dry nitrogen and
checked periodically with a calibrated thermistor in a dummy
sample.

Results

A 200 MHz high-resolution proton NMR spectrum of a
saturated Ni(acag)H,0) solution in DO (99.96 atom %6H)
is shown in Figure 2. The spectrum contained three peaks,

approximately—13 ppm and shows 1:20 integrated ratio with

the methyl peak, indicating that the methine protons undergo
extensive exchange wilil from the solvent. The methyl proton
peak has a line width approximately 12 times greater than that
of the water peak. The methyl prot& was measured at 10.38
MHz (0.24 T) and 24.0: 0.2°C using the phase-shifted triplet
sequence as described above. These measurements sampled a
combined signal of all three proton peaks, and accordingly the
decay was strongly nonexponential (Figure 3), owing to the fast-
relaxing methyl component and slowly relaxing water compo-
nent. The methine peak contribute8% of the signal and was
ignored. The water component was relatively slowly relaxing,
and itsR; was measured in a separate experiment conducted
using relatively long sampling intervals {20 ms), givingRp

= 2.7 s'1. The water and methyl peaks hai® values that
differ by a factor of 17 and were easily separable. The water
signal, which was taken to be the component remainirtgat

120 ms, was extrapolated to zero time using the measured water
protonR; and subtracted from the total, leaving the methyl signal
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Figure 4. Plot of In(signal) (arbitrary units) vs time (s) for the methyl
proton resonance in Ni(acaf},O).. R, for the methyl proton resonance
is 47.2 s*.

=1
IR
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0.06

(open circles). Figure 4 shows the plot of In(signal) vs time for
the methyl protons, from which the vali = 47 + 3 st was
obtained.

In a separate experiment using a 21 mM sample of Ni(aeac)
(H20), prepared in protonated solvent, tRe for the water
protons was measured at 10.38 MHz and found to be 213
0.02 st at 24.0+ 0.2°C. The intermoleculaRy, contribution

was measured in separate experiments using solutions prepared

in mixed dioxaneH-,0 solvents as described above and found
to be 0.18+ 0.01 s'. The intermoleculaRy, contribution was
also computed theoretically by SD simulation. The calculation

used a distance of closest approach of dioxane protons to the

Ni(ll) ion that was estimated from molecular dynamics simula-
tions using the commercial modeling and dynamics program
Ceriug (Biosym/MSI, Inc). The calculated intermolecular
contribution, Ry = 0.17 s%, was in good agreement with
experiment.

After correcting for the intermolecular contribution and the
diamagnetic background (0.3@60.003 s1), the intramolecular
contribution toRy, was 1.72+ 0.08 st Rym (=Tim 1), the
relaxation rate of the water protons in the metal coordination
sphere, was calculated from the Lti#leiboom equatioll

f

A e

im Tm
wheref, is the (bound/free) mole ratio of the water ligand.
Assuming rapid chemical exchange of water protaps< Tin),
Rim = 22004 200 s. The experimental axial/equatorig}
ratio computed before accounting for the difference in-Ni
distances is thus 4% 5.

This value was corrected for the difference in axial and
equatoriall—S interspin distances using results from X-fay
and neutrotf diffraction studies. The NiH distance in aquated
Ni(ll) cation has been determined by neutron diffraction in 2
M NiCl, to be 2.65 A. Scaling this distance to account for the
larger Ni-water oxygen distance in Ni(aca)20), (ru,0 =
2.140 A8 relative to the Ni-O distance { = 2.04 A) in the
aquated Ni* catiort9) gives the values = 2.78 A for the axial
Ni—H distance. Using the measured-ND from X-ray diffrac-
tion and the N+-H distance from neutron diffraction in
conjunction with the @H bond distance, 0.94 A, in water, the
O—Ni—H angle, which equals the polar andlg is 17 (this
angle is fixed by the NiO, Ni—H, and O-H distances). From
the X-ray crystal structure of the complex, the average ©li
distance for the methyl carbons is 4.5 A. Assuming tetrahedral

Miller et al.
Z
A
//T\\
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Figure 5. Positions of the water and methyl protons of Ni(aggt)O).

in the molecular coordinate frame. Scaled drawing shows the correct
polar angles and relative-S interspin distances. Superimposed is a
plot of the function 1+ Px(cos#6,).
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Figure 6. Comparison of experimental (solid circles) and spin
dynamics simulations of the FDP for Ni(acg¢).0).. Each curve was
computed assuming a pair of valugsandzd, selected to fit the low-
field limiting data. The following parameter sets were used: 55%¢m
15 ps (small dashes), 0.53 cin17 ps (dots), 0.52 cnd, 19 ps (solid
bold), 0.50 cm?, 22 ps (dot-dash), 0.49 cmt, 24 ps (large dashes).
Other parameters used in the simulations were= 2.78 A,D = 3.2
cm™, 6 = 0.293 rad, andr® = 77 ps.

bond angles, the methyl NH distance is 4.65 A, andos’(@)

for the methyl protons is 0.02. Figure 5 shows a drawing of the
complex scaled to show the relative Nil distances and
molecular polar angles. Superimposed on the drawing is a plot
of the function 1+ P, cos@;), which describes the angular
variation of the NMR relaxation efficiency (see below). Using
these distances, the distance-corrected axial/equaRyrialio

IS pexp = 2.2+ 0.3.

The magnetic field dispersion profile for the water proton
Rip was measured between 6 and 63 MHz (Figure 6). The FDP
exhibits the characteristic magnetic field dependéhéé of
orthorhombic Ni(ll) 8= 1) spin systems, namely, a profound
rise in Ryp with increasing Zeeman field strength in the range
of 0.3-15T.
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Data Analysis 25
The theoretical axial/equatoriBl, ratio was calculated using
spin dynamics simulation techniques. The water proton FDP 22,5
for Ni(acac)(H20), was measured as described above and
analyzed to provide the physical parameters used in the spin Ts,c (PS)
dynamics simulations. The simulations depend on seven physical 20
parameters, which include the three structural parametgrs, o oos®
0, and ¢, specifying the length and orientation of theS
interspin vector; the reorientational correlation timg?; and 17.5

the three electron spin parametdds,E, andzs. Values of the
structural parameter$) and rq, were taken from diffraction

studies as described above. Calculated valueR;gffor the 15 T T T
bound water protons are nearly independent of the azimuthal o.001 001 0.1 1 10
angle ¢ at the relatively small polar anglé, = 17°, of the B (T)

0

water protons, and thug was taken to be OT(RZ) for the

Comp|ex was estlmated from the Debye equéﬁm be 77 ps Figure 7. Plot of the field dependence afsyc calculated USing
in water at 24°C Westlund's zfs limit expressiolf, modified to describe the magnetic

. field dependence of the spin levels as described in the text. Physical
Among the electron spin parameters, the form of the low- parameters of the calculation at = 0.875 cm, 7, = 3 ps.

field FDP depends relatively sensitively &andzs, and much

less sensitiveRf on D except wherD is relatively small, roughly 4

D < 5 cntL. The relative insensitivity t® is due to the fact

that the NMR-PRE is influenced more strongly by the small

splitting, 2wg, than by the large splittinggyp + we. E andzts

were determined by a procedure described previously. Initial 37

fits to the low-field data were first performed to find pairsif

and s values that satisfactorily fit the low-field limitingRyp

data at a specified value &f. Then series of pairs afs andE p

values that fit the low-field data were used in spin dynamics

simulations of the fullR; FDP. This procedure gave values of

7s= 19+ 2 ps andE = 0.524 0.02 cn1? at a fixed value of

D = 3.2 cnT?; this value ofD gave the best agreement between

observed and calculatd®], ratios (see below). The sensitivity

of the fits to variations irE ands at constanD is illustrated

by Figure 6, which shows a series of five curves bracketing the

best fit atD = 3.2 cntl. Uncertainties inE and s were 0 : : : : :

estimated by bracketing the data in this way. 2.0 40 6.0 8.0 10.0

These simulations assumed a field-independent paramgter

in eq 4. This assumption provided good agreement between D (em -}

theory and experiment as shown in Figure 6. The assumptionFigure 8. Computed axial/equatorid®, ratios as a function of the

that s is effectively magnetic-field-independent over the ZFS parameteD. Results of spin dynamics simulations are shown at

experimental range of field variation was examined in calcula- [ve€ values of the azimuthal angle ¢ = z/4 (solid)¢ = 0 (dashes),

tions of 7. in which the field dependence was described by a 72 (dot—da_sh). Other_ parameters used in the simulations are in the
> Ditse p : h : y legend of Figure 6 (withrs = 19 ps,E = 0.52 cn1?, andB = 0.244

modification of Westlund'’s expression fog, in which the zfs 1) The experimental axial/equatorial ratio is shown as a solid circle

limit energies were replaced by the spatially averaged field- with error bars.

dependent level splittings determined by diagonalization of the

spin Hamiltonian. The parameters in Westlund’s expression were  The solid curve of Figure 8 was calculated assuming an

taken to beA? = 0.875 cm2 andz, = 3 ps; these values give  azimuthal anglep = 77/4 for the methyl protons. In the crystal

arts consistent with the low-field fdp data (Figure 6). A plot  structure, the methyl carbons lie very close togdhve /4 axis,

of 75c Vs Bo is shown in Figure 7. The changedg. was small, and the average azimuthal angle for the methyl protons is close

about 3%, across the range of experimental data supporting theto ¢ = 7/4 . To examine the sensitivity of the analysis to

use of a field-independent relaxation parametgrin the variations ing, simulations were also performed at the limiting

analysis. values¢ = 0 and¢ = /2, and the results are shown as dashed
The theoretical axial/equatoriB, ratio, pcai, Was computed lines in Figure 8. These simulations confirmed that the

by spin dynamics simulation techniques. The results of these uncertainty introduced intpcqc by uncertainty in the methyl

simulations, in whichocac was computed as a function ©f proton¢-value is small.

with other parameters, as given in the figure legend, are shown

in Figure 8.pcacincreased with increasing up toD ~ 6 cnT! Discussion

and was essentially constant at larger value3.dfhe measured

value of pexp = 2.2, shown as a solid circle with error bars, Table 1 compares the calculated and experimental axial/

matches the calculated value when= 3.2 £+ 0.8 cntl. This equatorialR; ratios for Ni(acacyH20), in aqueous solution.

value ofD is well within the reported range of-210 cnt? for We conclude the following: (1) the measured zfs limit axial/

tetragonally distorted Ni(ll) complexes that have been measuredequatorialR; ratio, pexp = 2.2, is substantially larger than the
previously by EPRY calorimetry28 and temperature-dependent Zeeman limit value of unity as predicted theoretic&flyl (2)
magnetic susceptibili&) measurements. Pexp iS in the theoretically predicted range of<lpcaic < 4; (3)
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TABLE 1: Comparison of Calculated and Experimental
Axial/Equatorial R, Ratios?

theory ratio

(1) Zeeman (SBM) limit theory 1
(2) uniaxial ZFS limi¢ 3.4
(3) SD simulatiori

D=3.2cnT} E=0.52 cnT?t

7d =19 ps,7r® = 77 ps
¢=0 2.4
¢ =45 2.2
¢ =90 1.8
experimental ZFS limit 2203

aSpin dynamics simulations were performed by the method of
ref 7.

Figure 9. Dipolar power density vs frequency associated Wil
(dots), (§0(dashes), and$I(solid). The plots above represent the
angular functions 1+ Py(cos 6;) associated with each Cartesian
polarization of the spin motion.

the measured axial/equatorial ratig,, was in agreement with
a theoretical value g calculated by spin dynamics simulations.

Miller et al.

by the NMR relaxation rateRy, depends on the Fourier
transforms, evaluated at the nuclear Larmor frequency, of the
time correlation functionsG,(t) = [§(0)-S()I(r = X, y, 2), of

the electron spin componengit). In the orthorhombic zfs limit,
the electron spin motion is quantized (or polarized) along the
zfs principal axes in the molecular fran@(t) has nonvanishing
matrix elements only between the spin eigenstatemnd |Z0
and oscillates at the transition frequeneyyz; = wp + we.
Similarly, Gg(t) has nonvanishing matrix elements only between
the spin eigenstatgXand |ZOand oscillates at the transition
frequency,wxz = wp — we. Gxt) has nonvanishing matrix
elements only between the spin eigenstddsand |YOand
oscillates at the transition frequencyxy = 2we. NMR
relaxation efficiency depends on the dipolar power density at
low frequency, specifically atw, for Ti, and, for T,, at
frequencies of 0 and,. Whenwe < wp, the preponderance of
the low-frequency dipolar power is produced ®(t), and thus

the effects ofG;g(t) are small, often negligible. This situation
is illustrated by the dipolar power density plots in Figure 9.

The local dipolar coupling energy associated with e@gl)
is proportional to the spatial function + P,(cos 6;), where
P,(x) is the second-order Legendre polynomial ahds the
angle between thé—S interspin vector and theth Cartesian
coordinate axis. This spatial function describes the mean-squared
dipolar field produced by a classical dipole oriented along the
rth Cartesian axi&Contour plots of this function, oriented along
X, ¥, andz, are shown in Figure 9. Because most of the low-
frequency dipolar power density arises fr@t), axial nuclear
positions are more strongly relaxed than equatorial positions at
constant interspin distance. The maximum predicted zfs limit,
the distance-corrected axial/equatorig, ratio is p = 4,
determined by the angular function-f P,(cos 6;) when the
dipolar power produced by the transverse componeég}),
is negligible. In practical cases, tlfg, ratio is reduced below
4 owing to the effects of Brownian reorientation as well as the
influence of the transverse TCF's.

When the transverse TCF's contribute significanthRipX—y
anisotropy of relaxation efficiency will be present owing to the
larger influence ofGy(t) relative toGy(t). (We have defined
as positive, corresponding to a choicexandy axes such that
the energy ofiYOis between that ofXOand |Z[). TheXx — ¥
anisotropy can be described in terms of the angular functions 1
+ Py(cos0s) and 1+ P,(cos 6;), each weighted by the low-
field dipolar power density associated wihy)(t). The effects

Parameters used in the SD simulations were measured from any g — § anisotropy are probably insignificant in the above

independent experiment involving an analysis of Thenagnetic
field dispersion profile of the complex.
The overall uncertainty ipexpis estimated to be-15%. The

analysis, since the equatorial methyl protons of [Ni(agac)
(H20);,] lie close to thep = /4 axis in the zfs-PAS. However,
it is interesting to consider the effect that- § anisotropy would

systematic and random error of the NMR measurements ispgye ONpeac in @ hypothetical complex where the equatorial

determined by the methyl protdRy, for which the uncertainty
is estimated to be-4%. For the water protons, where the S/N
ratio is much higher, the uncertainty4sl%. The experimental

nuclear spin were positioned along = 0 or 7/2. These
calculations are shown as dashed lines in Figure 8. Across the
full range of physical variation i, 0 < ¢ < /2, the influence

distance ratio of the methyl and water protons enters the analysispf § — § anisotropy is modest, with tHedirection more strongly
as an inverse sixth power and is the largest source of rg|axing than thex-direction for the reasons described above

experimental uncertainty. The uncertainty in the X-ray-I9i
distance for the water oxygen is approximately% or+0.03
A.18The uncertainty in the NiH distance for the water protons
is estimated to be twice as large &10.06 A &2%). The
uncertainty in the Ni-C(methyl) distance is<1%. The overall
uncertainty in the distance-corrected axial/equatdjahtio is
thus estimated to b&15% orpeyxp = 2.2 £ 0.3. This value is
significantly above the Zeeman limit value of unity.

The physical origin of an axial/equatorial ratio greater than
unity will be described with reference to Figure 9. The efficiency
of electron spir-nuclear spin energy transfer, which is measured

and in Figure 9.
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