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Recent theory has predicted that rhombicity in the zero-field splitting (zfs) tensor of transition metal ions
with integer spinrS=> 1 exerts a strong influence on the NMR- paramagnetic relaxation enhancements (NMR-
PRE) of resonances of nuclear spins in solution. ZFS rhombicity induces rapid oscillatiorzindhgonent

of the electron spin vector, which in the absence of rhombicity, is static with respect to precession or oscillation.
Rapid oscillation ofS, acts to decouple the nuclear spin magnetic moment from the local field produced by
the electron spin, and in this way profoundly depresses the NMR-PRE. The influence of zfs-rhombicity on
the solventH NMR-PRE produced by the complex itrans-bis(2,4-pentanedione)diaquanickel(ll) in dioxane
solution has been studied by variable field (0-B45 T) T, andT, measurements. It is shown that the functional
form of theT; field dispersion profile can be fit by the mathematical expressions of the Zeeman-limit Setomon
Bloemberger-Morgan theory, although the parameters of such a fit are physically meaningless. Spin dynamics
simulation methods which account quantitatively for the effects of zfs interactions lead to a very different
physical picture of the spin relaxation process, one in which zfs rhombicity is of central importance in
determining the functional form of the field dispersion profile.

Introduction of nuclear spin relaxation than a®,S,. In the zfs limit, a
similar situation arises except that the electron spin precessional
motion is quantized in the zfs-principal axis system (we take
%9,z as the coordinate axes of the zfs PAS aggz as the
coordinate axes of the laboratory frame). When the zfs tensor
is uniaxial € = 0), the precessional motion of the electron spin
is quantized along thz-axis. S, which is static with respect
to precession, provides a more efficient relaxation pathway than
do § andS; because the latter are precessionally decoupled, as
in the Zeeman-limit situation. For integer spins, the presence
of rhombic elements in the zfs tensor changes the zfs-limit
picture in an important way since zfs rhombicity induces
oscillatory motion inS, so that all three components of the
electron spin may be precessionally decoupled from the nuclear
spin. As aresult, zfs-rhombicity tends markedly to depress the
NMR-PRE relative to the Zeeman-limit or uniaxial zfs-limit
situations.

The present study investigates the effects of zfs rhombicity
on theT; andTs field dispersion profiles of the solve#itt NMR-

Dissolved paramagnetic species frequently produce large
enhancements in th&; and T, relaxation rates of NMR
resonances of nuclear spins on ligands or solvent molecules.
This phenomenon, the NMR paramagnetic relaxation enhance-
ment (NMR-PRE), is physically quite different for paramagnetic
solutes which possess an electron spia 1 than forS= 1/2
species due to the effects of the zero-field splitting (zfs)
interactions of the former:® For S > 1 species, NMR-PRE
behavior can conveniently be discussed with respect to two
limiting situations, the Zeeman-limit, where the Zeeman Hamil-
tonian is much greater than the zfs Hamiltonigidem>> Hzs),
and the zfs limit, wheréd ;s > Hzeem The nature of the spin
precessional motion differs qualitatively in these two limits. In
the Zeeman-limit, the precessional motion of the electron spin
is quantized along the direction of the external magnetic field
Bo, While in the zfs limit, the precessional motion is quantized
in the zfs principal axis system. This difference in precessional

motion produces large differences in the physical behavior of PRE that is produced by the paramagnetic complex, [Nill)-

_ —12
the NMR-PREY 516 o _ __ (acac)(H.0);] (acac= 2,4-pentanedione), in dioxane solution.
Theoretical studi have indicated that in the zfs-limit High-spin Ni(ll) is anS= 1 ion which has been the subject of

the magnitude of the NMRTPRE is particularly sensitiye to t,h? numerous experimental and theoretical studfie®, particularly
presence of rhombic terms in the zfs tensor. The physical origin jq1ying the hexaaquanickel(ll) cation. The experimental data
of this effect, which is described in some detail in refs 12_ and . [Ni(I)(acack(H;0),] that are reported here have been
13, can be summarized as follows. The faramagnetic  ,nav7ed using recently developed spin dynamics mefhods
relaxation enhancemeﬁtlp is produced b,y interaction of the_ which provide a very general computational platform for
local magnetic field of thf& eIectrpn spin ywth the magnetlc computing the NMR-PRE foS > 1 ions in the presence of
moment of the nuclear spin. Taking texis to be the axis  ,hitrary Zeeman and zfs interactions. The spin dynamics
of precessional quantization, the local dipolar field associated 50 ithms also account realistically for the effects of Brownian
with S is usually much.more efﬂuept as a relaxation mechanism motions, specifically for effects of reorientation of the solute
than are the dipolar fields associated wBhandS,, because 54 for transational diffusion of the solute and solvent.
the latter are effectively decoupled from the nuclear spin by  tha focus of the present analysis is on examining experi-
their rapid precessional motions. In the Zeeman limit, the mentally various aspects of the available theorySar 1 ions,
precessional guantization ax$ies a.llon.g the external magnetic particularly the role of zfs-rhombicity in determining the
field, and thus the componer®, is, in the usual range of  nctional form of the field dispersion profile. The spin
polarizing magnetic field strengths, more effective as an agent 4y namics simulations described below show that the magnitude
5 - - and magnetic field dependence of the NMR-PRE are determined
Abstract published iidvance ACS Abstractdfay 1, 1997. principally, across the experimentally-accessible range of mag-
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netic field strengths, by the effects of zfs coupling, particularly from the literature vali® by 0.6%. This value lies in the
by the zfs rhombicity E) for reasons described above. The expected range for high spB= 1 complexes.

effects of the transition in precessional behavior from zfs-type T of the solvent protons was measured in the range (0.14
precession at low field to Zeeman-type precession at high field 2.0 T) using a home-built variable field relaxation spectrometer.
are clearly evident in the data and are the most important A modification of the inversion-recovery sequence was used,
determinant of the functional form of the field dispersion profile. (), —[ts —(/2)o—T,— ()77, — (71/2)q]v, in Which the mag-

We have also studied systematically the physical information netization was sampled by a triplet sampling sequence at
that is derivable from intermolecular NMR-PRE data of this successive intervalsy during the decay: the triplet samples
integer spin system. The significant unknown physical param- the magnetization with a/2 pulse, refocuses the magnetization
eters which enter the analysis are the RfandE parameters  as a spin echo with a phase-shiftecbulse, and then returns
and the electron spin relaxation timg of these, the data depend the magnetization to the-axis with a secondr/2 pulse. The
much more sensitively o& than onD or ts for the reasons reproducibility of this method on a given sample is abtit0%
outlined above. The intermolecular NMR-PRE measurements as long asiy/tg < 0.013% T, was measured using the CPMG
do not, in themselves, uniquely determine any of the parameterssequence with a pulse spacing of 10 ms. The temperature of
of this set D, E, 7s), but they do provide valuable constraints the probe maintained at 208 0.5 °C with a stream of dry
which, when used in conjunction with other types of measure- nitrogen. Periodic checks of the measured accuracy and
ments (e.g., intramolecular NMR-PRE data or temperature- temperature stability were made by comparing fhe for
dependent static magnetic susceptibility measurements), woulddegassed sample of pure water to the literature Vahfe2.95
probably do so. sat20.0°C. Ty andT,at 7.05 and 8.46 T were measured using

We also show that Zeeman-limit theory which neglects zfs Bruker AM300 and AM360 high-resolution NMR spectrom-
interactions can be parametrized in a manner which permits an€ters. A 20.0 mM sample of the Ni(ll) complex was prepared
approximate fit to the experimental data, even for physical in 80% dioxane/20% acetorg-containing 0.1% v/v water. The
conditions which clearly violate the underlying assumption of NMR tube was cleaned and the sample degassed as described
the theory, namelyHzeem > Has In other words, the math- above. T; was measured using the inversion-recovery pulse
ematical expressions of Zeeman-limit theory are sufficiently sequence, an@l, was measured from the solvent proton line
flexible in functional form to generate an approximate fit of Width. The temperature of the probe was maintained at-20
the data even though the parameters which result from such al °C.
fit are physically meaningless. The analysis demonstrates that
a proper inclusion of the effects of zfs interactions is essential 1heory

for interpreting NMR relaxation data in systems of this type.  The Zeeman-limit NMR-PRE was calculated as previot¥sly
using the expressions
Experimental Section

The parama_gnetic_ compl_ex [Ni(I)(acafi-0).], Fransbis- Ryp=(y (7,98) ( ) SS+ 1)( ) [73(wg) + 3I(w)] (1)
(2,4-pentanedione)diaquanickel(ll), was synthesized using the
method of Charles and Pawlikows¥i. A 1:2 mole ratio of
NiCl,-6H,0 to 2,4-pentanedione was added to methanol with Ryp = (y,0P) ( ) S(S+ 1)( ) [43(0) +130x(wg) +
stirring. A solution of sodium acetate (same mole quantity as
2,4-pentanedione) in water was added to the above solution. 3I(w))] (2)
The aquamarine-colored solution was heated, cooled to room
temperature, and then refrigerated for several hours. Thewherey, is the nuclear magnetogyric ratig,is the electron
precipitate was filtered, washed with water, and dried in a g-factor (assumed to be 2j,is the Bohr magnetonyo is the
vacuum desiccator overnight at room temperature. A 20.0 mM magnetic permeability of free space, a8 the electron spin
solution of [Ni(ll)(acac)(Hz0)7] in 1,4-dioxane containing 0.1%  quantum number.Je(w) is the spectral density function of
v/v water was prepared. A 2QdL aliquot was transferred to  Hwang and Freed=
a 10 mm glass tube which had been washed overnight in
concentrated sulfuric acid and then rinsed with distilled, 14+ lx(w)llz
deionized water to remove labile paramagnetic ions on the N )=2§7%R j - 3)
surface. The sample was degassed by four frepaenp—thaw 112
cycles and sealed under vacuum. t 14 (@) + §X(w) + §X(w)3/2

The Ni(ll) complex was characterized by IR and magnetic
susceptibility measurements, which were in good agreement withwherey(w) = (iwzp + 7p/tg). Equations 1 and 2 assume that
the literature®34 The IR spectrum of [Ni(ll)(acagjH20)], ws > w), wherews andw, are Larmor precession frequencies
which contains a strong water peak at 3400 &nis readily of the electron and nuclear spins; is a translational correlation
distinguishable from the spectrum of anhydrous [Ni(ll)(aghc) ~ time
which forms a diamagnetic green trimer in the solid state that
is visually distinguishable from the aquamarine-colored mon- T = d2/(D1 +D,) (4)
omeric complex, [Ni(ll)(acagfH20);]. To ensure that the
procedure used to dry the compound did not produce significant whered is the distance of closest approach of the | and S spins,
amounts of the anhydrous form, a small quantity of [Ni(ll)- D; and D, are self-diffusion coefficients of the solvent and
(acac)(H20),] was heated under vacuum at 90 to remove solute, 7; = 7r® is the reorientational correlation time for a
the water ligands. The dehydration yielded the green anhydrousmolecule-fixed vector, antk is the electron spin relaxation time.
[Ni(Il)(acac)] complex which was characterized by IR. The Inthe Zeeman limit, electron spin relaxation is in general field
magnetic moment of [Ni(ll)(acag)H,0),] was measured at 23  dependent and, f@ > 1, a multiexponential process. Follow-
°C using a magnetic susceptibility balance calibrated with Hg- ing Bloembergen and Morgéhand McLachla®®, eq 5 was used
[Co(SCN)]. A mean value of 3.1Lg was calculated for [Ni- for the average electron spin relaxation rate produced by random
(IN(acack(H20),] from three determinations, which deviated fluctuation of the zfs tensor:
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ED:% 0.22 + 0.82 . ) 10.0
s ‘L’(S) 1+t owdt,” 1+4wsT,

= = (A%5) {4S(S+ 1) — 3}, (6)
Ts

A = (e {(2/3)(D') + 2(E)] (7) Ry,
@)1 is the low-field limiting value of the electron spin
relaxation rateD’ and E' are parameters of the dynamic zfs
tensor,zy is the correlation time for zfs fluctuations, aeds
the speed of light.
NMR-paramagnetic relaxation enhancements were also cal-
culated by means of spin dynamics simulations using methods
which are described elsewhéteand implemented in the 0.1 T T T T
program SpinDyn.f. The algorithms of this program compute o001 0.1 0.1 1 10 100
the time-correlation function of the magnetic dipeldipole B
coupling in a time domain calculation using the quantum 0
mechanical equation of motion of the electron spin operators. II_:igur)e 1_ih00mp<';lfi30rt‘ acl)af Z(ef}?"m;n_—"rlnit )Calcg;eatic(ms (solid fln()i gatshed
The electron spin HamiltoniaHs(t) employed in the equation flc?re; 2\%'0 ;Xl\aes”oql‘ig o ’\'“e” 22‘;‘31%‘ i ;gigncér;fzo é‘ a
of motion ls'composed .Of Zeeman and qugdratlc Bfsi0dE) Rip andRy in st are pIotte([j aggezi(nst f(iétleldzst)rz(]englﬂa in tesla. Results
terms of arbitrary magnitude, and the algorithms of the program ot zeeman-limit calculations using analytical theory are showrRigr
model stochastic fluctuations His(t) by a small step simulation (filled diamonds, dashed line) arR, (open diamonds, dashed line).
of isotropic Brownian reorientation. The effects of translational The solid curve was generated by spin dynamics simulation. In the
diffusion are described by the time correlation function of calculations, the self-diffusion coefficients of the solvent and solute
Torrey*® and Abragant? were taken to béD; = 1.4 x 10° andD, = 4.1 x 10719 m? s71,

; - - 1 respectively, and the distance of closest approachdvas0.4 nm.
Sursnplc::‘DC)g;{Irittl;izz)sntshe electron spin relaxation rage* as a The molecular reorientation time of the solute was sefxtt = 3.33

x 10719 s. The parameterss), and 7, were 5.0x 10713 and 6.5x
izi_;_i @© 10712 s, respectively.
Ts Tsy Tsr (H20);] in dioxane over a range of magnetic field strengths
. . . - . 0.14-8.46 T at a temperature of 2€C. The results are shown
whererts,, describes spin relaxation due to collisional modulation ;. Figure 1. Within experimental uncertaing, = Rop across

of the. zfs tensor,.for which the correlatign timer.i,s a”‘?'fsw this range of temperature and magnetic field strength, except
describes relaxation produced by Brownian reorientation of the ¢, he points above 7 T

static zfs tensor. SpinDyn.f computes the latter contribution  tpeqretical fits to these data were initially carried out using
directly by simulation of the spin motion in the time domain  7oaman-limit theory (egs 48). The distance of closest
under the influence of a spin Hamiltoni&fz(t), which contains approachd in eqs 3 and 4 was estimated from a radial

stochastic time dependence due to reorientational modulationigyrinytion function generated by molecular dynamics simula-
of the zfs term, and thusl th? introduction of a paramedgis tion of the [Ni(I)(acac)(H20).]/dioxane solution, performed
not ;‘eqlwreld. r?,v_was calculated usilngheqs_g- it using the Dynamics Simulations Module of the Ce?ilvo-

The level splittingws in eq 5 equals the Zeeman splitting lecular Modeling software package (Biosym-Molecular Simula-
only in the high-field limit; in the uniaxial zfs limit the level  ,hq “1nc ) The simulations were performed under constant
splitting equals the static zfs splittingo = 27cD. Adetailed  \yg conditions with a unit cell containing 20 molecules of
theory of the magnetic field dependepcergf, that is appropri- dioxane plus a single [Ni(ll)(acagH,0);] complex, assuming
ate to the zfs limit is not currently available. In the slow-motion periodic boundary conditions. The unit cell dimensions were

. > > < Y .
IOW'f'.eId .I'm't'ng situation for S = 1 s presurr_]ably has  chosen to give the proper solution density. The bond lengths
contributions at the three zfs trans!t!on frequenc_lemE 2nd of [Ni(Il(acacky(H,0);] were taken from the X-ray crystal
wp & we. WhenHz = Hs, the transition frequencies become g icryrd2 and constrained to remain constant during the

field dependent, approachings and 2vs in the Zeeman limit g 1ation, Output from the program was generated in the form

(where eqgs 57 are valid). Lacking appropriate theory fogy of a radial distribution functiony(r) of Ni—H distances (Figure

in the slow-motion zfs limit and in the intermediate regime, we 5y~ goth intramolecular and intermolecular- distances are

hgve descrlbeqs,v ' by an eporeSS|on2011;2the form of eq 5 but present in g(r), and peaks corresponding to the intramolecular

V‘(’(')Eh the quantitywn = ((nws)® + wp?)™ in place of nws. distances are indicated in the figure. Based on the simulated

75, is then defined as the low-field limiting value o\, rather  yadijal distribution function, an effective “distance of closest

than by eq 6. This description of the magnetic field dependence gpproach” of solvent protons to the Ni(ll) ion was estimated to

of 7sy is not necessarily very accurate, but it provides correct pe 4.04+ 0.2 A. This value was taken to be somewhat larger

limiting behavior at high and low magnetic field strengths, and than the smallest observed distances because of the nonspherical

it ensures thats, varies monotonically between these limits.  coordination environment of the Ni(ll) ion. The self-diffusion

It will be shown below that the magnetic field dependence of qefficient of dioxane was taken from the literatd?eD, =

Tsy IS not a sensitive parameter of theory for the= 1 spin 1.4 x 109 m?2 sL, and the self-diffusion coefficient and

system studied here. reorientational correlation time of [Ni(ll)(aca¢H20).] were

calculated from StokesEinstein theory to b®; = 4.1 x 10710

m2 s and 7§ = 3.33 x 10710 s, respectively, using the
Solvent'H NMR paramagnetic relaxation enhancemeRis, measuretf viscosity for dioxane at 20C of 1.308x 1072 kg

andRy,, were measured for a 20.0 mM solution [Ni(ll)(acac) m™1s™L

Results
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Figure 2. Radial distribution functiorg(r) of the Ni—H distance for
the various hydrogen-containing entities of the [Ni(ll)(agéd)O),]
complex.g(r) was generated using the dynamic Simulations Module
of the Ceriud Molecular Modeling software package (BioSym-
Molecular Simulations, Inc.) as described in the text. Intramolecular
Ni—H distances are specified in the figure.
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Figure 3. Comparison of spin dynamics simulations whh, field
dispersion profile data (filled circles). Calculations assurbed 1.0
cm~* with E/D = 0.0 (filled diamond, dotted curve), 0.1 (open circle,
thin solid curve), 0.2 (half-filled square, bold dashed curve), and 0.3
(half-filled diamond, dashed curve). Other molecular parameters are
given in the legend of Figure 1.

160

10.0

The solid and dashed curves in Figure 1 show the results of
spin dynamics simulations (solid curve) and analytical theory
(dashed curves) computed using Zeeman-limit assumptions. In

these fits, the distance of closest approdetmd the parameters
describing the molecular dynamic®y + Dy, 75) were

calculated as described above and held fixed during the

simulation. With these quantities fixed, onl and 7,
remain as variable parameters of the theory has negligible
influence in the low-field region wheresr, < 1, and thus the
magnitude ofRy, at low field determinegy, for which the
value 7 = 0.50 ps was found. The rise dRy, with
increasing field strength is due physically, in Zeeman-limit
theory, to magnetic field dependenceri and the functional
form of the rise determines,, which was found to be 6.5 ps.

100

0.001

Clearly the overall fit using these parameters is rather poor, andFigure 4. Comparison of spin dynamics simulations with experimental

the finding thatr, > s clearly indicates that the Zeeman-limit
Redfield theory, which underlies eqs-8, is inappropriate. In
addition, the fitted value of is? exceedingly short. We show
below that the Zeeman-limit values of both this quantity apd
very probably lack physical significance.

field dispersion profile data (filled circles). Conditions were as described
in the legend of Figure 3 except = 5.0 cnT?.

calculations, but the NMR-PRE is independent of the signs of
the zfs parameters.
The transition of precessional quantization behavior from zfs-

A series of spin dynamics simulations were then performed wype precession to Zeeman-type precession occurs in the vicinity
to investigate the influence of zfs interactions on the properties of the magnetic field strength at whiehs = wp = 27cD. For

of the field dispersion profile. Figures=¥ show the results
of a series of spin dynamics simulations in whixﬁﬂ, was set

to a relatively long valuegs), = 20 ps, withz, = 2 ps.

S= 1, this condition occurs at field strengths n&ar~ 1.1 D,
whereBy is in tesla and is in cntl. Thus the steep rise in
the simulated field dispersion profiles in the neighborhood of 1

Holding these two parameters constant, the effect on the field T results physically from the transition from zfs-type to Zeeman-

dispersion profile due to variations ID and in theE/D ratio
was explored. In Figure ) was set equal to 1 cm and the
E/D ratio was varied from 0 to 0.3 (1/3 being the maximum
value of theE/D ratio; higher ratios correspond physically to
relabeling the axes, doubling the value®@fand changing its
sign). Figure 4 shows a similar set of simulations but vidth
=5cm . This figure illustrates the extreme sensitivityRif,

to zfs rhombicity wherD is substantial. Figure 5 shows similar
simulations withD = 8.0 cnt* andE/D = 0.0, 0.03, 0.05, and

type precession. It is evident from the spin dynamics simula-
tions that the presence of significant zfs rhombicity profoundly
depresses the field dispersion profile in the zfs limit and
intermediate regimes for the reasons described above. In the
Zeeman-limit regime the curves coalesce, becoming independent
of D andE.

The intermolecular field dispersion profiles do not in them-
selves determine unique valuesindE, even wherrl), and
7y are fixed. In Figure 6, three simulations performed with

0.08, respectively. The last of these curves provides an accurateather different sets dd andE are compared with experimental

fit of the data. Positive values @ and E were used in the

data and shown to produce fits of very similar quality. The
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Figure 5. Comparison of spin dynamics simulations with experimental Figure 7. D andE values providing acceptable fits to the experimental
field dispersion profile data (filled circles). Conditions were as described field dispersion profile. Other parameters are the same as in the legend
in the legend of Figure 3 exce@ = 8.0 cnt?, E/D = 0.0 (filled of Figure 3.
diamond, dotted curve), 0.03 (open circle, thin solid curve), 0.06 (half-

filled square, bold dashed curve), and 0.08 (half-filled diamond, dashed 10.0
curve).
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0-1 |
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Figure 8. Dependence of spin dynamics fits mﬁ{, Spin dynamics
simulations assumeld = 8.0 cnt?, E/D = 0.08, andry = 2 ps, with
75,10 ps (half-filled diamond, dotted curve), 20 ps (open circle, solid
Figure 6. Comparison of spin dynamics fits with experimental field ~curve), and 50 ps (half-filled square, dashed curve). Other conditions
dispersion profile data (filled circles) in the zfs limit. The simulations ~are as given in the legend of Figure 3.

were done assuming = 3.0 cn1?, E/D = 0.32 (dotted curve)D =

5.0 cn?, E/D = 0.14 (bold solid curve); and 8.0 crh E/D = 0.08 Figure 9 the effect of a 5-fold variation i, in each case with
(dashed curve). Other parameters are given in the legend of Figure 3.the other three parameters held fixed, influences the field

dispersion profile only at relatively high field strengths (Figure

= 1 = 1. =

tcr:rrﬁf séet_s g";o(?ml_ 12’3()) an ’8E0 cr’?r.?GECETO’ éi) chrl falcl) 10). Its value, though not very well defined by the data, clearly
T ’ RS oo . : lies in the vicinity of 2 ps rather than 7.5 ps, the value inferred

with 75}, = 20 ps andry = 2 ps). While the field dispersion

] A i ; from the Zeeman-limit fit of Figure 1.
profile data do not uniquely determiri2 andE, they provide
important constraints on the possible values of these parametersD. .
A number of fits like those in Figure 6 (i.e., with similar IScussion

goodness of fit) were performed, and Figure 7 shows a plot of  These results show that the pronounced rise observRgin
the D andE values which produced fits of acceptable quality. hich in Zeeman-limit theory is described as the result of the
Acceptable fits could be produced within the range 3 cm' magnetic field dependence of, can be modeled with equal or
= DandEin the range 0.60 cnf < E < 1.0 cnT®. In addition better accuracy in an entirely different physical picture as the
to this range information, the data provide a relationship between effect of competing zfs and Zeeman interactions in the electron
the acceptable values &f andE, such that ifD were known spin Hamiltonian. In particular, large rhombicitg/D) in the
from another experiment (for example, from a fit to variable zfs tensor profoundly depressRs, in the zfs-limit regime, and
temperature magnetic susceptibility data), tferwould be this depression disappears when the Hamiltonian changes from
known fairly accurately. o _ the zfs to the Zeeman-limit situation. The rise in the field
In addition to the dependence brandE, the field dispersion  gispersion profile that accompanies the transition from zfs-type
profiles also depend orf)), andz,, though much less strongly.  electron spin precessional motion to Zeeman-type precessional
Figure 8 shows the effect of a 5-fold variation ng’z, and motion is the main qualitative feature of the experimental data.
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10.0 transform undeD,;, (the point group of the zfs Hamiltonian)
asX, ¥, andz and are labeled accordingly. In the uniaxial zfs
limit (E = 0), the eigenfunction[] |0} |z0Ocorrelate with the
circularly polarized functiongt10]|0>, |—1>, where the latter
set are the eigenfunctions both of the uniaxial zfs Hamiltonian
and of the Zeeman Hamiltonian when the external magnetic
field is aligned along@. It is shown in ref 13 tha§; oscillates
at the eigenfrequenaye = 4xcE corresponding to the splitting
of xCand|yCl In the uniaxial zfs limit|XCand|yCare degenerate
and$; is a constant of the motion. In this situation, the local
dipolar field associated witls; has substantial low-frequency
Fourier components at the nuclear Larmor frequengyand
the nuclear spin relaxation pathway provided3ys relatively
efficient. The oscillation ofs; which occurs whenE| > 0 acts
to decoupleS from the nuclear spin, thereby lowering the
efficiency of spin relaxation. WheHzeem>> Hts, the electron
0.1 T r Y T spin precession is quantized along thaxis of the laboratory
1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 frame, and the compone&® provides an efficient relaxation

B pathway. Thus the in}ermediate regime vyhlelgg ~ HzeemiS _

0 expected to be a region of dramatically increasing relaxation

Figure 9. Dependence of spin dynamics simulationsarSimulations efficiency whenE| > 0. This region of changing precessional

assumed = 8.0 cnt, E/D = 0.08, andr{), = 20 ps, withr, = 1 ps character is clearly apparent in the experimental field dispersion
(bold dashed curve), 2 ps (bold solid curve), and 5 ps (dotted curve). profile for [Ni(ll)(acack(H20)a].
Other conditions are as given in the legend of Figure 3.

R;, 17

The fit to the data depends significantly on the values of four
parametersiD|, |E|, 75, andz,. Of these|E| has the greatest
Iy influence on the simulation. Its value, though not unambigu-

Energy ously determined by the experimental data, is constrained to
RS 7E lie within the range 0.6G |E| < 1.0 cntt. The value ofD|
‘ has very little influence on the fit ifD] = 5 cm and a minor
o % influence on the fit wherD| is in the range, 3 cmt < |D| <

5 cmrl. Values of |D| much below about 3 cmi are

D inconsistent with the data if, as we have assumed (see below),
r(s% >10 ps. Measured values of D have been repdit&dor

a number of near-tetragonal Ni(ll) complexes of the typars
Ni(l)L 4X2], where L= pyrazole or 5-methylpyrazole and X

=
0 1/3 2
0

E/D = Cl~, Br, I7, NOs~, the values ranging between 2.5 and 10.5
Figure 10. Energy level diagram of &= 1 spin system in the zfs ~ cm™L. As shown in Figure 7, values ¢D| within this range
limit. The diagram is a plot of the energy against rhombicEB/D). are consistent with the NMR-PRE data for [Ni(ll)(ac£ERO)2]

. 0 .

The influence of zfs rhombicity on the NMR-PRE, for which if 7(52' z 10 PS. The |ntermo_lecular solvent NMR-PRE da_ta
quantitative analytical theory appropriate to the slow-motion alone do not umque%)determme the set ofunkr?own thegretlcal
zfs-limit situation has been developed previoudiif results ~ ParametersD], |El, zs,, andz, but the constraints provided
from the oscillatory motion which zfs rhombicity induces in PY the data, if used in conjunction with the results of other
S. It is worth stressing in this regard that both the coherent €XPeriments (e.g., intramolecular NMR-PRE data, temperature-
and stochastic motions of the electremuclear dipole-dipole dependent static magnetic susceptibility data, low temperature
interaction exert a profound influence on the nuclear spin N€at capacity data), would probably do so.
relaxation. The rate of energy transfer between the | and S It is shown in Figure 1 that the Zeeman-limit picture also
spin systems depends on the Fourier component of the dipolarProvides at least a rough fit to the experimental data, although
magnetic field of S that is at resonance with the nuclear spin I. for several reasons it appears that the Zeeman-limit analysis is
The power density associated with each componef(&f,,) not realistic. Both the experimental studies cited abéwnd
is a Lorentzian band of width 2/ (wherer. is the S dipole- ab initio quantum mechanical calculatid®4® involving dis-
dipole correlation time) centered on the precessional frequencytorted octahedral Ni(ll) complexes have indicated that the zfs
of that component. Thus in the Zeeman linf}, produces a interaction is the order of several cfpin which case zfs-effects

Lorentzian continuum of dipolar power of widthz2/that is cannot appropriately be ignored at magnetic field strengths less
centered atw = 0 (sinceS, is precessionally static). The than at least several tesla.

frequency component ai) produces the NMR-PRE due &. In addition, the exceedingly sharg values €a. 0.5 ps) that

In the uniaxial zfs limit,S (the component of along thez- are implied by Zeeman-limit theory cannot meaningfully be

axis of the zfs-PAS) produces a Lorentzian band of width 2/ interpreted in terms of spin relaxation phenomena. A 0.5 ps
centered at» = 0 (since in this casg; is precessionally static).  time scale implies extremely rapid spin motion corresponding,
In the rhombic zfs situatior; oscillates at frequency«®:, so by way of comparison, to 1 radian of precessional motion of
that the Lorentzian spectral density bands are displace@de. an electron spin in an external magnetic field of 11 T @or
When 2vgz: = 1, the oscillation ofS; shifts the power density  2), or 1 radian of zfs-type precessional motion wtizr= 10
due toS; away fromw), thereby suppressing the NMR-PRE. cm1. In the zfs limit, spin motion on this time scale implies
This picture can be made more quantitative with the aid of the presence of off-diagonal termstéfis which are at least the
Figure 10, which shows the energy level diagram in the zfs order of 10 cml. Also, if 7, > 75, as implied by the Zeeman-
limit for S= 1, plotted against rhombicityg(D), where botte limit fit, then the zfs interaction would effectively be static over
and D have been taken as positive. The eigenstated f time intervals comparable tes,, in which case the electron
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