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Nuclear magnetic resonance-paramagnetic relaxation enhancements:
Influence of spatial quantization of the electron spin when the zero-field
splitting energy is larger than the Zeeman energy
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Dissolved paramagnetic ions generally provide an efficient mechanism for the relaxation of nuclear
spins in solution, a phenomenon called the nuclear magnetic resonance-paramagnetic relaxation
enhancementNMR-PRE). Metal ions with electron spin§=1 exhibit rich NMR relaxation
phenomena originating in the properties of the zero-field splittafig) interaction, which vanishes

for spin< ions but which is nonzero f@®=1 ions in site symmetry lower than cubic. F8=1 ions

in the vicinity of the zfs-limit, i.e., at magnetic-field strengths low enough that the zfs energy
exceeds the Zeeman energy, the NMR-PRE depends strongly on the detailed structure of the
electron spin energy levels as well as on the spatial quantization of the spin motion. It is shown
theoretically and experimentally that the NMR-PRE produced by integer spins can be influenced
strongly by the smalhtradoublet zero-field splittings, i.e., the splittings between the components of
the non-Kramers doublets, which are produced by noncylindrical components of the crystal field
potential. These small splittings produce relatively low-frequency oscillations in the dipolar field
associated witl{S;) (the spin component along the molecule-fixealis). These motions decouple

the nuclear spin from the electron spin, thereby depressing, in some cases very strongly, the
NMR-PRE. The presence of a relatively small Zeeman field, comparable in magnitude to the
intradoublet spacing but small compared to the larig¢erdoublet zfs splittings, causes a major
change in the spin wave functions which has profound effects on the motions of the electron spin.
When the Zeeman energy exceeds the small zfs splitting, the oscillatory mot{&) afamps out,

with the result that the electron spin couples more effectively to the nuclear spin, providing a more
efficient NMR relaxation pathway. NMR-PRE data are presented for $kel complex
Ni(ll)(o-pda),Cl, (o-pda=ortho-phenylenediamine) which confirm the importance of the
splitting of the mg=*1 non-Kramers doublet on the NMR relaxation efficiency. The zfs
E-parameter was measured from the NMR data to/le=0.26 cmi >, The S=2 spin system,
Mn(111)-tetraphenylporphyrin sulfonate, exhibits a related phenomenon which arises from the
effects of a small zfs splittingA e..,, of the mg=*=2 non-Kramers doublet that is caused by a
fourfold rotational component of the crystal field potential. The splitthg. , was measured from

NMR data to be 0.20 cm. © 1998 American Institute of Physid$0021-9608)01733-4

INTRODUCTION sor (i.e., the component described by the electron spin reso-

Dissolved paramagnetic ions generally produce large erfance ESRE-parametey; much more so thgn to the Cy“.nd”'
hancements of the NMR relaxation rates of nuclear spins offa/ componentthe D-parameter To clarify the physical
solvent and ligand species. This phenomenon is called thaature of the relaxation mechanism, the theory of electron-

NMR-paramagnetic relaxation enhancement or NMR-PRENUCIear dipole—dipole relaxation was subsequently“cast
lons with electron spin§=1 exhibit very interesting NMR the molecular frame in a mathematical form which exhibits

relaxation phenomena which originate in the properties ofh€ dependence of the NMR relaxation efficiency on the spa-
the zero field splittingzfs) interaction. The zfs vanishes for tial quantization of the electron spin and on the details of the
spin+ ions but is nonzero fo6=1 ions in site symmetry €lectron spin motion. This analysis provides a highly intui-
lower than cubic. FoS=1 ions, the NMR-PRE can conve- tive physical picture of the magnetic dipole relaxation
niently be discussed with reference to the zfs- and Zeemarinechanism whei ;> H zeem.

limits, in which the zfs HamiltonianH 4 is, respectively, The present study explores in a more general context the

much greater or much less than the Zeeman Hamiltoniarf€laxation mechanisms associated with the integer spin sys-
H zeem- temsS=1 andS=2, with particular emphasis on the physi-

In a recent experimental study, two of'usave shown cal interpretation. Our objective is to better understand the
that NMR relaxation enhancements produced by theelationship of the spin energy level diagram, the spatial
high-spin S=1 complex Ni(l)(acag,(H,0), (acac quantization of the spin motion, and the NMR relaxation
=acetylacetonato) in the vicinity of the zfs-limit are highly efficiency. It is shown that the NMR-PRE is particularly sen-
sensitive to the rhombic component of the quadratic zfs tensitive to the small level splittings within manifolds of non-
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Kramers doublets, splittings which are produced by noncyZFS-LIMIT NMR RELAXATION THEORY
lindrical components of the crystal field. Earlier work by
Fukui et al® and this laboratoy?#~% have shown that the
NMR-PRE for spin-1 is very sensitive to the presence of . vicinity of the zfs-limit where the total zfs energy is
rhombic components in the zfs tensor. Related phenomena . .
: . . larger than the Zeeman energy, is cast in a molecular-frame
involving a dependence of the NMR-PRE on other noncylin- - . . . S
drical components of the zfs tensor are of importance fordescrlpn_on which pr(_)wdes a h|ghly transparent physical n-
. . terpretation of the spin relaxation mechanism. Related earlier

other spin systems: It is shown below that 82, the : . .
NMR-PRE is particularly sensitive to fourth rank zfs terms WO IS described in Refs. 4-8, 11-15.

: = IS particularly sensitive to fou al S terms Ry, is the T; NMR rate of the paramagnetic solution
which arise from components of the crystal field potential

ith fourfold rotational . E ; al | after correction for the diamagnetic background of the sol-
with fourfold rotational symmetry. =xperimental examples, o, ‘ypger slow motion conditiorisee beloy, Ry, can be

ar?ttglescrrl]bed Itr: which both (;ht(;mblchatr;]d four:h-prdirf.zfls xpressed as a sum of contributions due, respectively, to the
splittings have been measured through the analysis of 11€1Gs 5 tasian componentg; (F=%,,2), of the electronic mag-

dependent NMR relaxation data. - . . .
. . . _ netic moment,u= S (which we assume is a spin-onl
The NMR-PRE is also sensitive, in a higher range Of(%uantit)) M =JefeS ( p y

field strengths, to the large level splittings between adjacen
non-Kramers or Kramers doublets. This latter dependence on Rip=Ri3+Riz+ Ry, 1
interdoublet splittings has been described in some detail 2 2, -6

) . . Ri;=(4/3 [A)r 1+ P,(cos 6;
previously® and is not further analyzed here. The main con- 17= (43 (118eBe) " (uo/4m) 15 {1+ Pal )]
cern of the present work is the range of applied magnetic-

We first summarize some results of the ZFS-limit NMR-
PRE theory of Ref. 2. This theory, which is appropriate to

o . 2 .
field strengths where the Zeeman energy is comparable to the X #EV Pu (ulS[v)| Ji(wp,), 2
small intradoublet zfs splittings but smaller than the inter-
doublet splittings. The NMR-PRE is generally very sensitive  Ji(w) = 74/(1+ 0?73), €)
to the applied magnetic-field strength in this regime and pro- Ury= 1/7-(5")+ 1/T(Rl) . @

vides experimental access to these relatively subtle features
of the spin level system. Coordinates with a superscripting karaj (are defined in the
We also compare the nmr relaxation mechanisms assanolecule-fixed zfs-principal axis systerB.is the electron
ciated with integer spins with those of half-intege® ( spin quantum numbeR,(x) is the second-order Legendre
=3/2) spins. The situation for half-integer spins is physicallypolynomial, andé; is the angle between the interspin vector
rather different from that for integer spins because of the s and thef ™ principal axis of the zfs-PASy, is the nuclear
unique physical properties of the centrak=+ 1 Kramers magnetogyric ratiog.=2.0023 is the free electrogvalue,
doublet. The spatial quantization of the electron spin withinB, is the Bohr magneton, angly is permeability of free
the mg= + 5 manifold of anS=3/2 ion in the vicinity of the  space. The sum is over the eigenstales, |), of the elec-
zfs-limit differs from that of integer spins, a difference which tron spin systenPfi is the thermal equilibrium population of
is reflected in the NMR relaxation efficiency and in the mo-|w), assumed to be in the high-temperature limit, so that
lecular anisotropy of nmr relaxation. Differences character-Pﬁz(28+ 1)L o, is the (u,v) transition frequency, and
istic of the low-field regime are analyzed. 7-(5“) is the decay time of the time-correlation function
New data are presented for th&=1 complex (u|Si(t)-S;(0)|u). 74 is the correlation time of thé—S
[trans-Ni(11)(o-pda)Cl,] (o-pda=ortho-phenylenedi- dipolar interaction, and&l) is the reorientational correlation
amine. The results confirm central aspects of the theory contime for a molecule-fixed vectoflt should be noted that the
cerning the importance of zfs rhombicity f&=1 spin sys- reorientational correlation time which appears in the tradi-
tems. We have also re-analyzed, using theory which actional Zeeman-limit expressions f&;, is that for a second
counts for the effects of zfs splittings, earlier experimentalrank molecule-fixed tensom(Rz). For molecules undergoing
datd for the high-spinS=2 system, Mn(l1)-TPPS (TPPS classical reorientational diffusion)=37(2)).
=tetraphenylporphyrin sulfongte The NMR-PRE pro- The physical picture underlying Eq$l)—(4) can be
perties of Mn(ll1)-TPPS and related Mhkl) por- summarized, in brief, as followlsEach molecular frame car-
phyring® are highly unusual. The molar proton relaxivity of tesian componeri;; in Eq. (1) can be interpreted as arising
the axial water ligands is extremely large, larger per mole ofrom the coupling of the nuclear spin magnetic moment with
bound water than that of the Mh aquacation. Also, the the local magnetic field arising from the molecular frame
water proton relaxation rateRg,) of Mn(lll)-porphyrins  Cartesian componentu;), of the electron spin’s magnetic
exhibits unique magnetic-field dependence in wHigh in- moment. The functiorm,s™ ¥[1+ P,(cosé:)] in Eq. (2) de-
creases markedly with increasing field strength in a remarkscribes the spatial variation of the squared magnetic field of
ably low range of magnetic-field strengths, 0.04—0.4 T. Wea magnetic dipole located at the origin and oriented along the
have re-analyzed these data and show that the observed & molecular axis. This local dipolar field is comprised of
havior is a consequence of the small intradoublet level splitboth static and oscillating components, the former propor-
ting of themg= =+ 2 non-Kramers manifold, a splitting which tional in amplitude to the diagonal matrix elements
arises from fourth-order terms of the crystal field potential.|(u|u:| )|, and the latter to the off-diagonal matrix ele-
An analysis of the NMR-PRE data provides a sensitive meaments, | u|u;|v)|. The off-diagonal fields oscillate at the
surement of this splitting. associated transition frequencies,, . The spectral density
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functions J;(w,,) describe the dipolar power density pro- quenciesy,,, and in the matrix element|S;|v) of Eq. (2),
duced by{(u|u;i|v)| at the nuclear Larmor frequenay (we  due to the fact thaH , is explicitly time dependent, while
assumew,,,>w,). The terms in Eq(2) for which the tran-  the analytic theory treats these quantities as static entities as
sition frequencyw,, is large enough thab ,, 74>1 produce they would be in a powder. Reorientational modulation of
very little power density at, and, therefore, contribute neg- Hg can also provide a contributing relaxation pathway to
ligibly to Ryp,. T(S”). The neglect of these effects is valid strictly when the
Two important approximations underlying Eq4)—(4)  reorientational correlation time is much longer than the elec-
should be noted. First, the electron spin relaxation tin{;éé tron spin relaxation time.
are in general magnetic-field dependent, but unfortunately More general computational approaches which account
we have at present no analytic theory of this dependence thatcurately for the effects of Brownian reorientation as well
is valid outside the Zeeman limit. Electron spin relaxation ofas for the effects of comparable Zeeman and zfs terms in the
S=1 ions is usually assumed to result physically from thespin Hamiltonian are described in Refs. 16—27. The most
stochastic fluctuations of the zfs-tensor arising from colli-recent and perhaps the most powerful of these are methods
sional distortions and molecular reorientation of the metabased on spin dynamics simulation, which have been devel-
coordination sphere. In the Zeeman-limit, the theory ofoped both in this laboratofyand in SwedeR®?’ However,
Bloembergen and Morgah (B-M) provides an appropriate the zfs-limit analytic theory of Ref. 2 is, in our view, of

description much greater utility than the computational approaches in
. 5 that the latter obscure important physical aspects of the re-

75~ =(2A7/50)[4S(S+1)—3] laxation mechanism which are transparent in the former.

, ar This not only provides greater physical insight into the re-

v

X >+ . (5 laxation process but also provides a much clearer under-
1+ (osn)”  1+(20s7,) standing of the information content of the NMR-PRE experi-

A, is the rms amplitude of the time-dependent part of the zfénefnt' Ffor tT]'S reason, we rirefer t?éjse thedanalytlc tr;]eory .Of
tensor,r, is a correlation time for the zfs fluctuation, atd Ref. 2 for the primary analysis of data and to use the spin

. 25 - . .
is the electron Larmor frequency. However, the Larmor fre-dynamICS progransPINDYN™ for refining the analysis and

quenciesws do not realistically(or even approximatelyde- ~ 2SS€SSIng its accuracy.

scribe the spin level splittings whéet,>H .., and thus
B-M theory is not appropriate in this regime. Also, B-M SPIN WAVE FUNCTIONS AND LEVEL DIAGRAMS

theory does not account for magnetic-field dependence of the  |n this and the following sections we discuss the depen-
spin wave functions, which can be very large when the zfgjence ofR;, on the spatial quantization of the electron spin
splittings are comparable to the Zeeman endege below.  motion as determined by the spin eigenfunctions and level
Westlund” has recently developed a molecular frame zfs-gplittings. It is shown in particular that the motions of the
limit Redfield theory which deSCI’ibeﬂ:> of S=1 ions under time correlation functi0n$SF(t) . SF(O)) are h|gh|y sensitive
slow motion conditions. However, this theory does not incor-at relatively low magnetic-field strengths to the small zfs
porate the effects of field variation either in the Spin matriXSp"ttingS within non-Kramers doublets and that this depen_
elements or in the transition frequencies and thus is a zerqtence has profound consequences for NMR relaxation phe-
field |Im|t|ng theory; i.e., it does not describe the magnetic-nomena_ At higher field strengths, the spin motion is also
field dependence ofrs. A suitable analytical theory is sensitive to the larger interdoublet splittings. The zfs level
needed. structure depends on the detailed form and symmetry of the
In the experimental analyses described below, attentiogrystal field potential. These factors are analyzed systemati-
is focused on the relationship between the NMR-PRE an@ally in this and the following sections. The results are then
the coherent oscillational motions of the electron spin, an(épplied to the interpretation of experimental data for two
the magnetic-field dependence=fis neglected. The coher- model integer spin systems, one containing $vel Ni(ll)
ent electron spin dynamics driven by the static spin Hamilion, the other containing high spin Mi(), anS=2 ion.
tonian are strongly magnetic-field dependent due to the d-Block ions with quenched orbital angular momentum

magnetic-field dependence of the spin eigenfunctions in th@ave spin level systems which can be described by a spin
low field regime(see below. It is shown below that the slow Hamiltonian of the form,

motion theory is strikingly successful in describing the field-
dependence of NMR-PRE data even whenih@arameters

He=BR0P +BR'OY

are assumed to be field-independent quantities. The degree to +BWO® + B 4 BAO® 4 B..S. (6
which magnetic-field dependence i may produce addi- 0 0o +B2702 8,70, 0eBeBo S, (6)
tional field dependence iR;, needs further study. The last term on the rhs is the electronic Zeeman Hamil-

An additional approximation underlying Egd)—(5) is  tonian. The quantitie@ék) of rank k and degree are func-
an incomplete description of the effects of Brownian reori-tions of the spin operators which transform like the functions
entation. Although reorientational effects are included in parcos@e) under rotations about the molecutaaxis. The func-
within the definition ofr4, which describes temporal varia- tions for k=2,4 are given in the Appendix. Table 16 of
tions in the electron-nuclear dipolar coupling, fluctuations inAbragram and Bleanéy contains a more extensive compi-
the electron spin Hamiltonian are not described: moleculafation but with different notation: The®{ is written O{9 in
tumbling produces time dependence in the transition freEq. (6). Matrix elements(S,m¢[O{°|S,mg) vanish for allk
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FIG. 1. Zfs-limit spin level diagrams fga) S=1, (b) S= % and(c) SjZ in

cylindrical (Ieft) and orthorhombicright) crystal field site symmetryB{ in

cm

>2S. Thus sixth and higher rank terms are absentSear3
and are consequently unimportant tbblock ions; they will

not be considered further here, although they can be quit

important for lanthanides. Matrix elements
(S, mS|ng)|S, mg) also vanish foig# |mg—myg|. The coeffi-
cientsB,"” are parameters which describe the zfs tensor i
the principal axis system. The second rank terks 2) in
Eqg. (6) are related to the zfs parametddsand E of ESR
spectroscopy: B{?)=hc(10?)(D/3) and B?)=hc(10?)E,
whereD andE are in units of cm?, and Planck’s constamt
and the speed of light are in SI. TheB{ are usually cal-
culated by perturbation theory in terms of the matrix ele-

ments of the spin—orbit coupling Hamiltonian between the

ground and excited electronic states. depend on the
strength and symmetry of the crystal fiel@F) potential.
Terms q=0 arise from cylindrical CF componenig.e.,
those independent af), q=2 terms from CF components
with twofold rotational symmetryg=4 terms from CF com-
ponents with fourfold rotational symmetry, etc.

Spin level diagrams in the zfs-limit for cylindrical and
orthorhombic CF symmetry are shown in Fig. 1 813,
and 2. We are primarily concerned with the physical situa
tion for integer spins in the vicinity of the zfs-limitH
>Hzeem - We use a perturbation analysis in which the cylin-
drical zfs terms of Eq(6) define the zero-order Hamiltonian,
to which the Zeeman and noncylindrical zfs terms are treate
as perturbations. Fd8=1, zfs terms higher than quadratic
(k=2) vanish. In a CF potential with threefold or higher
rotational symmetry, theng= =1 non-Kramers doublet lev-
els are degenerate amas is a good quantum number. The

spin eigenfunctions can be chosen as the circularly polarized

functions, {|=1),|0)}, quantized along the molecular axis

Mg
Eq

Abernathy et al.

tribution to the energy that is linear in the coefficiéif)).

In a rhombic fieldmg is no longer a good quantum number,
and the eigenstates are Cartesian-polarized linear combina-
tions of circularly polarized functions

0)=[S,0), (7a)
|x1)=2"Y4—|S,+1)*|S,—1)). (7b)

+1'),|-17),|0")}, transform spatially as
and can be relabeled

These functions]
the rotations {R,Ry,R,}
{1X).[Y).12)}.

For S=2, zfs terms of rank=2 and 4 will in general be
present, depending on the symmetry of the CF. B¢
cylindrical term splits the five spin levels into a singlet and
two non-Kramers doubletsn{s=0,=1,=2) with energies
e?)=B{?(3m3—6). TheB{" term modifies these energies
by an additional amount{=B{"(35mi—95m3+72) but
does not split the doubleth“) has no important qualitative
effects onR,, beyond those produced 1B”, and we do not
consider it further. The spin eigenfunctions in a cylindrical
CF can be chosen as the circularly polarized wave functions,
{|0y, |=1), |=2)}, spatially quantized along. The rhombic
Zfs termsB?) and BSY couple levels for whichAmg= +2
and thus produce a first-order splitting of the degenerate
mg= £ 1 manifold of S= 2. Zfs rhombicity does not split the
= +2 manifold in first order. The term containig}*) in
. (6) arises from a fourfold symmetry component in the
CF. This term couples levels withmg= £ 4 and thus splits
the mg=+*2 Kramers doublet in first-order perturbation
theory (Fig. 1). The effects ofBS" are likely to be quite
important forS=2 ions, as is described below with reference
to Mn(l11)-TPPS.

The wave functions fo=2 in a noncylindrical CF site
symmetry are given by Eq§7) plus the additional Cartesian
function

|£2")y=2"Y|S,+2)+|S,—2)). (70

The Cartesian basis functions f&=2 transform spatially
like the d-orbitals and can be labelddz?),|X2),|Y 2),|X?
—Y?),|XY)} for {|0),|=1"),|=2")}, respectively.

SPATIAL QUANTIZATION AND NMR RELAXATION

EFFICIENCY

It can be seen from Eqg2) that the NMR relaxation
efficiency and its molecular anisotropy are closely related to
the spatial quantization and to the motional characteristics of
(S), as described by the time correlation functions

; <M|SF(0)'SF(I)|,U«>:§/ (S| v)|? expl—iw,,t),
8

where{|u),|v)} are the eigenbasis of the static spin Hamil-

(these functions are identical to the Zeeman basis functionnian, Hg. Diagonal matrix elements{u|S;|u) (when

when the external magnetic field is parallel to the moleculal
z axis). The presence of a rhombic ter®$? arising from a

these do not vanish by symmekrgiescribe zero-frequency
spin motions. The associated spectral density functions,

twofold component in the CF gives rise to nonzero matrixJ;(0) in Eq. (2), are relatively large. These terms, when

elements between threg= +1 andmg= — 1 eigenstates and
thus breaks the degeneracy of thej=+*1 non-Kramers
doublet in first ordeFig. 1) (“first order” refers to a con-

present, provide relatively efficient relaxation pathways for
nuclear spins. Off-diagonal matrix elementg|S;|v), de-
scribe oscillations of S;) at the transition frequency,,, .
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The dipolar spectral density functiond(w,,), associated where
with these terms are relatively small when the level splitting

o __ 2
is large enough thai,,74>1, in which case the electron A€, =BYS(S+1)12, (9d)
spin is motionally decoupled from the nuclear spin due to the .
: o A€, ,=12B% (9¢)
effects of spin oscillation. As an example, fob,, *2 4

=2 cm 1, this condition is met forry>2.6 ps. Thus inter- _
doublet zfs splittings the order of a few wave numbers can Z2=JefeBo cOL6). S
usually be neglected as relaxation pathways unless the eleg-is the angle betweeB, andz. 2A€’, ; and 2A €', , are the
tron spin relaxation time is extremely short, at most the ordefirst-order level splittings of theAmg=*1 and =2 non-

of a couple of ps. Thus the principal relaxation terms in EqKramers doublets in the absence of a Zeeman igtgb.(9¢)

(2) will usually be those containing diagonal matrix elementsand(9e) apply toS=2 but notS=1]. Only the component of
(when these are nonvanishings well as terms arising from B parallel toZ contributes to the Zeeman energy in first
small intradoublet splittings. order.

We consider first the situation for an integer spin when  The presence of a Zeeman interaction comparable in
the spin Hamiltonian is the zero order Hamiltonian, i.e.,magnitude to the small zfs splittings causes major changes in
when the spin is in the zfs-limit§,=0) in cylindrical CF  the spin wave functions. In the limB,— 0, the eigenfunc-
site symmetry. The spin eigenfunctions are the circularly potions are the Cartesian-polarized functions of Ef). When
larized functions|S,ms) quantized along the molecula  Z is greater than the intradoublet zfs splittifigut smaller
axis. (S;) = =mg is a constant of the motion, af&) and  than the interdoublet splittingsthese eigenfunctions un-
(Sy) oscillate at the Q@ frequencies,op for S=1 and  couple and approach the circularly polarized functions which
(wp,3wp) for S=2 (the level systems are shown in Fig. 1  are spatially quantized alorig As long as the Zeeman en-
Ignoring matrix elements which describe spin oscillationsergy is smaller than the large interdoublet zfs splittings (Z
with frequencies the order ofwp, the principal NMR re-  <nfwp), (S) remains spatially quantized along molecular,
laxation pathway will result only from terms {{8;), and the  rather than laboratory axes. The principal effecBafis to
relative relaxation efficiencies of the different eigenstates argncouple the eigenfunctions of E(), thereby damping out
proportional tom3. For S=1, the largest part of the NMR the oscillations in(S;). As a result, the NMR relaxation
relaxation efficiency is provided b{S;) in the|+1) eigen-  efficiency rises dramatically. When the Zeeman energy rises
states. FoS=2, the relaxation efficiency is provided by the further, exceeding the large zfs splittings, the eigenfunctions
|=1) and|+2) eigenstates, which contribute in the ratio 1:4. change again, this time from the circularly polarized func-
The molecular anisotropy @y, is that ofRy;, as given by  tions quantized along to the circularly polarized Zeeman
the function 1+ Py(cosé,). functions quantized along laboratoryaxis. The changes in

If an orthorhombic componentB{)#0, BSY#0) is  NMR relaxation efficiency which accompany this latter
present in addition to the cylindrical components of the CFchange in spatial quantization have been described
potential, the eigenfunctions at zero field are the Cartesiarpreviously’°
polarized functions of Eq(7). In the eigenbasis dflg, the The changes in the wave functions and energies which
diagonal matrix elements ofS;) then vanish,(0|S;|0)  occur for S=1 whenB, rises from zero to a value larger
=(£1'[S£1")=(=2'|S;|=2')=0, while the off- than the rhombic spliting B are shown in Figs.(@ and
diagonal matrix elementg,*1'[S;|+1"), (£2'|S;/+2'),  2(b). The first-order eigenfunctions of thes==1 non-
which couple the levels within the non-Kramers doublets ar&ramers doublet can be written
large. Terms containing the off-diagonal matrix elements os-
cillate at the small transition frequencies of the intradoublet |V +1)=C1|S,+1)+¢,|S,— 1), (109
splittings, which are Aw.;=S(S+1)wg, and Aw.,
=244"1B{" in first order for themg=*1,2 non-Kramers [W-1)==C[S +1)+c,f S~ 1). (10b)
doublets, respectively. The resulting motion(i®) acts to Figure 2a) shows the coefficients,| and|c,| as a function
suppress the NMR-PRE. Experimental examples Serl of (geIBeBO/ZB(ZZ)) at 6= /4 (the angle betweer and 2).
andS=2 are discyssed in the foII_ow!ng sections. WhenB,=0, |c;|=|c,|=2"Y2 and the eigenfunctions are
~ We now consider the magnetic-field dependenc®gf  igentical to the|+1’) coupled eigenfunctions of Eq7).
in the vicinity Qf the o_rthqrhombm zfs—I_|m|§: it is assumed \yjith increasingB, , the|c,/c,| ratio decreases, approaching
that a Zeeman interaction is present which is small compareg i, the limit (993950/25(22))>1- The matrix elements of

to the large interdoublet splittings between non-Kramers(Si> change accordingly: the diagonal matrix elements of
doublets but which may be comparable to or larger than th?sﬁ rise from zero atB,=0 toward values o S;)=mg
small intradoublet splittings. The first-order energies in the,nan (d20g)>1 Whileo the off-diagonal matrix elements
presence of the Zeeman field and the noncylindrical zfs fielgy¢ (S;) decrease in a mirror fashion. Thus the oscillation of

are (S;) that is driven by the rhombic splitting is damped out by
en=—6B2 (93 the effects of the Zeeman interaction. A useful means of
0 , = )
visualizing the effects of these changes Ry, is through
€r1=—3BP+[(A€,,)?+ 722 (9b)  plots of the dipolar power spectrum, as we have shown

2 . 9112 previouslf for S=1. A further example is given below in
€x2=T6Bg £[(A€.;)"+(22)7] (99 regard to thes=2 complex, Mn-TPPS.
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1 o unique properties of theng=+ 3 Kramers doublet. FoS
lell =32 in the cylindrical zfs-limit, themg=+3 and mg=+}
0.8 Kramers doublets are split by®2 (Fig. 1). The Kramers
doublets are not split by a CF potential of any symmetry or
0.6 rank. A rhombic zfsE term produces only a second-order
leg 2! contribution to the cylindrical splitting. The eigenfunctions
0.4 in a rhombic CF can be choséim zero field as the circu-
Ieal larly polarized functiongS,mg), quantized along the mo-
lecularz axis (although any linear combination of these func-
tions may equally well be selected within the degenerate
manifold).
0.250.50.75 1 1.251.51.75 2 The Kramers doublets split in the presence of the applied
magnetic field. When a Zeeman energy smaller than the in-
0.4:)//’/ terdoublet splitting is applied, the spatial quantization differs
b for the mg= = 3 andmg= + 3 doublets. The+ 2 wave func-
0oof T tions are not mixed by the magnetic field in first order, and
be-1) their first-order energies are

€+3,=D*(3/2)geBB, COL6).

The spin eigenfunctions are the circularly polarized functions
|S,+3), quantized along the moleculamxis.(S;)=*+ 3 is a

o6 [0) constant of the motion, whil€S;) and(S;) oscillate at the
1Q frequency, 2p. Thus the situation for theng= +3
manifold with respect to NMR relaxation efficiency is simi-
2/289 lar to that for integer spins in tha,, results principally

FIG. 2. Change of the spin eigenfunctiot@ and energiesb) of the mg from <S§>’ and the molecular anisotropy 8%; is given by
==1 non-Kramers manifold with increasing Zeeman field strength for athe function[ 1+ PZ(COS&ZH-

0.250.50.75 1 1.251.51.75 2

spin S=1 with a rhombic zfs tensor. The coefficients, are defined in The situation is rather different for thes= = 5 doublet,
Eq. (8) of the text. Calculations assume an anglew/4 between the labo-  since B, mixes the doublet eigenstates in first order. The
ratory 2 and moleculag axis. eigenfunctions must be found by re-diagonalizig within

the mg= +  manifold. The eigenfunctions are circularly po-
_ . larized Zeeman function$S, = 3), quantized along the ex-
Analogous phenomena occur for timg= =2 doublet of o) field rather than along molecular axes. The first-order
S=2, although in this case the change in wave function Oc'energies are
curs when the Zeeman energy rises above the splitting of the
ms=*2 levels, which is produced in first order by the €-1=—D*(3)9(6)BB,.
fourth rank zfs term, 28{", and in second order by the : . . .
. ) ' . . where g(6) is the anisotropigg-value. Because of this re-
rhombic term,B3”. The first-order eigenfunctions of the O
o . . ) gquantization from molecular to laboratory axes, thg
ms= =2 manifold in the presence of the Zeeman field are™ ", : . -
==+ 5 doublet has NMR relaxation properties more similar to

the coupled functions those of a spin radical than to the integer spin systems
|W,o)=c1|S,+2)+c5|S,—2), (100  described above, although tigetensor within the+3 mani-
, , fold is anisotropic and has a trace that differs from the free
(W _2)=—0c5lS,+2)+¢1[S,~2). (10d electrong-value. When referenced to a fictitious sgisys-
A Zeeman energy greater thare’. , uncouples the circularly tem, theg-values for themg=+ 3 Kramers doublet o= 3
polarized functions in a manner analogous to that describedre g,=g., and g, =2g., so that{g)=(3)g.. (S,) (the
above forS=1 subject to a rhombic zfs interaction. The component along the laboratoryaxis), is a constant of the
effect of the BE{‘) term is likely to be quite important in motion equal to+3 and thus contributes strongly to the re-
practice forS=2 because of the large potential NMR relax- laxation efficiency(S,) and(S,) precess at an average Lar-
ation efficiency of themg= =2 eigenstatesR;, varies as mor frequency(w )=(g)BeB,. These components may
|mg|2 when the oscillations ofS;) are damped out b,). also contribute significantly to the relaxation efficiency when
Also, the splitting due tB{" is likely to be smaller than (w )74<1.
typical rhombic splittings unless the latter vanish by symme-
try, resulting in a relatively small oscillation frequency of L_ .. : .
(S;) and a correspondingly high relaxation efficiency. S=1: [trans -Ni(/)Cly(o-phenylenediamine ). ]
The phenomena described above ¢ 1 have been
documented experimentally for the complex
[Ni(11)(acad,(H,0),] in previous studies? In this section,
The situation for half-integer spins is physically rather new data are presented for t8e 1 complex Ni-pda),Cl,
different from that for integer spins, in part because of thetrans-Ni(11)Cl,(o-phenylenediaming) which further il-

HALF-INTEGER SPINS: S=3/2
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FIG. 3. Magnetic-field dependence of the NMR relaxation enhancements of|G_ 5. values off and rs which acceptably fit the low field relaxation data
the H, s aromatic proton resonance of NijCl,(o-dpa), at 20 °C. Data for ¢ Ni(I1)Cl,(0-dpa), in Fig. 3. Values oD are 3 cm* (dash—dot 5 cm2
Ryp are open circlesR,, are filled circles. Curves show results of theoret- (dots; 7 cm ! (dashes 10 et (solid).

ical simulations based on E) of the text.Ry, is the upper an®R,, the

lower of each pair of curves. Assumed parameters #&dasheps g

=30ps, E=0.213cm?; (solid lines 75=18 ps, E=0.263 cm?; (dot— ' ' o
dashstzg ps, E=0 32é J Sizuljﬂonspassume@:5Cmfl ;o 10% at fields above the low-field limit cannot be excluded.
’ . . ’ R

=432 ps, but were nearly independent of these parameters. R1p increased withB, in the rangeB,>0.5T in a manner
that is qualitatively similar to that observed previously for
[Ni(11)(acag,(H,0),]. This behavior supports the hypoth-
lustrate the nature of the effect and confirm the generality ogsis that phenomena described in the previous section are
its importance foiS=1 in orthorhombic site symmetry. involved: Namely, that in the low-field limit, the relaxation
Figure 3 shows the magnetic-field dependence of thefficiency is suppressed by a rhombic zfs interactiarefs
NMR relaxation enhancementR{, and R,,) of the aro-  E-term) which induces oscillation i{S;), thus decoupling
matic proton resonances of Mipda),Cl, (Fig. 4 in DMSO  the nuclear spin from the dipolar field of the electron spin.
solution across a range of magnetic-field strengths from 0.09vhen, with increasingd,, the Zeeman energy becomes
to 1.8 T. Measurements were carried out using using soluarger than E, the oscillation ofS;), damps out, andS;)
tions in dimethylsulfoxide(DMSO)-dg, so that the reso- develops a static component, which approaches as a limit
nance observed was that of the aryl protons of the soluteng=+1 in the uncoupled1,*+1) eigenstates.
The x-ray crystal structuféshows that the inequivalent pro- We have fit the experimental data using the zfs-limit
tons in the(3,6) and (4,5 positions are 4.50 and 5.93 A, analytic theory? Only two fitting parameters were permitted
respectively, from the metal ion, giving a ratio to vary: The zfs parametd and the electron spin relaxation
r~%(3,6)Ir "®(4,5)=5.3. The relaxation decays were ana-time rs, the latter assumed to be independent of magnetic-
lyzed by ignoring an initial segment of the decay equal tofield strength(see below. As described above, the fit is al-
approximately 1.6 times the short€;. Under these condi- most independent of the zE parameter over the experimen-
tions, the measureR, is a weighted quantity reflecting pre- tal range of field strengths. The reorientational correlation
dominantly the decay of the4,5 protons. The decay ap- time 7{}) was estimated from the Debye equation to-430
peared mono-exponential within the scatter in the datgg. Sincer!s 7, the fits were largely independent ¢f-).
(which was, however, substantialn the data analysis, an The procedure used to generate the fit is the same as that
effective distance of 5.5 A was used. This seems a reasofsed previousty for [Ni(11)(acad,(H,0),]. First, the ex-
able approximation for our purpose, which is to investigatéperimental low-field limiting value ofRy, was fit in trial
the mechanistic questions described above, particularlygjculations in which botHE| and 75 were varied. From
whether changes in the spatial quantization|fl’) spin  these calculations, parameter paii|( 7<) which were con-
states underlies the observed magnetic-field dependence gktent with the low-field data were obtained and are plotted
the Ry 5, field dispersion profiles. in Fig. 5. For 7s=10 ps andD|=3 cm %, there was little
Ryp approximately equalled?;, across the range of gependence on the cylindrical zfs param@etn the second
magnetic-field strengths investigated, although because Q,ftep of the fitting procedure, values Bfand 5 correspond-
the scatter in the data, a systematic difference the order ghg to points on the curve of Fig. 5 were used in an attempt
to reproduce the field dependence of the experimeRia)
data. Three such fits, correspondingrg=9, 18, and 30 ps

P and|E|=0.326, 0.263, and 0.213 ¢rh are shown in Fig. 3.
N Acceptable fits to the experimental data were found fgr
Ni =18+4ps, |E|=0.26-0.03 cm %,
N H, The analysis supports the central theoretical prediction
,'3 of the zfs-limit theory described above, namely, that in the

H ) o .
8 2 low-field limit, the nuclear and electron spins are largely

FIG. 4. Numbering of the ligand protons iftrans-Ni(ll)cl, ~ decoupled by an oscillation ifS;) that is induced by the
X (0-phenylenediaming]. rhombic splitting 2vg. When the Zeeman energy is larger
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than 2wg, the oscillation is damped, an;) develops a
large static component. This component couples relatively
efficiently to the nuclear-magnetic moment, resulting in the
marked increase irR; 5, which occurs at field strengths
above abouB,~0.3 T.

It is interesting that theory also predicts that the ratio
(Rgp/Ryp)=1.1 is significantly greater than unity whe,
~1T, although the experimental intramolecular relaxation
data are not sufficiently precise to test this prediction.

Discussion FIG. 6. Structure of Mni(l)-tetraphenylporphyrin sulfonai@in-TPPS.

Several other high-spin Nil) complexes exhibit quali-
tatively similar magnetic-field dependence in the NMR re-
laxation enhancement as that of Fig. 3. These systems inhe Zeeman field on the spin eigenfunctions and spin dynam-
clude (1) Ni(ll)(acag,(H,0),, which we analyzed ics, as described above. We have shown that these phenom-
previously; reaching similar conclusions to those drawnena are capable of describing the entire observed magnetic-
here; (2) the Ni(ll)-ethyleneglycol solvat&] (3) a Ni(Il)-  field dependence of the NMR-PRE without the need to
substituted form of bovine carbonic anhydrdSeand  assume additional field dependencerin Studies of Ni(l)
(4) the Ni(ll) complex, bis(2,2,6,6-tetramethyl-3,5- complexes which lack a static rhombic zfs component due to
heptanedionato)Ni() (aniline-ds),).* Among these stud- the presence of a threefold or higher molecular symmetry
ies, only those involving Ni()(acag,(H;0), (Ref. 1) and  axis would be informative in assessing further the relative

Ni(11)Cly(o-pda), (this work have been subjected to an contributions of these two mechanisms to the field depen-
analysis which incorporates the effects of zfs rhombicity dedence of theT; field dispersion profilFDP).

scribed above. However, from the similarities of thefield
dispersion profiles, we expect that the physical NMR relax-
ation mechani_sms in all five of these systems are similar. S=2: Mn(/ll) TETRAPHENYLPORPHYRIN

The functional form of the data does naper se gy FONATE
uniquely characterize the relaxation mechanism. It is inter-
esting that the characteristic functional form of the field dis-  Mn(I11) porphyrins, such as Ml ) tetraphenylpor-
persion profiles of these systerti®., a pronounced rise in phyrin sulfonateMn-TPPS, Fig. §, provide examples of an
R;p with increasing field strength which occurs at fields S=2 ion in a site ofD4, symmetry. The rhombic zfs terms
above about 0.5 JTcan be simulated using simple Zeeman-vanish so that thens= =1 non-Kramers doublet is unsplit,
limit theory by assuming an appropriatg parameter in Eq. but a fourth-rank CF term is present which splits ting
(5) to simulate field dependence iry. This picture is, of ==2 non-Kramers doublet. The quadratic cylindrical zfs
course, unrealistic in that it ignores the effects of zfs-drivensplitting of Mn(I11)-TPPS with axial water ligation 13
spin motions and uses electron spin transition frequencieB=—2.3 cm 1. The fourfold zfs splitting induces an oscil-
which are nonphysical both in magnitude and magnetic-fieldation of (S;) within the mg==*2 manifold, which, if
dependence. w+,7s=1, depresses the contribution of theg=*+2 dou-

In an interesting study of the high-spin Nij blet to the NMR-PRE. This depression, when present, can be
complex bi$2,2,6,6-tetramethyl-3,5-heptanedion®i(ll)  relieved by an applied Zeeman field when the Zeeman en-
(aniline-ds),) (=Ni-dpm), Larssonet al3? observedR;, ergy exceeds thems=*2 doublet splitting. Thus the
behavior that is qualitatively similar to that in Fig. 3. Their magnetic-field ~dispersion profile ofR;, due to
analysis used a model which incorporates a uniaxial zfs terMn(l11)-TPPS is expected to exhibit a marked riseRaf,
sor (D|)0, E=0) which is subject to diffusive reorienta- with increasing field strength in the range where the change
tional motions plus “pseudorotation”-like fluctuations of the of spatial quantization occurs within tmes= =2 manifold.
metal coordination sphere. The stochastic motions produc€he splitting of themg= *=2 doublet results from a fourth
electron spin relaxation. Although their model ignores therank CF component, which we expect to be smaller than
effects of zfs-rhombicity, it was capable of simulating thetypical second rank splittings in orthorhombic complexes.
observed rise ifR;, which occurs in the vicinity of 1 T, and  Thus the rise inR,, is expected to occur at relatively low
good fits to the data were achieved irrespective of the asmagnetic-field strengths. Thag= =1 manifold is not split
sumed value ofD| over a range &|D|<10cmil. While a by the static CF of Mn-TPPS, and its contributiorRg, will
direct comparison of their results with results of the analyticoe approximately field-independent in the low field range.
theories is not straightforward, it appears that the field- The solvent protom; magnetic-field dispersion profiles
dependence results from the processes which produce ele@DP) of Mn(I11)-TPPS at 5, 20, and 35 °C, taken from Ref.
tron spin relaxatiorithrough the parameters andA+) ina 9, are shown in Fig. 7. Because the solvent is in rapid chemi-
way that is similar physically to the field dependence of B-Mcal exchange equilibrium with axial sites in the complex, the
theory. measured relaxation rate provides the relaxation Rafeof

Our analysis, in contrast, assumes thatqtgt’é are field- the protons of axial water ligands. The qualitative form of
independent quantities: Attention is focused on the effects othe FDP is highly unusuaR,, is field-independent at very
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25 required(in comparison, the distance from Mn to the water
oxygen is 2.24 A in the x-ray structuf®. Also, the correla-
tion time 7, for the distortional motions of the zfs tensor,
which describes magnetic-field dependence in the electron
spin relaxation time, was very long, =50 ps, about three-
fold longer than the low-field electron spin relaxation time,
Tso- T, IS the critical parameter of the Zeeman-limit analysis,
since it is the only parametéwithin Zeeman-limit theory
which produces a rise iRy, with increasing field strength. A
very long value ofr, is required to fit the observed rise in
5 the FDP of Mn-TPPS because of the very low-field strength
at which this rise occurs;-0.04 T.
The slow motion theoryEq. (2)] provides a fundamen-
0.01 0.1 1 tally different physical interpretation in which the field de-
B (T) pendence oR;, results principally from field dependence in
o . .
the spin wave function of theng= £ 2 levels and the asso-
FIG. 7. Simulations of the R,, magnetic-field dispersion profiles of Mn-  Ciated changes in the spin motion as described above. An
z‘lﬁ’s (Ref. 9){) IIEX1;e;1'1:e‘ntaI ;:xt:vess c,z::re( ;l;ozg:g(sg)idalli;e;ys ?ém( ;h)e approximate fit of the data has been obtained based on the
S(;m?.xvlval?e%i i));[;ﬁl(;ssarz sh?);npgy d;ns (5°C), ’dashes (20 °b), and dot—dasl; SIOW_.mOtlor.] theory(Eq. (2)]. We ass.ume, consistent with
(35 °C). the discussion of the preceeding sections, yg=R;;, and
that reorientation is slow enough for E@) to be valid. The
|0y eigenstate does not contribute appreciablyRig in the
Jicinity of the zfs-limit. The|=1) eigenstates contribute an
amount equal to

low-field strengths but rises rapidly at field strengths abov
aboutB,=0.04 T. The rise continues to a field strength in
the range 0.2-0.4 T, vyhere a seconq quali_tative change in Rlp,:1=C{2|<+1|Sz|+1>|23(0)}, (1139
slope occurs. In the higher field regioR;, is markedly .

temperature dependent, the value for 5 °C being approxiand the[=2') eigenstates an amount,

mately double that for 35 °C. The experimenl, profiles R —CI2(cH2+2'1S:l +273123(0
have been fit quantitatively by Zeeman-ling8BM) theory, 1p, =2 = CL2(C)T(+2'[ S +27)[3(0)
but Zeeman-limit assumptions are not appropriate to the +2¢i0o(+2' S| —2) 2N w0)}sas (11D

physical situation, and not surprisingly, the resulting fitting

parametergTable ) are in a number of respects nonphysicalwhere  C=(3)(719eBel15°) 2(1o/4m)?5 [ 1+ Py(cos ).

(this was recognized by the authdrsin particular, very  The curly brackets in the second expression indicate a spatial

short, highly temperature-dependent Mn-proton interspiraverage over the anglg between the molecularand labo-

distances ranging from 2.13 85 °C) to 2.48 A(5 °C) were  ratory z axes.Ry, -, in Eq. (11b must be evaluated by
diagonalizingHg at several orientationsf) at each speci-
fied value ofB, and computing the indicated spatial average.

TABLE I. Comparison of fitting parameters for Mn-TPPS obtained from an This was done in simulations using the symbolic mathemati-

?”?t'yss:gsl\;’ﬁed O”Rf";w mo“?” theff?’ef- g (C_:’t'uc;“r‘sl 2—4and Zeema?‘ cal program Maple. In general, the electron spin relaxation

mi eor er. columns o—). Omitted values are parameters .. H .

not used by theytr(mory.g)Tr(\e slow motign fit assuried 4.0 cm’ll,) but the tlme_TS may differ for the levels of_thqns= +1 and+2 spin

fit is nearly independent of this parametare(+2)=24B% is the splitting mamf_OIdS_’ ‘_adeS may be magnetl(_: flt_ald-d_ependent as well.

of the mg=+2 non-Kramers manifold. The value of" used in the slow  FOr simplicity, we assumed that is field-independent but

motion fits was computed from the value measuiRef. 37 by C-13NMR  allowed T(Si D to differ from T(Siz). A single, temperature-

for Zn(I1)-TPP in CHC}, after correcting for differences in viscosity and independent interspin distance ofs=2.80 A consistent
temperature with the Debye equation. This estimate provides a lower "miENith the measured Mn—O bond length é)f 224 A in

to 7-(Rl), since it neglects the eﬁgcts of periphera! sulfonate groups which TPPS2 d
undoubtedly slow the reorientation of Mn-TPPS in aqueous solution. ThdVIN- ; Wwas assumed.

corresponding reorientational parameter in the Zeeman-limit theorifis These assumptions produced simulations shown in Fig. 7
the values listed aref)=37(, where () was determined by the fit to and the fitting parameters listed in Table I. The risdRgf in
NMR-PRE dataRef. 9. the vicinity of 0.04 T was modeled well by the effects of the
Slow motion theory Zeeman-limit theory changm_g glgenfunctlonhwtz)_ without the need to assume
magnetic-field dependence ;. The fit to the 5°C data
T 5°C 20°C 35°C 5°C 20°C 35°C  was quite good, while the fits &=20°C andT=35°C
D (py 1400 900 600 690 276 150 were somewhat less quantitative. In part t+his may be due to
751 (p9) 456 506 685 the limitations of slow motion theory, sineé— b approaches
752 (p9) 261 180 142 ) at the higher temperatures. Our central purpose here is to
TSCE;SS) g;’ 4113 ;g understand the physical origin of the field dependence of
T, . . .
2A€,, (cm™Y) 020 020 020 Ri» anq more specmcally, to |nvest|ge}te whgther the
fs (A) 280 280 280 248 225 213 changes in the electron spin wave function which occur

when the Zeeman energy is comparable to the small intra-
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Another highly unusual aspect of the Mn-TPPS NMR-
PRE is the very large molar relaxivity produced by the
Mn(lI1) ion. Although Mn(ll) is usually considered a
weakly relaxing ion, its proton relaxivity, per mole of bound
water, is higher in Mn-TPPS than in hexaqua-Mn( This
undoubtedly reflects an unexpectedly long electron spin re-
laxation time as was found from the slow-motion theoretical
simulations.(The Zeeman-limit fits also required a long,
although in this case a long value is achieved by assuming
Terll that 7 is field dependent and by assuming a very long cor-
relation time,r,, for distortion of the zfs tensgrThe long
value of 7g probably results from the very tight coordination
geometry of the Mni(1)-porphyrins, specifically from the
fact that low-frequency in-plane fluctuations in the zfs ten-
te- sor, which are needed for electron spin relaxation alongthe
axis, are strongly suppressed in the highly rigid coordination
environment of the porphyrin. A detailed analysis of the
ety Tserio o prveTs Terll electron spin relaxation time and its magnetic field depen-
dence in this complex would be interesting.

-le+ll

me=zx1 6e-1

w(sh)

FIG. 8. Dipolar power density produced by the=+2 eigenstate¢top) =~ CONCLUSIONS

andmg= * 1 eigenstategbottom of Mn-TPPS. The function plotted on the . .
ordinate isf(w)= (/S| 1)|*J:(w,,— ). The valuest(0) are the quanti- The NMR relaxation enhancements produced by integer

ties in Eq.(2) of the text. The polar angle between the moleclaxis and ~ SPIN Systems can be influenced strongly by the small zfs
the laboratoryz axis was assumed to be=m/4. Curves are shown for splittings (the splittings within the non-Kramers doublets
(9eBeBo)/ (A 1) =0 (dot—dash 0.05 (dash, 0.1 (dots, and 1.0(solid  The CF potential components which produce the intradoublet
lines), where @.z..1,7) is the splitting of thems= = 1/2 manifold. splittings drive relatively low-frequency oscillations in the
time correlation functiodS,(0)S,(t)). These motions act to

doublet zfs splittings, as described above, is responsible fdf€Press the NMR relaxation enhancement in the zfs-limit
the highly unusual low field rise in the FDP of Mn-TPPS. relative to the enhancement of comparable symmetric com-

The theory indeed provides a straightforward description oplexes in which the noncylindrical .zfs terms are NonZero.
this feature. The presence of a small Zeeman field, comparable in mag-

nitude to the intradoublet spacing but small compared to the
large interdoublet zfs splittings, causes a large change in the
spin wave functions and has profound effects on the NMR-
The magnetic-field dependence of the relaxation mechaPRE. In the absence of the Zeeman field, the spin eigenfunc-
nism can conveniently be visualized through plots of thetions have cartesian polarizations, and only off-diagonal ma-
dipolar power density. This is shown in Fig. 8, where thetrix elements of (S,) are nonvanishing. These matrix
guantity plotted on the ordinate is f(w) elements oscillate at the intradoublet splitting and are thus
=|(u|S;| v)|2I3(w,,— ). The functionsf(0) are propor- motionally decoupled from the nuclear spin. In the presence
tional to the zero-frequency dipolar power produced by theof an applied Zeeman field, the diagonal matrix elements of
matrix element «|S;|v), and thus they describe the NMR (S,), which are associated with nonoscillating magnetiza-
relaxation efficiency associated with the various terms of Eqtion, grow in magnitude while the oscillating off-diagonal
(2). The functions plotted in Fig. 8 are those correspondingerms decrease. This phenomenon results in an increase of
to diagonal and off-diagonal matrix elements within thg  R;, with increasing field strength which may be quite sub-
=*2 (upped and mg=*+1 (lower) manifolds. For theng  stantial.
= =*1 levels, only diagonal matrix elements are nonzero, and The importance of this mechanism as the origin of the
these are almost field independent within the range of variagharacteristic functional form of the FDP f&=1 ions in
tion of Fig. 8. Since the associated spectral density functionshombic site symmetry is supported by analyses of data from
are centered at zero frequency, these terms contribute signiivo S=1 complex ions, Ni(l)(acag,(H,0), (Ref. 1) and
cantly to the relaxation efficiency. In contrast, the matrixNi(ll)(o-pda),Cl, (this work), and is consistent with pub-
elements within theng= =2 manifold are highly field de- lished data for three other systefis3?An alternate mecha-
pendent. Only the off-diagonal matrix elements are nonvannism in which the field dependence of the FDP results from
ishing in theB,=0 limit, but these decrease with increasing the field dependence of electron spin relaxation may also be
B, and are displaced to higher frequency. The off-diagonalmportant, but the contribution of this mechanism is less
matrix elements contribute negligibly to the overall relax-clear at present. Data @+ 1 systems which lack zfs rhom-
ation mechanism. The diagonal matrix elements increasbicity would be informative in assessing the relative impor-
with increasingB,, and since these matrix elements describeance of these two mechanisms.
zero-frequency magnetization, the relaxation efficiency in-  The S=2 spin system, Mri(l)-TPPS, exhibits analo-
creases accordingly. gous behavior which, as shown above, arises from the effects

Discussion
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of a static fourth rank splitting of themg=+2 non-Kramers 9423351. S.M.A. received financial support in the form of a
doublet. Five other homologous Mi{) porphyrins exhibit Rackham Merit Fellowship from the University of Michigan.
relaxation behavior which is qualitatively and quantitatively
similar to that of Mn(I1)-TPPS® Thus we expect generally APPENDIX
that the small intradoublet splittings will be of importance
for the NMR-PRE properties of integer spin complexes when  The spin function®{ in Eg. (6) are the following:
a substantial static zfs interaction is present and when the
Zeeman energy is less than the large zfs splittiigsand 052>:3s§—s(s+ 1),
3D).
There are, of course, specific chemical situationsSor O<22)=2‘1(Si+32_)=8)2<—35,
=1 andS=2 where this phenomenon will probably not be
important, as, for example, in the Niij) aquacation, where OV =355 —30S(S+1)S2+2552— 6S(S+1) +3S%(S
the static zfs tensor vanishes as a result of octahedral site )
symmetry of the metal. Also, the presence of a dynamic +1%,
Jahn-Teller distortion, as occurs in some complexes of (" =p-1((782-5(S+1)-5)(S2+S%)}s,
Mn(I11) which have pseudo-octahedral coordination geom-
etry [such as Mrfacags], may well suppress the zfs-related o=2"Yst+s).

relaxation phenomena described above. {A,B}gis the symmetrized operator, 2(AB+BA). A more

extensive compilation is given in Table 16 of Abragam and
EXPERIMENT Bleaney?®

The paramagnetic complex Ni{pda),Cl,,

trans—bl_s(o—phenylenedlamlne)mckdll() d|ch.lor|de, WasS 15\ Abernathy and R. R. Sharp, J. Phys. Chadil, 3692 (1997).
synthesized by the procedure of Coakféyn this method, @  2R. Sharp, S. M. Abernathy, and L. L. Lohr, J. Chem. PH@7, 7620
1:2 mole ratio of NiC}-6H,0O to o-phenylenediamine was 3(1997)- ' '
added to ethanol with stirring. The solution was allowed to 42' EUI(surI\é ’:p '\3"”éie‘;‘:dp';'}&“gag‘;;('lgggagn' Res@8, 311(1990.
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