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The enhancement of nuclear magnetic reson@N8&R) relaxation rates produced by paramagnetic
solutes is physically rather different for electron sfif 1/2 paramagnetic species than f&¢ 1
species due to the presence of zero-field splitting interactions in the electron spin Hamiltonians of
the latter. When the zfs energy is larger than the electronic Zeeman energy, the electron spin
precessional motion is spatially quantized with respect to the molecule-fixed principal axis system
(PAS) of the zfs tensor rather than along the external laboratory magnetic field. An analytical theory
of the orthorhombic zfs limit has been derived in which the motion of the electron spin variables is
described in the zfs-PAS and that of the nuclear spin variables in the laboratory coordinate frame.
The resulting theoretical expressions are simple in form and suggest a physically transparent
interpretation of the experiment. The NMR relaxation enhancerfgptresults from additive
contributions Ry, Ry, andRy,, arising from the molecular-frame Cartesian components of the
time-dependent electron spin magnetic moment operat¢r). Each Cartesian componeRy,
depends on the dipolar power density at the nuclear Larmor frequency that is produced by the
corresponding Cartesian componenigft). The theory displays the dependence of the relaxation
enhancement on the variables of molecular structure in a very simple and physically transparent
form: Ry, =r [ 1+ P,(cos#,)], wherer is the interspin distance and césis the direction cosine

of the interspin vector with theth principal axis of the zfs tensor. New experimental data are
presented for the modeb=1 complex [transNi(ll)(acag,(H,O),] (acac=acetylacetonato) in
dioxane solvent. The magnetic field dependence of the pibiarf the axial water ligands has been
measured over the range 0.15-1.5 T, the lower end of which corresponds to the zfs limit. The
experimental data have been analyzed using the new analytical theory for the zfs-limit regime in
conjunction with spin dynamics simulations in the intermediate regime. Dipolar density power plots
are presented as graphical devices which clearly exhibit the physical information in the experiment,
and which permit a rapid differentiation of the sensitive and insensitive parameters of theory. The
data analysis depends strongly on the zfs paranigteand on the electron spin relaxation time,

along the zfs-PA&-axis, but only very weakly on the other parameters of theory. A fit of the data

to theory provided the valuefE|=1.8+0.1cm ! and 7s5,=8.0x0.3 ps. ©1997 American
Institute of Physicg.S0021-960807)51643-§

INTRODUCTION by spin-orbit coupling (the quadratic zfs interaction is
equivalent to the electronic quadrupole interaction in the ter-
Paramagnetic transition metal ions in solution can prominology of Abragram and Blean&y ZFS splittings may
duce large NMR relaxation enhancements of nuclear spinslso arise from dipolar electron spin-electron spin interac-
on ligand species and on solvent molecules. This phenontions. When the zfs Hamiltonian is comparable to or greater
enon, called NMR-paramagnetic relaxation enhancement ahan the Zeeman Hamiltoniai(;=H e, Zfs interactions
NMR-PRE, has been used widely to probe the structure, dyexert a profound effect on the electron spin precessional mo-
namics, and magnetic properties of dissolved paramagnetiion. In the zfs limit H 4> H e, the electron spin oscil-
species. The classical theory of the NMR-PRE was devellates along the molecule-fixed axes of the zfs principal axis
oped by Solomon, Bloembergerf;®> and Morgald (SBM  system(zfs-PA9, rather than precessing about the external
theory), and dates from around 1961. SBM theory assumesnagnetic field B,. One of us (L.L.L.) has recently
that the nuclear and electron spins are driven by a large Zegresentetigraphical displays of the semiclassical motions in
man interaction and undergo Larmor precession. This assuch spin systems. In the intermediate regime whegg
sumption is valid for paramagnetic species with electron spircH,..,,, the quantization axis undergoes a characteristic
S=1/2, but not necessarily for spi=1 transition metal shift from molecule-fixed zfs-PAS at lower fields to the
ions, which are in general subject to both Zeeman and zerdaboratory-fixed PAS of the Zeeman interaction at higher
field splitting (zfs) interactions. The zfs interaction involves fields.
coupling of the electron spin with the orbital angular mo-  This reorientation of the quantization axis of electron
menta of ground and/or excited electronic states, mediatespin motion has a profound influence on the NMR-PRE, and
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a great deal of theoretical effort has been expended in recetiteory developed below provides the latter, i.e., a molecular-
years to develop relaxation theory which is appropriate aframe description of nuclear spin relaxation which can ac-
magnetic field strengths below those of the Zeeman-limicommodate anisotropic electron spin relaxation parameters.
regime®33 Analytical expressions which parallel the form of A theory of anisotropic electron spin relaxation in the mo-

SBM theory but are appropriate to the uniaxial zfs limit lecular coordinate frame will be published in a subsequent
rather than the Zeeman limit have been deri¥®®. The  study.

presence of an orthorhombic component in the zfs tensor

(i.e., a nonzero zf& parameterhas a particularly large ef-

fect on the paramagnetic relaxation enhancement in the zfiMR-PRE IN THE ORTHORHOMBIC ZFS LIMIT

limit and intermediate regimes for integer spin systems, in

manv cases depressing the NMR-PRE by an order of maa- Our objectives are twofold: first to recast the theoretical
1any P 91t y an %xpressions used in the spin dynamics algorithms of
nitude or more relative to the uniaxial EEOQ)

21.24,25,34 SpinDyn.f2 into a molecular coordinate frame description

situation: which is suitable for incorporating anisotropic electron spin
While theory describing the effects of nonzero zfs inter- ; : P 9 P ; P
relaxation and anisotropic molecular reorientation param-

actions has advanced considerably in recent years, a SIrmjléafers. Second, it will also be shown that the molecular-frame

physically transparent model of spin relaxation in the ortho—description developed below leads to a highly transparent

rhombic zfs limit has been needed to guide interpretation, in hysical interpretation of paramagnetic relaxation enhance-
ent in the orthorhombic zfs limit.

particular to provide a clear understanding of the physica[fn
information that is present in NMR-PRE experiments. The From the linear response theory of Kubo and
theory developed here is suited to this purpose. New ZfSTomita39'4°theTl and T, NMR relaxation rate$=R ]
limit and intermediate regime intramolecular profdopn data are giv;en by (2P
for the water Iligands of the S=1 complex ’
[Ni(ll)(acag,(H,0),] (acac=acetylacetonato) are presented.
It is shown that the use of spectral density profiles to inter-
pret the zfs-limit behavior, in conjunction with spin dynam- ) )

where q=z(x) for Ty). Hg(t) is the time-dependent

ics simulations to describe behavior in the intermediate re*

gime, provides an accurate and general computationd'l""}m"to”ia” which couples the electroB)(and nuclear k)
platform within a framework which is highly intuitive physi- SPINS: The angular brackets around the product of commuta-

cally. Spectral density profiles clearly display the informa-tors in the integrand denote expectation values of the spin
tion content of the NMR-PRE experiment and differentiateVariables and an ensemble average over the spatial variables

between the sensitive and insensitive parameters of theory®f Hs- We consider only the magnetic dipole—magnetic di-

An additional advantage of the molecular frame theoret?0l€ contribution to rt_elaxatiomtlaglecting the scalar hyper-
ical formulation described below is that it provides a fiN€ interaction, in which caseHs can be written
straightforward way of incorporating anisotropic molecular h K
frame tensors into the theory. The most important kind of H'szr—s > 3T -t aPRY, 2
molecular anisotropy is probably that of electron spin relax- a
ation; i.e., the electron spin relaxation rate differs along dif-where

Ruop=(203) | ([l HADTHYO) I et (@

ferent Cartesian axes of the molecular coordinate system. _ _anll2

While Zeeman-limit(SBM) theory has been modifiétito K= =300 Bo pold), ©
incorporate separate laboratory-frame longitudinal and trans- I(j): F271 (4a)
verse electron spin relaxation timesg and 7o, the y

molecular-frame anisotropy of electron spin relaxation has lo =1z, (4b)
not previously been addressed. Such anisotropy probably has FPRET-RE

important experimental consequences when the electronic Fﬁnhz(_) > ¢ pSél)YEﬁlp(ﬁ,go). (5)
anisotropy of the metal ion is large. A very interesting ex- 5 p=-1 "

ample is the water-soluble Mil) porphyrin, . s the nuclear gyromagnetic ratig is the electron
tetraphenylsulfonato-Miiil)  porphyrin  (Mr(lll)-TTPS)), g factor, 8, is the Bohr magneton, and, is the magnetic
which has been studied extensivEIy** in regard to its po- permeability of free spac&” is components of the electron
tential use as an MRI contrast agent. Thgwater proton  gyin yector, written in spherical tensor form analogous to
relaxivity of this complex is highly unusual, both in its ex- Egs.(4). Y®)(6,) are spherical harmonics of the polar vari-
ceptionally large magnitudevhich is higher, per bound wa-  5pjeq (0,<pq) which specify the orientation of the interspin

ter molecule, than thf_it Qf hexaaqua-Mn), as well as in its _vector rig in the laboratory coordinate frame. The coeffi-
very unusual magnetic field dependence. The extremely higBianisc. . are?
m.p

inner sphere relaxivity, which is unparalleled among known 1

Mn(lll) complexes, probablyin our view) results from an Ci1+1=C-1-1=10 75

anomalously long electron spin relaxation time along the _ _ 1/2
- : L Cy10=C-10= —(3/107%

fourfold axis of the porphyrin. Molecular frame descriptions ' '

of both electron and nuclear spin relaxation are needed. The co.;=co_1=(3/102,
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Ci1-1=C-14+1=(3/5 v
Coo=—(2/9",

Evaluation of the commutators in E(.) gives the following
expression foiRy:

A

+C.Clen afdt.

3~ 1/2

Rip ) f {(FH(HFI(0))e et
(6)

THE ORTHORHOMBIC ZFS LIMIT

Equations(1), (2), and (4)—(6) are all expressed in the
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To evaluate the trace over the variablesSpfve assume
that the electron spin system remains at thermal equilibrium
during the relaxation of, which is nearly always the case
experimentally, so thabg is diagonal,

ps=% Pl {ul,

P,=Q7*!

where|,u> and €, are the eigenvectors and eigenvalues of

H,s, Q is the part|t|on function, anﬂ’g is the thermal equi-
librium population of |x). The trace can be evaluated in
closed form in the eigenbasis bfg, the stationary part of
the electron spin Hamiltonian:

exp(— €, /kT),

laboratory coordinate frame. Our objective is to develop a

formulation suitable for describing electron spin motion in Tr[pss(l (t)S(1 (0)]

the vicinity of the zfs limit, where it is quantized along the
axes of the zfs-PAS. For this purpose, the lattice tef$0r
is expressed in the molecule-fixed coordinate frame,

+1

Fi'= 2, Fo'Dan(ab), Y

where theD{) («8) are Wigner rotation matrix elements

and a,8,y are the Euler angles which rotate the laboratory
coordinate frame to the molecule-fixed coordinate framewherewﬂ=ffle

This gives
(FHMOFY(0))
4
5]z

a.q’
(2
X 2 Cq’pcqr'erg_)p(a,(P)
p.p’

[D&%h(aﬂy:t)bg%?_l(aﬁy;0)

Y(2)

2 (0,0)TpsSP (S (0]

ea

8

wherepg is the density matrix of th& spin system, and the

curly brackets denote an ensemble average over the spatial
variables. We use the convention that quantities with super-

scripting carets {) are defined in the molecular coordinate

frame, while the corresponding quantities without carets are

defined in the laboratory coordinate frame.

We now particularize Eq(8) to the orthorhombic zfs
limit (D,E#0, B,=0) when molecular reorientation is slow,
in which case Eq(8) can be written in closed form. Slow
reorientational motion implies, in the context of E§), that

=MZV P (ulexpih " tHgH) S v)
X(v]exp(ih " Hgh)S | )

=> P, expli[w,— w,]t)
o

X expl =t/ 79) (| S [ w)(¥|S) | ),
(10

«» and 7g is a phenomenological electron
spin relaxation time.

These expressions can be put into a simple and physi-
cally transparent form in the orthorhombic zfs limit. In this
case, the eigenvectofg) transform as irreducible represen-
tations of the point grou,,, of the zfs tensor, and the
matrix elements oM, are most readily evaluated in the
Cartesian basis. For integer spifis 1 andS=2, the eigen-
functions can be classified as follows:

(i) S=1 is spanned by three eigenfunctions of symmetry
types,Big, Byg, andBsy. These functions transform
as the rotationR};, R;, and Ry, respectively, and
will be labeled|Z), |y), and|X).

(i) S=2 is spanned by five eigenfunctions of symmetry

types, Ay, Big, By, andBgy, which transform as
the Cartesian function§z?), [x>—y?), |Xy), |x2),
and|yz), respectively. The twé\g functlons,A 3 and

ALY, mix underH when|E|>0.

The angular momentum operator§; (S; ,S;) transform as
Bag, Bog, andB, g, respectivelyi.e., like Ry ,Ry,R3). It can
readily be verified that in the Cartesian representatlon the
matrix elements u|S;|v)(f =X%,y,2) vanish if the symmetry
reps of any two of the three quantitiég,, |v), or S;, are the

the time scale of electron spin relaxation is rapid comparegame. FoiS=1, the only nonvanishing matrix elements are:

to that of Brownian reorientation, in which case
D{N(aBy;t)=D{)(aBy:0). Inisotropic media, the spatial

averages of the Wigner rotation matrix elements are given b<yand forS=2:

D{(aBy)Dy  (aBy)=3 16y ¢S (9)

This relation requires that’ = —q in Eq. (8).

[(XISy12)|= (YISt = [(XIS:|y) =1 11
(AglSiBsg),  (AglSyIBag),  (AglS:[Big), (129
<Blg|s§<|82g>v <Blg|S§/|B3g>v <BZQ|S%|Bsg>: (12b)
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Using these results and E@.0), the trace in Eq(8) can
be evaluated directly by rewriting the spherical tensor opera-
tors S;,S, as Cartesian operato&,S;,S;. From the se-
lection rule for(u|S;|v), it follows that cross terms such as
(1] Sca|v)(v[Splw) and (u|So|v)(¥[S«4|p) vanish, as do
cross terms containing products such(asS;| v)(v|Sy|u).
The only nonvanishing products of matrix elements are the
following:

p==1p' =1 (u|SH)(v|SH|u) =S v
—(ulSylw)I?,
) ) (139

p=x1,p' =F1: (ulSH»)(vISHlw)=[(u|SIv)?
+(ulSIm)?,
(13b)
p=0;p'=0: (u|S"[»)(¥[Se" ) =[(ulSIm)I?. (130

FIG. 1. Plot of the function ¥ P,(cosé;).

to thez axis of the molecule-fixed zfs-PAS. Physically, the
labeling of thez-axis is not unique. Although by convention

z is usually chosen as the principal axis for which the abso-
lute magnitude of the zfs energy is largest, either of the other
principal axes could be labeledand the problem solved in
an analogous fashion, but with different values BoandE.
(The conventional choice dt-axis ensures that thge/D|

ratio lies in the range 0 to 1/8From this reasoning we infer
that the coefficients ofg(t) and Gy(t) in Eq. (14) have
analogous functional forms, i.e., that

Combining the results of Eq&8)—(13), the zfs limitR,,
can be expressed in the form

2«2 o
R1p=(m Re{ fo [AG;(t)+(B+C)Gx(t) B+C=1+P,(cos 6;), (17
B—C=1+Py(cosy), (179
+(B—C)G9(t)]e"”'tdt]: (14 where cost, are the direction cosines of tHe-S vector

with respect to thex(y) axes. Although the mathematical
relationship underlying Eq$17b) and (170 is not obvious,
these relations are readily confirmed by numerical calcula-
tion.

where

A=(27/5)[4Y2Y2 —6Y Y2, (153
B=(2m/5)[+Y2Y?-3YAY? +6Y2Y 2], (15D

A PHYSICAL MODEL OF PARAMAGNETICALLY
INDUCED NMR RELAXATION IN THE ZFS LIMIT

C=(2m/5)Re(3Y Q)Y ?) 2. 612y y 2y (150

The angular variableg6,¢) of the spherical harmonics, Summarizing the discussion of the foregoing section, it
which define the orientation of the interspin vector in thehas been shown th&,, can be written as a sum of contri-
zfs-PAS, have been omitted for brevity. The angular func-butions due, respectively, to the Cartesian compongnts
tionsA, B+C, andB— C each have a simple physical inter- (f =X,y,2) of ug, i.e.,

pretation which is discussed further below. The functions

. Rip=Riz+Rix+Ryg, 18
G;(t) are time correlation functions of the electron spin tpm Tz T Ty (189
component operators, defined as 22 . )
Ry =| 7575/ [1+ Pa(cos 6:) 12 Py I(ulSi| )]
o,V
Gs(t)=2 P}, explliw,,~ rsxIOKulSin)l?, (16
X v # # Sx |< | | >| XJF(&)MV‘F&”), (18b)
with analogous expressions fGx(t) andG;(t). G;(t) con- Ts:
tains one nonzero term for each spin transitign—v) for Ji(w)= m (19
St

which the matrix elementu|S;| v) is nonvanishingzs; is a
phenomenological electron spin relaxation time describindgeach contributiorR;; has an angular dependence given by
relaxation along théth molecular axis. In the orthorhombic the function[ 1+ P,(cosé)] shown in Fig. 1, where; is the
zfs-limit, the molecular coordinate axes are physically dis-polar angle of thé —S interspin vector with respect to thih
tinct, and each is associated with a specific electron spiCartesian coordinate axis. The spectral density functions
relaxation timers; . J:;(w) describe the dipolar power density produced by Car-

The functionA in Eq. (159 can be written in a simpler tesian componentg;(t) and arise from the integrals of the
form as time correlation functions in Eq14). Each Cartesian com-

_ ponent ofR;, contains spectral contributions from the tran-

A=1+P(cosby), (173 sitions q,u)<—p>|v)) for which the transition matrix elements
whereP,(cos#;) is a second order Legendre polynomial and(u|S;v) are nonzero. It should be noted that two terms,
0 is the polar angle of the-S interspin vector with respect those for (- w,,), contribute to the sums in Eqél8b) for

J. Chem. Phys., Vol. 107, No. 19, 15 November 1997
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+1/3D

23D

0 E/D 1

FIG. 2. Energy level diagram for a sp8= 1 in the orthorhombic zfs limit.

b) 1

each distinct electronic transition frequenfy,,,|. In the
high temperature limit WherE;: (2S+1) 7%, if we assume 0.8r

w,,> o, these terms can be combined, giving a sum ove
distinct electronic transitions, 0.6}
2 . r(@)

Ry = 15° (2S+1)"[1+Py(cos 6;)] 0.4
021

X2 2 KulSHn)P(w,.). (20

MmooV

The geometric functiongl+ P,(cosé)] have a simple 0

physical interpretation in that each describes the angule
variation of the squared local dipolar magnetic field of a
magnetic dipolg.; aligned along theth Cartesian axis. This ki 3. pipolar spectral density functions -1 in the uniaxial(@ and
can be shown as follows. The local dipolar field produced abrthorhombic (b) zfs limits. The electron spin relaxation time iss;

a field pointr by a magnetic dipole of magnituge, parallel ~ =10w;". In (a), the power spectra gf, and j; coincide and appear as a
to the z-axis is single band. Inb), the zfs rhombicity i§E/D|=0.1.

B’ (N =c,r 33(k-f)f -k,

where i and k are unit vectors alongr and z, c, fields associated with the three Cartesian components of the

=(uoldm)p,, and u, is the magnetic permeability of free
space. The components Bf (r) are

2 1/2
E) ( — Y(fi-i- Y(,Zi ,
(2139

Bizcﬂr*3(3xz/r2)=cﬂr*33

2 1/2
B)'/,zc#r‘3(3yz/r2)=cur‘3(3i)(1—5) (YA +Y2),
(21b

, T 1/2 @)

— r-3 2 —c -3

By =c.r 2(3(zlr)*=1)=c,r 4(§> Yo . (210
The squared dipolar field due jo, is then

— A
/12 _ -6
|B”|*=cir (—5

(4Y@YER -6Y2IY2)

=2c5r 9 [1+Py(cosb,)]. (22

According to Egs.(21), nuclear spin relaxation results

electron spin magnetic moment. The field of each component
operatoru;(t) oscillates coherently at the eigenfrequencies
of the spin system for which the transition matrix elements
(u|S|v) are nonvanishing. Fd8= 1, the matrix elements of
each component operator oscillate at a single frequency:
uy(t) oscillates at 2g, wi(t) at wp+wg, and uy(t) at
wp— wg, as shown in the energy level diagram of Fig. 2.
Thus forS=1, Ry, can be written

K2
Rip=| 25

+[1+ P, cog 65)]I(wp+ wg)

3 H[1+ P, cog 6;)]13(2wE)

THE DIPOLAR POWER SPECTRUM

The dipolar power spectrum can be visualized through
the Lorentzian spectral density function)(w,,— )
=j(w,,). Ryp is proportional to the value of at w=

additively from the mean-square local dipolar magnetic— w,. Figure 3 shows typical power spectra of theS di-
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polar interaction forS=1 in the uniaxial[E=0, Fig. 3a)]
and orthorhombidE+# 0, Fig. 3b)] zfs limits, respectively.
Each spectrum is comprised of three Cartesian spectral de
sity functions, each Lorentzian in shaggq. (19)], and each ¢ j (@)
centered on the associated oscillation frequeigy, of the
componentu;(t). Each power band has a width @(;)‘1,
where . ; is a correlation time characterizing the stochastic
fluctuations inH4(t). The discussion of the previous section
assumed slow Brownian reorientation, in which case
=7st, but in general fc,;)‘l will contain contributions
from both electron spin relaxation and molecular reorienta: 0 20 ®p g
tion. It is possible to account roughly for the effects of
Brownian reorientation within the “decomposition approxi- F_IG. 4. Cqmparison of dipol:_ir power spectrainthe Zeeman and orthorhom-
mation” by replacingrs in Eq. (19) wih a dipolar correla- %, 15 ™% The it spectun(? 20 050 o)
tion time of the formr, ;= 1/(7g; + 753). 7.;=10"1%s. Zeeman-limit spectruni3j(w,)+7j.(ws)] assumeswsg

T, relaxation of the nuclearl] spin results from the =2owp, 7, =105, The zfs and Zeeman spectra were multiplied by the
dipolar power density ab, , which is effectively zero on the numerical factors (8/9) and (4/15), respectively.
scale of the electron spin transition frequencies in Fig. 3. In
the uniaxial zfs limit, the frequency associated wjib(t)
approaches zero while the frequencies associatedut)  |arge Fourier components near=w,. The Zeeman-limit

and u(t) approachwp (Fig. 2. In this situation the contri-  expression foRy , is (taking w<wg),
bution to Ry, from Ry; is usually much greater than the

=2j5 (20)

0.5 jy(wp ~@E) 7 jx(@5)

3j, (07) 05 jz (@p +®E)

contributions due tdRy; and Ry, except whenrs; is so 2\ (11980)? [ po\?
short thatwy ;75 3<1 0Or wxz7s ;< 1. The dependence &, Rip=Riz+Rie=| 5] — 5 | 7| S(S+1D)
on the nuclear position in the zfs-PAS is given b ,
P given by Ea<) X[33(w) + 3. (s 24

as described above.

Figure 3b) shows the dipolar power spectrum for an
orthorhombic zfs tensor witk/D=0.1, (Tsyf)7120.1 wp -
The dipolar power band associated wij(t) is displaced

The first and second terms in brackets can be sfibwm
result, respectively, from the interaction loWith the dipolar
) fields of u,(t) andu(t). The corresponding dipolar power
from »=0 to a center frequency Obxy=2we, Which  gnectym is shown in Fig. 4. The transition from the ortho-
causes a drop in the dipolar power availablewgt when  nompic fs fimit to the Zeeman limit involves a shift in the
2wxyTs;>1, increasing zfs rhombicity thus produces a yinqiar power band associated with(t) from a center fre-
rapid drop inRy;. The power bands associated Wi(t)  gquency ofw=2wg in the zfs limit, to a center frequency of
and ug(t) are displaced, respectively, to frequencies of,,—q in the Zeeman limit. This shift provides increased di-
wyz=wp+twg and wxz=wp—we. However, these high yojar power atw, and produces, whend:rs;>1, a dra-
frequency bands contribute &, significantly only when  matic rise inR;, as the magnetic field strength rises from the
they produce significant dipolar powera@f, which requires  zfs jimit to the Zeeman limit. The magnitude of the rise can
a sufficiently shortr.; that the half width, ¢.;) ™%, of the  pe calculated rather simply from the limiting expressions
power band not be too much smaller than the transition fre[Eqs.(ZO) and (24)].
quency, i.e.wp+ wg for ui(t) or wp— we for uy(t). How- As a second example, we consider the dependence of
ever, the relative contributions @t;; and Ry to Ryp also R, on the correlation timers;, in the situation wheres ;
depend on the orientation of the interspin vector in the mojs |ong enough (.;21<wD) that overlap of the power peaks
lecular coordinate frame. At constant interspin distance, thguue to u;(t) and :2*9(0 with that due tous(t) is small at
high frequency bands have a fourfold greater effect at equay=0. In this caseR;,=Ry;, and the power spectrum is
torial locations than at axial locations as described by Edsqualitatively similar to that in Fig. ®). We have observéd
(20). in spin dynamics simulations th&;, is a monotonically
The dipolar power spectrum provides an intuitive frame-increasing function ofrs; when the zfs tensor is uniaxial,
work for understanding relaxation phenomena in the vicinityput it is often a decreasing function o ; in the orthorhom-
of the zfs limit. As an example, we consider the transitionbic case. The spectral density representation provides a
from the orthorhombic zfs limit at low field to the Zeeman simple description of this behavior, as illustrated in Figs. 5
limit at high field. As described above, zfs rhombicity acts toand 6. In the uniaxial zfs limitz=0), the dipolar power
suppress the NMR-PRE in the zfs limit by shifting the dipo- band associated witp;(t) is centered at»=0. Ry, is then
lar power band due to the;(t) away from zero frequency. proportional toJ;(0) and increases linearly withs ;. When
Physically, this effect arises from the oscillation that is in-the zfs tensor is orthorhombidR,, is proportional to
duced inuy(t) by zfs rhombicity, which thereby acts to de- J;(2wg), which passes through a maximum abgrs;=1
couple the nuclear and electron spins. In the Zeeman limit(Fig. 6). Whenrg;>(2wg) 1, J3(0) andR,, decrease with
. is static with respect to precession, and thus producesicreasingrs;.
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10.0
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FIG. 5. Dependence of the dipolar power spectrum on the correlation time

Ts; in the orthorhombic zfs limit. Curves are shown for selected values ofr|G, 7. Temperature dependence of the praigiNMR relaxation enhance-

7s,; equal to(a) 2/wg, (b) Lwg, (c) 0.5/wg, and(d) 0.25kwe . mentR,, for the water protons ifiNi(Il)(acag,(H,0),] in a mixed solvent
containing 95% dioxane, 5% watér/v). The proton resonance frequency is
20 MHz.

ANALYSIS OF THE ZFS LIMIT AND INTERMEDIATE

REGIME NMR-PRE DUE TO [Ni(ll)(acac),(H,0),]
of [Ni(ll)(acag,(H,0),]. These measurements, which were

Two of us (S.M.A. and R.R.S. have previously made on a sample containing 40 mM complex in deuterated
reported* measurements of the magnetic field dependence Gfigxane solvent plus 5%/v) water, permit an extension and
the intermolecularR,, of the dioxane solvent protons in so- refinement of our earlier analysis. They also illustrate the
lutions containing the&s=1 complex[Ni(ll)(acadx(H;0)2].  tility of the theory developed above as an aid for under-
These measurements confirmed the predicted incred®g,in  standing and analyzing the physical information that is con-
across the transition region between the zfs and Zeemapyined in NMR-PRE data. Experimental samples were used
limit regimes as described above. Quantitative analysis of th@nich contained excess unbound water that was in rapid
data was used in this study to place constraints on an accepihemical exchange equilibrium with axial positions in the
able range ofE|. complex. In the presence of rapid chemical exchange, the

We report here measurements of theamolecular pro-  e|axation rate of the water proton resonance provides a mea-
ton Ry, for coordinated water protons in the axial positions syrement of thentramolecular Ty, (i.e., T, of the bound

watep through the Luz—Meiboom relatidhi,

fm

R Tt *

T,, andr,, are the spin relaxation time and the mean chemi-
15} =0 cal exchange lifetime of protons in the metal coordination
E” sphere, and , is the mole ratio of bound to unbound water
j/z\(o) in solution. We first confirmed that chemical exchange is
rapid through variable temperatuRg, measurements, which
11 are shown in Fig. 7R, decreased with increasing tempera-
ture, confirming thatr,<T,,,. The magnetic field depen-
dence ofR;,, of the bound water protons at 20 °C is shown
in Fig. 8. TheintramolecularR,, data, like the intermolecu-
lar Ry, data, exhibited the predicted risefy, upon passing
0),:)0 from the zfs limit into the intermediate regime.
d .c b 3 We first analyzed the zfs-limiR,, data using Eq(23).
| | 1' | The intramolecularR,, depends on two geometrical param-
Tad eters, the interspin distanceand the polar anglé of the
S,z interspin vector in the zfs-PAS. Both of these values are
_ _ known fairly accurately from the x-ray structdfe r
FIG. 6. Dependence of the dipolar power density at zero frequency on the

! - . gy i -~ =2.79 A and#=16°. The reorientational correlation time
electron spin relaxation times; in the uniaxial and orthorhombic zfs limits. 1)

Points(a)—(d) along the abscissa correspond to curi@s(d) in Fig. 5. 7s; v’ for [Ni(ll)(acag,(H,0),] in dioxane at 20°C is
is units of oz *. 7-(R1)= 330 ps®*a value long enough that it has little influence

0.5¢

15 2
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FIG. 8. Comparison of the results of SpinDyn.f simulations vty field - . .
dispersion profile datfilled circles at 20 °C. The SD simulations were FIG. 10. Effect of variations of the zf®-parameter on the spin dynamics

performed assumind|=10.0 with|E|=0.0, 1.4, 1.8, 2.2, and 2.8 cth as simulations ofR,,. Experimental data are solid circles. Simulated curves

— — — —1 = — ~1
indicated. The electron spin relaxation timg; of each simulation was ~are shown forD=7 (uppe), D=10 andD =15 cm LlW'th E=18cm
calculated as required to fit the low field data using a procedure described iAnd 7s3=8.0 ps. The curves fab =10 andD =15 cn " coincide.
the text.

on the analysis. According to Eqe3), the zfs-limitR, is  |D|=10 cm?, |E[=1.80cm?, and 75;=8.0ps. These
proportional to the quantityd=2.0J5(2wg)+0.5J(wp  functions describe the dipolar power density dueutgt),
+wg) +J5(wp— wg) ], where the numerical factors are the #5(1), anduy(t). Itis evident from the figure that the spec-
¢-dependent quantities. From the experimental zfs-limittral contribution atw, due tous(t) is much greater than the
value of R;,=240 s1 we calculated=0.518< 10 2. contributions due tu;(t) or uy(t). For this reason, only the
Keeping this value fixed, we then performed spin dy-eigenfrequency and relaxation time @f(t), which are 2vg
namical simulations in whicfE|, |D|, andrs; were permit- and 7s;, are significant parameters of the analysis. The
ted individually to vary(Fig. 8. The fitting procedure de- simulations were virtually independent bf, as is shown in
pended rather sensitively ofE| and rs; but was nearly Fig. 10, which compares the results of three spin dynamics
independent ofD|, 7s3, and rs;. Satisfactory fits to the (SD) simulations performed using different values |&f],
data required the valug€|=1.8+0.1cm* andrs;=7.9 |D|=7, 10, and 15cm’, with |E| and 7s; fixed at
+0.3 ps. The dependence of the analysis on only these tw80 cni* and 8.0 ps. The calculated curves fBf=10 and
parameters is well explained in the spectral density represefd cm * coincide within the width of the line, while the
tation. Figure 9 shows the three Cartesian spectral densi§imulated curve fofD|=7 cm™* (upper curvg differs only

functions [1+ P,(cos&)]j:(w:), (F=%,V,2), computed for Slightly. Acceptable fits to the data were not found oy
<5.5cm L. This constraint onD| does not represent a di-

rect dependence &, on |D|, but rather the tight constraint
on |E| in the analysis |E|=1.80 cm'?Y), plus the fact that
[1+P5(cos8)] j~ the maximum physical value of tH&/D]| ratio is 1/3.

Spectral density representations based on 8@-(20)
provide a very useful framework for analyzing NMR-PRE
data and for understanding the information that the relax-
ation data contain. The present analysis has shown that the
water protorR,, data for[ Ni(Il)(acag,(H,0),] provide sen-
sitive measurements ¢E| and 753, while being quite in-
sensitive to the other parameters of theory. The spectral den-
sity representation shows why this is the case and illustrates
graphically the physical conditions under which the neglect
of Jy(wp—wg) and J;(wp+ wg) is justified. Based on the
above analysis forl Ni(ll)(acag,(H,0),], it seems very
likely that field-dependent NMR-PRE data of many other
FIG. 9. Dipolar power density representation of the NMR relaxation en-ZfS_IIrnIt integer spin systems will likewise depend largely on

hancement of the water protons [iNi(Il)(acad,(H,0),]. Parameters were |E| and 7Sz _The S'itua_tion for half-integer spin§=3/2
ID|=10cm}, |[E|=1.8cm?, 75;=8.0 ps. needs further investigation.

1
0 20 Wp—0 g WpHO g
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In a previous analysi8 of the intermolecular solvent tion that is contained in the experimental data and of differ-
proton relaxation enhancements produced byentiating between the sensitive and insensitive parameters of
[Ni(ll)(acag,(H,0),] in dioxane, we reported a somewhat theory.
lower range foE|, 0.6<|E|<1.0 cm%, than that reported The molecular-frame theoretical expressions presented
here. The analysis of théntramolecular data described permit the inclusion, in a straightforward way, of Cartesian
above is more accurate than that of the pridermolecular  parameters to represent the effects of molecular anisotropies
relaxation study because the molecular geometry relevant tof electron spin relaxation and of Brownian reorientational
intramolecular dipolar coupling is much more accurately dediffusion. Molecular anisotropy of the former kind, i.e., dif-
fined than that for intermolecular dipolar coupling. Currently ferent electron spin relaxation rates along different molecular
available theory ofintermolecular relaxation represents the axes, is likely to have very important experimental conse-
solute as a hard sphere which excludes the diffusing solveruences in complexes where the electronic environment of
nuclei from penetrating an effective radids (which enters the metal ion is far from cubic, as, for example, in metal-
the theory asd_ ). The theory does not account for non- porphyrins. A molecular-frame Redfield-type theory of elec-
spherical shape of the solute, but rather parameterizes sutton spin relaxation is needed to describe these effects.
effects withind. . This parameterization is likely to be rather
poor in the vicinity of the zfs limit, however, particularly
whenintra- and intermolecular data for the same complex

are c_ompared quantitativel;_/. Since the z_fs-lirR'g_p_results [Ni(I1)(acag,(H,0),] was synthesized and characterized
principally from u;(t), the highest relaxation efficiency oc- 45 described previousf.A 20 mM solution of the complex
curs at near-axial positions of_ the co_mplex with relatively,, 55 prepared in a mixed solvent containing 5%) water
small 6. A hard sphere calculation of thistermolecularR,, i dioxane-g. 200 ul of this solution was transferred to a 10
for a solute such agNi(ll)(acag,(H;0),], which has @ mm glass tube which had been washed in concentrated sul-
shorter distance of closest approach in axial than in equatqyyic acid and rinsed with distilled, deionized water to re-
rial directions, will tend to underestimate the trRg,. AN 6ye Jabile paramagnetic ions on the surface. The sample
accurate calculation for thetermolecular case requires that ;4 degassed by four freeze—pump—thaw cycles and sealed

the translational time correlation functions of theory be,nder vacuum. TheT, measurement techniques are de-
evaluated using a molecular coordinate frame description of.rined in Ref. 34.

electron spin motion and a nonspherical excluded volume to
describe the solute molecular shape. We are currently under-
taking calculations of this kind. ACKNOWLEDGMENTS
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