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An analysis of the electronic structure of the high-spid’ 3Co(ll) ion in the approximately
octahedral Cdl)(acag,(H,O), complex is presented in terms of crystal fields of descending
symmetry from octahedral to orthorhombic. The energies and wave functions resulting from the
interplay of these fields with the spin—orbit coupling are used to obtain zero-field splittings,
magnetic moments, magnetic susceptibilities, andalues for the complex. The calculated
temperature dependence of the susceptibility is compared to the reported dependence for
Ca(ll)(acag,(H,0),, yielding bounds on the strength of the tetragonal component of the crystal
field. The calculated anisotropy in the susceptibility is used in an analysis of our observed
pseudocontact NMR shifts for methyl and methine protons in the complex. A procedure is outlined
for using a crystal field analysis to compute pseudocontact contributions to proton chemical shifts
starting fromg values extracted from ESR spectra. The relationship between molecular structure and
crystal-field splittings is also explored via a seriesabfinitio electronic structure calculations for

the M(Il)(acag,(H,0), complexes with M=Mn, Co, Ni, and Zn. ©1999 American Institute of

Physics[S0021-960809)01446-4

INTRODUCTION the corresponding Nil) complex, but containing instead the

. N - . A .
We have recently publishéd a series of experimental high-spin $=3/2)3d" Calll) |pn. This on is gn orbitally
and theoretical studies of proton NMR relaxation in para_deggn.eraté'.rlg groupd term if o.ctahed.ral, W'_th the result
magnetic transition metal complexes. The first these fo- that it is subject to a first-order spin—orbit splitting. The mag-
cused on theS=1 complex transNi(ll)(acag,(H,0),, netic behavior of thidis-acac Cdll) complex was carefully
where “acac” denotes the acetylacetonate anion. We prestudied as a function of temperature by Figgis al, who
sented a molecular-frame theoretical model appropriate toeasured the magnetic susceptibility of this and 14 other
this complex, in which the zero-field splittingFS) of the  high-spin Cdgll) complexes in the range 78—295 K. An ex-
electronic spin triplet is larger than the electronic Zeemanended crystal-field model of trf‘glg ground term was em-
energy, with the result that the electron spin precessiongl|oyed to analyze the data, leading to a value of the effective
motion is spatially quantized with respect to the molecuIe-m(,j‘gneﬁC moment of 4.96 B.MBohr magnetonsat 295 K
fixed principal axis system of the orthorhombic ZFS tensor,

) .~ for the bissacac complex. In our present study we utilize a
of this D, symmetry complex. The proton NMR relaxation : ) -
. ..~ closely related model to obtain the zero-field splitting tensor,
enhancementR;, was shown to arise from additive

molecular-frame  Cartesian components of the time-the g tensor, and the magnetic susceptibility tensor for the
dependent electron spin magnetic moment operatet). trans-Co(ll)(acag,(H,0),, complex. These results are used
The second of our studidgocused on theS=2 complex here in an analysis of the pseudocontact proton NMR shift in
Mn(lIl)-TPPS, where “TPP” denotes the tetraphenylpor-this complex and will also be used in an analysis to be pub-
phyrin dianion and “S” the sulfonate anion. The high-spin lished later of proton NMR relaxation mechanisms in this
Mn(lll') ion has an orbitally degenera?Eg ground term if  and other high-spin Gd) complexes. We also explore the
octahedral, with the result that the ZFS for this ion in itsrelationship between molecular structure and crystal-field
tetragonal site@,, symmetry in the TPPS complex is quite  splittings for this complex via a series ab initio electronic

large. We analyzed the ob_ser\_/ed magnetic f_ield dependencgycture calculations for the M)(acag,(H,0), complexes
of the proton NMR relaxation in terms of a field-dependent,,iih, M=Mn. Co. Ni. and Zn.

guantization of the electron spin states arising fromslﬂﬁg

ground term. L ; -
Crystal-field (or ligand-field analyses involving the in- high §p|n Call) complex 'S ”?e.rfna”y pop.ulat.ed the anisot
terplay of spin—orbit coupling and low-symmetry crystal ropy in the magnetic susceptibility tensor is simply related to
fields were an important part of the theoretical part of ourth€ @nisotropy in thg tensor, the latter obtainable in favor-
studies of proton NMR relaxation in both the (N) and  able cases from ESR spectra. The relationship between these

Mn(lll) systems described above. The next paramagnetieroperties provides an experimental basis for determining the

system which we have studied experimentally and theoretisusceptibility component values which are needed for the
cally is the complextransCo(ll)(acag,(H,0),, similar to interpretation of nmr hyperfine chemical shifts.

To the extent that only the lowest Kramers’ doublet for a
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OCTAHEDRAL CRYSTAL FIELDS —(1/3)y{L.S calculated with respect to the 12-component

. . . basis|MgM, ) for the Iower—energy‘Tlg multiplet. Sincey

o a0 oo o o ™ & negaie. e Testorder sptin of 1, mupet o
scribe its electronic structure in terms of magnetic momentsl;jgv :nr;oir?ﬁlzl)' a}/rzds ;dlg/lglgs mm ‘?zelr/g;ezlcéﬁlsagg,sl(zll??e_
glig?rﬁggoif;iggg;gtt':j’vﬁw c\i/:;l(ii d\?r?g as;ri::]e;r;f sgg']ingpectively. These levels may be assigned octahedral double-
ning here with octahedral crystal fields. Throughout ourdroup labelsEy, Ug, andEq+ U, If desired, although the

analysis we shall primarily use the parameters employed bgrder. Takingy as —1.424(A as 9300 c?) and using the

Figgiset al.in their fit’ of the temperature dependence of theCo(II) free-ion value of 435 ciii for the spin—orbit param-

magnetic susceptibility of this complex. These parameters _ _ . .
are 9300 cm’ for the octahedral splittings, 980 cn? for eter y, the J=3/2 andJ=5/2 levels lie at energies of 310

-1 =1 _
the electron—electron repulsion parameBer510 cm ' for cm " (445 K) and 826 cm” (1188 K) above theJ=1/2

F . 4 ground level.
;?eeefirgr? !sori]ns—p(;rr]bi?rb;ra?rireim?ffﬁeazgrsslse ;n\]/aflzre;hfeor We next incorporate these energies into Griffith's
the aram?eters dessribin thqer cr stal-fieldps Ii.ttin s in tetra (_axpression%for the magnetic susceptibility of an octahe-
onalp and orthorhombic sg mmet)r/ies are i\F/)en ir£1J later seggraI high-spind” complex in terms of an effective Bohr mag-
tions y 9 neton numbejs. These expressions, adapted to Sl units so
. . T . ﬁ -1
The 3d’ configuration gives rise to two high-spirs ( thatX is the molar susceptibility in ol are

=3/2) multiplets, namely the lower enerjy and the higher

sixfold degeneracy associated witkr 5/2 is retained to first

energy*P. Under the influence of an octahedral crystal field ~ X=(uoNoBY3KT)SWyude(I)/EW;, (43
the*F multiplet splits, in ascending energy order, iy, ,

4 4 . 04

Tog, and”A,q multiplets, while®P transforms a§Tlg. In Mgﬁ( 1/2)= (5 gJ/2— )23— 20(ge— 7)/3xy, (4b)

addition the octahedral field mixes the tv%lg multiplets.
We choose the alternative description in which the pair of
T,y multiplets are associated with the strong-field configu- w2i(312)=(1194/2+2y)%115+ 88(g.— y)?/75xy, (40)
rationst3,e; andt3,es; this description in no way implies
that the octahedral splitting parameteror 10 Dg is nec-
essarily large. In this strong-field basis th& 2 matrixH of

the octahedral crystal field and the electron—electron repul-
sion is giver! by where theW; are Boltzmann factors including the level de-

generacy d+1, x is {/kT,uq is the vacuum permeability,
A+98B _GB> 1) N, is Avogadro’s numberk is the Boltzmann constang is
- 6B 0

the Bohr magnetoriB.M.), g, is the free-electrorg value
in which thetgges diagonal element is arbitrarily set to zero. 2.0023, and the summation is ovrThe first term in each
Each two-component eigenvector may be written in the fornﬁ

p2i(512)=T7(3 ge/2+ y)?/5+ 36(ge— 7)2/25xy,  (4d)

iﬁ(J) expression is independent of the temperaftirand
ence gives rise to a Tffirst-order contribution toX, while
= cosa|t3;(*T2g)€5(*Asg) *T1g) the second term, proportion T gives rise to a temperature-
. independent second-order contribution Xo The resulting
+S'naltgg(3T19)eg(2Eg)4T19>' 2) value of the susceptibilityX may be applied to deformed
The effective orbital angular momentum of a (\gi\/é\‘ﬁ1g octahedrall” complexes if we invoke Van Vleck’s theorém
multiplet may be written agL, wherey is given in terms of  that low-symmetry crystal fields do not affect the magnetic
the coefficients in Eq(2) by susceptibility to first-order. We obtain a thermally averaged
rms wes Value of 5.14 B.M. at 298 K, essentially identical to
the value of 5.11 B.M. extracted by Abernafhyom the
The orbital angular momentum operatois taken to operate room temperature magnetic susceptibility of a powdered
on anL=1 pseudd effective multiplet. As discussed by Co(ll)(acag,(H,0), sample, but slightly higher than the
Griffith,® —3/2<y<—1, with y——3/2 in the weak-field value of 4.96 B.M. at 295 K measurebly Figgiset al. If our
limit («—w/2) and y——1 in the strong-field limit ¢  calculation is restricted to the lowest three doublets the value
—0). Taking the electron—electron repulsion paramBtey s only slightly larger, namely 5.25 B.M., but if restricted to
have the value 980 chl, y for the Iower-energ)?T1g mul-  the lowest doublet it is much too large, namely 6.32 B.M.,
tiplet has values of-1.469,—1.416, and—1.365 forA val-  thus indicating the importance of thke=3/2 level, but not
ues of 5000, 10000, and 15000 ¢h respectively. The theJ=5/2 level, for the susceptibility at 298 K. The range of
value of y is close to—1 only for very largeA values (¢  applicability of Van Vleck’s theorem to our Cid) complex
=—1.181 forA=50000cm?), for which the Cdll) com- is discussed in the section on Magnetic Moments in Low-
plex would be low spin anyway. Throughout the remainderSymmetry Crystal Fields, in which we show that consider-
of this paper we use a value ¢f= —1.424 corresponding to ation of the tetragonal field does bring our calculated mag-
A=9300cm?. netic moment into very close agreement with the value of
We next calculate the eigenvalues and eigenvectors dfiggiset al, but that the smaller orthorhombic field does not
the matrix of the effective spin—orbit operatdfig,= significantly affect the computed moment.

y=—cog a—2 sina cosa+ (1/2)sir? a. (3)
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TETRAGONAL CRYSTAL FIELDS 9

Our next step is to consider the effect of a tetragonal
crystal field simultaneously with the spin—orbit coupling and 8 T
then to calculatg values separately for each thermally popu-
lated Kramers' doublet. The environment about thglQo 7}
ion in the Cdll)(acag,(H,O), complex is actually of only
D,, symmetry, but we idealize this tD,, symmetry for
present purposes. From an x-ray structutee Co-O dis-
tances in the G@l )(acag,(H,0), complex to the four acac O
atoms average 2.04 A, while those to the two water O atoms § 5 |
average 2.22 A, thus approximating a tetragonally elongated % L
complex with D, symmetry. The effect of such an axial =
field on a“Tlg multiplet may be expressetby the effective
HamiltonianH ,,, where

N

3 p
Ha= — 8(L2—2/3). (5)

As with the previously defined orbital magnetic moment and 2
spin—orbit Hamiltonian operators, the operand is taken as an
L=1 pseuddP multiplet. Positives corresponds to a split- 1
ting with “E4 below *A,4, and is associated with an axial
compression, while negativ@corresponds to a splitting with

0

4A29 beI0W4Eg, and is associated with an axial elongation, ‘
as in our Cdll)(acag,(H,0), complex. (Our parameters -2000 -1000 0 1000 2000
corresponds in magnitude to the axial splitting parameter
*“ A" of Figgis et al, but is given an opposite sign conven-

tion.) To the extent that the lower enerC]Vlg multiplet de-  FIG. 1. Dependence @,=g, () andg,,=g, (<) values for the lowest

. . f . . 2 Kramers’ doublet of high-spin GH) on the axial splitting parametet in
rnves eXCIUSNely from the strong field Conflguratlmgbeg cm %, with all values referenced t8'=1/2 and computed using=1.424

the axial spliting parametes represents the comparatively (s - 9300 cm?) and 7=435cm™. Negatives corresponds to axial elon-
small separation between tlvez, y2 pair of t,4 orbitals and  gation, positive to axial compression.

the xy t,4 orbital. (For A=9 300 cm?, the fraction of this
configuration is 0.919.The comparatively large separation
of the 3z*—r? andx®—y?e, orbitals contributes to the axial obtained, assuming a reference effective sir=1/2, by
splitting of a“Tlg multiplet only to the extent that the con- g, =2 u/B, wherek=x, y, andz denote molecular axes.
figurationt‘z‘geg contributes. Note that thew,, values do not correspond to the values
Griffith has tabulatetithe matrices of the spin-orbit cou- described in the section on octahedral crystal fields, as the
pling Hg, and axial crystal fieldH,, Hamiltonians with re- w4 include the excited-state contributions associated with
spect to the six Kramers’ spin—orbit doublets arising from atemperature-independent paramagnetism, while tthe do
“T14 multiplet. These matrices are of sizex3 for |M,| not.
=1/2, 2x 2 for|M4|=3/2, and X 1 for |M,|=5/2. We take The axially symmetric tetragonal case is special in that
6<0, so that the lowest energy eigenvector of {ihé;| the 2X2 Zeeman matrices for each doublet are diagonal in
=1/2 matrix and the lower energy eigenvector of tM;|  the basi§MgM, ) for Bliz, but purely off-diagonal foB1 z.
=3/2 matrix correspond to the two doublets arising from theTaking as beforey=—1.424 A=9300cm?Y) and ¢
4Azg multiplet. After diagonalizing these matrices, we calcu- =435 cm %, together with= —550 cm %, we obtain for the
late electronic magnetic moments, to whighalues are pro- |M;|=1/2 doubletg,=2.43 andg, =4.99. The averageg(
portional, by assuming that all Zeeman energies are smal-29,)/3 is 4.14. These values assume an effectd/e
compared to the zero-field splittings between Kramers’ dou=1/2; if referenced to the tru&=3/2, g, =4.99/2=2.50.
blets produced by the interplay of the spin—orbit couplingNeglecting Zeeman matrix elements between this and the
and the tetragonal crystal fields. That is, we consider Zeemanext higher doublet is justified as the axial zero-field splitting
interactions within each Kramers’ pair but ignore interac-(ZFS) is very large, namely 165.4 c¢m, corresponding to a
tions between pairs. This treatment constitutes first-order ded parameter of 165.4/282.7 cm . The dependence of the
generate Zeeman perturbation theory, leading tx& Zee- g values for the lowest Kramers’ doublet on the axial split-
man matrix for each doublet; the eigenvalues for a giverting parameters is shown in Fig. 1, with all values refer-
direction of the magnetic inductioB with respect to the enced toS'=1/2. Whileg,,=g, is smaller tharg,,=g, for
molecular axes yield the appropriate magnetic moments asegatives, corresponding to an axial elongation, the reverse
Zeeman energy eigenvalues per unit of magnetic inductiorobtains for positived, corresponding to an axial compres-
The magnetic moment operataris taken asB(yL +g.S), sion. The isotropig value for zeroéd is large, namely 4.29.
whereg, is the free-electrog value 2.0023. From the eigen- Aasa and Vangad'® have given an approximate expression
valuesu,, of each magnetic moment matrig,, values are for field-swept EPR signal intensity d=1/2 systems in

Axial Parameter Delta
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6 the lowest two doublets whose separation is decreasing from
176 to 101 cm? over this range of. The partition function
may in fact be approximated by considering only the lowest
two doublets(four statey giving a value of 2.900 aff
=298K for 6=—550cm ! as compared to the 12-state

value of 3.088.

ORTHORHOMBIC CRYSTAL FIELDS

We continue this analysis of the electronic structure and
magnetic properties of approximately octahedraflJ@om-
plexes by considering the effects of an orthorhombic distor-
tion superposed on a tetragonal distortion. In this section we
take the axialtetragonal splitting parametep in Eq. (5) to
have a value of-550 cm %, the value usetby Figgiset al.
in their fit of the magnetic susceptibility of the
2 Ca(ll)(acag,(H,0), complex. They, however, did not con-
sider orthorhombic fields in their study, as the susceptibility
is essentially insensitive to small crystal-field splittings. As
all six Kramers’ doublets arising from"ﬁ'lg multiplet trans-
11 form as theEé(l“sg) irreducible representation of the spinor
double-groupD?%, it is necessary to set up and diagonalize
g the matrix of HgytHayt+Home iN the 12-component
IMsM ) basis. The effect of an orthorhombic field oﬁ'l’aig

0 ‘ ‘ ' multiplet may be expressed by the effective Hamiltonian
-2000 -1500 -1000  -500 0 Horno, Where

Spin Hamiltonian Parameters
W

Axial Parameter Delta Hortno= €(L2— Li). (6)

FIG. 2. Dependence df,,=g, () values for the upper Kramers’ doublet A ajternate form, appropriate for bond-bending deforma-
(g, =0 for this doublex of high-spin Cdll) and of the zero-field splitting tions in thexy plane, is

2D (O) between the upper and lower doublets in units of A8 on the

axial splitting paramete in cm %, with the g value referenced t&' H —e(L.Lo+L.L 7
=1/2. Values computed usingy=1.424 (A=9300cm?) and ¢ ortho= €(Luly + LyLy). 0
=435cmt, Using the 12-component bagisisM, ), the 12< 12 matrix

of Hyuno IS diagonal inMg but off-diagonal inM , with
nonzero elements connectidg, =+1 with M =—1; all
powders or frozen solutions in the presence of layg@isot-  nonzero elements of operator K@) equale (in units of#2),
ropy. Their expression, which corresponds to 2/3 times thevhile those of Eq(7) arei € if the ket containgvi, = +1 and

root-mean-square of the principal values of thiensor plus —ie if the ket containsM = —1. As the interplay of the
1/3 times their arithmetic mean, yields an intensity factor ofspin—orbit coupling and the tetragonal crystal field lift all
4.25 for the parameters given above. degeneracies within é\Tlg multiplet save the Kramers’ de-

In Fig. 2 we show the dependence of the ZFS splittinggeneracy, introduction of an orthorhombic field produces no
2D in units of 1¢ cm™* on the axial splitting parametéras  additional splittings despite the resulting separation between
calculated usingy= —1.424 andt =435 cm 1. We note that the otherwise degenerate and yz pair of tyg Orbitals. As
the splitting increases a8 approaches 0, rising from 101 shown below, the effects of an orthorhombic crystal field are
cm 1 for §=—1000cm* to 310 cm! for =0, where the quite subtle but nevertheless important to consider.
splitting corresponds to a first-order spin—orbit splitting. We  Electronic magnetic moments, to whiglvalues are pro-
also show in Fig. 2 the dependenceggf=g, values for the portional, are calculated as before, by assuming that all Zee-
upper Kramers’ doublet witiM ;|=3/2 on§ (g, =0 for this  man energies are small compared to the zero-field splittings
double}, again assuming an effective’=1/2). For ex- between Kramers’ doublets produced by the interplay of the
ample, withd= —550 cni %, g,=5.29, or if referenced to the spin—orbit coupling and the low-symmetry crystal fields.
true S=3/2,9,=5.29/3=1.76. That is, again we consider Zeeman interactions within each

This upper doublet is important in describing propertiesKramers’ pair but ignore interactions between pairs.
such as the magnetic susceptibility, as the 12-state electronic Again taking y=-1.424 (@A=9300cm?), ¢
partition function at 298 K is 3.088, corresponding to which=435cm?, and &=-550cm?, together with €
the Boltzmann population of each of the lowest energy dou=100cm?, we obtain for the|M,/=1/2 doublet g,,
blet states is 0.324 and that of each of the next higher energy 2.40, g,,=4.26, andg,,=5.71. The averageg(.+ g,y
doublet states is almost half as much, namely 0.146. This-g,,)/3 is 4.12. These values assume an effecBve 1/2;
partition function is fairly insensitive td, varying (for 298  if referenced to the trues=3/2, g,,=4.26/2=2.13, and
K) from 3.072 for 6=—500cm?® to 3.266 for 6= gyy=5.71/2=2.86. For the|M,|=3/2 doubletg,,=5.21,
—1000 cm?, reflecting that most of the contribution is from g,,=—0.61, andg,,=0.67. The sign alternation between
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g Values

0 200 400 600

Rhombic Parameter Epsilon

FIG. 3. Dependence d,, (O), g, (A), andg,, (¢) values for the lowest
Kramers’ doublet of high-spin Qi) on the orthorhombic splitting param-
eter e in cm %, with all values referenced t8'=1/2 and computed using
y=1.424,;=435cm’}, and an axial parametef of —550 cn’. For e
=0 the system is tetragonally elongated with respect tativas, while for
e=—8=550cm! it is tetragonally compressed with respect to yhaxis.

gxx andg,, means that the state which increases in energ

with increasing inductiorB, decreases with increasirig, ,

but vice versa for its Kramers’ partner. These values agai

assume an effectiv&’ =1/2; if referenced to the tru&
=3/2,9,,=5.21/3=1.74. We do not reference tlg, and
gyy Values toS' = 3/2 since all matrix elements & andsS,
vanish within a pure 2-state spin manifd@/2Mg)= =+ 3/2.

The overall splitting between the two lowest doublets is
168.1 cm?, virtually unchanged from the value of 165.4
cm 1 for e=0, while the 12-state partition function is 3.086
vs 3.088 fore=0. Finally, the intensity factor calculated for

€=100cm ! using the Aasa and ‘ragad'® expression is

4.27, insignificantly larger than the 4.25 value calculated as-

suminge=0.

The dependencies of ttgevalues for the lowest Kram-
ers’ doublets on the orthorhombic splitting parametere
shown in Fig. 3, with all values referenced $=1/2. The
axial parameteb is taken as-550 cmi ! for this figure. The
range of e is taken from 0 to 550 cimt, at which value

Lohr, Miller, and Sharp

dered solid(P-band samples at temperatures as low as 4.2
K. All spectra were too broad and featureless to yield reliable
g values. We do note in Fig. 1 the sensitivity @f, to 5 in

the neighborhood 0= —500 cm * and in Fig. 3 that ofj,
andg,, to ¢ suggesting g-strain” as a major contributing
factor to the breadth of the ESR signals.

In conclusion, the main consequences of rhombicity in
the xy plane are first, to create a measurable anisotropy be-
tween theg,, andg,, values for the lowest Kramers’ doublet
and second, to make thg, and gy, values for the upper
doublet different from zero. The very large ZFS of the orbit-
ally nondegeneratéA,, component of théT,, multiplet of
a distorted high-spin octahedral @9 complex precludes
the use of a commog tensor to describe the magnetic mo-
ments and Zeeman energies of both ti\ég=1/2 and
IMg|=3/2 Kramers’ doublets arising froftA,,. While the
entire 2<2 matrices ofu, and u, vanish in the tetragonal
case for the two Kramers’ doublets wil ;= *3/2 and the
single doublet withM ;= +5/2, so thatg,=g,=0 for these
cases, the presence of an orthorhombic crystal field, as rep-
resented by the effective orbital angular momentum operator
(6) or (7), mixes the basis functiof=1/2, +1) in the M
=+ 3/2 axial eigenstates with thd ;= + 1/2 basis functions
|£1/2, ¥1), and thus indirectly with other th& ;= +1/2
basis function$+1/2, 0 and|+3/2, +1), as well as with the
M;=F5/2 basis functiong=3/2, ¥1). (No orthorhombic
mixings arise from thel=3/2, O component of theM
=+ 3/2 axial eigenfunctions.Because of these small mix-
ings, each nominallyM ;= + 3/2 eigenstate is connected to
its M ;= —3/2 Kramers’ partner by thg, and u, operators
so as to makeg,, and g,, nonzero. Similarly, theM ;=
+5/2 axial eigenstates, identical to the basis functjor/2,
+1), acquire via the rhombicity=3/2, =1) character and
hence acquire via the spin—orbit coupliMy= £ 1/2 char-

cter from the basis functiong 1/2, O and|+1/2, +1), and
ess directlyM ;= *3/2 character from the basis functions

Ij113/2, 0 and|+1/2, ¥1). These mixings makg,, andgy,

nonzero for the Kramers’ doublet derived from the;=
+5/2 axial eigenstates. Thus the interplay of the spin—orbit
coupling and the axial and orthorhombic crystal fields makes
all 12 eigenstates of éTlg manifold for a high-spin nearly
octahedral C@l) complex have nonzero magnetic moments
and hence nonzerg values for arbitrary orientations of an
external magnetic field with respect to the molecular axes.
All six Kramers’ doublets are qualitatively identical as they
transform as the sameE&) irreducible representation of the
spinor double-grou3,,, although they differ quantitatively

in energy andy values.

MAGNETIC MOMENTS IN LOW-SYMMETRY CRYSTAL
FIELDS

In the section on Octahedral Crystal Fields we gave the
calculated effective magnetic momept for our Cdll)

(e/ 5= —1) the system is in effect tetragonal but with an complex as 5.14 B.M. at 298 K. This value was obtained

axial compression along theaxis. (The g,, andg,, values
in Fig. 3 merge fore=550cm ! to form a newg, .)

using Giriffith’s expressions for an octahedral complex, thus
invoking Van Vleck’s theorem that low-symmetry crystal

We have made several unsuccessful attempts to obtafirelds may be neglected. This assumption should be valid if

the ESR spectrum of the @b)(acag,(H,0), complex in fro-
zen acetonéX-band, frozen chloroformP-band, and pow-

the low-symmetry splittings are small, or at least not larger
than kT, which equals 207 ci at 298 K. As the axial
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splitting paramete® is most likely larger than this in mag- 5.2
nitude, we now describe our calculation @fs for high-spin
Co(ll) complexes with arbitrary tetragonal and orthorhombic

. 51+
crystal fields.
The procedure is essentially a generalization of that
given by Eqs(4a—(4d), namely, 5 1

p2(T)=SW,u24(I)ISW,, (8)

where theW; are Boltzmann factors for thgh Kramers’
doublet. Each contribution contains two types of terms; the
first are the temperature-independéide from Boltzmann
factory “diagonal” contributionsu?+ u’+ u’ based on the
expectation values of the components ©f B(yL +0.S)

with respect to each doublet, while the second are
temperature-dependeiiin addition to Boltzmann factoys
“off-diagonal” contributions based on matrix elements of
the components ofc between a given doublet and each of
the other five doublets. The latter contributions are of the
type associated with the so-called temperature independent
magnetic susceptibility, as the relationsHigqg. (4a)] be-
tweenX and w2 involves division byT, that is, 4.4

X(T)= puoNoB2ul(T)/I3KT. (9)

Magnetic Moment
» ~ ~
~ © ©

¥ ; f

F-Y
[=}]
L
T

0 100 200 300
Temperature (K)

In the spin-only casg.2; has the well-known valugZs(S
+1), which is 15.0345 foS=23/2. FIG. 4. Comparison of calculated magnetic moment in Bohr magnetons for

Implementation o the procedure ffom tis point s muchi 20218 0T 27 84 5 fenberatee 1 i Bosument vates
like the calculation ofy values described in the Orthorhom- it points marked#, while the curves with points marked, A, O, and
bic Crystal Fields section; the ¥212 matrices of each com- x are for values of the tetragonal orbital splitting parametef —250,
ponent ofu are transformed to the basis of the eigenstates of 550, ~650, and—850 cm*, respectively.
H ot Haxt Horno from their original|[ MM, ) basis. The di-
agonal contributions described above are proportional to spa-
tially averagedg values, while the off-diagonal contribu- ting parametere=100cm® leaves the u.¢ value for
tions, each containing a factor &f divided by the energy §=—550cm ! virtually unchanged from the 4.95 B.M.
difference between the perturbing state and the referencealue obtained withe=0, and is insignificantly larger,
state, represent the interactions not included ingh@lue  namely 4.96 B.M., for a much larger=400 cm 2, thus vali-
calculations. That is, there is a sum over six Kramers’ doudating the neglect of such small orthorhombic terms in ac-
blets, each having not only a Boltzmann population and dicord with Van Vleck's theorem. The tetragonal field does,
agonal contributions, but also a sum of off-diagonal contri-however, lower the calculated moment about 4% from its
butions over the other five doublets. value for an octahedral complex.

In Fig. 4 we show a comparison of the temperature de-
pendence on the range 78-295 K of quy; values calcu-
lated usingy= —1.424 and{=435 cmL, together with an SUSCEPTIBILITY ANISOTROPIES AND PROTON

orthorhombic parametee of zero, with the experimental PSEUDOCONTACT SHIFTS

temperature dependence reported in Ref. 3 for |n the previous section we outlined our procedure for
Co(ll)(acagy(H;0),. The four calculated curves are for val- calculation of the(dimensionlesseffective Bohr magneton
ues of —250, —550, —650, and—850 cm * for the orbital  number uo for high-spin Cdlll) complexes. Although the
splitting parametep. As 6 becomes more negative, the 12- yalues given there correspond to spatial averages, it is
state electronic partition functioq rises slightly anduer,  straight forward to calculate instead values corresponding to
which contains a factor ofi =2, falls. Our uy values are  principal valuesX;; (in m®mol~%) of the molar susceptibility
fairly insensitive to small variations if, with the best agree- tensor by simply selecting the magnetic moment operator
ment for a5 value of ~550 to —650 cm *. Figgiset al. fit ;= g(yL +g,9) to lie along the desired principal direction.
their measurementso a model with a splitting parameter of These values may then be used to calculate the isotropic
550 cni* (opposite sign convention to oud, pointing out  pseudocontact shift'? contribution 8°. For a proton at a
that their data can also be fitted using an oppositelydistanceR from the paramagnetic center and with direction
signed parameter of-1040 cm*, corresponding to cosines cos,, cosé,, and cos, with respect to the principal
5=+1040cm™, implying that “Eg lies below*Ay. The  axesx, y, andz of the complex,s°¢, an example of a 85,

latter interpretation may be rejected based on the structure @hay be written as

Ca(ll)(acag,(H,0),, with longer bonds to water oxygens
than to acac oxygens. Introduction of an orthorhombic split- & — —(AB/Bo)= (213NoR®) X;; P(cost), (10
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where B, denotes the field strengtior induction at which

resonance would occur for a diamagnetic counterpart of the

paramagnetic complexAB=B—B, is the difference be-
tween B for the paramagnetic complex amg}, at fixed rf
frequency, the summation is over the principal directigns
y, and z of the susceptibility tensor, and,(cosé)
=(3cog #—1)/2. Equatior(10) is a variation of Kurland and
McGarvey’s equatioft which was expressed in terms of the
pair of proton angular coordinat€3® and s, we prefer the
symmetric form of Eq(10). Our sign convention in Eq10)
follows current NMR usadé and thus is opposite to that of
Kurland and McGarvey. That is, since a “down-field” shift
from TMS is assigned a positivé value, a positives*© (or
“ 68") contribution results in a greater “down-field” total
shift, while a negatives® contribution results in a smaller
“down-field” total shift.

Introducing into Eq(10) the constraint

3 Py(cos;)=0 (11
leads to an alternative form
8°°= — (2/3NoR®)[ (X2~ Xy P2(COSHy)
+(X,—Xyy)Po(cosby) . (12

Equation(12) displays clearly the well-known result théit®
vanishes ifX is isotropic and that it reduces to

8P°=(2/3NgR?)[ (X;— X, ) P2(c0osb,) ] (13

if is X axially symmetric with respect to theaxis. The sign
conventions implied by Eq13) are such thas®® is positive
(a “down-field” shift contribution for a proton lying on the
z-axis (P,(cos#,)=1) if the susceptibility anisotropy X
—X,) is positive.

Lohr, Miller, and Sharp
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FIG. 5. Dependence of the principal values of the magnetic susceptibility
tensorX/N, in units of A> molecule* for high-spin Cdll) at 298 K on the
axial (tetragonal splitting parameters in cm™%, as computed usingy
=1.424 and{=435cm . The points denoted by the symbols and (]
correspond taX, and X, respectively, each divided by,, while those
denoted byA correspond to the weighted,.

a distance of 4.76 A. Assuming axidD;,) symmetry as an
approximation, application of Eq(13) with an assumed

In Fig. 5 we show the dependence of the principal valueyalue of 6=—550cm*, for which X;=0.0458 andX,

of the magnetic susceptibility tensoX/Ny in units of
A3molecule® for high-spin Cdll) at 298 K on the axial
(tetragonal splitting parametesin cm %, as computed using
y=1.424 and/=435cm 1. The points denoted by the sym-
bols & andJ correspond toX;, andX,, respectively, each
divided byNg, while those denoted b correspond to the
weightedX,.. For negative values of the axial paramefer
the susceptibilityX, is greater tharX;,, so thatsP¢ is nega-
tive for a proton lying on, or nearly on, theaxis. We note
the close resemblance in the shape of the plotah Fig. 5
to that of g, in Fig. 1, each vs the axial parametérand
similarly of the plot of theX, in Fig. 5 to that ofg, in Fig.

=0.0844 A molecule !, leads tosP° values of —961 ppm

for the water protons;155 ppm for the methine protons,
and +119 ppm for the methyl protons, these assumed to lie
in the equatorial plane&,~90°). With a smaller tetragonal
field corresponding t&=—250cm %, X,=0.0607, andX,
=0.0835 A molecule !, leading to 6°¢ values of —569,
+92, and+70 ppm for the water, methine, and methyl pro-
tons, respectively. With either value of the axial paraméter
there is a somewhat smaller pseudocontact shift from the
methyl protons than for the methine protons, a conclusion
consistent with the larger distance of the methyl protons
from the Cdll) center. The susceptibility anisotropy

1. If only the lowest Kramers’ doublet were thermally occu- |AX|/Xay is about 54% and 30% for thes®values, larger
pied, theX values at a given temperature would scale as théhan the approximate crystal anisotropy of 14% at 300 K as

squares of the correspondigyalues. OuiX values at 298 K

reported* by Brown et al. However the two complexes re-

are somewhat less sensitive tthan the corresponding 'ated by a glide plane in the monoclini®g,/c) crystal
squares ofy values as the second lowest Kramers’ doubletave their Co—Oblaxes almost perpendicular, greatly reduc-
has significant thermal population; with an electronic parti-ing the crystal magnetic anisotropy. Finally we have also

tion functionq at 298 K of approximately 3, two-thirds of

computed the susceptibility anisotropi¥s,— X,, and X,,

the complexes are in the lowest Kramers’ doublet, with one=~ Xyy as a function of the orthorhombic parametdor fixed

third in the next lowest.

The complex Cdl)(acag,(H,0), has four water protons
at an angled, of 14° and a distance of 2.90 A from the
Ca(ll) ion, two methine protons in the equatorial plarg (

6 values, but have not displayed these results.

AB INITIO CALCULATIONS
In order to explore in more detail the relationship be-

=90°) at a distance of 4.35 A, and twelve methyl protons atween the molecular structure of thes-acac C¢ll) complex
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triple-zeta for Mn(3l). These computations are designated
as UHF/3-21G and UHF/GEN, respectively. Specifically the
general basis set is of the form 31 for H atoms, 6111/41 for
C and O atoms, and 62111111/331211/321 for the Mn atom.
Calculations were also made at the restricted open-shell
Hartree—Fock(ROHP) level with both of the above basis
sets. These computations are designated as ROHF/3-21G and
ROHF/GEN, respectively. In Table | we present the total
energies, Mulliken charges on Mn, and the energies of the
mostly Mn(3d) MOs for each of the four computations on
FIG. 6. Structure of Ztacag,(H,0), complex withD,,, symmetry as opti- the Mn(Il) complex. While the UHF and ROHF values of the
mized at the HF/3-21G level using analytic gradients and as used in calcdMulliken charges on Mn all lie in the range 1.1-1.3, the
lations at various levels for the complexegddad,(H,0),, M=Mn, Co,  UHF orbital energies are very much larger than their ROHF
and Ni. The optimized Zn—O separations were found to be 2.026 A for thecounterparts. An octahedral splitting parametemay be
acac O atoms and 2.060 A for the water O atoms. . . .
obtained by subtracting the average of the energies of the

three lowest (;g) MOs from that of the two higheste()
» MOs; this parameter is found to be quite large, namely,
splittings and electron spin densities, we have carried out bout 20210 and 19915 chat the UHF/3-21G and UHF/

number of ab initio calculations with theGAUSSIAN 94 EN levels, respectively, but only 5580 and 7130 Crat

program®® We first optimized the geometry of the closed- the ROHF/3-21G and ROHF/GEN levels, respectively. A

shell Zn(acagd,(H,0), complex at the SCRHF) level by reasonable valueidD for this complex would probably be
using analytic gradients and the split-valence basis sefound 12000 cm, roughly the mean of the UHF and
3-21G. This computational level is designated as HF/3-21GROHF values. . . _
All structural parameters were optimized subject to the con- N Table Il we show spin results for the high-spin
straint of D,, symmetry imposed by having the water Mn(acady(H;0), complex. As is well-known, the ROHF
ligands oriented with their H-H directions parallel to the Wave functions are eigenfunctions 8f andS,, while the
axis connecting the methine carbons, and by having the méZHF functions are eigenfunctions & only, so that ROHF
thyl groups oriented with one H atom of each lying in the SPin densities for a state witl >0 cannot be negative. The
molecular plane and pointing “out(Fig. 6). The optimized ~calculated UHF/GENN s= +5/2) spin densities for the me-
Zn-0 separations were found to be 2.026 A for the acac dhine and methyl protons are quite small but opposite in sign,
atoms and 2.060 A for the water O atoms. While the formenamely,—1.5x 10 ° and 7.2<10" °, respectively; the value
is close to the value of 2.042 A found in the x-ray structurefor the water protons is much higher, namely, 4B°.
of the Cdll) complex, the latter is clearly shorter than the (The methyl value is a weighted average of the spin densities
observed 2.215 A value for the distance to the water O atfor in-plane and out-of-plane protons iD,, symmetry)
oms. Nevertheless we have used the HF/3-21G optimizeAlso tabulated are Fermi contact values in Bohfor the
structure of Ziiacag,(H,0), as a reasonable estimate of the three types of proton sites. These values represent the single-
structure of other Nacag,(H,0), complexes. particle density at the respective nuclei and are roughly pro-
We next considered the high-spin Kl complex portional to the corresponding spin densities, the latter ob-
Mn(acag,(H,0),. The ground multiplet i§Ag in Dy, sym-  tained from the difference of Mulliken population analyses
metry, with single occupancy of each of the mostly Md}3 for alpha and beta spin electrons. We note that while the spin
MOs, thus avoiding the complication found in the corre-densities for methine and methyl protons have opposite
sponding Nill) and Cdll) complexes of having both singly signs, the Fermi contact values are both positive. These val-
and doubly occupied mostly M@ MOs. Calculations were ues could be used to calculate electron—nuclear spin—spin
first made at the unrestricted Hartree—FOJKIF) level both  coupling constants and Fermi contact proton nmr shifts. In-
with the 3-21G basis set and with a general basi$®s#t  deed we have used Fermi contact values for the correspond-
double-zeta quality for each orbital type, augmented by ang Call) complex to calculate contact shifts. However our
diffuse d-function with exponent 0.0154, so that the basis isconclusion is that the values, except for the water proton

and its electronic properties including the “crystal-field

TABLE I. Ab initio energy and charge results for Kwcaca,(OH,),.

Level E2 QMNP e(byy)t  e(bsy)  e(ag) e(ay) e(byy)
UHF/3-12G ~1978.146 64 1.118 0 3909 5954 19248 27750
UHF/GEN —1988.062 15 1.313 0 4297 6163 18109 28694
ROHF/3-21G ~ —1978.14571 1.118 0 239 481 5116 6516
ROHF/GEN  —1988.060 34 1.317 0 281 709 6701 8224

®Energy in hartrees for th%Ag multiplet. Geometry optimized at the HF/3-21G level for theglEncomplex.
®Mulliken charge for Mn.
“Orbital energies of mostly Mn(@ MO’s in cm™ ! relative to that of lowestlf,;) mostly Mn(3d) MO.
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TABLE Il. Ab initio spin results for Mfacaca,(OH,),.

Level (8% psMN)®  p(CHE  pyCHy  psH,0)  F(CH®  F(CHy)  F(H,0)

UHF/3-12G  8.751 4.934 161074 1.4x1074 5.2x10°% 5.0x10°° 4.2x10°° 1.5x10°°
UHF/GEN 8.752 4.968 —1.5x10°° 7.2x10°° 4.3x10°°% 2.0x10°% 3.2x10°° 1.4x10°°
ROHF/3-21G 8.750 4.905 21074 9.4x10°° 2.8x10°° 3.1x10°° 2.9x10°° 9.0x10°4
ROHF/GEN 8.750 4.928 8610 ° 1.0x10°% 1.8x10° % 3.8x10°° 3.0x10°° 7.6x10°*

aMean value ofS? in units of 2.

bSpin densities at Mn site.

°Spin densities at designated proton sites; values for methyl protons are averaged.
dFermi contact in Bohrat designated proton sites; values for methyl protons are averaged.

values, are too small to be computationally significant. of a g electron from abzy MO to anay MO. As shown in

We next carried out calculations at the UHF/3-21G levelTable Il the energy difference between tH;, and“By,
for the Ni(ll) and Cdll) M(acag,(H,O), complexes, each multiplets is nearly the same at the UHF and MP2 levels,
taken to have the HF/3-21G optimized geometry of the cornamely, 3035 and 2763 cr, respectively. A simple orbital
responding Zfll) complex. For the Ni complex the ground energy interpretation of this energy ordering is that ithg
multiplet is expected to b&lg in Dy, symmetry[unpaired MO, oryzwith acac ligands in th&y plane and with methine
electrons in mostly Ni(8)ay andb;q MOs], corresponding groups on the-x axes, is the highest in energy of the three
to ®A,, in Oy, symmetry. Indeed we findB,4 and ®B3,  t,y MOs, a result which in conflict with the expectation of a
multiplets to have UHF/3-21G energies ef2333.35993 crystal-field analysis based on the assumption that the tetrag-
and —2 333.325 70 hartrees, respectively. The latter multip-onal paramete® [Eq. (5)] is negative and that the ortho-
let, lying 7513 cm'* higher in energy than th%B1g multip-  rhombic parametes [Eq. (6)] is smaller in magnitude thaf
let, has unpaired electrons in mostly Ni)®,y and b, The relationship between one-electron orbital energies
MOs, thus corresponding to one component of the octahedral; and the effective multiplet splitting parame#@of Eq. (5)
3Tlg and 3ng multiplets (mixed in D,,) arising from  may be expressed in the strong-field description of(Bgas
the configuratiortggeg. Thus we have found two of the ten
spin triplets arising from the d® configuration 8= (3/4)sir® a(\ .~ \,)+(Sif a—coS @)(N\;~\, ). (14)
(PAg+3%B1y+3°Byy+3%Bsg in Dy, symmetry, including
the expected lowest eneréjﬁlg multiplet arising the octa- The subscript® ande denote thee, orbitals (322—r? andxy
hedral configuratiomgges. in our coordinate systemwhile & », and { denote thet,,

For the Co complex the ground multiplet is expected toorbitals (yz, xz andx?—y?). In the strong-field limita—0,
be *Byg in Dy, symmetry [unpaired electrons in mostly corresponding to a PUrE,(2T,g) €5(*A20) Ty multiplet,
Co(3d)ay, a4, andb,4 MOs], corresponding to one spatial the only contribution tos arises from the tetragonal splitting
component oi‘Tlg in Oy, symmetry. A total of ten spin quar- of the octahedral,, orbitals, that isg=—(\;—\, ;). (The
tets arise from thed” configuration A,+3%B;,+3%B,, €] subshell is half-filled and thus not affected in first order
+3"’B3g in Do, symmetry. We have found three of these by a tetragonal field. With B=980cm® and A
multiplets at the UHF/3-21G level, namehg, and“BZg, =9300cm? as before, thé‘Tlg multiplet is close to this
both arising from the octahedral configurati laeg, as well  limit, with sin?@=0.0806 and cdsx=0.9194, so thatd
as*Ay, arising fromt;.eS. In Table Ill we summarize their =0.06044 .—\,)—0.83884,—\, ). Using orbital ener-
energies and other properties. A surprise is that the lowegies for the Mrill) complex from Table | as estimates of the
energy of the three is that of th”eBzg multiplet, with un-  \;, the orbital energy differenceshg—)\a):()\blg—)\ag)
paired electrons in mostly Co@3ay, b;,, andbzy MOs,  and A=y =(Na, = Ab,, b,,) are both positive. As the
thus differing from the expected lowest energy multiplet by afirst difference has a positive coefficient but the second a
rearrangement within thi,, subshell, namely, a promotion negative coefficient, the two contributions #&tend to can-

cel, leading tos values of approximately-2800 cm ! using

TABLE Ill. Ab initio energy, charge, and spin results for(@maca,(OH,),. UHF VaIUFlS Of. the\; from Table I, but only approximately
—250 cm * using ROHF values(The dependence on the

Multiplet Level = AE®  Q(Co°® (s?)¢ basis set is comparatively slightVhile the UHF values are
‘B, UHF/3-12G 220854145 0 1054 3751 clearly much to large in magnitude, and the ROHF values
MP2/3-21G  —2210.25428 0 0772 3.75s0 too small, the dominate contribution for each is that arising
“Byg UHF/3-21G  —2208.52762 3035 1.055 3752 from the positive orbital energy differenck (—\ ,, ;) within
MP2/3-21G  —2210.24169 2763 0776 3751 thet,, subset.
“Aq UHF/3-21G  —2208.52147 4385 1.068  3.751
MP2/3-21G  —2210.23359 4540 0.788  3.750
®Energy in hartrees for designated multiplet. Geometry optimized at th
HF/3-21G level for the Zfil) complex. eNMR SPECTRA OF Co(acac),(H,0),
PEnergy difference in cnt relative to the*B,, multiplet. . . . .
°Mulliken charge for Co. We have obtained proton NMR chemical shifts using a

9Mean value fors? in units of 42, Bruker AC 200(200 MH2) spectrometer and a sample of
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Co(acag,(H,0), synthesized by the method of Ellern and susceptibilities, andj values for the complex. These results

Ragsdalé’ The orange—red complex was characterized byin turn have been used in an analysis of the pseudocontact

its IR spectrum and room temperature magnetic susceptibiproton NMR shifts ¢°¢) in the Cdll)(acag,(H,0), com-

ity, both agreeing with literaturt® The samples contained plex. While the results are sensitive to the selected crystal-

20 mM Cdacag,(H,0), in dg-DMSO in a mixed solvent field splitting parameters, we typically find very negative

containing 1% v/v DO, 0.5% v/v toluene, and 0.03% v/v values ofsP¢ for the water protons, namely500 to —1000

TMS. The chemical shifts were measured at=20°C with ~ ppm, while the values for the methine and methyl protons are

respect to the toluene methyl pe&k 37 ppm which had positive and smaller in magnitude, typically90 to +150

previously been referenced to internal TMS. The water peabpm for the methine protons antd70 to +120 ppm for the

was assigned by sequential addition of water aliquots, bumethyl protons. We have used these computed pseudocon-

could not be assigned as arising from coordinated water. Thict shifts in an analysis of our measured shifts for these two

methyl and methine peaks gave integrated areas in the eproton types in C@l)(acag,(H,0),.

pected 6:1 ratio. We may summarize the crystal field analysis by outlin-
Taking the parent acid as a reference, the methyl protoing here a sequence of steps for making semiquantitative

resonance in Gacag,(H,0), occurs at a shifts of +23.1  estimates of pseudocontact proton NMR shif#8% in high-

ppm, that is, down-field from methyl in Hacac, while the spin Cdll) complexes:

methine proton resonance occurs at a shift+ef.7 ppm,

down-field from methine in Hacac. Referenced in this way,

the difference of+18.4 ppm between the methyl and me-

thine shifts in the C@l) complex should represent the dif-

ference in the sum of the contact and pseudocontact contri-

butions, 5°°" and 6°¢, respectively, between the two proton

types. Ours© values as calculated from the anisotropy in the

computed susceptibility yield a difference ef22 to —35

ppm between methyl and methine protons, with the Ies%C)

negative value associated with an axial splitting paraméter

of —250 cm ! and the more negative withof —550 cm . h I d : q .

Agreement with the observed total isotropic shift difference t.?fma y averaged magnetic moments and suscepti-

) . . . bilities.
would then require that the difference in the contact shifts . . I
5" be of the order of+40 ppm or greater. We have mea- (d) Use the anisotropic suscept|b|!|t|escto calculate the
: pseudocontact proton NMR shiftss{®) by conven-
sured a difference of-20.3 ppm between the methyl and tional expression&:
methine shifts in the related complex(Bi¢ag,(H,0),, with '

each shift again taken relative to its counterpart in the parent  \ye have also explored the relationship between molecu-

acid Hacac. This difference presumably arises solely fronjyr sy cture and crystal-field splittings for this complex via a
6" contributions, as the i) ion has a largely spin-only - geries ofab initio electronic structure calculations for the
magnetic moment. Replacing (N by high-spin Cdll) cre- () (acag,(H,0), complexes with M=Mn, Co, Ni, and Zn.
ates a hole in &3 MO, specificallyag(x*~y?) in Do With  Both UHF and ROHF calculations on the Mb complex, in
acac oxygens lying between thendy axes in thexy plane. \yhich each mostly-8 MO is singly occupied, yield qualita-
This MO not only has density in the plane of the acac ligandsjye|y reasonable tetragonal and orthorhombic orbital split-

but has lobes pointing in the directions of the methine PIO%ing parameters. For the Ni complex the lowest energy mul-
tons. Indeed oumlb initio calculations, while not accurate tiplet found is, as expected®B,, in D, Symmelry,
enough to yield reliable values of the very small spin de”Si'corresponding t6A,, in Oy, symmetgry. Finally we conclude
ties at the proton positions, do indicate a signifidamtier of ot the Fermi contact densities calculated from UHF wave
magnitudg increase in spin density at the methine protons ing,nctions for the Mn, Co, and Ni complexes, are, except for

going from Nill) to Calll), but only a modest change at the ¢ \yater proton values, too small to yield computationally
methyl protons. Thus we find it not unreasonable to Sugge%gnificant Fermi contact proton NMR shifts.

that the difference between the contact contributions to the

shift for methyl and methine protons for the @9 complex

is much larger than the-20.3 ppm difference we measure 1Rr. sharp, S. M. Abernathy, and L. L. Lohr, J. Chem. PH@7, 7620

for the Ni(ll) complex. (1997.
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(@) Extract principalg values for the lowest Kramers’ dou-
blet from ESR spectra.

(b) Use these values in a crystal-field analysis such as ours

to estimate principafy values for the uppefsecond

Kramers’ doublet and the excitation energy 2D to this

doublet. (Information about the upper doublet is

needed as its Boltzmann population at 298 K is roughly

one-half of that of the lower doublgt.

Useg values from(a) and (b) together with the split-

ting 2D and the temperaturBto calculate anisotropic
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