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Abstract:
tetrahedral complexes of Ni(Il) is developed.

depart markedly from the 7-! behavior previously assumed for tetrahedral Ni(II) complexes.
deviation upon published values of AH and AS for the “planar-tetrahedral” equilibrium is estimated.

The theory for the contact shift and pseudocontact shift in the nmr spectra of tetrahedral and distorted
It is shown that both the contact shift and the pseudocontact shift

The affect of this
It is further

shown that the pseudocontact shift may in some cases be quite large and should not be neglected in any analysis of

nmr shifts.

Finally, it is shown that the spin densities obtained from contact shifts are a weighted average of spin

densities in more than one ligand = orbital rather than the spin density in only one molecular orbital as is commonly

assumed in comparison with HMO calculations.

Extensive investigations have been made! of the para-
magnetic shifts in the nmr spectra of tetrahedral
complexes of nickel(II). The planar-tetrahedral equilib-
rium in many of these complexes has been investi-
gated*~ 12 primarily by measuring deviations of the nmr
shifts from the T-! dependence predicted by the McCon-
nellequations.'® !4 Further, in the analysis of spin densi-
ties in the ligands as determined by the nmr shifts, it has
been customary to assume that the pseudocontact term
is negligible in the tetrahedral Ni(II) complexes.

Kurland and McGarvey!s have recently shown that
the assumptions made in deriving the McConnell equa-
tions are violated in complexes with nearly degenerate
T, or T, ground states and have derived general equa-
tions for calculating contact and pseudocontact shifts
in complexes of this type. These equations were ap-
plied!® to the cobalt(Il) poly(l-pyrazoyl)borate com-
plexes which have a distorted ‘T, ground state with
considerable success. These calculations showed that
in these complexes the contact shift approximates T—!
in the experimental region of temperatures but the large
pseudocontact term deviates markedly from T-! be-
havior. This prediction has recently been verified ex-
perimentally. !
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In this work the results of calculations of nmr shifts
using the theory of Kurland and McGarvey'® are pre-
sented for Ni(II) in both tetrahedral and distorted tetra-
hedral ligand fields.

3T, States of Ni(Il) in a Distorted Tetrahedral Field

In the following calculations we have assumed a weak
crystal field in which we can use the °F wave functions
for the free ion.'® We further assume a distortion
from tetrahedral symmetry to the Dy, symmetry ap-
propriate to the tetrahedral forms of the aminotro-
poneimineates>3*" and pyrromethenes!® of Ni(Il).
The coordinate system chosen is shown in Figure 1.

In the absence of spin-orbit coupling, the °T, state
of tetrahedral symmetry yields the following states in
Dy symmetry

Af(M) = |0,M)
E (M) = c|£3,M,) + d|F1,M,)

| M1, M,) represents the °F state of orbital magnetic
quantum number M; and spin quantum number M..
In tetrahedral symmetry ¢ = (5/8)'/%. The excited *T,
state yields in D, symmetry the states

B(M) = (1/VD2,M) + [—2,M,)]

Ei’(Ms) = d|i3:Ms> - C|:F15M5>
and the A, state becomes in Dy,

B(M) = (UVDl[2.M) — |-2,M3]  (3)

For purposes of calculation, we will assume the E_. state
of eq 1 to be lower in energy than the A, state and the
separation between them to be § in the absence of any
spin-orbit interaction.

To evaluate the effect of the spin—orbit interaction,
we use the spin-orbit operator

sers = —AL-S )

in which the negative sign is chosen to make A a posi-
tive parameter in our equations for Ni(II). To a first-
order approximation in 3Crg the energies and wave
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Figure 1. Coordinate system used in computations on D,z sym-
metry complexes.

functions for seven of the nine states of 3T; are obtained
by solving the two determinants shown in eq 5 and 6.

Af=1)  E=(0)
Af=D)] 6§ —E —a'\
Ex0) | —an —E | 0 ®)
Af0)  Eu(I) E(—1)
A0) 8—E  —a’\ PN
E«l) |—a’\ —aA—E 0 =0 (6
E(—1) |—a’\ 0 6\ —E

The other two states are E.( 1) with energy E = aA.
a = 3c? — g*
o= 6d

The solution of eq 5 and 6 gives the energies E,% and
wave functions ¢, which are the starting point in using
the equations of Kurland and McGarvey!51¢ to calcu-
late the contact and pseudocontact shifts. As will be
demonstrated further on, the small crystal field in tetra-
hedral Ni(II) makes the second-order contribution
from the ®A; and °T, states of Ni(II) sizable and these
must be included in the computations. For the tetra-
hedral Ni(Il) complexes previously studied by nmr
we have no reliable information as to the values of §,
a, and a’. It will be necessary, therefore, to make
computations for a range of possible values for these
parameters to see what, if any, is the dependence of the
computed result on these parameters.

Theory of the Contact Shift of Ni(II) in a
Tetrahedral Field

Kurland and McGarvey!®® have shown that the
contact shift AHg/H,is given by

)

AHp _ 1 1 _ nlEnV
H, — Crnhg) z-;,y,z;(a” T >
exp(—E,’/kT) (8)
g = 2 exp(—E,kT) ®)

E,V = (.8, + 2.0023S))|¢,) (10)
@l = (Pn|3CE()|¢n) (11)
A,V = %:Kd’niscl"(l)\d)mxd)mm(lﬂ +

2.00235)|¢,) + (PalBL: +
2.0023S,)[dm)Xn|3Ce(DIGHI(ES — E,%) (12)

ger(d) = (87/3)(2.0023)yxhB2 0(r)s;;  (13)

where vy is the nuclear magnetogyric ratio, 8 the Bohr
magneton, and #; the position coordinates of electron j.

It has been shown!® ! that the contact interaction is
not the same for all the states summed over in eq 8.
It is reasonable to assume that the contact shift is dif-
ferent for the A, and E_ states and, therefore, to assume
the following relationships hold

(Ao(M)|3cr|Ad(M)) = A(A2)ALM,)[S|ALM,))
(14)
(E+(M.)[3cr|EL(Ms)) = AE)EL(M,)|S|EL(M.))

We can further assume that cross terms such as
<A2(Ms)|5CF|Ei(Ms)>

are very small or zero. The magnitudes of 4(A.)and
A(E) depend on the mechanism for producing the con-
tact shift. The mechanism generally assumed for the
aminotroponeimineates, pyrromethene, and salicylalde-
hyde imine complexes of Ni(II) supposes that covalency
interactions occur between the d orbitals of the nickel
ion and the 7 orbitals of the aromatic ligand causing
some of the spin density to be transferred into the =
orbitals of the ligand. A contact interaction between
this spin density and ring protons can then occur
through the mechanism which gives contact interactions
in aromatic free redicals. 223

The = molecular orbitals of the aromatic bidentate
ligand can be classified into two types; those which
have an even number of nodes, and therefore have paral-
lel p orbitals on the two atoms adjacent to the metal
ion, and those which have an odd number of nodes
with antiparallel p orbitals. The di; metal orbitals
form MO’s only with the = orbitals with parallel p
orbitals. Thus we can write for the contact term of an
electron in the d,, orbital

a,. = Qp+

where p,. is density of electron in p orbital adjacent to
the hydrogen atom for MO’s with an even number of
nodes. The d,, orbitals form MO’s only with the =
orbitals having antiparallel p orbitals and would have
a contact term

a- = Qp-

The d, orbital does not form a MO with = orbitals of
the ligand. Using wave functions for the F state we
can show that

(20) S.I. Weissman, J. Chem. Phys., 22,1378 (1954); 25, 890 (1956).
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A(As) = fsay + Yioa_
A(E) = Yay + Yal7 + o — pla— (15)
p =151 + &) — 1"

Equation 15 reveals that both types of ligand 7 orbitals
will contribute to the contact interaction but the major
contribution must come from molecular orbitals with
an even number of nodes. In much of the literature
on the contact interactions of aromatic ligands attached
to paramagnetic ions, it is assumed implicitly that the
unpaired electrons use only one ligand MO in any given
complex. The preceding analysis shows this simplistic
notion to be incorrect.

To calculate the contact shift to first order in tetra-
hedral Ni(II) we take § = 0, « = «’ = 1.5, and ignore
all second-order terms. Egquation 8 and 15 then give
for the contact shift

AHp/Hy = —Flay + '/sa-)/(Ynh) (16)

F= @300 220 - 0 + 2050 + 500
(17)
g=1+ 30+ 508 (18)
v = exp(—3N\/2kT) (19)

To make use of these equations we need to estimate
avalue of \. A value of 315 cm~! has been determined!®
for the gaseous Ni%** ion from optical data but covalency
effects in the nickel(II) complexes will require a much
smaller value be used in our equations. The magnetic
susceptibility as a function of temperature has been
measured for Ni%* in tetrahedral sites of ZnS,24 CdS, 25
and ZnO.?* These data have been successfully fitted to
a theory of the susceptibility in which the only adjust-
able parameter was N\. Values of A found were 150
cm~!in ZnS, 170 cm~—! in CdS, and 175 ecm~! in ZnO.
From this it would seem that a reasonable value of A
which will take into account the effects of covalent
bonding would be 200 cm~—! and this will be the value
used in calculations reported in this paper.

A plot of F vs. T-!is given in Figure 2. Also in-
cluded in Figure 2 is the result of a calculation which
includes the second-order terms and the Curie law
behavior predicted by the McConnell equation.!* In
the second-order calculations, it was assumed that

AE(®*T;) = 3500 cm~!
AE(*A;) = 8000 cm!

where AE(*T;) and AE(®A,) are the energy differences
between the ground state and the T, and %A, states.

An examination of Figure 2 reveals significant devia-
tions from T-! dependence of the contact shift even in
the experimental range of 200-400°K. This is not
surprising when one examines the relative magnitudes
of the two termsin eq 17. At room temperature (kT ~
200 cm~?) the T~ term makes only a 2-3 97 contribution
to the total shift. Thus (AHw/Ho) is determined pri-
marily by the second-order Zeeman term which one
would not expect to follow the Curie law.

(24) J. P. Mahoney, C. C. Lin, and W. H. Brumage, J. Chem. Phys.,

506, 2263 (1969).
(25) W. H. Brumage and C, C. Lin, Phys. Rev., 134, A950 (1964).
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Figure 2. First- and second-order computations of contact shift
parameter F as a function of reciprocal temperature. Curie law
line was computed from the McConnell equation (ref 14) assuming
g =20023and S = 1.

It is also seen from Figure 2 that Fis some 307 greater
in the experimental range than predicted by the Mc-
Connell equation and hence contact terms calculated
using this equation are 30% too large. The second-
order terms are seen to be significant, being more than
109 of the first-order term in the range of 200-400°K.

Theory of the Contact and Pseudocontact Shift in a
Distorted Tetrahedral Field

For a distorted tetrahedral field, the calculation of
the contact shift is identical with that used for a tetra-
hedral field except that 8 is no longer zero and « and «’
are no longer 1.5. The pseudocontact shift which
must be zero for a purely tetrahedral field can be calcu-
lated by use of the following equations!®16.26.27

AHM/H, = —/s(x) — x1)3 cos? @ — DR~? =
—D(3 cos* 2 — I)R™3 (20)

X = (kTQ)'lzn exp(— E,0/kT){[E,.V]* —
2kTZEnm(2)} (1)

m#En

Enmz(2) = |<¢n|B(Lz +
2.0023S,)|m)| (EL® — En®) (22)

Q is the angle between the main symmetry axis (z axis
in Figure 1) and the direction vector between the metal
atom and the nucleus whose nmr is being measured and
R is the distance between the metal atom and this nu-
cleus. Equation 21 is just Van Vleck’s® equation for
paramagnetic susceptibility along the symmetry axis.
A similar equation applies for x, .

To make reasonable calculations of the effect of
changing & on the contact and pseudocontact shifts,
we must estimate how the values of @ and «’ change with
8. The crystal field parameters for the tetragonal com-
ponent ¥ of the cyrstal field can be written?® as

(26) B. R. McGarvey and ), Pearlman, J. Magn. Resonance, 1, 178
(1969).

(27) W. D.Horrocks, Jr., Inorg, Chem., 9, 690 (1970).

(28) J. H. Van Vleck, “Theory of Electric and Magnetic Suscepti-
bilities,” Oxford University Press, London, 1933.

(29) C. J. Ballhausen, “Introduction to Ligand Field Theory,”’
McGraw-Hill, New York, N. Y., 1962.
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Figure 3. Second-order computations of contact shift parameter

F; as a function of reciprocal temperature for different values of
distortion parameter 6. « is computed from eq 25.

Vo = Ds(L,2 — 4) — D#(35/12L,* —
335/12L,% + 30) (23)

for F state ions. From this it can be shown that in the
limit of Ds, Dt < 10Dg

a = 32{l — ®/(Ds — 5/:D1)/(10Dg)}  (24)

From a point charge model it can be estimated that
for small distortions from tetrahedral symmetry Ds/
Dt ~ 4.5. From this it appears reasonable to esti-
mate « as a function of & from the equation

a = 31 + 0.900(5/10Dq)) (25)

In using eq 25 a value of 10Dg = 4500 cm~—! was used
to calculate . o’ can always be obtained from « by
use of the normalization condition.

In Table I are given values of F and D at 300°K for

Table I. Contact and Pseudocontact Parameters for
Distorted Tetrahedral Ni(II) at 300°K

Order of Fy X 107, F_ x 10", D X 107,
calcn o §,em™  Glerg Glerg cm?®
First 1.500 0 1.1355  0.1892 0.0
Second 1.500 0 1.2494  0.2083 0.0
First 1.500 100 1.0989  0.1722 0.5447
Second 1.500 100 1.2102  0.1892 0.7814
Second 1.530 100 1.2078 0.1926 1.0000
First 1.500 200 1.0707  0.1583 1.0946
Second 1.500 200 1.1771  0.1728 1.4966
Second 1.560 200 1.1733  0.1806 1.9552
First 1.500 400 1.0254  0.1368 2.0504
Second 1.500 400 1.1251 0.1480 2.7133
Second 1.620 400 1.1218  0.1677 3.6663
First 1.500 1000  0.9567  0.1074 3.7338
Second 1.500 1000 1.0516  0.1161 4.7575
Second 1.800 1000 1.0662  0.1855 7.0315
First 1.500 —100 1.1647  0.2060 —0.6080
Second 1.470 —100 1.2911 0.2271 —0.9307
First 1.500 —200 1.1999  0.2247 —1.1496
Second 1.440 —200 1.3359  0.2477 —1.7980
First 1.500 —400 1.2657  0.2610 —2.0028
Second 1.380 —400 1.4179 0.2888 —3.1005
First 1.500 —1000 1.3520 0.3200 —2.4295
Second 1.200 —1000 1.5214  0.3553 —3.8279

different values of §. In addition to the second-order
calculation using eq 25 values of F and D for o = 1.5

T T
§21000em™!

10

px10%7
[~}
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| ! ! ! 1 | ] L A
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(T %10
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Figure 4. Second-order computations of pseudocontact parameter
D as a function of reciprocal temperature for different values of dis-
tortion parameter 8. « is computed from eq 25.

are given for both first- and second-order calculations
to show the dependence upon «. F.’s are defined by
the equation

AHg
H,

For the tetrahedral complex, to first order, F,. = 6F_
but this relation does not hold exactly to second order
or for the distorted systems.

To put the numbers in Table I in perspective it should
be noted that for g = 2.2, McConnell’s equation!®!*
predicts at 300°K that F = 0.9852 X 10-7 G/erg and
for gy = 2.2, g, = 2.0 that D = 0.3876 X 10~% cm?.
A value of 1.0 X 10~% c¢cm? for D means an nmr shift
of 480 Hz at 60 MHz for a proton with R = 5.0 A and
(3cos?Q — 1) = 1. An examination of Table I reveals
that the second-order term is 109 of the first-order
term in F and 30-4097 of the first-order termin D. The
larger contribution to D from the second-order term
is not surprising if we note that D is primarily a dif-
ference in two larger terms. We further note from
Table I that D is much more dependent on « than F,
the changes in F being less than 197 while changes in D
vary from 30 to 509. The ratio F./F_ varies from 4.3
to 6.7 in Table L.

Plots of F,. and D vs. T~! are given in Figures 3 and
4. Examination of Figure 3 reveals that deviations
from T-! dependence are quite marked when 8 is small
in magnitude but become less so for larger magnitudes
of 5. When E_ is the ground state, large deviations
from tetrahedral symmetry bring the shift closer to
that predicted by the McConnell equation using g =
2.0023, but for the A, ground state large deviations
produce a Curie law temperature dependence with a
slope nearly double that predicted from the McCon-
nell equation. Figure 4 reveals that the pseudocontact
shift mimics 7-! dependence in the experimental range
200-400°K but extrapolating this dependence to T =
@ produces errors in the intercept whose magnitude
is 50-1009 of the shift at room temperature. Thus
those protons having sizable pseudocontact shifts could
be expected to follow a T-! dependence experimentally
but have an extrapolated shift at T = « considerably
different than the corresponding diamagnetic ligand.
Examination of Figure 4 further reveals that large dis-

= —Fu(ai/yxt) — F(a_|yxt)  (26)
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tortions for the E, ground state produce larger pseudo-
contact shifts than for the As ground state.

Discussion

In any discussion of the application of these calcu-
lations to measurements on tetrahedral nickel(II) com-
plexes we must consider three things: (A) the planar-
tetrahedral equilibrium, (B) the pseudocontact shift,
and (C) the interpretation of the contact shifts in terms
of MO theory.

A. Planar-Tetrahedral Equilibrium. Large devia-
tions from T-! dependence in the aminotroponeimine-
ates, 2357 salicylaldehyde imines,*!® B-keto amines,?
pyrrole-2-aldimines,® and dihalobisphosphines!! 2 of
Ni(II) have been attributed to an equilibrium between
the tetrahedral configuration of the complex and a dia-
magnetic planar configuration. In many instances the
deviations are very large and can only be accounted for
by assuming an equilibrium between a diamagnetic
and paramagnetic species. Recently in the case of
some dihalobisphosphines,!?!? the rate of intercon-
version has been found to be slow enough to allow
detection at low temperatures of both the paramagnetic
and diamagnetic species separately.

To determine the values of AH and AS for the reac-
tion (diamagnetic form - paramagnetic form) it has
been assumed that the paramagnetic species has a 7!
dependence, and therefore the observed shift can be
fitted to an equation of the form

AH/Hy = —AJT(1 + €C/RT) (27)

If the paramagnetic species is a tetrahedral complex, as
assumed, then the calculations in this paper show that
use of eq 27 will yield values of AH and AS that are in
error. To evaluate the magnitude of such errors, eq 27
has been fitted to the calculated values of F for a pure
tetrahedral Ni(II) in the temperature range of 200-
400°K. The best fit (shown in Figure 5) is obtained
for AH = 1180 cal/mol and AS = 10.2 cal/(deg mol).
This is close to the values of AH = 1250 cal/mol and
AS = 11.3 cal/(deg mol) found? for nickel(II) ¥,N'-bis-
(ethyl)aminotroponeimineate except in our calculation
there is no assumption of a diamagnetic species.

The results of the preceding computation should not
be taken as necessarily typical of possible errors in re-
ported values of AH and AS for the planar-tetrahedral
equilibrium. For systems having larger values of AH
and hence a smaller percentage of paramagnetic species
in equilibrium, the error incurred in assuming 7! de-
pendence for the paramagnetic species will become
smaller. For example, if one assumes an equilibrium
with AH = 1770 cal/mol and AS = 11.2 cal/(deg mol)
and the temperature dependence calculated for tetra-
hedral Ni(II) for the paramagnetic species, eq 27 (fitted
in the range 200-400°K) will give values of AH = 1970
cal/mol and AS = 13.2 cal/(deg mol). Thus we can
expect, for those tetrahedral species which most likely
have a small magnitude for §, that major errors in es-
timating AH and AS from eq 27 will occur for those
systems with small enough AH’s and large enough
AS’s to make the paramagnetic species the predominate
form over the temperature interval at which measure-
ments are made. For those systems, such as the dihalo-
bisphosphines, where § can be expected to be large in

| | 1 o |
3.0 35 4.0 45 50
(1 x10%

Figure 5. Comparison of theoretical values of F, with fitted eq 27.
Solid curve is eq 27 and points are theoretical values. AH = 1180
cal/mol; AS = 10.2 cal/(deg mol).

magnitude, the computations indicate that errors due to
assuming T-! dependence are probably minimal.

B. Pseudocontact Shift. In analyzing the ligand
nmr shifts in tetrahedral Ni(II), it has been customary
to assume that the pseudocontact shift is negligible
and, therefore, that the shifts measured are a direct
measure of the contact shift. Three arguments are
generally advanced?®® for making this assumption. The
first argument points out that in the aminotropone-
iminates and salicylaldehyde imines the relative spin
densities calculated in the ligands, assuming no pseudo-
contact shift, agree with HMO calculations for the free
radical formed by removing one = electron from the
ligand anion. This is not a particularly strong argu-
ment because the crudeness of HMO calculations would
make it easy to overlook a pseudocontact term of 20-
309. Further, as will be discussed shortly, it is not
necessarily correct to expect the contact shifts to give
exactly the same spin distribution as found in the ligand
free radical even if the assumption of delocalization
of spin only into the = system is correct.

A second argument advanced for absence of a pseudo-
contact shift is the observation that in several ligands
having the phenyl ring, the shift in a hydrogen atom
attached to the ring has a magnitude similar to the shift
observed for a methyl group attached at the same site
but is opposite in sign. Since this behavior is found
for contact interactions in free radicals, it is argued that
the pseudocontact term must be small as it would con-
tribute a shift of the same sign and magnitude for both
the hydrogen and methyl groups. Unfortunately, R
is generally quite large for the hydrogens in question
so that the pseudocontact term would be expected to be
small and again contributions of 10-209 would be
easily overlooked in such a comparison.

The third argument which states that the pseudocon-
tact term must be small because gy = g, in a pure tetra-
hedral complex can be readily dismissed by the resuits
of calculations in this work, which show that very large
pseudocontact shifts can be expected for small values
of §. Since the highest symmetry for any tetrahedral
Ni(II) complex studied is Dsq, it would be expected that

(30) D. R. Eaton, A, D. Josey, W. D. Phillips, and R. E. Benson,
J. Chem, Phys., 37,347 (1962).
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5 would be at least several hundred reciprocal centi-
meters for any complex. For large negative values of
& the calculations show that we could expect small
pseudocontact shifts. A small pseudocontact shift
would also occur for positive § if we had a large dis-
tortion from axial symmetry causing the E, state to split.

Recently the pseudocontact shift for a complex with
a large distortion from axial symmetry has been
measured. Horrocks and Greenberg?! have measured
the anisotropy in the magnetic susceptibility of dichloro-
bis(triphenylphosphine)nickel(II) in a single crystal and
have calculated the expected pseudocontact shift using
equations similar to eq 20. They report a D value
whose magnitude is ~0.5 X 10-¥ cm~! and a second
term of similar magnitude for the distortion in the xy
plane. It seems clear from this work and the exper-
imental results of Horrocks and Greenberg?! that the
pseudocontact shift may not be zero in tetrahedral
Ni(II) complexes and this should be recognized in any
analysis of nmr shifts in these complexes.

C. Contact Shifts and Spin Densities. In compar-
ing contact shifts to MO calculations, the general
model has been to assume a = electron is removed from
the ligand anion and paired up with one of the unpaired
electrons on Ni(Il) leaving a neutral ligand free radical.
The spin densities of this free radical are calculated and
compared with spin densities calculated from the con-
tact shift with the scaling factor representing the fraction
of time the unpaired electron is delocalized into the =
system of the ligand. This model is an oversimplifica-
tion of what actually should be the situation in a molecu-
lar orbital picture of the complexes.

In the molecular orbital model, bonding and anti-
bonding orbitals result from a linear combination of
metal d and ligand = orbitals of appropriate symmetry.
The ligand electron pairs occupy the bonding orbitals
and spend some time on the metal atom while the d
electrons of the metal occupy antibonding orbitals
and spend some time in the = system of the ligands.
Thus in the case of the d orbitals occupied by unpaired
electrons, there is a net movement of electrons from the
ligand to metal atom reducing the charge difference and
stabilizing the bond. If Ni(II) were in a strong ligand
field, the 3T, state of Ni(II) would have the unpaired

(31) W. D. Horrocks, Jr., and E. S. Greenberg, norg. Chem., 10s
2190 (1971).

electron occupying only the d,,, d,,, and d,, orbitals.
Since the d,, orbital cannot mix with = orbitals and
d.., and d,, only mix with = orbitals with an cven
number of nodes, the contact terms A(A;) and A(E)
would be !/a, in this case. However, for a weak
field (as indicated by optical studies on tetrahedral
Ni(11)152%) the 3T, state of Ni(1I) has the electron also
occupying the d,._,. and d,. orbitals a portion of the
time and this gives rise to eq 15 which has two types of
molecular orbitals contributing to the contact term.

Thus, a more proper model for comparing spin den-
sities with HMO calculations on free radicals would be
to consider the spin densities from nmr to be a weighted
average of the spin densities in the top filled molecular
orbital with an even number of nodes and the top filled
orbital with an odd number of nodes. Equation 15
indicates that the weighting is toward the molecular
orbital with the even number of nodes, all other factors
being even.

In the aminotroponeimineates, salicyladehyde im-
ines, and B-keto amines the top filled = orbital has an
even number of nodes so that it is not surprising that
the nmr spin densities approximate that of a free radical
with an unpaired electron in the top filled = orbital.
In the case of the pyrromethenes the top filled orbital
has an odd number of nodes while the next lower filled
orbital has an even number of nodes. Thus, it is un-
derstandable that the spin densities from nmr more
nearly approximate the distribution of spin in this lower
orbital than the top filled molecular orbital. The fact
that the unpaired spin must be distributed in a more
stable orbital than in the aminotroponeimineates also
accounts for the considerably smaller fraction of spin
in the = system of the pyrromethenes. Eaton and La-
Lancette!® have interpreted the spin densities in the
pyrromethenes as resulting from a transfer of spin into
the first empty = orbital which also has an even number
of nodes. However, this transfer would only make
the ligand more negative and the nickel atom more
positive and would seem to be less likely to oc-
cur,

The pyrrole-2-aldimines® are also ligand anions with
the top = orbital having an odd number of nodes but
the low symmetry of the complex plus the uncertainties
in assignment of the nmr lines makes any interpretation
difficult at this time.
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