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b = 12.75 f 0.03, c = 24.25 f 0.11 A, p = 115.20 =t somewhat more stable relative to monomers. Al- 
0.20". The hll level Weissenberg photographs taken though a solution of Ni3(DEPA4M)6 in m-xylene, which 
of both compounds, each mounted along the b crystal- is green a t  25",  turns straw-colored and then light brown 
lographic axis, were virtually indistinguishable in terms a t  temperatures from 100 to l50", the spectrum a t  
of reflection positions and intensities. Thus, the re- 80" did not differ significantly from that a t  room 
markable structure found for Cog (DEPAM) 6 occurs temperature. The observed color changes mere revers- 
also for Ni3(I'lEPXZ\I)6. The latter appears to be ible. 

Correspondence 
Evaluation of Dipolar Nuclear Magnetic 
Resonance Shifts 

Sir: 
The magnetic resonances of nuclei in paramagnetic 

complexes often shov- large isotropic shifts from their 
diamagnetic positions.l These shifts are of two types : 
contact shifts resulting from the presence of unpaired 
electron spin density a t  the resonating nucleus and di- 
polar shifts caused by a dipolar interaction between 
the electronic magnetic moment and the nuclear spin 
which does not vanish in magnetically anisotropic 
systems. It is the purpose of this article to clarify one 
method of separating observed isotropic shifts Adso  
into dipolar AvdiP  and contact bCon contributions, and 
to discuss its application to a system wherein i t  had 
been reported to fail.' The direct evaluation of di- 
polar shifts from single-crystal magnetic anisotropy 
data mill also be discussed and applied to the case at 
hand 

It  is possible to separate dipolar and contact con- 
tributions to observed isotropic shifts if it  can be 
established, for two series of complexes differing only 
in central metal ion, that the modes of spin delocaliza- 
tion are identical and that one member is magnetically 
isotropic ( i e . ,  exhibits no dipolar shifts). This pro- 
cedure, xhich will be referred to here as the ratio 
method, has been applied with apparent success by the 
present author and his c~n-o rke r s~ -~  on several occa- 
sions and by others' t o  parallel series of magnetically 
isotropicS six-coordinate nickel (11) and magnetically 
anisotropicE cobalt(I1) complexes, although the under- 
lying assumptions and limitations of the method were 
perhaps not properly enunciated a t  the time. The 
basic assumption of the method is the following: if 
the unpaired spin is delocalized in a particular ligand 
molecular orbital, then it will be distributed according 
to the N O  coeficients of the orbital involved. Only a 
small change in ligand electronic structure is to be ex- 
pected when the metal is changed. Cobalt and nickel 
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differ by a single nuclear charge and single extranuclear 
electron. The quantity of unpaired spin delocalized 
in a particular MO may be different for cobalt and 
nickel, say, but the pattern of distribution should be 
the same. In other words the ratios of contact shifts 
for systems differing only in the metal should be identi- 
cal. This may be expressed quantitatively by eq 1, 

where i and j refer to the ith and j t h  sets of equivalent 
ligand nuclei. Since dipolar shifts are absent for octa- 
hedral nickel(II), A v ~ ~ ~ ~ " ( i )  = For the 
axially symmetric systems of interest here the dipolar 
shift of the ith proton resonance is given by eq Z,g-ll 

where v is the spectrometer frequency and D is a func- 
tion of temperature and the magnetic properties of the 
complex12 (vide infra) .  The geometric factor G(x , r ) ,  is 
given by eq 3.9 Here rt is a vector from the cobalt 

( 3 )  

atom to the ith nucleus and x d  is the angle made by this 
vector with the symmetry axis. The average is taken 
over nuclear motions 11-hich are rapid on the nnir time 
scale. Dipolar shifts in a given complex may thus be 
expressed in terms of the shift for a particular nucleus 
and ratios of geometric factors. Let X o  be the dipolar 
shift for the standard nucleus (0); then the dipolar 
shifts for all the other nuclei are given by 

A v c o d ' p ( i )  = K( i )Xo  

where 

is the ratio of the ith geometric factor 
standard. 

Equation 1 becomes 
Avs l i so ( i )  A V C ~ ' ~ ~  - R ( z ')XC 
A P ~ ~ ~ ~ ~ ( O )  A u c 0 ' ~ ~ ( 0 )  - xo ___-  - 

(4) 

(5) 

to that of the 
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TABLE I 
ISOTROPIC SHIFTS~ AND RATIOS FOR M(bipy)azf COMPLEXES 

A V C ~ ~ S O ( ~ ) /  ~ u ~ ~ c o n ( i ) /  ~ ~ i i ~ o ( i ) /  
Positionb R(i)O AvcoisO AvcOdiP AvcoCon ~ ~ ~ ~ i s o e  A.vcoiS0(3) 4 ~ C o " ~ ( 3 )  A . v ~ i ~ ~ " ( 3 )  

3 1.0000 -74.52 -14.33 -60.18 -52.17 1 .ooo 1.000 1 .ooo 
4 0.2218 -6.08 -3.18 -2.57 -6.17 0.082 0.043 0.118 
5 - 0.4408 -38.55 +6.32 -44.87 -36.67 0.517 0.745 0.703 
6 -3.918 -80.92 +56.14 -137.07 -128.90 1.086 2.277 2.471 

0 G(x,r )s  = -7.35 X low3 A-3, the geometric factors 
calculated in this work agree reasonably well (to within 12% in all cases) with those of ref 2 when typographical sign errors in Gj  

a In ppm from diamagnetic complex or ligand resonances. b See structure I. 

and Gg are corrected. d Measured in ref 2; temperature unspecified. 

The isotropic shifts are all observable; the R(i)'s may 
be calculated from the geometric factors. Xo is the 
single unknown of eq 6. If there are two sets of nuclei 
with observable isotropic shifts, eq 6 can be solved and 
the dipolar shifts evaluated. I n  general there will be 
n - 1 independent equations where n is the number of 
observed isotropic shifts. Confidence in the validity 
of this type of analysis comes if the n - 1 equations 
yield identical or nearly identical values of Xo. Only 
if three or more resonances are observed is such a check 
possible. 

Wicholas and Drago2 set out to prove that the spin- 
delocalization mechanisms in tris(bipyridy1)cobalt (11) 
and -nickel(II) complexes, I, are different by demon- 
strating the failure of the ratio method when applied to 
this system. It is one purpose of this note to examine 
the basic assumptions of the ratio method and the 
reasons for its reported failure2 and to demonstrate that  
a reasonable estimate of the dipolar shifts in this system 
can be obtained by its judicious application. The 
ratio method will fail unless its basic assumptions p3] 

I, M = Co, Ni 

are met. The spin must be delocalized in an identical 
MO or through an identical exchange polarization 
mechanism in the two complexes. If more than one 
orbital is involved or more than one mode of delocaliza- 
tion is present, then failure is to be expected. For 
instance, if two different A MO's are involved (with 
different delocalization patterns), or a u and a A MO, 
then the relative contribution of each would be expected 
to  vary, perhaps drastically, as the metal is changed. 
Eaton13 has discussed a t  length the change in mode of 
spin delocalization to be expected for tris-acetylaceto- 
nate complexes as the central metal is varied. Success 
may be expected if a single ligand orbital is involved in 
both the cobalt and nickel cases. This is a likely situa- 
tion for A spin delocalization in coordinated phos- 
phines, isocyanides, and amine N-oxides4J to which 
the method has been applied with apparent success. 
Convincing evidence has been presented that spin is 
delocalized in the highest filled T MO of coordinated 

( 1 3 )  D. R. Eaton, J .  A m .  Chem. SOL., 87, 3097 (1965) .  

e Measured a t  40". 

quinoline N-oxide and isoquinoline N-oxideSs For 
pyridine-type ligands there is evidence that while 5 

spin delocalization is dominant, l 4  some A-type delocal- 
ization is present which becomes particularly apparent 
a t  the y position.I5 In such ligands, if two sorts of 
orbital are involved, there is no reason to expect the 
A / U  ratio to be invariant to a change in metal. 
Wicholas and Drago2 demonstrated the variable A con- 
tribution a t  the 4-position proton by noting the dis- 
crepancy in the two independent ratios based on this 
resonance. It should be noted, however, that  the 
geometric factor for the 4 position is small and quite 
sensitive to minor changes in geometry (a 5' rotation 
of the bipyridyl ligands about the three twofold axes 
of the D3 complex changes G(x,r)d by 25%). For the 
present analysis data for the 6-position proton (not 
reported by Wicholas and Drago) are included and the 
ratios are based on the 3-position resonance, which is 
less affected by the variable T contribution and has a 
larger isotropic shift and a geometric factor quite 
insensitive to changes in geometry (a 5" rotation causes 
less than 1% change). Reasonable agreement is ob- 
tained for the independent ratios based on the 3-posi- 
tion resonance except a t  the 4 position, where the vari- 
able A contribution and uncertain geometric factors 
become important. 

Independent evidence which lends support to the 
above analysis of dipolar shifts in tris(bipyridy1)cobalt- 
(11) comes from single-crystal magnetic anisotropy data 
obtained on Co(bipy)3Br2. 6H20 which contains the 
complex cation of interest. The principal molecular 
magnetic susceptibilities extrapolated to 40" are M ~ ! ~  = 
7500 X 10-B and brxL = 12,250 X lop6  cgsu/rnol. 

that  the dipolar 
shift equation, originally derivedQ for systems devoid of 
residual ground-state orbital angular momentum, was 
not strictly applicable to six-coordinate cobalt(I1). 
The ground state of this ion consists of a manifold of six 
Kramer's doublets, several of which are thermally 
populated a t  room temperature. An equation for di- 
polar shifts in terms of the susceptibility anisotropy 
valid for the solid state was proposed.17 Subsequently, 
Jesson presented a theoretical study of isotropic nuclear 
resonance shifts in octahedral cobalt (11) systems10 

This is shown in Table I. 

Some time ago i t  was pointed 
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wherein he took into account the thermal population of 
several Kramer’s doublets. He presented equations 
in terms of the g values of the various levels for the 
several averaging conditions which depend on the 
relative magnitudes of the electronic spin-lattice relaxa- 
tion time TIe, the correlation time for tumbling in 
solution 7, and the Zeeman anisotropy energy lgli - 
gll@Hh-’. Tla values for octahedral cobalt(I1) com- 
plexes are known to be very small and only two of the 
four possible situations might be expected to obtain 
in reality. The first, with (1,’~) << lgll - gLL/PHkl and 
Tle << T, leads to eq 7 (Jesson’s case (a))’O while the 

(7)  

second with ( 1 / ~ )  >> lgll - gliflHh-l and TIe << T re- 
sults in eq 8 (Jesson’s case (c))l0 where K‘ = - [p2S’ - 

(S’ + 1)/3kT] and the appropriate statistical average 
is to be taken over the thermally populated levels. 
Unfortunately, this analysis neglects the second-order 
Zeeman (SOZ) terms (the summation within the braces 
of eq 9> in Van Vleck’s expressionla for paramagnetic 
susceptibility 

Xa = Y 

i 

where for the axially symmetric case a = 1 1  or I, N is 
Avogadro’s number, fi  is the Bohr magneton, La + 2S, 
is the magnetic dipole operator, and the first sum is over 
the i electronic states whose energies in the absence of 
an applied magnetic field are EtQ. Application of the 
theory of Abragam and Prycelg to a magnetic suscep- 
tibility calculation, using the parameters necessary to 
describe the epr results2O on the lowest Kramer’s dou- 
blet of bis(tris(pyrazoyl)borate)cobalt(II) complexes to 
which Jesson applied his analysis,“ shows that the 
SO2 terms contribute about 45y0 of the bulk magnetic 
susceptibility a t  room temperature. Furthermore the 
SO2 terms contribute more heavily to xL than to xn 
indicating that g tensor and susceptibility anisotropy 
are not strictly proportional. Evaluation of ,ueff from 
eq 8 neglecting SO2 terms and employing the standard 
relationship peff = 2 .828(”~T)”~  results in less than 

(18) J. H. Van Vleck, ”The Theory of Electric and Xagnetic Susceptibili- 
ties,’’ The Clarendon Press, Oxford, 1832. 

(19) A. Abragam and M. H. L. Pryce, Pvoc. Roy .  SOC. (London), A206, 173 
(1951). 

(20) J. P. Jesson, J. Chem. Phys., 46, 1049 (1966). 

spin-only values for pef f .  These findings suggest that 
neglect of SO2 terms in the evaluation of the elec- 
tronic-nuclear dipolar interaction is invalid. 

Since the SO2 contribution is contained in the 
measured principal susceptibility values, it is reasonable 
that a valid determination of the factor D in the dipolar 
shift expression (eq 2) may be made from these quan- 
tities. Furthermore it is easily s h ~ w n ’ ~ ~ ~ ~  that for eq 7 
one has 

while eq 8 corresponds to 

XL 1 (10) M 

Dipolar shifts for the 3-position proton resonance of 
I (M = Co) are calculated to be -19.3 and -13.8 
ppm from eq 10 and 11, respectively. These calculated 
shifts bracket the value (-14.3 ppm) determined inde- 
pendently by application of the ratio method to the 
pmr data (Table I>. The particularly good agreement 
with the results of eq 11 suggests that the averaging 
conditions applicable to eq 8 may be operative in the 
present case. 

Although subject to numerous sources of error and 
various degrees of approximation, the satisfactory 
agreement between the independent ratio and magnetic 
anisotropy methods of estimating dipolar shifts in the 
present case lends support to the validity of applying 
the ratio method to the tris(bipyridyl)cobalt(II) sys- 
tem. The basic assumptions and approximations of 
the ratio method (vide supra) must nevertheless be 
kept firmly in mind when it is applied. 
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(21) This follows directly from the simple expression for the suceptibility 
of a ground-state manifold well separated from all excited levels (SO2 con- 
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