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A INTRODUCTION 

The descnptlon of the metdl-&and bondmg in tranatlon metal complexes presents a 
contmumg problem for morgamc chemists Theoretical work m ths area hass,progressed 
from the valence bond approach of Pauhng through crystal field theory to the current 
molecular orbltal approach Our quahtatlve understandmg of bondmg m these complexes 
can now be described as quite good. They are, however, complicated, many-electron 
systems and quantitative calcu:atlons are still far from rehable From the: point of view of 
the chemist, much of the mterest m this subject lies in just those finer details of the elec- 
tromc structure which are most inaccessible to theoretical calculation Expenmental , 
approaches to the problem are therefore stzll of considerable value. Of the various physlcal 
techniques which provide mformailon m this area, magnetic resonance methods are prob- 
ably the most powerful. The full potentlahtles of the technrque are only realized when 
the complexes are paramagnetic, m which cgsc electron spm-nuclear spm mteractlons - 
provide a very detded probe of the electromc structure It is this area of the subJeCt 
wluch will be described m the present review. 

In principle, a paramagnetic metal complex offers a choice of magnetic resonance tech- 
mques. Transitions mvolvmg a change m electron spin quantum number may be studied 
by ESR and thsse mvolvmg a change m nuclee r spin quantum number by NMR, A vapety 
of double resonance techmques (ENDOR, the Overhauser effect) complement the stralght- 
forward experiments and related methods such as Nuclear Quadrupole Resonance and 
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Fig 1 NMR and ESR transItions for S = l/3, I = l/2 system +-----* NhlR, - ESR 

Mossbauer spectroscopy where applicable, contribute valuable supplementary data How- 
ever, m the present article only slmpie ESR and NMR experiments will be considered 

There are very few systems amenable to study by both ESR and NMR The primary 
reason for this can be seen by reference to Fig l_ In this figure the magnetic energy levels 
for a simple system compnsmg one electron and one nucleus of spm l/2 are shown Two 
ESR transitions differing in energy by A, the hyperfine couplmg constant, are expected 
There are also two NMR tranntions. one at a frequency given by hv = gNflNH- 1/2(A) 

and one at @@NH + 1/2(A) The appearance of the spectra, however, depend crltlcally on 
the electron spm relaxation time Tie The necessary condltlon for observing well-resolved 

hyperfine structure m the ESR spectrum 1s that l/T, 4A, 1 e. that the relaxation time be 

long For the NMR spectrum tht- nuclear spm relaxation tune determines the spectral 
properties For a paramagnetlc complex the dominant nuclear relaxation mechanism is 
hkely to anse from the fluctuating magnetic fields produced at the nucleus by changes m 
the orlentatlon of the electron spm Thus the nuclear relaxation time 1s determmed by 
the electron spm relaxation time Furthermore, the limitation on the relaxation time 
necessary for the observation of sharp NMR lines 1s much more ngorous than that for 
ESR Typically NMR lmes are of the order of Hz broad whereas ESR line widths are 

measured in MHz Hence the NMR transitions indicated in Fig 1 m practice are never 
observed. There are, however, certain condltlons under whrch sharp-line NMR spectra can 
be observed These anse m cases where the electron spin relaxation time 1s very short 1 e 
l/T, 3-A. In these circumstances, the rapidly fluctuatmg magnetic fields produced by the 

electron spm are no longer effective m producing nuclear relaxation The fluctuations are 
of such a high frequency that they have neghgible components of the correct frequencies 

to induce nuclear transitions. In these circumstances, the nucleus, Instead of expenencmg 
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either the hyperfine magnetrc field correspondmg to Interaction wrth an a! electron spin or 
the hyperfine field correspondmg to mteractron wrth a /3 spm, experiences an average local 

field correspondmg to the mean value, cSz>, of the electron spm polanzatron. This mean 
value 1s not equal to zero smce the population of the a and p states are not equal. Hence 

there 1s a chemrcal shaft resultmg from the electron spur-nuclear spm mteractron Thm rt 
1s apparent that the condrtions for the ESR expenment (l/T, <A) and for the NMR 
expenment (l/T, > A) are mcompatrble The two types of expenments are not, however, 
completely exclusrve. Relaxation times are temperature-dependent and m some mstances 
It 1s possrble to carry out ESR expenments m sohds at low temperatures where T, IS long 
and NMR expenments m solutrons at high temperatures where T, is short. Examples of 
such cases may be found below 

Not only do the two forms of magnetic resonance doffer m then practical apphcabrhty, 
they also provrde different, but complementary, mformatron for the morgamc chemrst. 

In ESR, attention IS focussed on the metal ran and rts rmmedtate environs and the ques- 
tron 1s asked “how have the propertres of the free ran been modified by mteractron wrth 
the hgands’” In NMR, the focus is on the hgands and the questron 1s “how has the elec- 
tromc structure of the hgand been modrfied by mteractron wrth the metal ron7”. There 15 
an obvrous symmetry to the two approaches and the obiective of the present revrew 1s to 
draw attention to some of the mterlockmg facets of the two fields The fundamental 

physrcs of the srtuatron could probably be best rllustrated by revrewmg a number of the 
very elegant expenments whrch have been carrred out on relatrvely sample systems such as 
transrtron metal halides. We choose, however, to adopt a more chemrcal crrterron and to 

discuss instead work on transrtion metal chelates, the appeal of whrch 1s more chemrcal m 
nature Imtraliy, some of the relevant theory wrll be briefly revrewed 

B CSR THEORY 

Basically the interpretation of the ESR spectrum of an isolated transrtron metal ran 

yields values for two different kmds of parameter The spectroscoprc sphttmg constants 
(g values) describe the frequencies (or energres) required to brmg about transitrons be- 
tween the drfferent electron spm states The hyperfine coupling constants (A) describe 

the electron spur-nuclear spur mteractrons whrch give rise to the hyperfine structure ob- 
served m the spectrum Both of these parameters may be amsotroprc, 1 e their values may 
depend on the onentatron of the molecule with respect to the applied magnetic field In 
addition, ions containing more than one unpaued electron will exhrb:t zero-field sphttmg 
effects due to electron spm-electron spin mteractrons and to spur orbrt coupling These 

mteractrons (which are also usually amsotroprc) are described by the zero-field spnttmg 
parameters D and E Ail of these parameters are affected by the presence of hgands 
around the central metal atom The &and effects can be subdrvrded mto two kinds 
Imtrally, one may adopt the crystal field approxrmatron of regardmg the function of the 
hgands as one of provrdmg an electrostatrc field which wrll perturb the electromc struc- 
ture of the metal ran Thus approach proves Inadequate for the type of complexes we wish 
to discuss The breakdown occurs because chemrcally interesting complexes are usually 
covalent rather than romc m character_ In these crrcumstances, rt is no longer satrsfactory 
to consider only a basrs set of atomic orbrtals centred on the metal Ion. Instead one must 
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deal wrth molecular orbrtals expressed as appropriate lmear combmatrons of metal and 

hgand atomrc orbrtals Using molecular orbital theo-y, a set of secondary parameters 
(usually written CY, p etc.), whrch are the coefticrents of the various atomic orbrtals m the 

expansrons for the molecular orbrtals, can be derrved from the primary parame tersg and 
A It 1s these secondary parameters whrch are of prime interest to the morgamc chemist 
since they provide detailed quantitative data on the nature of the metal-hgand bonding 

The basic theory pertinent to the apphcation of hgand field theory to ESR has been 
developed 111 a number of excellent textbooks’ aXId revrew artrcles2 The g values of a 
complex are determined by the expectation values of the components of the vector 
operator L -I- 2s (Allowing for relativistic corrections the 2 m this expression becomes 
2 0023 ) In many cases the orbital angular momentum m the ground state of the molecule 
rs completely quenched and an rsotroprcg value of 2.0023 is obtained to zero-order ap- 
proximatron This wrll always be the case rf the complex 1s of sufficrently low symmetry 

that the orbttals contammg the odd electrons are non-degenerate Thus approxrmatton, 
however, does not usually suffice for transrtron metal complexes Spm-orbit couphng 

leads to a mixing of excited state configuratrons with the ground state configuratron and 
rt IS necessary to find the expectation values of L + 2s usmg these corrected ground-state 

wave functions. Typically, therefore, perturbation theory leads tog values of the form 

g,, = 2 1-a 
( ) A 

g =3 I--yh I - 
( ) A 

for an orbrtally non-degenerate ground state, where h 1s the spm-orbit coupling parameter, 
A 1s an energy difference between the ground-state contiguratron and an excited-state 
configuratron and x and)’ are simple numerrcal factors In prmcrple, X and A are obtam- 
able from optical spectroscopy In practice, rt 1s found that the g values measured do not 
agree with those calculated unless smaller values of 1, are assumed than those obtained for 
the free rons Typrcally, a 20 or 30% reductron m the spm-orbit couphng constant 1s m- 
volved Thus effect 1s attributed to covalency m the m&al-hgand bonding In order to 
calculate the g values it IS necessary to start with the correct molecular orbrtals rather 
than with simple atormc d orbttals. Smce such a basis set will allow the electrons to spend 

part of then time on the hgand rather than on the metal, rt is apparent that the effects of 
spm-orbit couphng wdl be reduced The equatrons for the g values will now contam the 
coeff;crents of the atomic orbrtals (01, /3) m the nntral molecular orbrtals as well as the 
parameters noted above. Analysrs of the data, therefore, provides values for the molecular 
orbital coefficrents. A number of mdrvrdual calculatrons wrll be drscussed m more detail 

m the sections below 
The hyperfine couplmg between electron spurs and nuclear spms arises from two 

sources The first of these 1s a direct drpolar mteractron. The magnetic moment of the 

electron produces a field at the nucleus, the directron of whrch depends on the orientation 

of the electron spm The srtuatron 1s rllustrated m Frg 2. The most notable feature of this 
interaction 1s that it 1s anisotroplc, 1 e. the magnitude depends upon the orrentatron of the 
molcrule with respect to the applied magnetic field Thus, referrmg to Frg 2, let us sup- 
pose that the electron 1s located at a fixed posrtron on the x axis It 1s apparent that apph- 
cation of the field parallei to they axis (Fig 2(a)) results m a dipole-dipole mteraction of 
opposite sign to that obtained by applying the field m the x dtrectron (Frg 2(b)). In thus 
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Fig 2 Dlpolar mteractlons between an electron spm anda nuclear spm fixed m space 

Austratlon we have Kept the posltlon of the molecule fixed with respect to the x and y 
axes and changed the dIrection of the field. In the actuai expenment the duectron of the 
field 1s kept constant and that of the molecule, fixed m a crystalhne matrrx, 1s varred The 
two are obvrously equrvaIent A model m which the electrons are kept tixcd m space 1s 

not a vahd one for real molecules However, if the odd electron occupies an orbital wrth 

directional properties, e g an atomrc p or d orb&& it is apparent that some drrectrons 
wrll be preferred over others Analysis of the problem shows that the drpole-drpole coup- 
hng 1s proportronal to the average value ((3 cos28 -l)/r3> where 0 1s the angle between the 
dne=tron of the magnetic field and a line Jommg the odd electron and the nucleus, and r 1s 
the separation of the electron and metal nucleus Numerical values of this average can be 
readily calculated for the vanous d orbrtals In a covalent metal complex the odd electrons 

wrll be partly delocalized to the hgands. The value of ( l/r3> for eler,trons located on the 
hgand wrll be much smaller than for an electron located m a metal d orbr.al and drpolar 

contrrbutrons from such a source are often neglected Thus m a covalent complex, the 
amsotroprc contnbutron to the hyperfine sphttmg wrll be reduced by a factor (Ye, where Q( 
is the coefficient of the d orbital m the molecular orbital contammg the unpaired electron 
This effect, therefore, provrdes a method of esnmatmg CK independent of that prevrously 
discussed mvolvmg the g values 

The second source of hyperfine coupling 1s the Fermi Contact Interactron This mech- 
anism demands a fimte probabrhty of findmg the odd electron at the metal nucleus, 1 e 
there must be spm density m a metal S orbital Since S orbrtals are Involved, rt 1s an iso- 
troprc mteractron An important consequence of this 1s that the rsotroprc hyperfine spht- 

tmg 1s the same m solutron, where the molecules are freely tumbhng, as It IS m the sohd 

state The drpolar coupling, on the other hand, averages to zero when the molecules are 

freely tumbhng and therefore does not contribute to the solutron spectrum. A recent 
paper by McGarvey3 has considered rsotroprc hyperfine coupling n-r metal complexes in 
some detan Unpaired electrons m d orbttals do not contnbute dnectly to this effect 
The malor source of the mteractron 1s thought to be spm polarrzatron of electron paus m 
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filed metal orbltals notably the 3s orbital in the first transition senes. In tis respect the 
sltuatlon 1s slmdar to that existing m aromatic radicals for which the well-known McConnell 
relationship A6 

which s ates that the amount of spin polarization 1s proportional to the pi-r spin density, 
hobis There are, Indeed, many complexes for which the metal hyperfine couphng pro- 
vldes d measure of the d orbltal spin density *’ In such complexes, increasing cokalency 
results m increasing delocahzatlon of the unpaired electrons and decreasing metal hyper- 
fine sphttmg Estimates of the molecular orbital parameters obtained m this way are con- 

sistent with those obtained by the methods outhned above There are, however, some 

notable exceptions, especially amongst CurI complexes, where the meta! hyperfine coup- 
lmg appears to be mcreasmg with mcreasing covalency 6- The most plausrble interpretation 
involves mteractlon Mth higher unfilled metal S orbltals and a specific case will be con- 

sidered m more detail below Obviously a degree of caution 1s necessary m this area 

Finally, m some complexes, hyperfine sphttmg additional to that expected from the 
metal nucleus has been c~erved. This is attributed to interaction with hgand nuclei 
Usual!y, only atoms directly bonded to the metal are mvolved although there are occa- 
sional exceptions to this generalization In principle, both lsotroplc (contact) and amso- 
tropic (dlpolar) mteractions are involved but since the odd electrons are predominantly 
on the metal so that ( l/r3) for hgand atoms IS small the isotropic contnbutlon usually 
predominates 4 large isotropic hgand sphttmg IS expected m cases where the spm-con- 
tammg orbHa can mix directly with a hgand S orbital This IS the case, for example, for 
CuiL complexes where the odd electron occupies a u antlbondmg orbital if It 1s assumed 
that the hgand orbltals comprise sp* hybrids, or some other suitable combmatlon of 
hgand atomic orbltals, the hgand hyperfine splitting 1s dommated by the S component of 
the hybrid and the extent of metal-hgand orbital mixing can be calculated Usually, 
pardrneters obtained by this method agree well with those obtained from theg values 

mdlcatmg that the above assumptions are correct Line-width considerations restrict the 
observation of hgand hyperfine couplings of less than a gauss or so and as a result, unless 
there is direct delocahzdtlon of spm to the hgand S orbital as m the above example, hgand 
splitting w111 not be seen Thus, m d' vanadyl complexes, the odd electron IS m an orbital 
orthogonal to the hgand 0 orbltals and no hgand hyperfine sphttmg has been reported 

Finally, before dlscussmg detailed results, It should be made clear that bondmg para- 
meters derived from ESR results refer only to hgand mteractlons with metal orbltals con- 
taming unpaired electrons Energetically, the most important mteractlons are, of course, 
\wth the s, p and d metal orbltals which hybrldlze to a set with appropriate geometrlcal 
properties and gwe rise to completely filled bonding molecular orbltals We are dealmg 
here, therefore, with weaker addltional mteractlons which, although they may contnbute 
relatively little to the total bonding energy, nevertheless provide insight into the nature of 
metal-hgand interactions Exactly the same consrderatlons apply to the dncuhslons of 
NMR contact sbfts 



ELECTRONIC STRUCTURE OF TRANSITION METAL COMPLEXES 203 

C SOME ESR RESULTS 

As imhcated 111 the above paragraphs, the deternunatlon of bondmg parameters from 
ESR data IS, m prmcrple, quite strarghtforward In practrce the algebrarc complex@ 
of the problem tends to obscure thrs simplicity Initially, therefore, we wrll consider a 
Cu” complex without ligand hyperfine sphttnrg. CuII has only 2 smgle unparred electron, 
and rts relaxation propertres are such that most complexes give relatively sharp lines at 
room temperature_ As 2 result, a wide range of complexes have been studied. Make and 
McGarvey4 have car ried out a smgle-crystal ESR study of CuIr acetylacetonate (structure 
I). The acetylacetonate hgand 1s typical of the class whrch chemrcally speaking grve “co- 

Me 2 
(1) 

valent” compounds and the ease cf formatron of rts complexes has led to many studies of 
therr physrcal properties. Hence we will be able to compare these ESR results with NMR 
data on other transrtron metal acetylacetonates The CuII compound has planar geometry 
and rts crystal structure 1s rsomorphous wrth the corresponding dramagnetrc Pd” complex 
Make and McGarvey. therefore, made their measurements on Cu” acetylacetonate dJuted 
to 0 5 mole % m the Pd” compound_ The use of such magnetrcally dilute crystals ehmr- 
nates dipole-dipole interactions which would otherwise broaden the ESR lines The pomt 
group symmetry of the molecule 1s Dal but the rhombic drstortrons are sufficrently small 
to allow the use of the fuil D, square planar symmetry in the theoretical treatment The 
relevant antr-bondmg molecular orbrtals can then be wrrtten 

The superscripts (I, b, c and d label the four hgand oxygens and the hgand o orbitals are 
hybrids of the oxygen s and p atomic orbrtals of the form 

*k 
m = npk” + (1-n2)U2p 
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The coefficrents (Y and o1 give a measure of the hgand contnbutron to the u orbrtals 
and /3 and & of the out-of-plane and m-plane n mrxmg respectively The objective is to 
determine these coefficrents Overlap has been neglected for the ?r orbrtals The odd elec- 
tron 1s m the Big orbital These orbrtals are ergenfunctrons if spur-orbit couplmg 1s neg- 
lected They can, however, be mrxed by the spin-orbit coupling L S It is, therefore, 
necessary to determine first a new basrs set treatmg SC,, as a perturbation Thrs basis set 
can then be operated on by the appropriate magnetic perturbatron terms and the results 
expressed 111 the form of the spin Hamrltoman. 

In thrs Hamiltoman, the first term represents the electron Zeeman effect, the second and 

thud anse from hyperfine interactions, the fourth from nuclear quadrupole mteractrons 
and the final term from the nuclear Zeeman effect Spm-orbit couplmg mrxes the Ba and 
Eg orbrtals with the spm-contammg B,, orbital but not the Al, orbital The expressions 

for the spm Hamrltoman parameters therefore contam Q(, fl and fll but not o1 Solution of 
the problem grves 

g11 = 2 0023 -8p [@I -fcX’(l-PIz)“’ z-(,2)] 

g1 = 2 0023 - 2,u[Op -&a+fi*)‘/* T(U)] 

A =+-4&- 3* 
K +(g,,-2)+~~-2)-44p~‘(l-_P1*)1’*T(12)--~Q’(l-p*)l’2T(12) 

llfl 
B =P[+*-K ++-&-2)- 14 par’( 1 -/I*+‘* T(n) 

-e2qa2(r3Jo 
e’= 7 

where 

X0% 

’ = E&,-E0 
and Ir= 

x04 

E 
XZ,JL? -Eo 

T(n) 1s a function of the hgand atomic orbrtals which can be calculated rf n 1s known It 1s 
assumed that n = (2/3)ri3 correspondmg to sp2 hybrrdlzation ho IS the spm-orbrt couphng 

constant for the free Cu2+ ion and the quantrty P given by 

P = 27$oP#-3), 

also refers to the free Cu2+ ion. In the expressions for the hyperfine couplmg constants, 
the first term 1s the drpolar contnbutron, the second the Fermi contact contnbutron and 

the remammg terms are second-order correctrons resultmg from mwng m of the excited 
states A reiatlonshrp between Q! and (Y’ IS also required and this is gven as 

o!’ = (l-o*)‘/* + cus 

where S, the overlap between d,+,_+ and the hgand o orbrtals 1s calculated to be 0.094. 
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(r-3)0 refers to the orbttals of the free drvalent Ion and IS calculated to be 7 25 au. The 
measured expenmental quantrtres are 

g,, =2.266, gl = 2 053, 

A =--1 60X 10-2cm -1 B = -0 19, X 10V2 cm-l 

Q’ = 7 X 10m4 cm-l 

From optical spectroscopy, the further mformatton obtained 1s 

_5x.-“o= 15,000 cm-l c TZ. yz - 15, = 25,000 cm-l X0 = -828 cm-’ 

Suffictent mformation is now avatlable to calculate the bonding parameters The results 
obtamed are 

(Y2=081 p2=099 fi12 = 0.85 K=O33 

Thts value of K agrees well with that obtained from the tsotroprc hyperfine sphttmg of 
Cu2+ m romc salts and confirms the assumption rmphcrt m the above treatment that, m 
thrs case, the tsotroprc sphttmg IS not sensrtlve to the degree of covalency. The qualitative 
deductron from tire bondmg parameters IS that the B,, and B2g orbrtals have srgmficant 

hgand character hut the Eg orbital 1s largely metallic We ~111 compare these conclusions 
urlth those obtained for acetylacetonates of the earlier transition metals below 

It IS interesting to ask how these interactions are modified by substitution on the 
acetylacetonate hgand This question could be answered by carrymg out single-crystal 

studies on substtuted CuI1 acetylacetonates analogous to the study described above. 
Expertmentally, thts would be a rather formidable task and as yet It has not been under- 
taken_ Measurements on solutions or on polycrystallme solids are much less tedtous but 
stall yreld a hmrted amount of mformatron on the bondmg The work of Kuska and 
Rogers’ on substituted CuI1 acety!acetonates serves to rllustrate the posslbthtres 

Analysts of solution ESR spectra yield two parameters, namely the average g value 
(g = i(g,, f 2g,)) and the lsotroprc hyperfine couphng constant, A It IS apparent from the 
expressrons grven prevrously for g,, and g1 that bondmg parameters cannot be ob tamed 

dtrectly from the average g If a McConnell-type relatronshrp exists for the rsotroptc 
hyperfine couphng rt should grve a measure of the spm density m the Cu atom and hence 
determme the covalency of the spur-contammg orbnal Kuska and Rogers’ have mvestt- 

gated this possrbrhty and have obtamed the results shown m Table 1 Imttally, they 
assumed that A would be grven by an equatron 

A = P[---(Y~K~ + (g-2 0023) + second-order terms] 

where KO IS the lsotroplc coupling constant for the free CL?+ ion and 0: has been defined 
above. The values of o2 obtamed using this equation are hsted m the table as “apparent 
&“_ These values imply that substltutron with electron-withdrawing groups such as CF, 
leads to an Increase m the amount of spin on the hgand, 1 e make the bond less tonic 
This IS contrary to what would be expected on chemrcal grounds and 1s not supported by 

polarographtc data on the same compounds It was concluded that the mltlal assumption 
that the hyperfine coupling gwes a measure of the metal spm density was m error 
McGarvey3 has carned out a perturbation treatment to investigate the effects of coval- 
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TABLE 1 

ESR hyperiine sphthng constants and other data for copper acetylacetonates 

Substxtuents FISRA value 
g Value 

Apparent Arusotropy - 

R’ R” R”’ 
(cm-’ X 104) a2 Q2 

CH3 CH3 CH3 78 5 2 121 0 784 0 t21 
CH3 H CH3 II 2 2 123 0 779 0753 
CH3 Ci CH3 76 
Phenyl H CH3 76 4 2 124 0 777 0 795 
Phenyl H Phens 1 75 3 2 124 0 770 
CF3 H cf-3 54 7 2 150 0 698 0 828 

ency on the hyperfine coupling and has confirmed this conclusion. The essence of the 
problem is that the participation of the 4s orbital as well c?s that of the 3d orbltals must 
be considered Thus KO ~111 not be a constant but 1s made up of two terms, one represent- 
ing spm density m the 3d orbital and one spin density m the 4s orbltal Kuska and Rogers 
suggest that the signs of these contrlbutlons are opposite and since both ~111 depend on 
the covalency It follows that the isotropic couphng does n It provide a direct measure of 
cy2_ 

In a later paper, Kuska et al ’ have obtamed values for the amsotroplc hyperfine 
couphng constants of these substituted Cull acetylaceton, ‘es by exammmg the spectra 
obtained m frozen chloroform solutions. Combmatlon of this data with the uotroplc 
splitting constants obtamed in solution gives the dlpolar contrlbutlon to the hyperfine 
splitting This quantity should be proportional to a2 and rearrangement of previous equa- 
tions gves 

Thus a2 can be obtained m a manner which does not depend on the meLhamsm of the 
contact mteractlon Some values of a2 obtamed from the dlpolar mteractlons are also 
shown m Table 1 It IS apparent that the trend IS the opposite of that obtained from the 

lsotroplcA’s and IS thus consistent with the polarographx arid other data menttoned 

above. It 1s interesting to note that the spectrum of the dlphenyi acetylacetonate (com- 
pound 4 of Table 1) 1s found to be complicated by additional hyperfine splitting from 
the phenyl protons No dettied analysis of this additional spllttmg was achieved 

An example of the succeGu1 analysis of hyperfine splitting from hgand nuclei 1s pro- 
vided by the work of Maki and McGarvey’ on Cu I* bls sahcy~aldehyde lmme. This com- 
pound has the structu.e 
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It was exammed as a smgle crystal magnetrcally dilute m the correspondmg mckel com- 
pound. To simplify the spectrum, lsotoplcally pure 63Cu was USPJ It 1s to be anticipated 
that the four hnes due to the copper hyperfine sphttmg wdl be further spht by the two 
nitrogen atams directly attached to the metal A five-lme pattern IS predIcted. In fact a 
more complicated eleven-lme pattern IS observed The addltlonal sphttmg can br arm&ted 
to a par of nuclei with spin l/2 which m the present case can only be proton>. The most 
hkely origm of the sphtting m&t be thought to be the N-H protons smce thr-se are clos- 
est to the metal atom but deuteratlon disproved this posslblhty However, methy:;tlon of 
the adJacent carbon did ehmmate the additIona sphttmg which must therefore be 
attributed to the proton marked H* Analysis of the spectrum yleldea the parameters 

gx = 2 0402 gy = 2 0500 gz = 2 2004 

A = -1.85 X 10m2 cm-’ B=-021X 10-2cm-1 

A 14N = 11 .l g~zz A ‘I-l = 5 5 gauss 

The slmdarlty of gx and g,, shows that the Cu-N and Cu-0 bonds are umllzr in char- 
acter. These values yield the bonding parameters 

a2=083 p2zo91 p12 = 0 74 K=034 

Comparison WI&I the values previously given for Cut* acetylacetonate shcws that the only 
agmficant difference IS a rather higher hgand contnbutlon to the m-plane n orbltals It 
appears that the contact contnbutlon IS most important for the mtrogen hyperfine spht- 
tmg-&polar mteractxons are estunated ro contrlbute only - 1 5% of the total sphttmg 
The contact part 1s given by 

where (Y’ IS the coefficient of the mtrogen orbital m the spin-contammg molecular orbital 
A value of o1’2 = 0 25 (consistent with Q! 2 = 0 83 given above when allowance is made for 
overlap) gwes a calculated couplmg of 10 8 X 10e4 cm-1 compared with an experimental 
value of 10 4 X 10W4 cm-’ The spm-containing orbital has symmetry B,, (predominantly 
d r2_y2) It should be noted that the N-H proton hes near a node of this orblt31 but that 
the C-H proton, which shows hyperfine couplmg, hes close to a dIrectIon of maxlmum 
electron density 

The dq configuratlon found in the above copper complexes 1s partlcu:arly fzvourable 
for ESR studies of metal-hgand bonding The d' ConfiguratIon found II? vanadyl com- 
plexes 1s also favourable The reasons are srmdar It is An S = l/2 ion and m the relatively 
low-symmetry vanadyl complexes with orbltally non-degenerate ground states the spectra 
are easy to observe Klvelson and Lee’ have carried out a study of vanadyl acetylaceton- 
ate They use a set of molecular orbltals slmdar to those used by Ballhausen and Gray9 m 
their calculations on this mclecule These orbltals have the form 
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J/ =I =q(d 2 
Z 

+&so) +a; 05 

9 
=I1 

‘cq(dZ2 -So) - +;,@q +a2+03 +aJ 

The symmetry of the complex IS stnctly C2, but the assumption of C4, symmetry rm- 

phcrt m the above orbrtals IS JUStifled by the rather small rhombic dlstortlon Th.e sub- 
scripts 14 refer to the oxygens of the acetylacetonate hgands and 5 to the vanadyl oxy- 
gen As wrrtten above, these are all bonding orbrtaL. a ! CI 11 and b r bemg o bonding, b2 m- 

plane rr bondmg and e out-of-plane a bonding The coefficients m the correspondmg anti- 
bondmg orbrtals are denoted by stars Ail these anti-boudmg orbrtals are unoccupred ex- 

cept for b; which IS singly occupied ExpressrJns can be derrved for g 11,gl. A 11 and Al 
mvolvmg these molecular orbrtal coefficients whrch are quite srmrlar m form to those 

grven above for the dg case Experrmentally,gl~ = 2 0.54, gl= 2 023, A II= 166 5 X lOA 
cm-‘, Al = 63 5 X 1W4 cm-l It IS assumed that p; = 1 p2’* = 0,r e , there IS no m-plane 
r~ mteractron Thus seems to be generally 2 vahd assumptron for vanadyl complexes whrch 
IS supported by the farlure to observe hgand hyperfiie structure with nitrogen hgands 
This may be contrasted with the behavrour of Cu” complexes The other derived para- 

meters are 

PT’ =084 ‘*2 
81 =044 EZ2 =095 

Thus rt IS deduced that the o orbrtals are consrderably delocalized - It may be noted that 

the overlap 1s substantial The out-of-plane a orbrtals are only slightly delocalized and it 
IS stated that this probably involves predommantly the vanadyl oxygen 

The analysrs of the ESR spectra of metal complexes with more than one unpaired elec- 
tron IS more complicated than those of S = $ systems It IS necessary to take account of 
electron-electron drpolar mteractrons An Wrstratrve example IS provided by the work on 
Cr”’ acetylacetonate This molecule was e;ammed by Singer lo and more recently by 
McGarvey 1 1 The latter used a sample magnetrcally dilute m the Co”’ compound The 
spectrum can be fitted to the spm Hamrltoman 

a=g/3HS-+D(S,2 -2 ) +E(s_< -s;> 

The g values are the mam source of mformation on the electronic structure D and E 

which describe the drpolar mteractrons are very sensrtrve to drstortrons of the molecule 
from octahedral symmetry but are not sensitive to the detailed nature of the molecular 

orbrtals McGarvey found the followmg parameters 

g=19802-i00005 
IDI=0600~0001 cm-’ 
IEI = 0 0085 2 0 0005 cm‘-’ 

In addition, he was able to observe hyperfme couphng from the S3Cr rsotope (I= 312 
abundance 9 54%) wluch gave the additional parameters 
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A=162~0.1X10-4cm~1 
I3 = 16.9 i 0.1 X lOA cm-l 

The lack of amsotropy m the g value and the small amsotropy of the hyperfiie couplmg 

IS expected m view of the orbitally nondegenerate ground stare (4A 2g) The g value dlf- 

fers from that of the free electron since spm-orblt couplmg leads to mlxmg of the ground 
state with the 4T2g excited state. Crystal field theory leads to the expression 

g=20023 - 
8X 

W4T&> 
The observed g value may be compared with those of the hexa-aquo CrII’ complex 6 = 

1 976) and the hexacyano complex e = 1 992) The Intermediate value for Crlll acetyl- 

acetonate implies that the complex IS more covalent than the aquo compound but less 
covalent than the cyanide There 1s a slmllar trend m the metal hyperfine couplmg con- 
stants, A Cr(H2 O), 3* = 17 0 X 10m4, A Cr (CN), 3- = 14 7 Y 10T4 cm-’ which supports 
this conclusion McCarvey has examined a number of Cr”’ compleves and carried out a 
more quantitative analysis The 4 Tzg excited state arlses from a configuration m whch 
an electron has been promoted from the half-filled tZg orbltals to the eg orbltals These 
latter are anti-bonding a* orbltals and as such are mixtures of metal d *, d 2 
orbltals and appropriate hgand a combmatlons The expression for thgg V&I: 6 

2. sandp 
ecomes 

g = 2 0023 - 
8XPd 

c 

W”T$ 

where Pd 1s a function of the eg orbltal coefficients The value of Pd of 0 68 IS considered 

to indicate considerable a mixing In this treatment n interactions are neglected Thus is 
Justified to some extent by the value of the metal hyperfme couplmg constant which IS 
relatively little changed from that of the aquo complex This latter inference rests on the 

assumption that the hyperfine coupling constant, bemg a ground-state property, depends 
only on the coefficients of the half-filled dx,,, 
nuxed only with hgand n arbltals 

d_,= and d_b,z orbltals which m turn can be 

As a fmal ESR example, we will consider the work on Colt trlspyrazolyl borate carried 
out by Jesson ’ 2 CoII has a d7 configuration and the electron spin relaxation IS such that 
its complexes are usually sultable for NMR studies m solution at room temperature Tlus 
IS the case for the present complex. It appears that the shifts are predominantly dlpolar 
m character and It 1s therefore important to estabhsh the ESR parameters to aid the mter- 
pretatlon of the NMR*. At hquld-hehum temperature the relaxation time IS sufficiently 

long to allow observation of the ESR spectrum. However. at this temperature only the 
lowest of the Kramers doublets resulting from the combined effect of the trlgonal dlstor- 

tlon and spm-orblt coupling on the 4 Tlg ground state IS populated The spectrum can 
therefore be analysed usmg the Spin Hamlltoman 

* An alternatlve which 1s now consldered preferable IS to measure the smgle-crystal magnetic susceptl- 

b&ties (W D Horrocks and E S Greenberg, W D Horrocks and D W Hall. preprints) 
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The g value and the hyperfine couphng are both lughly amsotroprc (g,, = 8.46 f 0 01, 
gL = 0 97 + 0 01 ,A = 0 0362 +- 0 0003 cm-’ , B < 0.0001 cm-‘). The arusotroprc g value, 
of course, favours drpolar NMR shafts Combmatron of thus ESR data with optrcal spectro- 
scopy allowed calcula:ron of the g values for other Kramers doublets m the ground-state 
marufold and hence provrdcs basrc data for Interpretation of the NMR Since the ESR 
parameters are determmed predommantly by the geometry and spm-orbrt couphng of the 
complex, they do not provrde a great deal of direct evrdence on the nature of the bondmg 
Thrs IS generally true for orbitally degenerate ground states In his calculation of the g 
values, Jesson used an orbital reductron factor of 0 9 for the matrix elements of the orbrtal 
angular momentum and reduced the free Ion spin orbrt couphng by 20% Both of these 
factors are indicatrve of covalency. Srmrlarly, the arlalysrs of the hyperfine couphng sug- 
gested about 15% charge transfer ro the bgand. However, the mformation on metai- 
hgand mteractlons obtamed by ESR on thus type of compound IS, at best, quahtatrve 

D NRIRTHCORY 

In prmcrple, the theory apphcable to the NMR of paramagnetrc complexes 1s more 
strarghtforward than the correspondmg ESR theory. In practrce, the drffrcultres of mter- 
pretatron are such that rt may be farrly stated that all results reported thus far should be 
regarded as havmg quahtatrve rather than quantrtatrve srgmficance. Basically, there are 
two problems The first 1s tqseparate the drpolar effects from the contact effects Only 
the contact contrrbutron provrdes drrect mformat on regardmg the bondmg The contact 
shafts, when obtamed, grve dnectly the spm densmes m the S orbltals of the magnetrc 
nucler. Usually there IS no drrect overlap of these orbrtals wrth the spm-contammg metal 
orbrtals and they have acquired unparred electron density mdrrectly from other hgand 
orbrtals It IS the drsenranglmg of these mdrrect pathways which provides the mformatron 
on metal-hgand bondmg and which constitutes the second problem 

The separatron of drpolar and contact effects has been attempted m a number of ways 
McConnell AS first pomted out that contact shrfts should be identical m both solution and 
sohd whereas drpolar shrfts should doffer m the different phases Comparrson of solutron 
and polycrystalline sohd spectra should therefore estabhsh the presence of drpolar effects 
McConnell and HolmK1 apphed thrs prmcrple to vanadocene and concluded the sluft was 
contact m orrgm but the method has not been further explorted The experrmental prob- 
lem lies m the excessrve hne wrdths of NMR lines of polycrystallme solids It has been 
suggested A21*R1 that the different dependences of nuclear Tl’s and T2’s on hyperfine 
couphng constants could form the basis of a method for rdentrfymg contact mteractrons 
Thrs suggestron does not appear to have been followed up, probably because of the ex- 
perimental drfficultres of measurmg short T,‘s 

The most generally used arguments to establish or drsprove drpolar contrrbutrons to 
rsotroprc shrfts have been based on experrmental data or theoretrcal Inferences on the 
presence or absence of magnetic isotropy m a complex Drpolar (sometrmes called pseudo- 
conract) effects can only be present rf there IS magnetrc arusotropy Thus McConnell and 
Robertson A5 derived the expression 

AH= - 
p2w&s + 1) 

27kT (g,, + %J &?u -gJ (3 coy; - l) 
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for the drpolar contnbutron m solutron In thrs expression, 0 IS the angle between the 
prmcrple magnetrc axrs and a hne Joinmg the metal atom and the magnetrc nucleus under 
consrderatron and r 1s the drstance of this nucleus from the metal atom This equatron de- 
mands at least a three-fold axrs The other symbols have therr usual srgmficance It IS ap- 
parent that the dipolar shifts will be equal to zero rfg,, =g, Later work by JessonA14 
has shown that the exact form of the drpolar expression depends on the relative values of 
the electron spm relaxation time, the correlatron time for molecular tumbling and the 
Zeeman anisotropy energy The qualitative dependence on the g value anisotropy and the 
molecular geometry rs, however, maintained St111 more recently Horrocks A10 has pomted 
out that prevrous treatments have neglected the contrrbutron of the second-order Zeeman 
effect, which may be substantial m some cases, and has suggested that rt would be pre- 
ferable to evaluate the dipolar contnbution to rsotroprc shafts from measurements of the 
anisotropy of the magnetic susceptrbrhty rather than of the g values Thus, although It ap- 
pears that the theory of dlpolar shifts IS working towards a defimtlve form, rt must be 
concluded that most of the quantrtatrve calculatrons pubhshed thus far are unrelldble 
It IS probable, though, that many of the quahtatrve conclusrons whrch have been made m 
the past will not be substantrally altered by refinements m the theory Thus rt has often 
been postulated that m octahedral or near-octahedral Nlfl complexes, drpolar effects can 
be neglected smce magnetic amsotropy IS not expected from the orbitally non-degenerate 
3Az ground s t at e. Shrfts of such complexes have therefore been treated as purely contact 
m orrgm and It seems unhkely that this assumption can be seriously m error Srmrlarly, 
for other complexes such as CrlIr acetylacetonate and TrIII acetylacetonate where the g 
values are known to be either isotropic or only shghtly amsotroprc, rt IS Improbable that a 
more refined theory will alter the conclusron that the shafts are predommantly contact m 
orrgm Thus If ESR measurements have established that the g value amsotropy IS small or 
if theoretical arguments show that the ground state IS orbrtally nondegenerate and well- 
separated from excited states whrch can be mixed m by spm-orbrt coupling. it seems fan ly 
safe to assume that lsotroprc shifts observed will be predommantly contact m ongm 

Three other hnes of argument have been developed to estimate the extent of the dr- 
polar contrlbutron to NMR shifts m paramagnetrc molecules. They may be grouped to- 
gether m that none of them requrre any prior knowlege of the magnetic properties of 
the molecule The first such method depends on estimating the ratios of the pseudo-con- 
tact smfts from then geometrical dependence Provrdmg the geometry of the molecule 1s 
known and there is suffcrent symmetry to rdentlfy a prmcrpal axrs wrthout ambrgmty, 
values of (3 (30s’ 0 - 1)/r’ can be calculated for each proton and the drpolar shifts must 
be proportronal to these values If the experimental shafts drverge wrdely from these ratios, 
and particularly if the signs are wrong, rt can be deduced that drpolar effects do not pre- 
dominate This argument has been applied to CrII complexesCl It IS open to the ObJec- 
tron that relatrvely small contact contrrbutrons can affect the ratros Secondly, rf the 
mode of spin delocahzatron can be identified and the shafts show good proportronahty to 
calculated spin densnres, this has been taken as good evidence for a contact mechamsm. 
The argument 1s most persuasive for rr delocahzatlon m a non-alternant system for which 
the alternation of positive and negative spm densrtres, and hence of high and low field 
shrfts, provrdes a rather characteristic pattern. An extensron of thus argument rests on the 
observatron that a methyl group shrfts m the opposite drrectron to a proton substttuted 
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at the correspondmg posmon Such an observation IS redddy interpretable by a 5~ delocal- 

zatlon mechamsm (see below) but would requue very specific geometry for a dlpolar 

mechanism* Single inferences alon, a these lmes are mcc ?4uslve but da large number of 

data can be fitted to a smgle rr delocahzatlon mechamsm, It must be regarded as rather 

good evidence for the preference of a contact to a dlpolar mechamsm If the spm density 
calculations are rehable, the residual dlpolar contrlbutlon can be found by subtractlon 
A third method depends on the comparison of the ratios of shifts for complexes with the 
same bgand but dlffelent metal atoms This has been applied most extensively to octa- 

hedral NlII and Co*I complexes It 1s argued that the Nlrl complexes show only contact 
slufts, that the mechamsm of delocahzatlon will be the same for both NII1 and Co”. 
hence that the ratios of the contact shlftr ~111 be the same for both complexes and that 
discrepancies m the observed ratios must therefore be attnbuted to dlpolar effects m the 

ColI complexAl The crucial assumption IS that delocz&zatlon mechamsms are the same 
for NIII and CoII and this has led to some controversy Obviously none of these meth- 
ods IS completely unambiguous 

The overall conclusions reached thus far on the questIon of dIpolar versus contact shifts 
can be summarized as follows !n the first transltlon series there seems to be little doubt 
that the slufts of octahedral CrlI1 and Niil complexes arise from the contact effect It IS 

widely agreed that octahedral Co” complexes show large, and m many cases predominant, 

dlpolar effects Octahedral V”’ and Crrl and tetrahedral NllI have been widely studied 
and all the mterpretatlons advanced have been based on contact effects m spite of the 

fact that theory mdlcates dlpoiar effects should be present It appears to the present 
author that by and large the attrlbutlon of the shifts m These complexes IS probably cor- 
rect for the reason that all the complexes studied are distorted from octahedral or tetra- 
hedral geometry suffmlently to give orbltally non-degenerate ground states well separated 
(several thousand cm-‘) from excited states Detailed measurements of the magnetic and 
spectroscopic propertles of these complexes would do much to clarify the sltuatlon. Tetra- 
hedral Co” appears to show dlpoldr shlftsF8 m spne of its orbitally nondegenerate ground 
state. presumably because of muxmg of low-lymg excited states. Data on the remammg 

first-row Ions are rather scarce but the experimental evidence, such as it IS, favours pre- 
dominantly contact mteractlons Data on second- and thud-row transltlon metal com- 
plexes and on rdre earth complexes are even more sparse but It IS to be antlclpated that dl- 
polar interactions will be relatively more important if only because of the larger spm-orblt 
coupling constants. 

We may now turn to the orlgm of the contact shifts McConnell and Robertson AS re- 
lated the contact slnft to the hyperfine couplmg constant A by the expresslon 

AH Ye 
H,=-A<&? 

Pw+l) 
3kT 

In thus expression, AH IS the shift at applied field Ho A, m turn, 1s related to the spm 
density ([G(O)] ‘) at the nucleus m question by 

* Recent INDO mlculatlons suggest that Q delocahzatlon can also lead to a rebe-sal of CH, shrfts 
(3’ D. Horrocks and D.L. Johnson, preprmt) 
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Thus, measurement of the contact shaft rmmedrately grves the spm densrty at the nucleus 

Smce only S orbrtals have a fimte density at the nucleus, 111 the srmplest case a proton con- 
tact shift immediately gives the contrtbutron of the H 1s orbital to the partly filled molec- 
ular orbital However, this srmphficatron IS madmrssrble since rt neglects spm correlation 
Thrs problem was first encountered by ESR spectroscoprsts m the case of aromatrc IQn 

radrcals For these radrcals the unpaved electron clearly occupres a rr molecular orbital 

which has a node at the hydrogen atoms Nevertheless, there IS fume hyperfme couphng 
due to hydrogens and 7r-u spur polarrzatron must be mvoked. The mformatron wluch one 
would hke to obtdm from contact shaft measurements relates to the amount of nuxmg of 
specrfic hgand orbrtals wrth specrf:c metal orbrtals and hence a descrrptron of the covalen- 
cy of the various types of metal-hgand bondmg In prmcrple, this requues comparison of 
the observed shrfts with S orbrtal spur densrtres obtamed by complete, many-electron cal- 
culatrons wrth full allowance for spm correlatron In practice, such calculatrons are not 

feasrble for molecules mcludmg transrtton metals 
In spite of the above hmrtatrons, contact shaft measurements can yreld vahd mforma- 

tron on metal-hgand mteractrons m certam cases. The mam requuements 1s that 1s should 

be possrble to rdentrfy a smgle dommant delocahzatron mechanism If more than one such 
mechamsm 1s present, the bondmg mformatton IS hkely to be, at best, very qualitative 
It 1s probably most profitable to illustrate the type of mformatron that can be obtamed 

m this way by reference to some specrfic examples as wrll be done m the next sectron but 
we summarize, at thus pomt, some of the possrble modes of spur delocalrzatron 

It 1s assumed, nutrally, that the unpaved electrons occupy predommantly metal d or- 
brtals m a manner determmed by sample crystal field theory. Thus a VII1 complex (approu- 
rmately octahedral) will have two unpaired electrons in the fzg(dr_,,, d,,. dyz) orbrtals. 
The Boltzman drstrrbutron will determrw that the Q: spm states of these unpaired elec- 
trons are favoured m a magnetic field. The smn-contaming orbrtals can mrx duectly wrth 
an empty hgand 1~* orbital of srmrlar energy grvmg rrse to (Y spur density m hgand pn 
atomrc orbrtals. The rr spm densitres can be related directly to hydrogen atom or methyl 
group hyperfme couphng constants usmg the theory developed for the ESR of aromattc 
radrcals This corresponds to ‘IT “back-bondmg” wtth metal-to-hgand charge transfer and 
the ligand hyperfine couplmg constants would be a measure of the extent of this process 
There 1s also the possrbrlrty that the metal orbrtals could Interact wrth a filled hgand TT 
orbital Tlus corresponds to TI bondmg wrth &and-to-metal charge transfer Smce the d 

orbrtals are less than half-filled, erther an (Y electron or a p electron could be donated In 

the former case there ~111 be excess fl spin density remammg on the hgand and m the latter 
case excess (Y spm density Since the wave functions and hence the spur densrty drstrrbu- 
trons are usually drfferent for the ‘IT and rr* orbrtals and smce the srgns of the contact 

shrfts are drfferent for o and 0 spm densrtres, we can, m prmcrple, drstmgursh these POSSI- 
brhtres. However, rf the symmetry 1s less than octahedral, the dxy, d_rz and dyz orbrtals 
can also mrx wrth hgand a* orbrtals _ Ths can lead to direct delocahzatton of (Y spm to 
hydrogen atoms on the hgand In general, the spm density m o orbrtals ~111 fall off rather 
raprdly wrth an mcreasmg number of bonds separatmg the magnetrc nucleus from the met- 
al atom and thts argument IS often used to tdentrfy or refute u delocahzatron. It has ob- 
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vious hazards. Stdl more subtle delocahzation mechamsms may be encountered_ Thus un- 
patred electrons m essenttally non-bondmg ‘II orbttals may polanze the spms of paired 
electrons m nerghbourmg u bondm, 0 orbrtals leading to excess /3 spms m the hgand o or- 
bital Again the mam delocalizatlon may be to the o orbttais of the atom attached drrectly 
to the metal but thus can polanze filled hgand n orbrtals. Since mcorrect identification of 
the delocahzatron mechamsm wdl lead to mcorrect mferences with regard to the bondmg, 
rt 1s apparent that results m thrs area must be assessed wrth some care 

Finally, we might say a word about the calculatton of hgand spur densities The most 
desirable approach would obvrously be a complete calculation mvolvmg all metal and 
hgand orbrtals wrth full allowance for electron correlation_ Needless to say such calcula- 

tions have not been carried out In a number of cases (notably metallocene complexes), 
extended Huckel calculatrons on the complete molecule have been used to obtam spm 
densttresK7_ These lack allowance for correlation effects but the reasonable agreement 
with experiment suggests they may be fair approxrmattons This does not imply, however, 

that the method ~111 necessarily work equally well m other cases especially where both 
posrtive and negative spur densities occur. A more common procedure has been to carry 
out a calculatron on a radrcal derived from the hgand, to compare the relative spm dena- 
ties at different posittons, and hence to deduce the fraction of an electron delocahzed 
whrch gives a measure of the metal-hgand mteractron. The majorrty of apphcatlons have 
been to n radrcals of the non-alternant type showmg large negative spm densrtres In such 
cases it is essential to include electron correlatron and smgle electron Huckel calculatrons 
are madmrssrble. Earher workers resorted to valence bond calculattons (whrch automatrc- 

ally include correlatton) and these were surprrsmgly successful m a number of casesG5 
Later, MacJIachlan developed a rather sample molecular orbrtal techmque for deahng 
wtth thrs situation and thus has been widely used B3. Calculations on o radicals are more 
hmned and have been confined to the extended Huckel A15 and hnear combmatron of 
bond orbital methodsG26 neither of which m&de correlatton In general, the success of 
these calculations IS such that the conclusrons reached with regard to the type of orbital 
contammg the unpaired electrons and quahtatrve estimates of the amount of delocahza- 
bon can be regarded as rehable m favourable cucumstances In the present state of the 
art, thts 1s perhaps the maxrmum amount of mformatron whrch can be derived from con- 
tact shift studres. 

II SO’dE NhIR RESULTS 

The study of the rsotroprc NMR shrfts of paramagnetic metal complexes has been an 
active area of research for almost ren years. During thrs period a rather substantial num- 
ber of papers has been published and an attempt has been made to provide a brbhography. 
In the present section, only a small number of selected papers will be reviewed These 

have been chosen, somewhat arbrtranly, to try and illustrate the utthty of thus type of ex- 
periment in studies of metal-hgand bondmg The contnbutrons of the papers hsted to other 
areas of interest, rangmg from rsomertsm m metal complexes to hyperconjugatton m thl% 
orgamc hgands, have been substantial so that the followmg examples by no means represent 
a balanced selectron. 

The first series of complexes to be extenstvely studied were the Nrrr ammotroponermnte- 
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Fig 3 ‘H spectrum of Ntl’ N.N’-b~s(p-l,3-butad~enylphenyl)am~notropone~m~neate 
CDC13 solvent, T&IS reference 

ates of structure (II)G6 In the hght of subseQuent work, thus was an extremely fortm- 
rous senes of compounds with whrch to start. In contrast to other compounds, the results 
can be Interpreted m a relatrvely simple manner, the hgands allow wrde synthetrc flexrbrl- 

rty and the NMR relaxation propertres are particularly favourable. There is only one com- 
phcatron, namely that there IS an exchange process, fast on the NMR time scale, between 
a planar diamagnetic isomer and a tetrahedral paramagnetic isomer. As a result, the ob- 
served shrfts are the average of the paramagnetrc and diamagnetrc forms For our present 
purpose we will neglect thrs aspect of the studies It was orrgmally considered that the 
fast isomer exchange determined the fast electron spm relaxatron but this does not ap- 
pear to be correct. However, for whatever the cause, the NMR lmes are sharp enough to 
resolve spin-spm sphttmg m many cases and shifts of up to 15,000 Hz at 60 MHz are ob- 
served A tymcal spectrum 1s shown m Rg 3 The most notable quahtatrve feature abort 
this spectrum 1s the existence of both high and low field shifts Closer exammatron of 
thrs and related molecules shows that the fundamental pattern 1s very sample - protons 
attached to successrve carbons shrft m opposrte drrectrons. Tins pattern 1s mamtamed m- 

definitely as the ligand n system is extended. This pattern can be interpreted very simply 
with a model mvolvmg contact shifts due to spin delocahzatron m the rr system. The pro- 
ton hyperfme coupling constants can be used to obtain ‘IT spin densitres from the relatron- 

ShP 
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where Q IS a constant of numerical value approxrmately -22 5 gauss The theory pertinent 
to the use of this equatron was developed to interpret the ESR of aromatic radrcals Hrgh 
field shifts correspond to positive 71 spin densities and low field shifts to negative rr spin 
densrtres 4 sunple valence bond formulation suffices to determine whrch posrtlons wrll 
experience posrtrve spm densities and whrch negative spm densrtres. Thus, rf a radical 1s 
formed by transferring an electron from the ammotroponermmeate ion to the metal, the 
prmcrpal contrrbutmg structures wrll be 

Reasonable structures placing positive spin at the 01 and y posrtrons can be written, but 
there IS no such possrbrhty at the 0 positron Experience with srmrlar radicals, such as the 

ally1 radical, suggests that this positron will acquire negative spm density by spur polanza- 
tron of the filled rr orbrtals Srmrlar valence bond structures can easrly be written for the 
more complex hgands obtained by substrtutmg aromatic morerres on the nitrogen or at 
the y positron Spin densities on these radicals can be calculated by the valence baud 
method and compared with the experimental results Smce we are not dealing wrth “free” 

radicals but only with hgands wrth some radical character, the frt of the model must be 
Judged from the relative spm densrtres at the different positrons If a common scahng 
factor grves satisfactory agreement at ail positrons, thrs scahng faction IS a measure of the 
fraction of an electron delocalrzed and hence of the amount of n mteractron Table 2 gives 
some compansons of calculated and exper mental spm densities The rmphcatron 1s that 
about l/10 of an electron IS delocalized to the ammotroponermmeate framework and 
about l/30 to aromatic fragments attached to the nitrogen The overall agreement IS bet- 
ter than might have been expected from the rather unsophrstrcated method cf calculatron 

Thus the immediate conclusron 1s that T mteractron IS sufficiently important to give 
nse to about a 10% contnbutron from structures mvolvmg delocahzatron of the unparred 
electrons to the hgand. It should be noted that tetrahedral Nr” has unpaired electrons m 
the d x,,, dxz and d_,,z orbrtals whrch are capable of direct overlap with the hgand n system 
so there is no necessity to postulate any indirect mode of delocahzatron. Furthermore, 

TABLE 2 
Sprn densities III nrckelI’ N,N’-blp-1,Zbutndrenylphenyl) ammotroponermmeate 

Proton Pobs Pcalc Proton Pobs PC2lC 

CK +o 0410 a -0 00586 -000465 
B -00210 b +0.00422 +000643 
7 +00568 C -0 00281 -0 00219 
ortho +0.00792 +0_01099 a +0 00342 +000288 
meru -0.00869 -000629 e +000305 
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the mteractron must involve hgand-to-metal charge transfer smce molecular orbrtal calcu- 
lations E8 show that tne spin density drstrrbutron m the rr* orbrtal 1s mcompatrble with 
the experimental results Consrdenng the consistency of the results over the substantial 

number of compounds studled, tt seems certam that the stifts arise predommantly from 
tlus mechanism Smaller contrrbutrons from other sources are, however, by no means 
excluded Thus the observation of shifts m N-alkyl substrtuents and discrepancies m some 
of the proton shrfts of aromatic substrtuents at posrtrons relatively close to the metal are 
certamly mdrcatrve of some u contrrbutron Recently, 13C shifts have been observed for 
one of these compounds and rt is consrdered that they are also mdrcatrve of some u de- 
locahzatron G55. Srmrlarly, although the arguments against a substantial drpolar effect are 
strong, a small contrrbutron from tins source cannot be excluded Thus, even m thus well- 
studied system, one must be content with quahtatrve conclusrons about the boning 
Even wrth more rehable calculatrons on the spm density drstnbutron, rt IS unlikely that 
one will be able to be more exphcrt than to estimate 1% for the rr delocahzatron 

The NrIl sahcylaldrmmes of structure (III) are a similar senes of compounds wluch 
have also been rather extensively studred G17 Again, the suggested mterpretatron mvolves 
delocahzatron mto the hgand rr system by dn-pn interaction In tlus case, the delocahza- 
tron 1s smaller, amounting only to about 1/30th of an electron Probably the mteractmg 
rr orbital 1s energetrcally less favourably srtusted for interaction with the d orbrtals than 
m the ammotroponermmeates. The rerervatrons expressed m the last paragraph apply 
equally well here but the predommant mechamsm seems to be well established 

In both of the above cases the rather large number of chemically drstmct hgand protons 
allows extensive comparrson of observed and calculated spm densrtres which 1s a valuable 
ard m estabhshmg the delocahzation mechanism However, in cases with less favourable 
relaxatron condrtrons, the lines are broad and a complex hgand 1s hkely to give nse to G-- 

drfficultres m the assignment of lures For compansons between different metal ions rt 1s 
therefore better to choose a simple hgand. A series of first-row transition metal acetyl- 
acetones has been examined with this consrderatron m mind B2 The observed rsotroprc 
shrfts are grven m Table 3 There are only two chemically distinct types of proton, pres- 

ent m the ratio of SIX to one, so for any reasonable resolved spectrum there IS no assrgn- 

ment problem In spite of thrs the lines were too broad m the cases of Tr”’ and Cr”’ to 
locate the single C-H proton It was argued that, m the early trans:tron metals at least (up 
to FeiI1), drpolar effects are not important Thrs argument is by no means watertight for 

all the complexes but m the authors’ opuuon 1s probably substantially correct because 
there 1s a smooth progression of the shrfts (as seen from the figures of Table 3) m a senes 
which mcludes both complexes where drpolar effects can be certainly eliminated and 
those where rt 1s less certain The suggested interpretation was based on spm delocalizatron 

. 
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TABLE 3 
NMR of panmagnetlc acetylacetonates 

TlI’I @I 

CH3 - -3500 -2744 
H -2404 

Slufts In Hz at 60 MHz from TMS 

CP hlrP FP 

-2320 -1505 -1243 
-1085 +I644 

TABLE 4 
Molecular orbital calculations 

Energy top bonding 
Ener,v bottom dntl-bondmg 

Spm densltles 

Acetylacetonate 

+o 9417 p 
-0 6103 p 

Top bondmg Bottom antt-bondmg 

Huckel hiclachkn Huckel hIcLnchlan 
--__ 

0 +o 0890 +o 0710 +o 0799 +0 0852 
Cl CC-CH3) +0 1260 +0 0640 +o 4201 +o 4979 
C2 <C-H) +0 5683 +o 7291 +o 000 -0 1658 

to the JT system Table 4 contams calculated TI spm densltles for both the bottom antl- 

bondmg 71 orbltal and the top bonding 7~ orbltal Both the CH3 and the single H shifts can 
be related to these spm densltles but m the first case the Q value should be taken as posl- 

tlve (- +27 gauss) and m the second case negative. These calculations lead to the follow- 
mg predictions for the contact shifts 

(a) For metal-to-hgand charge transfer to the lowest unoccupied ‘IT orbital, the CH3 
~11 have a large low field shift and the smgle hydrogen will also move to low field shift 

though somewhat less 
(b) Llgand-to-metal charge transfer ~111 leave unpzured spin density m the hqhest 

occupied 7r orbltal For a less than half-ftiled d shell. an (Y electron ~111 be trxsferred 

Thus gives rise to a large low field shift of the single hydrogen and a small shift of mdeter- 
mmate sign for the CH3 For a half-filled or more shell, the signs are reversed, t e. a large 
Zugh field shift IS predicted for the smgle hydrogen. The experimental results can be fitted 
rather mcely to these predlctlons At the begrnmng of the senes (Tl”‘) it 1s postulated 
that the d orbltals are relatively close m energy to the 7~* orbital and metal-to-hgand trans- 
fer predommates. On passing along the series, the increasing nuclear charge lowers the 
energy of the d orbltals and Irgand-to-metal charge transfer must also be consldered 
Delocahzatlon in the n* orbital decreases from about 7% to 1% of an electron from TllI1 

to Felli. The change III sign of the C-H shift at FeilI IS predlcted from the hgand-to- 
metal charge transfer mechanism. Perhaps even more slgmficantly the interpretation IS 
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consrstent wrth the chemrstry of these Ions The complexes showmg the largest tendency 
to metal-to-ligand charge transfer Involve those ions most easrly oxrdrzed and where 
ligand-to-metal charge transfer rs Involved the ions are reducible to a lower oxrdatron 
state It should be emphasized, though, that results of thrs kmd do not have more than 
qualitatrve srgnificance. It 1s plausible from the expectal ran that the d orbrtals wrll be 
closer m energy to the rt orbitals of the hgand than to the o orbrtals that a delocahzatron 
wrll be more unportant than u delocahzatron There is also some expenmental evrdence to 
thrs effect from the early observation of Forman et al B1 that substrtutron of CH, for 
the single hydrogen of the VIII complex reversed the srgn of shift as expected for a 7~ 
radical There could, however, easily be enough o delocahzatron to sporl yuantrtatrve 
mterpretatrons m addition to the uncertamtres introduced by possrble dipole mteractions 
and maccurate spur density calculatrons Chemically, however, results of this kmd are of 
rmportance m demonstrating trends m the bonding and m grvmg a qualitative idea of the 
extent of 7r interaction. 

It rs appropriate to discuss next a case where several delocahzatron mechanisms have 
been shown to occur simultaneously In a recent paper, Cramer and Drago G46 have Qs- 
cussed contact shifts in complexes of the type NIL: where L IS a pyrrdme or substituted 
pyrrdme. There had been prevrous :eports of shifts for nickel pyrrdme complexes wrth da- 
torted octahedral or distorted tetrahedral geometry_ The use of regular octahedral com- 
plexes enabled the authors to drsmrss the possrbrlrty of &polar effects with some certainty 
and also to ehmmate drrect delocahzatron mto the 71 system The unpaired electrons 
reside m an eg orbital whrch can interact with hgand u orbitals but which 1s orthogonal to 
the ‘IT orbrtals At room temperature there rs fast hgand exchange so that only averaged 
shifts are observed but the contact shrfted resonances can be obtained at -40°C. The ob- 
served shifts are shown m Table 5. For the pyndme complex itself, rhe general pattern 1s 

TABLE 5 
NIL? contact shifts 

Llgand L Au (c/se@ 

Pyrldme 0 -3820 
M -1420 
P - 445 

4-Methylpyridme 0 4570 
M -1500 
P-CH3 + 422 

3-Methylpyndme 0 -4320 

M -1575 
P - 450 
M-CH3 - 313 

4-Vmylpyrldme 0 -2631 

M -1236 
H3 - 195 
HZ + 53 
HI - 218 

Slufts In Hz at 60 MHz rehtwe to TMS 
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that expected for cr delocahzatron The shrfts are to low field, mdrcatmg the protons can 
sense duectly the Q! spm on the metal, and drmmrsh rather raprdly wrth drstance from the 
mckel. The results on some of the substrtuted pyndmes indicate that this mechamsm IS 
not completely satisfactory In partrcular, the high field shifts of the CH, of 4-methyl- 
pyrrdme and of H2 of 4-vmylpyridme cannot be explained m thus manner The sugges- 

tion 1s made that polanzatron leads to spin density m the 51 system Extended Huckel 

calculatrons suggested about 4 X IO-’ spin density m the o orb&& /3 spm density m the 
IT orbltals 1s about an order of magnitude less than thrs and rt was not possrble to identify 

the specrfic orbital These results seem quite plausible *_ It might be noted, though, that 
the observatron of both hrgh and low field shafts does not necessarrly unphcate n orbrtals. 

Such effects have been observed in some suostituted Nix1 ammotroponeimmeates m 
which the sdbstituent has no 71 system. The only firm conclusron 1s that one-electron 
calculatrons for such systems are not sufficrsnt 

The above papers are mdrcatrve of the kmd of attempts which have been made to ob- 

tam mformatron on metal-hgand bonding directly from contact shrft measurements 
There are a large number of vanatrons on the themes already mtroduced In this final 
sectron we would rke to indicate some of the more indirect uses of NMR m thus area The 

work of Jesson et al F23 on cobalti pyrazolylborates has already been mentioned The 
predominant shift mechamsm 1s drpolar and so does not provrde direct mformatron on 
the bonding. There IS, however, a significant contact contrrbutron so that b-mdmg para- 

meters are hkely to be obtained as a by-product from detarled studies of this kind A very 
recent paper by McGarvey *I8 has re-exammed the theory of these d7 systems and mtro- 
duced some quantrtatrve changes m the mterpretatron. We refer the reader to the orrgrnal 
paper for details Work of thrs kind mvolvmg continuing refinement of the theory empha- 
srzes the hmrtatron of most of what has been published so far to quahtatrve srgmficance 
At the other end of the scale a recent paper by Rakshys G53 rllustrates very mcely the 
usefulness of the NIMR technique 111 an emprrrcal way The molecules studied were com- 
plexes of the type Nl(acac)?L2 (acac = acetylacetone, L= substrtuted amlmes) m which 
the contact shrfts were correlated with stability constants Both electronic and stenc 
effects appear to be important and the NMR measurements provrde a sensrtrve probe for 
drsentanglmg these effects Fmally we might mentron the rather hmr’ed number of studies 

on complexes with mixed hgands G13*G1g The interest here lies m the approach wmch 
contact shrfts offer to the question of how substrtuent changes m one hgand affect bond- 

mg to other ligands Thrs 1s an important problem m studies of substrtutron mechanisms 
of complexes and m homogeneous catalysrs It has been demonstrated that rather large 
effects are observed m the NMR spectra of mrxed complexes The suggested mterpreta- 

trons have been based on differences m the occupatron of the spin-contammg metal 
orbrtals as the varrous hgands are changed This would appear to be a very promrsmg area 
which awarts more systematic experimental explortatron 

* Recent INDO calcuhtrons ;uggest that rt may be possible to rnterpret these results purely on the 
basis of CI delocalizatron (W D Horrocks and D L Johnson, preprmt) 
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F. CONCLUSION 

For the reasons outhned m the Lntroductlon, It IS not possible to make exphclt com- 
parisons between ESR and NhJR results on metal-hgand bonding It IS, however, feasible 
to make some comments on the consistency of the general pictures which emerge from 

the two types of studies The results described above have been very largely confined to 
chelate complexes of the first-row transltlon metal ions Both techmques demonstrate 
that covalency IS a factor of major unportance m this class of compounds in both cases 
interactions allowed by symmetry considerations are most unportant Thus. hgand hyper- 
fine sphttmg 1s observed m 0.1” complexes but not m VIv complexes ‘IT deiocahzatlon 
appears to be dommant from contact Aft studies of tetrahedral NlII complexes but IS 
subsidiary to D effects m octahedral Nil1 complexes where spm can reach the R system 
only m&rectly ESR results indicate up to 20% contnbutlon of hgand u orbltals to form- 
ally d orbltals but m general less than 10% hgartd contnbutlon to TI orbltals NMR results 
agree with this lu-mtatlon on 51 bonding Perhaps one of the more direct comparisons 1s 
that of 5% hgand 7~ contnbutlon m vanadyl acetylacetonate from ESR and about the same 
percentage in V”’ acetylacetonate from NMR The NMR technique 1s more sensltlve but 

less specific Thus, a detailed single-crystal ESR study can separate out the different modes 

of spm delocahzatlon wlthout amblgulty It will probably not, however, detect 2 or 3% 
contribution of a given type of ligand orbital Such a contnbutlon ~11 be sufficient to 
unpart substantial contact shfts to the NMR spectrum but there 1s no simple experimental 
cnterlon for dlsentanglmg the mechamsms Thus sensltlvlty of the NMR method means 
that relatively exotic indirect modes of spin delocahzatlon which can be safely neglected 

m ESR must be considered m mterpretmg the NMR spectra The theory for ESR IS rather 
well developed and allows quantitative interpretations to be put forward with some con- 
fidence_ That for NMR 1s more complex and cannot be applied wth certamty urlthout 
sophlstlcated many-electron calculations on complete complexes The overall result is 
that ESR gwes us a rehable quantitative descrlptlon of a few classes of complexes NMR 
has gven a large amount of essentially qualitative data on a much urlder range of com- 

pounds Both techmques are capable of much wider exploltatron and Jointly are likely to 
continue to make a substantial contrlbutlon to our understanding of the electronic struc- 
ture of transition metal complexes 
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