
Znorg. Chem. 1983, 22, 521-525 521 

Contribution from the Department of Chemistry and Physical Chemistry, 
Faculty of Sciences, University of Belgrade, 11001 Belgrade, Yugoslavia 

59C0 NMR Study of the Metal-Ligand Bond Covalency in Cobalt(II1) Complexes 

N. J U R A N I ~  

Received June 2, 1982 

The effect of the metal-ligand bond covalency on the magnetic shielding of the cobalt nucleus in cobalt(II1) complexes 
of octahedral ligand field symmetry has been examined by 59C0 nuclear magnetic resonance spectroscopy. The paramagnetic 
circulation, arising from the IT1, - 'A,, electronic transition, deshields the cobalt nucleus less effectively in complexes 
with a more covalent metal-ligand bond, because the circulation is driven away from the metal ion by the aztion of ligands. 
This circulation-removing ability of ligands, expressed by the circulation-remouing ratio, is presented for 38 complexes 
of the type Coo6,  CoN6, CoC,, Cos6, CoSe,, Cop6, and CoAs6. The circulation-removing ratio is mainly influenced by 
the electronegativity of the ligand atom directly bonded to cobalt(III), and a linear relationship between the ratios and 
metal-ligand bond ionicities exists. Calculation of the circulation-removing ratio in the molecular orbital scheme and its 
comparison with the experimental data are also presented. The results obtained show that the N M R  spectroscopy of metal 
ions may be generally used for examination of the metal-ligand bond properties in spin-paired d6 transition-metal complexes. 

Introduction 

Second-order paramagnetism in spin-paired d6 transition- 
metal complexes attracts considerable attention, since it con- 
tains information about electron charge distributions in com- 
plexes. Central-ion nuclear magnetic resonance spectroscopy 
is a very convenient technique for the study of this para- 
magnetism through the central-ion magnetic shielding. Thus, 
for the cobalt nucleus in cobalt(II1) complexes, variations of 
diamagnetic shielding from complex to complex are expected 
to be so small in comparison with variations of paramagnetic 
shielding that the 59C0 NMR chemical shifts can be discussed 
in terms of variations in paramagnetic shielding only. Another 
favorable circumstance is that the paramagnetic shielding of 
the cobalt nucleus arises from the distribution of electrons in 
the orbitals that are predominantly cobalt 3d orbitals. Hence, 
the results of ligand field theory are readily applicable when 
calculating the paramagnetic shielding. As a consequence, 
the 59C0 magnetogyric ratios are directly related to the ITl, - 'Al, electronic transition energies by' 

For a study of the bond covalency through change of the 
paramagnetic circulation term B as it is registered in the 59C0 
NMR chemical shifts it is essential to know the exact value 
of the 59C0 magnetogyric ratio of the bare cobalt nucleus (yo). 
In previous considerations of the bond covalency influence on 
cobalt nuclear shielding, the extrapolated FMR value was 

although it has been in poor agreement with two other 
studies directed at evaluating the 59C0 magnetogyric ratio 
yo.lOill Recently the validity of FMR extrapolation has been 
questioned.'~* In our most recent study,]* an improved value 
of yo was determined by investigating the temperature de- 
pendence of 59C0 chemical shifts and electronic transition 
wavelengths. The obtained value is in close agreement with 
the value obtained from a 59C0 NMR study of intermetallic 
cobalt compoundsI0 and differs greatly from the FMR value. 
Therefore we undertook to reexamine the effect of metal- 
ligand bond covalency on the magnetic shielding of the cobalt 
nucleus in cobalt(II1) complexes. 

Results and Discussion 

The term denoted by B is a function of the electron charge 
distribution in the molecular orbitals involved in the para- 
magnetic circulation and of particular interest in the study of 
the metal-ligand bond covalency. 

Freeman, Murray, and Richardson1 were the first to observe 
the linear relationship between the 59C0 NMR frequencies and 
the wavelengths of the IT!, - lAlg transition, which suggests 
that both the diamagnetic shielding term ud and the para- 
magnetic circulation term B are slightly influenced by ligands. 
However, deviations from the Freeman-Murray-Richardson 
(FMR) linear relationship were subsequently observed and 
attributed to the influence of the metal-ligand bond covalency 
on the term B.2-9 
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Table I. jYCo NMR Chemical Shifts (S), jYCo Magnetogyric Ratios (7, MHz T-I), Wavelengths of the ITlg +- ' A l g  Electronic Transition 
( l /&,  nm), Circulation Removing Ratios (van) and Nephelauxetic Ratios ( p 3 5 )  for Cobalt(I1I) Complexes of Octahedral Ligand 
Field Symmetry 

complex' ; ib  YC l/M QU7l 4 3 5  re@ 

[Co(P(OCH3),),l3+ 
[ Co(phosphite-I), ] 3 +  

[Co(phosphite-Ii),] '+ 
[Co(CH,OP(OCHZ),),I 3+ 
[Co(P(OCH2),CCH,),I 3 +  

[Co(triars),] 3+ 

[Co(diarr), 1,' 

15100 
14850 
13900 
13000 
12800 
12500 
12440 

8670 
8350 
8170 
7440 
7290 
7130 
7080 
6620 
6500 
4880 

8980 
7230 
7070 
6700 
6450 
6320 
6460 
6390 
6250 
6250 
5830 
6760 
1300 

0 

-305 
-307 
-360 

-1190 
-1240 

4900 
-100 

COO, Type 
10.258 6 06 
10.256 625 
10.246 645 
10.237 605 
10.235 609 
10.232 597 
10.231 592 

10.193 501 
10.190 488 
10.188 475 
10.181 480 
10.179 470 
10.178 468 
10.177 470 
10.173 450 
10.171 440 
10.155 365 

COS,, CoSe,, CoC, Types 
10.196 740 
10.179 650 
10.177 655 
10.173 654 
10.171 650 
10.170 633 
10.171 625 
10.170 625 
10.169 625 
10.169 625 
10.165 590 
10.174 667 
10.119 4 00 
10.1057 311 

10.103 350 
10.103 34 1 
10.102 339 
10.094 317 
10.093 300 
10.152 658 
10.105 430 

CON, Type 

COP,, CoAs, Types 

0.58 
0.55 
0.5 1 
0.52 
0.51 
0.5 2 
0.52 

0.49 
0.49 
0.50 
0.47 
0.47 
0.47 
0.47 
0.47 
0.48 
0.50 

0.34 
0.34 
0.34 
0.33 
0.32 
0.33 
0.34 
0.34 
0.33 
0.33 
0.34 
0.32 
0.32 
0.34 

0.29 
0.29 
0.29 
0.27 
0.28 
0.27 
0.25 

0.6 1 
(0.62) 
0.49 
0.49 

0.54 
0.52 
0.55 

0.53 
0.53 

0.56 

0.36 
0.33 

0.34 

0.30 
0.30 

0.30 
0.41 
0.42 

(0.22) 

(0.29) 

' Abbreviations: Htfthbd = 4,4,4-trifluoro-1-(2-thienyl)-l,3-butadiene; Hppd = l-phenyl-1,3-propadiene; ptdn = 2,4-pentanedionato; pn = 
1,2-propanediamine; o-phen = o-phenanthroline; bpy = 2,2'-bipyridyl; dmg = dimethylglyoximato; phosphite-I = 

r 1 I I 
&CH30)a,POCH(CH,)eQCH~CH(CH 3)eQ0; phosphite-I1 = (CH , O)eQPOCH(CH,)eQCH2CH(CH3)e,0; diars = o-phenylenebis(dimethylarsine). 

reported by different authors shows that listed values may have an error of +SO ppm. 
shifts with use of the relation y = y,(l + 6 ) .  The standard magnetogyric ratio is that of the hexacyanocobaltate(Il1) ion, ys= 10.1057 MHz 

and the second to the optical data. The references for synthesis of the complexes measured in this work are given in parentheses. e Data are 
given for the central cobalt ion, which occupies an octahedral environment of six bridging OH- ions. 

Although jYCo chemical shifts of symmetric complexes may be determined with a precision of a few ppm, a comparison of the results 
Magnetogyric ratios were calculated from chemical 

The first reference refers to the NMR data T-I 1 , d  . The estimated error in magnetogyric ratios amounts t o  *50 ppm of the listed values. 

been studied for the first time, but data for most of these 
complexes are of crucial importance. Thus the hexakis(fu1- 
minato) complex is the second example of a CoC, chromo- 
phore, and tris(o-phenylenebis(dimethylarsine))cobalt(III) is 
the second example of a CoAs, chromophore that has been 
studied by 59C0 NMR spectroscopy. Data for tris(l,4-bu- 
tanediamine)cobalt(III) and tris(dimethylg1yoximato)co- 
balt(II1) expand, by more than a factor of 2, the known range 
of cobalt shielding in CON, complexes. Similarly, tris(di- 
thiophenylacetato)cobalt(III) expands the shielding range in 
COS, complexes. 

For the complexes in Table I, the correlation between the 
59C0 magnetogyric ratios and the lT1, - lAlg electronic 
transition wavelengths is presented in Figure 1. With use of 

'the intercept value yo(l - cd) = 10.04 MHz T-' determined 
in our previous work,12 the data for complexes studied may 
be correlated by four lines, each line corresponding to com- 
plexes having the same electronegativity of the atoms directly 
bonded to cobalt(II1). The slope of the line and consequently 
the value of the term B in eq 1 are smaller for the less elec- 
tronegative ligands, that is, for ligands that would be expected 
to form a more covalent bond with cobalt(II1). The variation 
of the term B is connected with the changes of paramagnetic 
current distribution in the complexes. -The paramagnetic 
circulation close to the cobalt nucleus deshields the nucleus 
much more efficiently than one induced further away. 
Therefore, it may be concluded that less electronegative ligands 
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Figure 1. Correlation between 59C0 magnetogyric ratios and ITlB - 
lA,, electronic transition wavelengths. The lines are drawn for the 
complexes of the same electronegativity of the ligating atoms (cor- 
relation coefficients, as one goes from the line for oxygen to the line 
for arsenic, are 0.61, 0.95, 0.99, and 0.98). 

act to remove parmagnetic circulation from the cobalt nucleus. 
In the framework of molecular orbital theory the term B 

has the form 

(where pB is the Bohr magneton, r is the distance from the 
cobalt nucleus, 1, is the orbital angular momentum operator, 
and cc stands for complex conjugated). B reaches a maximum 
for the free Co3+ ion, when t2g and eg molecular orbitals are 
reduced to the pure cobalt d orbitals, and the term is readily 
evaluated, giving Bo = 32/lB2(f3)d. Using Bo as the reference 
value, we may quantify the circulation-removing ability of 
ligands by introducing the circulation-removing ratio: 

With use of the numerical values yo(l - ad) = 10.04 MHz 
T’ and 32yOpB2(re3), = 6240 MHz T-’ cm-I,l2 qoU was cal- 
culated for all the complexes studied (Table I). As is seen from 
Table I, the circulation-removing ratio is primarily sensitive 
to the electronegativities of the atoms directly bonded to cobalt. 
For the COO, chromophore it has values in the range 
0.51-0.58, for CON, the range is 0.47-0.50, for CoC,, COS,, 
and CoSe6 the range is 0.32-0.34, and finally for the COP, 
and CoAs, chromophores the range is 0.25-0.29. There is no 
overlap among the regions quoted, which suggests that the 
circulation-removing ratio could be used for the determination 
of the complex chromophore. The circulation-removing ratios 
are in an almost linear relationship with the bond ionicities, 
as presented in Figure 2. In this context, the small variations 
among the circulation-removing ratios of the complexes of the 
same chromophore may be reflecting the actual electronega- 
tivity of the ligating atom in different ligands. 

Circulation-Removing Ratio in a MO Scheme. The circu- 
lation-removing ratio, although not explicitly defined, has been 
used in the form k’2(r -3)a / (P)d  as a measure of the covalency 

0 10 20 30 LO 

Figure 2. Correlation between the circulation-removing ratios and 
the ionicities of the metal-ligand bond. The bond ionicities, given 
by the expression 16(XL - Xco) + 3.5(XL - XcJ2 ,  were calculated 
by using Pauling values for the electronegativitiesg2 of ligating atoms 
(XL), while for cobalt the electronegativity of Allred and R o ~ h o w ~ ~  
was used. 

of metal-ligand bonding in cobalt(II1) complexes.5*8,12 
Namely, the term B was evaluated by approximating eg and 
t2g molecular orbitals with deformed d orbitals, which gives 
B = 32kB2kr2(f3)a. The orbital angular momentum reduction 
factor k’has been introduced32 as a measure of electron de- 
localization effects or the “symmetry-restricted covalency”. 
The mean reciprocal cube distance of the d electron from the 
cobalt nucleus, ( f 3  )d,  is expected to be reduced in comparison 
to the free-ion value, ( f 3 ) , ,  due to the “central field 
covalency”, which refers to the transfer of negative charge from 
the ligand to the metal ion, resulting in an expansion of d 
orbitals. However, for a more detailed investigation of the 
covalency influence the molecular t2, and eg orbitals must be 
expressed as a linear combination of the corresponding atomic 
orbitals. In this case B is no longer given by 
because the LCAO is not separable into radial and angular 
parts. This was not always recognized, and the LCAO ex- 
pression for k’was introduced in the consideration of the effect 
of symmetry-restricted covalency on BS4 Such an approach 
overestimates the impact of electron delocalization on the term 
(+eg~l , / r3~J/128) .  Therefore, we shall start from the expression 
(see eq 2 and 3) 

ionicity i%i 

and proceed to the evaluation of the circulation-removing ratio 
with use of LCAO molecular orbitals 

( 5 )  
where 4 = CiciXi is the appropriate symmetry-adapated 
combination of ligand orbitals. In the calculation of the matrix 
elements of eq 4 we adopted the approximate procedure 

qeg = asda + bo& Alg = audr + bud% 

(32) L. Pauling, “The Nature of the Chemical Bond”, Cornel1 University 
Press, Ithaca, NY, 1939, Chapter 2. 
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Table 11. Explicit Form of the LCAO Coefficientsa and b Relevant to  the Expressions for the Circulation-Removing Ratios* 

JuraniE 

-//- -//- a, Pn 

-//- 1 0 

a and p are LCAO coefficients of the metal d orbitals and ligand symmetry-adapted combinations of atomic orbitals in the eg and t Z g  
bonding MO. 

suggested by C ~ m w e l l . ~ ~  Thus, for the operator I,/$ one may 
drop all the terms except those on cobalt, which gives 

= - 2 i V  ha,a, (6) 

For the operator 1, it is necessary to keep the terms on all 
atoms, which gives 

(rC.t , , l~zl+e,)  = %%(4rlLl4) + ~ 7 7 b A 4 r l I Z l 4 U )  + 
~ u ~ , ~ 4 ~ l ~ z l ~ u ~  + ~ U ~ ~ ~ 4 U I ~ Z l 4 ~ ~  (7) 

The first three terms are readily evaluated. In the evaluation 
of the last term we shall neglect overlap effects so that the local 
origins are properly used for I, .  After this, it follows that 

(+t2ElIzlrC.eE) = 2i(a,a, + a*buGu + sows - f/,bub,) (8) 

where Gi is the metal-ligand group overlap integral. If eq 4, 
6, and 8 are combined, the circulation-removing ratio is given 
by 

Now, we may distinguish three cases: vu*,* (involving a 
transition between antibonding orbitals +*,, - vu*, 
(involving a bonding-antibonding transitionf , and queo (in- 
volving a nonbonding-antibonding transition). The difference 
in eq 9 comes through the explicit form of the coefficients a 
and b in each case, as is presented in Table 11. 

The derived expression was applied to the complex ions 
[Co(NH3),I3+ and [Co(CN),13-, for which the theoretical 
calculations of electron charge distribution have been re- 
p ~ r t e d . ~ ~ ? ~ ~  The calculations show that for [Co(NH3),I3+ 
practically all the metal-ligand bond covalency is due to u 
bonding, hence quro should be applied. In [Co(CN),13- T 

back-donation takes place and is appropriate. The 
coefficients a and b were calculated by using the reported 
values of orbital populations and metal-ligand bond over- 
l a p ~ . ~ ~ , ~ ~  The ratio (r-3),3/(r-3)d was estimated with reliance 
on the reported cobalt ion formal charge in the complexes and 
with the approximate d-orbital radial functions of the cobalt 
ions given by Richardson and  collaborator^.^^ Thus we ob- 
tained vueo = 0.57 for [CO(NH~) , ]~+  and q,., = 0.37 for 
[Co(CN),13-, which is in reasonable agreement with the ex- 
perimental values 0.50 and 0.34. An analysis shows that in 
the case of [C0(NH3),l3+ about 10% of the circulation-re- 
moving ratio reduction is due to the d-orbital expansion, Le., 

(35) C. D. Cornwell, J .  Chem. Phys., 44, 874 (1966). 
(36) B. L. Kolman and J. W. Richardson, J .  Chem. Phys., 55,4443 (1971). 
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to the central field covalency, while 30% of the ratio reduction 
is a consequence of the electron delocalization or the sym- 
metry-restricted covalency. For [co(CN),I3- about 20% of 
the ratio reduction is caused by the central field covalency, 
while 40% of the reduction is due to the symmetry-restricted 
covalency. Therefore, the change of the symmetry-restricted 
covalency seems to be the major cause of the variations of the 
circulation-removing ratio from complex to complex. 

Circulation-Removing Ratio and Nephelauxetic Ratio. In 
our previous study12 we observed the close correspondence 
between the nephelauxetic and the circulation-removing ratios. 
For the majority of cases given in Table I the difference be- 
tween the two ratios is less than 10%. 

According J ~ r g e n s e n ~ ~  the nephelauxetic ratio p35 may be 
approximated as p3s = a?~,~.f(Z). Here,f(Z) is a function 
of the effective nuclear charge (due allowance for the central 
field covalency being implied in Z). On the basis of expression 
9, the circulation-removing ratio may be roughly approximated 
as vu, = ~ , , ~ a , ~ ( r - ~ ) a / ( r - ~ ) ~ .  Therefore, the symmetry-re- 
stricted covalency should have a similar impact on both ratios 
through the value of u ~ u ~ .  In contrast, the central field 
covalency may be expected to affect the ratios unequally. 
Thus,f(Z) is more sensitive to covalency than ( f3) , ,  since the 
major contribution to the interelectronic repulsion parameters 
comes from the region further from the cobalt nucleus.39 The 
close correspondence of the two ratios may be taken as another 
proof that the symmetry-restricted covalency has the dominant 
impact on the ratios. 

In a few cases a pronounced difference between the ratios 
is observable. For the hexacyanocobaltate(II1) ion p35 is 20% 
greater than vu, (Table I). However, the nephelauxetic ratios 
given in Table I are calculated in the usual way by taking the 
Racah parameters C/B = 4, which may not be appropriate 
for the hexacyanocobaltate(II1) ion.40 In general, the cir- 
culation-removing ratio is in a better linear relationship with 
bond ionicities than is the nephelauxetic ratio. 

When the ratios are compared, it should be noted that the 
circulation-removing ratio has been obtained for a number of 
cobalt(II1) complexes for which the nephelauxetic ratio cannot 
be determined, since the lTzg - lAl, electronic transition 
overlaps with intense metal-ligand charge-transfer bands. 
Conclusion 

With a general insight having been given herein into the 
effect of metal-ligand bond covalency on the paramagnetic 
shielding of the central ion in cobalt(II1) complexes, certain 
disputes concerning the correlation between 59C0 chemical 
shifts and electronic transition wavelengths appear to be re- 
solved. 

(39) D. A. Brown and N. J .  Fitzpatrik, J .  Chem. SOC. A ,  941 (1966). 
(40) H. B. Gray and N. A. Beach, J .  Am. Chem. SOC., 85, 2922 (1963). 
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The effect of the metal-ligand bond covalency on the 
paramagnetic shielding has been quantified by introducing the 
circulation-removing ratio. This ratio for a series of ligands 
follows closely the electronegativities of the ligating atoms. 
The circulation-removing ratio has nearly constant value for 
a given chromophore, irrespective of the ligand field splitting 
magnitude. It may be added that it is surprising how inde- 
pendent the ratio is of the value of ligand field splitting, when 
both parameters reflect properties of the same metal-ligand 
bond. 

As a measure of metal-ligand bond covalency in spin-paired 
d6 transition-metal complexes, the circulation-removing ratio 
qOr seems supplementary to the nephelauxetic ratio. However, 
the former ratio has some distinct advantages. Unlike the 
nephelauxetic ratio, qoT may be related to the metal-ligand 
bond properties by a simple theoretical calculation, and it may 
be determined in complexes for which only the first spin-al- 
lowed d-d transition is discernible. 

The results obtained suggest that central-ion N M R  spec- 
troscopy can be used as a powerful new means of examinning 
metal-ligand bond covalency in spin-paired d6 transition-metal 
complexes. 

Experimental Section 
The 59C0 magnetogyric ratios of the examined complexes were 

determined with a Bruker SXP-100 pulse Fourier transform N M R  
spectrometer operating at 21.5 MHz. Absorption spectra were taken 
by a Varian Super Scan 3 spectrophotometer. All measurements were 
performed at room temperature (-25 "C). 

For measurements we used aqueous solutions of the tris( 1,4-bu- 
tanediamine)cobalt(III) complex and of the hexakis(fu1minato) 
complex, while tris(o-phenylenebis(dimethylarsine)cobalt(III), tris- 
(dimethylglyoximato)cobalt(III), and tris(trithiocarbonato)cobalt(III) 
complexes were dissolved in Me2S0.  Tris(dithiopheny1acetato)co- 
balt(II1) was dissolved in chloroform. Concentrations of -0.2 M 
for NMR spectra and - lW2 M for spectrophotometric measurements 
were used. 

All the complexes were synthesized by the reported procedures (for 
references see Table I). 
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Aluminum-27 N M R  in high field has been employed in aqueous solution, at 10 mM concentration, for the study of the 
interactions of Al(II1) with citrate, lactate, and ethylenediaminetetraacetate (EDTA). In the reaction with lactate, 
slow-exchange phenomena make possible the observation of distinct peaks for hydrated Al(III), 1: 1 and 1:3 AI-lactate 
complexes, as well as mixed aquo-lactato and hydroxo-lactato complexes. Increasing pH leads to substitution of water 
in the Al(II1) coordination sphere by lactate and eventually to substitution of lactate by hydroxide. A 1:3 Al(II1)-lactate 
complex produced in the presence of excess lactate remains in a metastable condition and does not readily dissociate when 
more AI(II1) is added. Increased pH has similar effects on the reaction of Al(II1) with citrate, but the reaction with EDTA 
leads to only one peak that corresponds to a very stable complex; apparently no mixed aquo-EDTA or hydroxo-EDTA 
complexes can be observed. 

Introduction 
Our interest in the interactions of aluminum with various 

ligands in aqueous solution originates in the recent observations 
of increased aluminum concentrations in two human patho- 
logical conditions. Specific increased aluminum levels have 
been detected in Alzheimer's disease,24 the prevalent form 
of senile dementia, and dialysis encephalopathy'-' resulting 
from renal dialysis. Furthermore, aluminum may play a key 
role in the toxic processes associated with acidification of the 
environment by  pollutant^.^^^ 
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The present series of experiments was carried out to de- 
termine the suitability of *'A1 NMR as a probe for Al(II1) 
complexation in dilute aqueous solution. Most of the previous 
studies employing 27Al NMR have been performed in organic 
solvents at 0.1 M concentration or greater.'@12 The hydrolysis 
of Al(III)13-18 and chelation by a variety of  ligand^'^*^^ has 
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