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M ößbauer emission spectroscopic and susceptibility measurements of several Co(II)-nu- 
cleotide complexes have been carried out. The electronic structure derived from these data for 
the Co(II) central cation has been related to the distortion and the symmetry of its environ
ment. The susceptibility data are indicative of short antiferromagnetic ordering in the majority 
of the samples. For the hydrated Co-5'UM P (5'-uridine-monophosphate) and Co-5'CMP 
(5'-cytidine-monophosphate) complexes, magnetic models involving Co(II) dimers and linear 
chains, respectively, are proposed to explain the susceptibility data observed below 50 K.

I. Introduction

The so-called bio-inorganic com pounds have 
been found to play crucial roles in m any biological 
processes [1-5]. As in m any o ther systems the 
main open questions refer to the interaction be
tween the metal ions and nucleic acids [6 - 8].

Co(II) is a 3 d 7 ion which, depending on the crys
tal field strength, exhibits different spin ground 
states. The determ ination o f bo th  crystal field 
strength and electronic structure in Co(II)-nucleo- 
tides and in a variety o f similar complexes is o f 
considerable interest for param etrization  o f the in
teraction between the metal ions and their neigh
bours [9-10].

In this paper we analyze both  the M ößbauer 
emission and param agnetic susceptibility data, 
/(T ), in the scope o f the crystal field theory, to de
duce the relation between structure, the degree of 
hydration in Co(II)-nucleotide (Co-2'A M P, 
Co-3 A M P, Co-5 A M P, C o-5 'G M P, C o-5'IM P, 
Co-5'CM P and C o-5'U M P), and the electronic 
structure o f these cations. In Fig. 1 the form ulae of 
the nucleotides are shown.
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II. Experimental
The Co(II) complexes with 5'A M P, 5 'G M P, 

5'IM P, 5'CM P and 5 'U M P were synthesized as 
suggested by G oodgam e [11]. The complexes with 
2'A M P and 3'A M P were obtained following the 
procedure indicated in [12].

Details o f the elemental analysis o f our samples 
as well as the results o f IR , T G , DSC and visible 
spectroscopic studies have been published [12].

We have also synthesized the same com pounds 
doped with 57Co using 57CoC12 dissolved in w ater 
in order to obtain the M ößbauer emission spectra. 
All the spectra were recorded with a conventional 
M ößbauer spectrometer. In the case o f the spectra 
recorded at 120 °C the 57Co-nucleotide complexes 
were introduced into a furnace while the single line 
stainless steel absorber was moved by the driver.

The magnetic susceptibility m easurem ents were 
carried out with a SQ U ID  m agnetom eter working 
at tem peratures ranging between 4.2 K and 250 K 
and with applied magnetic fields o f ca. 5000 Oe.

III. Results

All the synthesized nucleotide complexes except 
those with 5'A M P and 5'CM P have octahedral 
coordination o f Co(II) by the surrounding  ligands, 
as previously shown from UV/Vis spectra [12]. 
TG -D SC results [12] indicate tha t these octahedral 
complexes lose some of the coordinated  w ater 
molecules a t a certain tem perature between 100-
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Table I. The molecular formulae of Co(II) nucleotides and the temperature at which the transition from octahedral to 
tetrahedral structure occurs.

Formulae at R.T. Coordination T(°C) Formulae Coordination

[Co,(2'AMP),(FFO)4] • 8 FFO Octahedral 190 [Co(2'AMP)(H10 ) J Tetrahedral
[Co(3'AMP)(H.O)5] 1.5(HX>) Octahedral 150 [Co(3'AMP)(H,0)] Tetrahedral
[Co(5'AMP)(HnO)] • 4 FIX) Tetrahedral
[Co(5'GMP)(FIX>)5] ■ 3 FFO Octahedral 1 1 0 [Co(5'GMP)(FFO)] Tetrahedral
[Co(5'IMP)(H70 ) 5] • 2  H , 0 Octahedral 1 2 0 [Co(5'IMP)(FFO)] Tetrahedral
[Co(5'CMP)(H.O)] • 3.5 FFO Tetrahedral
[Co,(5'UMP)2(H 10 ) 4] ■ 3 H 20 Octahedral 190 [Co(5'UMP)(H20 ) 2] Tetrahedral

200 °C, with the coord ination  o f the central Co(II) 
changing to tetrahedral. The Co(II) cation in the 
5'A M P and 5 'C M P complexes is tetrahedrally 
coordinated, and no changes are observed when 
the tem perature increased. Table I summarizes the 
tem peratures a t which transitions occur, and the 
molecular form ulae o f the Co(II)-nucleotides stud
ied.

NH,

5' UMP ( Uridine-monophosphate ) 

O

OH OH

5' CMP
(Cytidine-monophosphate) OH OH

Mößbauer emission spectroscopy

Fig. 2 shows the M ößbauer emission spectra of 
the hydrated and dehydrated 57Co(II)-5TM P com 
plexes, which are representative o f the recorded 
spectra for other samples. All the M ößbauer emis
sion spectra were fitted by superposition o f two 
quadrupole doublets corresponding to  57Fe2+ and 
57Fe3+ respectively. The appearance o f the anom a
lous 57Fe3+ state is interpreted as being due to 
so-called “after effects” [13, 14]. In Table II are 
summarized the values o f the isom er shift, I. S.,

R = H, 5'IMP (Inosine-monophosphate)
R= NH2< 5'GMP (Guanosine-monophosphate)

5' AMP (Adenosine-monophosphate)

Fig. 1. The nucleotides used in this work.

V E L O C I T Y  (MM/S )

Fig. 2. Mößbauer emission spectra of hydrated (a) and 
dehydrated (b) 57Co(II)-5'IMP. Single-line absorber was 
stainless steel. The source was fixed and the absorber 
was moved.
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Compound I. S.a (mm/s) J E q (mm/s)

[Co2(2'AMP)2(H 20 ) 4] • 8 H20 Fe(II)
Fe(III)

1.31 ±0.05 
0.54 ±0.06

2.33 ±0.10 
0.80± 0.13

[Co(3'AMP)(H20 ) 5] ■ 1.5H20 Fe(II)
Fe(III)

1.27 ± 0.10 
0.62 ± 0 . 2 0

2 . 2 0  ± 0 .2 1  
0.85 ±0.40

[Co(5'AMP)(H20 )]-4 H ,0 Fe(II)
Fe(III)

1.47 ±0.04 
0.54 ±0.03

2.56 ±0.07 
0.92 ±0.06

[Co( 5'GM P)( H 20 ) 5] ■ 3 H20 Fe(II)
Fe(III)

1.35 ± 0.03 
0.49 ±0.02

2.10 ± 0.05 
0.98 ±0.05

[Co(5'GMP)(H20)] Fe(II)
Fe(III)

1.23 ±0.03 
0.48 ±0.02

2.28 ±0.05 
0.93 ±0.05

[Co(5'1MP)(H20 ) 5] • 2 H20 Fe(II)
Fe(III)

1.34 ±0.03 
0.44 ±0.02

1.48 ±0.05 
1.21 ±0.05

[Co(5'IMP)(H20)] Fe(II)
Fe(III)

1.05 ±0.04 
0.38 ±0.04

1.26 ±0.03 
0.81 ±0.03

[Co(5'CMP)(H20 )]-3 .5H 20 Fe(II)
Fe(III)

1.62 ±0.07 
0.50 ±0.01

2.53 ±0.15 
1.03 ±0.02

[Co2(5'U M P)2(H 20 ) 4] • 3 H 20 Fe(II)
Fe(III)

1.46 ±0.05 
0.58 ±0.02

2.77 ±0.10 
0.90 ±0.10

Table II. M ößbauer parameters 
57Co-nucleotide complexes.

of

a The isomer shift values are referred 
to metallic iron.

and the quadrupole splitting A E Q o f the two quad
r u p l e  doublets appearing in all the recorded spec
tra.

Taking into account the variation o f the I. S. 
values for the different complexes it may be con
cluded tha t the degree o f covalency o f the Co(II)- 
binding is highest in the [C o(5'IM P)(H 20 )] com 
plex. The variation o f the degree o f covalency for 
the com pounds studied deduced from  the I. S. 
values is also confirm ed by the UV/Vis spectral 
data [12], The complexes [Co(^'AM P)(H 20 )]-4F I20  
and [Co2(5 'U M P)2(H 20 ) 4]-3 H 20  are having the 
greatest values o f the AE q param eter. This finding 
may be correlated with a greater degree o f d istor
tion from cubic sym m etry around the Co(II) 
cations or with lower site symmetry in the crystal.

As a consequence o f the dehydration occurring 
at ca. 120 °C, the M ößbauer emission spectra for 
[C o(5'G M P)(H 20 )] and [C o(5'IM P)(H 20 )] show a 
reduction in the values o f the I. S. for both  charge 
states. In effect, this reduction is consistent with 
the assum ption tha t the Co(II) ions in the de
hydrated complexes are tetrahedrally  coordinated
[15].

M agnetic susceptibility

In Figs 3, 4, 5 and 6 we present the corrected re
ciprocal m olar susceptibility /  'm as a function of

the tem perature for octahedral and tetrahedral 
Co-2'AM P, C o-5 'G M P. C o-5 'IM P, Co-3'A M P, 
and C o-5'U M P complexes, respectively. In Fig. 7 
the corrected reciprocal m olar susceptibility / '~ 'M 
are given as a function of the tem perature for the 
complexes Co-5'A M P and C o-5'C M P. The dia
magnetic correction for all the complexes has been

1

T
Ö 
E

EO
T 2
X

Fig. 3. Temperature dependence of the corrected mag
netic susceptibility of Co(II) ion in hydrated Co-2'AMP 
(a) and in dehydrated Co-2'AMP (b). The solid line gives 
the best theoretical fit to the experimental data as ob
tained by the least-squares fit described in the text.
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T(K)
Fig. 4. Temperature dependence of the corrected mag
netic susceptibility of Co(II) ion in dehydrated 
Co-5'GM P (a) and in hydrated Co-5'GMP (b) (see 
Fig. 3).

T(K)

Fig. 6 . Temperature dependence of the corrected mag
netic susceptibility of Co(II) ion in hydrated Co-5'UMP 
(a) and in dehydrated Co-5'UM P (b) (see Fig. 3). The 
smaller figure shows the temperature dependence of the 
magnetic susceptibility below 50 K, supposing that two 
cobalt ions interact magnetically in dimers.

T(K)
Fig. 5. Temperature dependence of the corrected mag
netic susceptibility of Co(II) ion in dehydrated 
Co-5'IMP (a), in hydrated Co-5'IMP (b), and in 
Co-3'AMP (see Fig. 3).

T(K)
Fig. 7. Temperature dependence of the corrected mag
netic susceptibility of Co(II) ion in Co-5'AMP (a) and in 
Co-5'CMP (b) (see Fig. 3). The smaller figure shows the 
temperature dependence of the magnetic susceptibility in 
the Co-5'CMP complex supposing that the cobalt ions 
interact magnetically along a linear chain.

estim ated to be — 300 x 10~6 cm 3/mol using Pascal’s 
constants [16]. The / ' _1M values plotted against T 
for all the complexes obeys the Curie-Weiss law 
for tem peratures higher than ca. 50 K. The ob 
served deviation from  this law at low tem perature 
is probably due to the mixture o f electronic levels 
o f the Co(II) cations produced by the crystal field

and /o r to weak magnetic interactions between the 
Co(II) cations.

In the case o f the Co-5'CM P, hydrated 
C o-5 'U M P and hydrated C o-2'A M P, the magnetic 
behaviour below ca. 50 K is m ore complex than 
for the rest o f the com pounds, and at low tem pera
tures a strong deviation from  the Curie-W eiss law
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Compound C(cm 3 K/mol) 0 (K) //(B .M .)a

[Co2(2'AMP)2(H 20 ) 4] • 8 H20 3.73 ±0.03 -22 .6  ±  1.4 5.5 ±0.1
[Co(2AMP)(HX>)2] 3.31 ±0.03 —21.7 ±  1.5 5.1 ±0.1
[Co(3'AMP)(H20 ) 5] • 1.5 H 20 3.63 ±0.02 - 2 1 .6 ±  0.9 5.4 ±0.1
[Co(5AM P)(H 20)] • 4 H20 2.81 ± 0 .0 1 -23 .2  ± 0.9 4.7 ±0.1
[Co(5 'G M P)(H ,0)5] ■ 3 HX> 3.46 ±0.03 -25.8  ±2 .0 5.3 ±  0.1
[Co(5'GMP)(H20)] 2.91 ±0.02 —21.0 ±  1.3 4.8 ± 0.1
[Co(5'IM P)(H ,O)0-2H ,O 3.34 ± 0.05 -19 .6  ± 3.0 5.2 ±0.1
[Co(5'IMP)(H,0)] 2.84 ±0.05 -17.3  ± 3.0 4.8 ±0.1
[Co(5'CMP)(H20)] ■ 3.5 H20 3.67 ±0.03 —2 2 . 2  ±  1. 2 5.4 ±0.1
[Co,(5 'U M P),(H ,0)4] ■ 3 H.O 3.27 ±0.02 -17 .7  ±0.8 5.1 ±0.1
[Co(5 'U M P)(H ,0)2] 3.68 ±0.01 -18 .4  ± 0.4 5.4± 0.1

Table III. The magnetic parameters of 
the Co(II)-nucleotide complexes ob
tained by fitting the experimental sus
ceptibility data above 50 K to a Curie- 
Weiss law of the form / M = C /(T -0).

a Magnetic moment // in Bohr magne
tons deduced from the Curie constant 
values.

is observed. The inserts o f Figs 6 and 7 show the 
therm al dependence o f the corrected m olar suscep
tibility x 'm below 50 K for the hydrated form s o f 
C o-5 'U M P and Co-5'CM P, respectively, which 
are the best examples for this behaviour. Both 
com pounds exhibit a peak around ca. 15 K  due to 
magnetic interactions between the Co(II) cations, 
which is favored by the m olecular structure of 
these com pounds. H ydrated C o-5 'U M P has a d i
meric m olecular structure [17] with two cobalt ions 
close enough to interact magnetically. We assign 
a similar m olecular structure to hydrated 
Co-2'A M P, since the UV/Vis, TG  and DSC results 
are similar to those o f hydrated C o-5'U M P. 
C o-5'CM P is a polynuclear complex [18] with 
C o -C o  distances com patible with m agnetic in ter
actions between them. In the rest o f the com 
pounds only a slight dow nw ard curvature o f the 
reciprocal m olar susceptibility is observed a t low 
tem peratures.

In Table III we summarize the results deduced 
from a straight line fit to the / ' _1M(T) data  above 
ca. 50 K for all the complexes. The negative sign of 
the Curie tem perature resulting from  these fits sug
gests small antiferrom agnetic interactions between 
the Co(II) ions. The values o f the m agnetic m o
ments n  (Bohr M agnetons) deduced from  the 
Curie constant correspond to a high spin electronic 
configuration, which is in agreem ent with the situ
ation observed in the m ajority o f tetrahedral and 
octahedral Co(II) com pounds [16, 19].

Theoretical treatment o f  the magnetic susceptibility 
data

W ith the aim o f determ ining the electronic 
structure o f the Co(II) cations the experim ental

data  / ~ ]M have been reproduced using a simple 
model, in which the magnetic interaction between 
the cobalt ions is included as an effective Curie 
tem perature #eff in the equation

C(T)
/  M T-< (1)

eff

where the tem perature dependence o f the Curie 
constant as a function of the electronic states of 
the Co(II) cation following the single point crystal 
field approxim ation.

The to tal H am iltonian H for the Co(II) cations 
w ithout magnetic interactions between them  has 
four terms, which take into account the C oulom b 
repulsion between electrons, H ee, the crystal field, 
H cf, containing terms corresponding to a te trag
onal distorted cubic symmetry, the spin-orbit cou
pling, H so and the Zeeman H am iltonian, H m.

H = H ee + H cf + H so + H m (2)

The crystal field param eters of the H cf H am il
tonian can be written in terms of the electron split
ting o f the 3 d 1 energy levels, gj (i = 1 ,2 , 3) (see 
Fig. 8).

d x2 -  y 2 

d z 2
3d1

tEl d x z  , d y z  

d xy

Fig. 8 . Splitting of the 3d levels in a D4 
ronment.

symmetry envi-

The dom inant terms of the H am iltonian (2), 
nam ed H 0 = H ee + Hcf, are diagonalized into the 
3 d 7 configuration. The lowest energy eigenfunc
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tions o f the H am iltonian H 0 are 4A 2, 4E, 4B2, 2Aj 
and :B,, where the superindex denotes the spin 
multiplicity, and the capital letters refer to the 
values o f the orbital angular mom entum . The total 
H am iltonian o f equation (2) is then rediagonalized 
using the above m entioned multielectron wave 
functions, leading to the final states Iv >  having 
energies E v which depend on the crystal field pa
ram eters £j (i = 1 ,2 , 3) and the m agnitude o f the 
external m agnetic field B. If the magnetic field B is 
directed along the i-th axis, the i-th com ponent of 
the dipolar magnetic m om ent m vi of each level, the 
average m agnetization Mj and the m olar magnetic 
susceptibility x'u\ are calculated by using the fol
lowing equations:

E
(3)m„; = B|

I m (e Ev/kBT 

<Ml>T= S e - Ev/kBT
V

/ Mi = N a<M>x/ |B |

(4)

(5)

where N A is A vogadro’s num ber, | B | represents 
the m agnitude o f the externally applied field, and 
k B is the Boltzm ann constant.

In a polycrystalline sample the susceptibility is 
the average over the three principal directions

X m 3  ( /m i  + /  M2 + /m 3  ) (6)

We assum e that above certain tem perature the 
existence o f m agnetic interactions between cobalt 
atom s only produces a shift in the reciprocal sus
ceptibility along the x-axis, and that in a first ap 
proxim ation the slope o f the curve, and hence the

Curie constan t o f the effective Curie-W eiss law, is 
only related to the therm al population o f the 
Co(II) electronic structure.

IV. Discussion

U sing the model described above the reciprocal 
m olar susceptibility / '~ 'M was sim ulated for the 
range o f tem peratures for which no strong devia
tions from  the Curie-W eiss law were observed. The 
adjustable param eters used in this procedure are 
those which determ ine the particular electronic 
structures o f the C o(II) (£j, i = 1, 2, 3) and the ef
fective Curie tem perature #efr given by the m agnet
ic interactions. F o r the spin-orbit coupling con
stant, A, a 20% reduction o f the free ion value was 
assumed.

The crystal field param eters ex (i = 1 ,2 , 3), the 
values and the final m ultielectron energy levels 

for the com pounds studied are sum m arized in T a
bles IV and  V. The solid lines in Figs 3, 4, 5, 6 and 
7 correspond to the fits obtained.

All the octahedral complexes have a com m on 
electronic structure w ith only small differences be
tween them. The values o f the splittings e2 and e3 
take in to  account the spatial arrangem ent o f the 
ion relative to its nearest neighbours [20, 21], and 
as can be seen from  Fig. 8, e2 and e3 are the ener
gies o f the antibonding 3d,? and 3 dJ[2.v2 orbitals o f 
the ion relative to the 3 d v>, orbital. The distance be
tween the ion and one o f the two ligands lying in 
the z direction m ust increase if the energy e2 de
creases. The e3 values represent the m agnitude o f 
the interaction between C o(II) and the orbitals o f 
the ligands on the x y  plane. In all cases the d ^  2 
antibonding orbitals are less stabilized than  the d /  
orbitals, indicating th a t the distances between

Table IV. Values of the least-squares fit parameters e x and 0efT, and energy values of the low lying energy levels corre
sponding to the d7 configuration, for the octahedral compounds.

Compound £, (cm ') e,(cm ') s3 (cm *) 0efr(K) 4A2 (cm *) 4E(cm _l)

[Co2(2'AMP)2(H ,0 )4] • 8 H20 -  573± 10 7703 ±  50 8487± 100 —21.5 ±  2.6 0 a 410 ± 50
[Co(3'AMP)(H20 ) 5] • 1.5 H20 -  598 ± 10 7970 ±70 8313 ±  55 - 2 1 . 1  ± 2 . 8 0 a 462 ±61
[Co(5'GMP)(H20 ) 5] • 3 H20 -  791± 10 7953 ±75 8461± 125 -24 .0  ± 1.4 0 a 612 ±  55
[Co(5'IMP)(H20 ) 5] • 2 H20 -  848± 15 8474 ±85 8479± 130 — 18.4 ± 1.2 0 a 689 ±61
[Co2(5'UM P)2(H 20 ) 4] • 3 H20 -1047 ± 10 7613 ±75 8506± 55 - 2 0 . 6  ±  1 .2 0 a 796 ±  62

a Arbitrarily fixed.
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Table V. Values of the least-squares fit parameters e, and öeff, and energy values of the low lying energy levels corre
sponding to the d7 configuration, for the tetrahedral compounds.

Compound fi, (cm“1) e2 (cm ') £3 (cm ') 0eff(K) 4B, (cm“1) 4E(cm ')

[Co(2'AMP)(H20 ) 2] 304 ±  25 -  100 ± 30 -  5495± 175 — 2 0 . 8  ±  1.6 0 a 2080± 105
[Co(5'AMP)(H20 )]-4 H 20 1097 ±75 - 2 0 0 0  ± 1 0 0 -2537 ±70 -22 .9  ±  1.6 0 a 3222 ±  169
[Co(5'GMP)(H20)] 598 ±35 -1000 ± 40 -4202 ± 110 -20 .4  ± 1.5 0 a 2180 ± 8 6

[Co(5'IMP)(H20)] 663 ± 30 -1500 ±35 — 3616 ± 65 —18.7 ± 1.6 0 a 2583 ±71
[Co(5'CMP)(H20)] • 3.5 H:0 820 ± 35 1000 ±30 — 5907± 265 — 2 1 . 8  ± 0 .8 0 a 812 ±  36
[Co(5'UMP)(H20 ) 2] 696 ± 5 835 ± 5 -  5907 ± 40 — 16.4 ± 1.4 0 a 840 ± 5

a Arbitrarily fixed.

Co(II) and the equatorial ligands are shorter than 
those corresponding to the axial ligands. F o r all 
the octahedral complexes the degree o f d istortion 
with respect to perfect cubic symmetry, defined for 
example as the difference between e3 and e2, are in 
good agreement with the values o f the quadrupo- 
lar splitting observed by M ößbauer spectroscopy 
(see Tables II and IV).

The electronic structure o f the tetrahedral com 
plexes show more significant differences than  
those observed in the octahedral family. As a con
sequence, an im portant variation o f the m agnetic 
mom ent, //, deduced from the / ' _1M data  is ob 
served throughout the family. This may be related 
to the degree o f stabilization o f the 4E level with re
spect to the ground state 4B,, given th a t the orbital 
contribution is not totally quenched for the 4E 
electronic level, whereas only the spin value is ex
pected for 4B,. Therefore, as the e3 param eter de
creases, and consequently the energy difference be

tween the two levels also decreases, the con tribu
tion o f the 4E level to the magnetic m om ent, //, 
increases.

From  the values of the gj param eters the follow
ing equation for the lODq param eter (see Fig. 8) is 
readily obtained,

2 e2 + e3
- y  fi, ±lODq = (7)

where the first sign corresponds to the octahedral 
case and the second to the tetrahedral. F o r the 
octahedral complexes, Table VI shows the values 
o f the 10 D q param eter obtained from equation (7) 
and the m ean values of the energy differences be
tween the four low lying cubic energy term s, 
4T lg(F), 4T2g, 4A 2g, 4T lg(P), for which spectroscopic 
transitions are allowed. These values have been 
obtained using the data o f the energy levels collect
ed in Table IV. The good agreement observed be
tween all these values and those deduced from  the

Table VI. Values of 10 Dq parameters and energy differences between the four low lying cubic energy terms, 4T lg(F), 
4T2g, 4A2g, 4T,g(P), obtained from: (a) the visible spectra and (b) the fit of the susceptibility data.

Compound 4Tig(P) -  4T lg(F) 
(cm *)

4A’e <- 4T„(F) 
(cm ')

4T2g -  4T lg(F) 
(cm *)

10 Dq
(cm-1)

[Co2(2AM P)2(H 20 )4] • 8 H20 (a) 2 0 1 0 0 16000 (7460) 8555
(b) 23161 ±379 15 843 ±207 7361± 120 8477 ±358

[Co(3'AMP)(H20 ) 5] • 1.5 H20 (a) 19200 16000 (7460) 8540
(b) 23 165 ±57 15971± 133 7487 ±67 8540 ±250

[Co(5'GMP)(H20 ) 5] • 3 H20 (a) 19900 16400 (7643) 8757
(b) 23 397 ± 92 16369 ± 193 7701 ± 8 6 8824 ±409

[Co(5'IMP)(H20 ) 5] • 2 H20 (a) 20750 16850 (7847) 9003
(b) 23 579 ±  106 16 870 ±227 8006± 107 8992± 117

[Co2(5'UMP)2(H 20 ) 4] ■ 3 H20 (a) 19900 - - -

(b) 23 535 ± 60 16445± 140 7748 ±71 8757 ± 71

Values given in parenthesis are the calculated for this transition.
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UV/Vis spectroscopic data  for the octahedral 
complexes [12] (see Table VI) confirm s the p ro 
posed electronic structures. F or the tetrahedral 
complexes it was not possible to obtain  the lODq 
param eter from the UV/Vis da ta  [12]. Hence in o r
der to discard unrealistic sets o f values o f the £j pa
rameters, the susceptibility data  were fitted with 
the constraint tha t lODq = 3000 c m '1, which is 
consistent with the values observed in similar 
tetrahedral Co(II) complexes [22].

The deviation from  the Curie-W eiss law which 
was observed below ca. 50 K may be due to m ag
netic interactions between the cobalt ions and the 
level mixture produced by the crystal field. Hence 
the experimental Curie tem perature 6 is probably 
associated with both  effects. Thus an estim ation 
o f the strength o f the magnetic interaction may 
be given by com paring the values o f the effective 
Curie tem peratures ^eff o f equation  ( 1), which are 
shown in Tables IV and V. The signs and the 
values of the êff param eters indicate tha t in all 
the cases the m agnetic interactions are an tiferro
magnetic and, in general, the strength o f this in ter
action is greater in the tetrahedral complexes.

In order to obtain m ore inform ation abou t the 
nature and the strength o f the m agnetic in terac
tions present in the m ajority o f these com pounds 
we have tried to reproduce the therm al dependence 
of x 'm below 50 K in those complexes for which a 
peak in the magnetic da ta  is developed in the range 
of tem peratures studied. As discussed above, these 
com pounds are the hydrated form s o f C o-5 'U M P 
and Co-5'CM P (see inserts o f Fig. 6 and 7). H y
drated C o-5'U M P has a dimeric m olecular struc
ture [17] with two magnetically interacting cobalt 
ions per molecule. If we assume th a t the cobalt 
ions are in the high spin state s = 3/2, the m agnetic 
behaviour o f the dim er can be interpreted in terms 
of the Bleaney-Bowers equation [16].

Zm
N ^ g 2
3 knT

42 + 15exp(6x) + 3exp(10x)
7 + 5exp(6x) + 3exp(10x) + exp(12x) (8)

where ß  is the Bohr m agneton, g is the effective 
gyromagnetic constant, which includes the non
quenched orbital contribution, and x  = - / / k BT, 
with J  the constant o f the magnetic interaction. 
Equation (8) reproduces the experim ental data 
(see solid line in the insert o f Fig. 6) with g = 2.53 
and J  = -2 .4 8  K. The value o f the g factor is much

greater than 2 because the param agnetic m om ent 
o f this com pound fi = 5.1/? is much greater than 
the spin-only value // = 3.87/?, from which im por
tan t orbital contributions can be expected. The 
value o f the J  param eter indicates weak antifer
rom agnetic interactions between the two cobalt 
ions present in the molecule.

The molecular structure [18] o f Co-5 'C M P indi
cates that this com pound forms a polynuclear 
complex in which cobalt cations are close enough 
to interact magnetically along a linear chain. In 
fact, the peak in the magnetic susceptibility x 'm 
(see insert o f Fig. 7) is more rounded than  that ob
served for hydrated Co-5'U M P, as expected from 
the com parison between the anomalies in the m ag
netic da ta  for an antiferrom agnetic linear chain 
and a dimeric cluster.

The susceptibility behaviour o f a Heisenberg 
linear chain may be reproduced by the following 
equation [23]

X M
N aS(S + 1) 

3 k RT
J + U ( i Q  

g p  l - U ( K )

U(K) = cotgh ( K ) - ^ (9)

K 2JS(S+  1) 
k RT

where, in our case, s = 3/2.

Equation (9) fits the experimental da ta  (see solid 
line in the insert o f Fig. 7) with g = 2.60 and J  = 
-2 .0 7  K. Also, in this case, the g factor is greater 
than the spin-only value because the orbital con
tribution  is as im portant as it is in hydrated 
C o-5'U M P, as indicated by the param agnetic m o
ment value (Table III). The value o f the /  param e
ter suggests antiferrom agnetic interactions be
tween cobalt ions of the same strength as in hy
drated  Co-5'U M P, although the magnetic 
structure is different. This result may be correlated 
with the fact that the chemical bonds between co
balt ions and their ligand m ust be quite similar in 
the two com pounds, the paths through m agnetic 
interactions established being also com parable. 
This conclusion may be extended to the rest o f the 
com pounds as in all cases the Curie tem peratures 6 
(see Table III) are similar.
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