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The results of e.s.r., vibrational and electronic 
investigations were compared in order to describe the 
ligand field properties, the charge distribution and the 
nature of the chemical bonds in the adducts of bis- 
(2,4-pentanedionato)manganese(II) (Mn(pd)z) with 
basic molecules. 

E.s.r. data are suitable to describe axial and 
rhombic distortions caused by the additional base 
molecules. Phenanthroline, pyrazine and ethylene- 
diamine give rise to axial distortion; dipyridyl, 
pyridine, I-Mepyridine, quinoline, quinoxaline, water 

’ to rhombic distortion. 
Both the sterk hindrance and the electronic 

properties of the additional base ligand contribute to 
the distortion; however the electron-withdrawing 
power of the base decides the distortion weight. 
Intermolecular interaction in Mn(pd)z and in the 
adduct with pyrazine have also been considered by 
the e.s.r. data. 

The manganese-pentanedionato bond properties 
and the bond strength internal to pentanedionato 
have been discussed by the i.r. data, in the light of the 
metal electronic structure and of the II acceptor pro- 
perties of the additional base; the competition 
between pentanedionato and the additional base, as 
for the R acceptor power, is favourable to the 
pentanedionato ligand. 

Introduction 

The symmetry and bonding properties of chelate 
manganese(H) compounds cannot be easily 
considered by spectroscopic and spectromagnetic 
techniques. Indeed their electronic properties are not 
suitable for the ligand field investigation and the 
related infrared data are not sufficient to comment 
on the bonding properties; moreover the high spin d5 
configuration, spin only state %, common to almost 
all these complexes, hinders the fine separation by 
means of their magnetic properties. 

This paper reports an example of electron para- 
magnetic resonance investigation on some chelate 
manganese(H) compounds, that we had previously 
described by their magnetic behaviour [ I] . 

The aim is to consider the stereochemistry and 
the charge distribution properties. The study has 
also been turned to investigating the nature and the 
mechanism of the metal-ligand-metal intermolecular 
interaction, frequent in complexes of this type [2] 
and in general to establishing that the properties of 
such a biologically interesting class of manganese(H) 
compounds can be in future more easily understan- 
dable . 

Experimental 

Preparation of Compounds 
bis(2,4-pentanedionate)pyridinemetal(II): [M- 

(pd)apy] @I = Mn, Zn); bis(2,4_pentanedionate)bis- 
(pyridine)manganese(II) [Mn(pd),(py),] bis(2,4- 
pentanedionate)bis(4-methylpyridine)manganese(II): 
NWM~-Mewkl~ bis(2,4_pentanedionate)(4- 
methylpyridine)zinc(II): [Zn(pd)a(4-Mepy)] . 

These adducts were all prepared as follows: 10 
mmol of [M(pd)a(HaO)p] [3] (M = Mn, Zn) were 
dissolved in 50 ml of the base and were refluxed for 
1 h. The solution was cooled at room temperature 
and the product precipitated by adding hexane. 

The biadduct [Mn(pd),(py)a] precipitated at 
0 “C, while [Mn@d)apy] was obtained at room 
temperature. Elemental and thermal analyses are 
reported in Table I. 

bis(2,4-pentanedionate)(4-methylpyridine)manga- 
nese(I1): [Mn@d)a(4-Mepy)] ; bis(2,4-pentane- 
dionate)bis(quinoline)metal(II): [M@d)l(qui)a] (M = 
Mn, Zn); bis(2,4-pentanedionate)pyrazinemetal(II): 
[M(pd)apz] @I = Mn, Zn); bis(2,4_pentanedionate)- 
bis(quinoxaline)metal(II): [M@d)a(quinx)a] (M = 
Mn, Zn); bis(2,4-pentanedionate)ethylenediamine- 
metal(H): [M(pd)aen] (M = Mn, Zn); bis(2,4-pentane- 
dionate)(op’dipyridyl)metal(II): [M(pd)adipy] (M = 
Mn, Zn); bis(2,4-pentanedionate)(l ,lO-phenanthro- 
line)metal(II): [M(pd),phen] (M = Mn, Zn). 

These adducts were prepared as follows: 10 mmol 
(for monoadducts) or 20 mmol (for biadducts) of the 
base were added to a solution of 10 mmol of 
[M(pd)p(HzO)l] (M = Mn, Zn) in 100 ml of hot 
ethanol and the resulting solution was refluxed for 
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TABLE I. Analytical, Thermal and Magnetic Susceptibility Data.a 

Compound M C% HI N% AT CC) L% 

Mn 53.61 (54.22) 5.88 
Zn 52.75 (52.57) 5.28 
Mn 58.15 (58.40) 5.90 

Zn 58.15 
Mn 55.60 
Zn 53.04 

60.13 

Mnb 
Zn 65.65 
Mnb 
Zn 48.65 
Mnb 
Zn 58.10 
Mn 64.70 
Zn 44.13 
Mn 57.60 
Zn 57.53 
MIl 59.60 
Zn 58.37 

(58.15) 5.90 (5.84) 6.70 
(SS.50) 5.96 (6.05) 4.10 
(53.63) 5.80 (6.42) 3.90 
(60.14) 6.37 (6.38) 6.37 

(65.49) 

(48.69) 

(59.42) 4.77 (5.33) 10.68 
(64.10) 6.98 l (7.06) 8.75 
(44.30) 6.67 (7.30) 8.64 
(58.60) 5.36 (5.37) 6.82 
(58.39) 5.46 (5.83) 6.83 
(59.90) 3.97 (3.93) 6.36 
(59.32) 5.16 (5.39) 6.23 

5.33 

5.35 

(5.72) 4.20 
(5.54) 4.16 
(5.84) 6.70 

(S.&4) 

(5.79) 

IM@dls WMepyll 

IMn(W2 @-Mew)2 1 

[W&Wh 1 

IW’dlzpzl 

IM@dl&luinx)2 1 

IMWaenl 

[M@dhdiwl 

[M@dhphenl 

aL = pyridine (py), 4-Methylpyridine (4-Mepy), quinoline (qui), pyrazine (pz), quinoxahne (quinx), ethylenediamine (en), a&- 
dipyridyl (dipy), l,lO-phenanthroline (phen). L% = determined by thermal analysis. AT = temperature range of the loss of the 
ligand L, determined by thermal analysis. In brackets calculated values. bC%, H%, N% in ref. 1. 

5.45 

8.20 

(4.22) 80-l 00 24.41 (23.79) 
(4.08) 
(6.81j 20-45 80-100 

1”L 2ndL 
37.50 (38.53) 

(6.81) 
(4.05) 100-140 26.66 (27.45) 
(3.91) 
i6.38j 75-95 100-125 41.21 (43.28) 

PL 2”*L 
90-130 49.43 (50.48) 

(5.45) 
100-140 24.50 (24.02) 

(8.11) 
110-160 50.01 (50.68) 

(10.66) 
(8.90) 
(8.61) 
(6.85) 
(6.81) 
(6.46) 
(6.29) 

1 h. On cooling at room temperature, the adduct 
precipitated. It was filtered off and washed with 
ethanol. Analytical and thermogravimetric data are 
reported in Table I. 

Preparation of the Doped Compounds 
Diaquobis(2,4-pentanedionate)manganese(I..) dop- 
ed diaquobis(2,4-pentanedionate)zinc(II)-20%/ 
80% 
6.25 g of MnCl, (0.05 mol) and 27.00 g of ZnCl, 

(0.20 mol) were dissolved in 250 ml of water and 50 
g of 2,4-pentanedione (0.5 mol) were added. The 
product precipitated by adding 68.1 g of CHaCOONa 
(0.5 mol dissolved in 150 ml of water) and 21 ml of 
aqueous 35% NHs. It was filtered off and washed by 
cold water. 

bis(2,4-pentanedionate)ligand (or bisligand)manga- 
nese(II) doped bis(2,4_pentanedionate)ligand (or bis- 
ligand) zinc(I1) 80%/20%, 90%/10% (ligand = pyri- 
dine, 4-Mepyridine , pyrazine, quinoline , quinoxaline, 
cup’dipyridyl, ethylenediamine, 1 ,lO-phenanthroline) 

All these mixtures were prepared by the following 
general way: 2 mm01 (or 4 mmol) of [Mn(pd)2- 
(H20)2] and 18 mmol (or 16 mmol) of [Zn(pd)2- 
(H20)2] were dissolved in hot ethanol, and 20 
mmol (or 40 mmol) of the ligand were added. The 
mixture precipitated by cooling at room temperature. 
It was filtered off and washed by cold ethanol. The 
doped powders of the adducts with pyridine and 
quinoline had to be precipitated by adding n-hexane; 
they were filtered off and washed with n-hexane. 

Apparatus 
Vibrational spectra were recorded on a Perkin- 

Elmer 621 spectrophotometer, in KBr disc samples 
and electronic diffuse reflectance spectra on a 
Beckman DK-2A spectrophotometer. Magnetic 
susceptibility measurements were performed by the 
Gouy method; e.s.r. spectra were recorded on poly- 
crystalline samples by a Varian E4 spectrometer, and 
the g values evaluated by standardization with 
diphenylpicrylhydrazyl (DPPH). Thermal analyses 
have been carried out on a DuPont 900 apparatus 
equipped with a thermogravimetric analyzer DuPont 
950 at a heating rate of 1 “C mm-’ under a stream of 
nitrogen at 40 cm3 mm-‘. 

Theoretical i?eatment of E.s.r. Spectra 
E.s.r. measurements of the Mn(I1) complexes have 

been carried out on polycrystahe samples of the 
undiluted compounds and on Zn/mn mixed com- 
plexes (in ratios 90110 or 80/20 depending on the 
sample). Only the spectra of diluted samples have 
been considered for the theoretical treatment and 
and for the evaluation of the magnetic parameters. 

The dilution by zinc does not affect the magnetic 
field of manganese; however in the case of the 
adducts with pyridine, 4-Mepyridine and of 
anhydrous Mn(pd)2 some differences in the magnetic 
field of the diluted samples with respect to the field 
of the undiluted ones will be considered. 

The spectra were fit by an axial or rhombic spin 
Hamiltonian. For the axial compounds, in a high spin 
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TABLE II. X-Band Spectra of Mn(I1) Complexes (undiluted polycrystalline samples).* 
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Compound Field (G) 

PUN)2Phenl 336Ovs 

N@d)2pzl 3241~s 

[Mn(pd)2enl 3307vs 

[IWpd)hMx)z 1 1571m 2501~s 3Ollsh 3391sh 3771m 4431w 5151~ 

ww)2w~21 1770m 25708313303s 3986vs 6103sh 

[Mn@d)#pyl 841~ 2041s 3391vs 

[Mn@d)2@y)l 1341~ 2171sh 2711~s 36Olsh 4191s 4981sh 

W@d)z @y)z 1 1024w 2391s 3491vs 4774sh 

Wn@d)2(4-WMl 1251~ 2141sh 2731~s 3521sh 4191m 4901w 

IMn@dM4-Mepy)2 I 1311~ 2131sh 2641s 3441vs4471sh 

Wn@dM% Oh 1 2015sh 3349vs 

PWpd)2 13 1732s 3399vs 4532m 

*VS = very strong, s = strong, m = medium, sh = shoulder, w = weak. Recorded at room temperature. 

DPPH 

I 

&.2-L_.LLL~ L!.d, 6 
- y_7& 10 

Fig. 1. X-Band EN. spectra of diluted Zn/Mn powder of a) 
IWMn(pdhpzl @O/20), b) IZn/Mn(pd)hWzl @O/20) 
recorded at room temperature. 

(S = 5/2) electronic configuration the representative 
spin Hamiltonian was that given by Bleaney and 
Ingram [4] : 

X’= gPH + D[S: - 1/3S(S + l)] + 

t 1/6a[(St t S$ t St) - l/SS(S + 1x3s’ + 3S - l)] 

t 1/180F[35S:-30S(S + 1)s: + 2%: - 6S(S + l)+ 

t 3S2 (S t 1)2] + AS.1 

and the application to polycrystalline powders was 
that given by Woltermann and Wasson [5]. Among 

the three therms a, D and F, only D was considered 
for the contribution to the fine structure of the 
spectrum, due to the undetectable splitting in the 
powder spectra deriving from a and F interaction 
terms. The spectrum of [Mn@d),pz] , in Zn/Mn 
90110 mixed powder, can be usefully considered 
as example (Fig. la). The fields of the resonances 
suggest axial symmetry and appreciable magnitude 
of the zero field parameter D. All the lines due to the 
zero field interaction split into six hyperfine reso- 
nances, due to the coupling with the nuclear spin 
of manganese. 

The assignment of the lines of Mn(pd)2pz and of 
the other axial complexes is reported in Table III. 

The D parameter has been evaluated by consider- 
ing that the transitions AMs = +5/2 t---, +3/2 and 
AMa = -512 - -312 lie at field separated by 4D, 
the transitions AMa = -312 - -l/2 and AMa = 
t3/2 * +1/2 by 2D and the two transitions AMa = 
+1/2 - -l/2 (0 = 90”; tgfI = 0.8) by 5.6 D21H, 
(symbolism from ref. 5). 

The results of the evaluation of [Mn(pd),pz] 
spectrum and of the spectra of the other axial com- 
pounds are in Table IV. 

For the compounds having rhombic symmetry the 
spin Hamiltonian is [5,6] 

X = @HS t D(S; - 1/3S(S + 1) + 

t E(S; - St) + AS-1 

simplified for the zero field terms quadratic in spin. 
The assignment of the lines in the spectrum of 

rhombic complexes is much more difficult than in the 
case of the axial complexes, due to higher number of 
lines of the zero-field interaction and mainly to their 
frequent overlap. However, starting from the spec- 
trum of [Mn(pd)2(qui)2] in ZnlMn 80120 mixed 
powder (Fig. lb), the identification was attempted 
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TABLE IV. E.s.r. Parameters of Mn(I1) Complexes. 

Compound D(G) E(G) E/D* A(G) 

Wn(p&phenl 545 0 0 unresolved 

[MnWspzl 598 0 0 80 

Wn(pd)penl 736 0 0 80 

[Mn(pd)2(winx)z 1 660 <30 <<0.33 80 

Wn(pd)z(wi)z I 627 <30 <<0.33 15 

IMn@dIsWyl 516 110 0.21 85 

l~W1zW21 330 95 0.29 70 

[MnW)~(+Mewhl 375 68 0.18 80 

lMnW)aOW)21 700 <<30 <<0.33 80 

‘E/D is indicative of the number of transitions belonging to 
the AMY = +1/2 e -l/2 and of their field separation. 

for all the rhombic compounds here reported, by the 
method of Woltermann and Wasson. The best 
possible assignment of the lines for the rhombic 
compounds is in Table III. The magnetic parameter 
values are in Table IV, where, for the rhombic com- 
plexes, the value of the E/D ratio gives an idea of the 
spectrum complexity in the field region assigned to 
the components of the AMa = +1/2 f---f -l/2 transi- 
tion . 

The g values of all complexes reported in this 
paper are indistinguishable from the free electron 
value, within the limits of the g standardization. 

It must finally be observed that not all the com- 
plexes show well resolved spectra like those reported 
as examples; however, the evaluation of the magnetic 
parameters was possible in all cases, also supported by 
the preliminary indications from the spectra of the 
undiluted compounds and by the large number of 
examined complexes. 

Results 

E.s.r. Investigation 
All the Mn(I1) complexes have high spin electronic 

configuration, with five unpaired electrons in the 
ground state. The magnetic susceptibility measure- 
ments of some of them have been consiered in a 
previous paper [I] . 

E.s.r. investigation on all the Mn(I1) compounds 
here reported has been carried out both on pure poly- 
crystalline powders and on Mn(II)/Zn(II) doped poly- 
crystalline powders. Spectromagnetic results have 
been compared within the series of the Zn doped 
powders, to prevent the interference of the different 
diamagnetic matrix. 

Undiluted powders exhibit spectra, at room 
temperature, with features characteristic of S = S/2 
dS metal ions. The resonance fields of the e.s.r. 
transitions of the spectra of the undiluted powders, 
reported in Table II, divides the Mn(I1) complexes in 
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A peculiar case is shown by the pyrazine adduct, 
where the coordination of a basic molecule in axial 
position increases the median pd frequencies; it can 
be suggested that the electron exchange among the 
unities of this polymeric system, via n system of pyra- 
zine, successfully competes with the n system of pd 
for the acception from manganese. 

iii) The weight of the 71 back donation in the 
manganese compounds is also confirmed by an 
analogous trend of frequencies observed in the zinc 
compounds. The effects of the basic additional ligand 
are enhanced by the higher back donating power of 
zinc with respect to manganese. 

Conclusions 

Three main points of conclusion can be drawn 
from the reported results: 

i) The addition of one or two ligands to the parent 
[Mn(pd)?] compound changes the symmetry of the 
ligand field, depending on both steric and electronic 
properties of the additional molecule. The effect of 
the electronic properties mainly of the electron-with- 
drawing power, successfully competes with the steric 
hindrance effect. 

ii) The results of the e.s.r. investigation measure- 
ments confirm the hypothesis of magnetic exchange 
formulated by the magnetic susceptibility measure- 
ments. 

As for the mechanism of the magnetic exchange, 
the Anderson [12] theory can be invoked. [Mn- 
(pd),]a, to which a trimeric molecular structure can 
be assigned, shows antiferromagnetic behavior and 
this effect may be considered as resulting from two 
component effects, due to its dS high spin electronic 
ground configuration: a) interaction between the 
central metal ion and the two terminal ions is 
related to superexchange magnetic interaction involv- 
ing two half filled d metal orbitals (for example 
dX2._.2 and d,,) having such symmetry that the metal 
orbitals can be expanded by the ligand orbitals of 
available symmetry (2p oxygen orbitals). The effect 
of this interaction is antiferromagnetic. 

Moreover the same magnetic interaction is related 
to ‘true direct exchange’, as there are half filled 
orthogonal orbitals on every Mn center. The result 
of this interaction is the ferromagnetic effect. b) 
Interaction between the two terminal ions is related 
to superexchange magnetic interaction involving two 
d metal orbitals having symmetry available to be 
expanded by the rr system of pentanedionate anion 

(d,, or dX2+Z). The result is antiferromagnetic. The 
resulting effect of a) and b) is an antiferromagnetic 
behavior of Mn(pd)2, as experimentally found. 

In the case of Mn(pd)zpyrazine compound the 
only way of interaction possible with the hypothe- 
sized tram coordination of two pyrazine molecules, 
each common to two Mn ions, is a magnetic super- 
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exchange interation between two half filled Mn d 
orbitals, having symmetry available to be expanded 
by the a system of pyrazine (d,, or d,,J. The effect 
is antiferromagnetic and, due to the loss of any 
ferromagnetic contribution, the strength of the ex- 
change is higher in Mn(pd)zpyrazine, than in [Mn- 

h%ls. 
iii) In all the reported compounds back donation 

is possible between the metal and the pentanedionate 
anions and the metal and the additional ligand. The 
effects of back donation determine the strength of 
the Mn-0 bond. The competition between the back 
donation to pd and to the additional ligand is 
favourable to pd, mainly in complexes having the two 
pentanedionates in the sampe plane, because they 
have the m* orbital system more apt to accept charge 
from the metal, specifically more apt to be affected 
by the variation of charge on the metal by the addi- 
tional basic ligand. 
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