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Abstract 

The M&(CH,OH), complexes have been obtained by the reaction of Cu(II), Ni(I1) and Co(B) acetates 
with 2,2,5,5-tetramethyl-4-nitromethylidene-3-imid~olidine-l-oxyl (LH) in methanol and the CuL, 
complex by the reaction of CU(CH,COO)~~H~O with LH in ethanol. Investigation of the magnetic 
properties of the complexes indicates ferromagnetic intramolecular and antiferromagnetic intermolecular 
exchange interactions in Mb(CH30H)2. For CuL, at T<lO K there is a ferromagnetic ordering. An 
X-ray structural investigation of Co~(CH,OH), reveals that the compound has a layered structure. 

Introduction 

At the present time studies are being carried out 
on the synthesis of transition metal complexes with 
stable nitroxide radicals which are capable of 
undergoing magnetic phase transitions to a ferro- 
or ferrimagnetic state, that may be a basis for creation 
of new magnetic materials [l-4]. Earlier in the course 
of our investigations in this direction we have syn- 
thesized mixed ligand complexes ML$r3(R’OH)2 
(M = Co(II), Ni(II), R’ = CI-&, CzHs) and inner com- 
plex compounds ML,cooczEI( (M= cO(II), Ni(II), 
Cu(I1)) with deprotonated enaminoketone deriva- 
tives of the 3-imidazoline nitroxide radical LR. These 
complexes exhibited magnetic phase transitions [5-g]. 
The crystal structures of these complexes show that 
all of them have layered structures. In a continuation 
of these investigations Cub and MI+(CH30H)Z com- 
plexes, where M= Co(II), Ni(II), Ct.@); L is a 
deprotonated aci-nitroenamine form of 2,2,5,5-te- 
tramethyl-4-nitromethylidine-3-imidazolidine-l-oxyl 
(LH), have been synthesized and their solid-state 
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magnetic properties studied. Molecular and crystal 
structures of CoLz(CH30H)r have been determined. 

LH was chosen as a ligand because its deprotonated 
aci-form may be treated as an analog of the de- 
protonated enaminoketones LR. The LH ability to 
form complexes has been noted earlier by its reaction 
with Cu(I1) salts [9]. Besides the presence of the 
NOz group in the LI-I molecule suggested sufficiently 
strong acceptor properties for the ML, molecule 
central atom. It could create favorable conditions 
for polymerization of the complexes in the solid 
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0’ 
Me (R= CF,, COOGH,) 

Syntheses 
The ligand was prepared by a literature procedure 

C& 
To a solution of LH (3 g, 15 mmol) in ethanol 

(240 ml), C~I(CH&OO)~.H,O (1.5 g, 7.5 mmol) was 
added, the reaction mixture stirred and heated to 
boiling. Solid CU(CI&COO)~+H~O reacts with the 
LH solution slowly and it should be ground to a 
fine powder to accelerate the reaction. After all the 
CU(CH&OO)~.H~O dissolved the hot reaction mix- 
ture was filtered and allowed to stay for 1 or 2 days 
at room temperature. Dark red well-shaped crystals 
separated from the green solution. The Cub crystals 
were filtered off, washed with ethanol and air-dried. 
Yield 35%. Anal. Calc. for C1&&N606Cu:C, 41.4; 
H, 5.7; N, 18.3; Cu, 13.7. Found: C, 41.6; H, 5.7; 
N, 18.2; Cu, 13.8%. 

CuL,(CH,OH), 
The same procedure in methanol results in crys- 

tallization of well-shaped snuff-colored Cub- 
(CH,OH)a crystals. The crystals were filtered off, 
washed with methanol and air-dried. It is necessary 
to use 140 ml of methanol per 1 g of LH in the 
reaction. Yield 60-70%. Anal. Calc. for 
C18H34N60sC~: C, 40.7; H, 6.5; N, 16.0; Cu, 12.0. 
Found: C, 41.4; H, 6.5; N, 16.0; Cu, 12.1%. 

Cu~(CH,OH), is rather unstable under normal 
conditions. After a day microscopic observation of 
the crystals reveals the presence of brown spots on 
the crystal corners and edges resulting from gradual 
transformation of CuL(CH,OH), to CL&. Within 
10-15 days the desolvation process is practically 
complete. Cu&(CH,OH), can be kept for a longer 
time in a desiccator saturated with methanol vapour 
or under a layer of the saturated methanol solution 
of the compound. 

CoL,(CH,OH),, NiL2(CH30H)2 
A solution of LH (0.5 g, 2.5 mmol) and 

Co(CH3COO)2~4Hz0 or Ni(CH3C00)2.4Hz0 (0.3 
g, 1.25 mmol) in 20 ml of methanol was boiled for 
5 min, filtered and allowed to stay at room tem- 
perature for 3-5 days. Methanol evaporated gradually 
from the reaction mixture producing a red precipitate 
of CoI+(CH,0H)2 or a green one of NiL(CH30H)2. 
After the solution volume had reduced to about one 
half, the well-shaped crystals of the complexes were 
filtered off, washed with cold methanol and air-dried. 
The yield of COL(CH~OH)~ and Nib(CH30H)2 was 
30-40%. Anal. Calc. for C18H34N60sC~: C, 41.5; H, 
6.6; N, 16.1; Co, 11.3. Found: C, 40.5; H, 6.7; N, 
15.8; Co, 11.3%. Calc. for C1sH-+,N608Ni: C, 41.5; 
H, 6.6; N, 16.1; Ni, 11.3. Found: C, 40.8; H, 6.6; N, 
15.7; Ni, 11.4%. The mixed ligand complexes 
C~I&(CI-I~OH)~ and NiL(CH,OH), are considerably 
more stable than CU~(CH,OH)~. They did not reveal 
any changes in composition and properties after 
having been kept for weeks under normal conditions. 

Physical measurements 
IR spectra of the complexes in the range m 

cm-’ were recorded on a SPECORD-75-IR spec- 
trophotometer as KBr pellets. The TG and DTG 
curves were obtained on a PAULIK, PAULIK, ER- 
DEY derivatograph in air on a sample of 50 mg, 
heating rate 2.5 “/min. The powder diffraction pat- 
terns of the compounds were obtained on a DRON- 
2.0 diffractometer (Cu Ka radiation, Ni-filter). Mag- 
netic measurements were performed on polycrys- 
talline samples by the Faraday method in the tem- 
perature range 4.2-300 K in magnetic fields up to 
10.9 kOe. In the studies of magnetic properties the 
samples of the complexes were sealed into quartz 
ampoules. Molar magnetic susceptibility calculations 
were performed taking into account atomic dia- 
magnetism and temperature-independent para- 
magnetism of metal ions. 

X-ray structural analysis 
Dark red crystals of C?oL(CH30H)3 are mono- 

clinic: a = 10.883(2), b = 11.987(l), c = 9.447(l) A, 
p= 101.57(l)“, V= 1207.5(3) A3, space group P&/c, 
Z= 2, D,= 1.43 g/cm3, D, = 1.43 f 0.03 g/cm3 (chlo- 
roform/hexane), ~(CU Ka)=58.3 cm-‘. The exper- 
imental data were collected on a SYNTEX F2r four- 
circle automated diffractometer by standard pro- 
cedures (Cu Ka! radiation, graphite monochromator, 
0-20 scan technique with a variable velocity, Vmi, =5 
“/min, 20,,= 115”, 1841 Ihw observed from 1895 
measured). Corrections for absorption were made 
experimentally using a transmission curve. The struc- 
ture was solved by direct methods using SHELX86 



TABLE 1. Final atomic coordinates (X 104, x ld for H) 
and equivalent isotropic temperature factors (A*) (X Id) 
for COL(CH,OH)~ complex 

Atom x Y z U 

co 
0011 
NO1 
0012 
Cl 
C2 
Nl 
C3 
C31 
C32 
Nil 
011 
c4 
C41 
C42 
OS 
cs 
HCl 
H311 
H312 
H313 
H321 
H322 
H323 
H411 
H412 
H413 
H421 
H422 
H423 
HOs 
HCsl 
HCs2 
HCs3 

moo 
X%2(5) 
6092(7) 
5926(6) 
7170(8) 
7506(7) 
6851(6) 
8874(7) 
9084(11) 
9845(g) 
8877(7) 
9849(6) 
7598(7) 
7655(10) 
7131(10) 
4440(6) 
3594( 12) 

766(6) 
867(11) 

1014(16) 
925( 15) 

lOOl(8) 
965(7) 

1055(9) 
808(H) 
816(11) 
701(11) 
707(8) 
762(9) 
635(11) 
458(8) 
431(20) 
288( 15) 
315(H) 

oooo 
1578(5) 
2318(6) 
3302(5) 
2093(7) 
1013(7) 

97(6) 
898(7) 

1468(H) 
X257(9) 

-318(6) 
- 853(6) 
- 816(7) 

- 1807(8) 
- 1090(9) 

687(6) 
165( 14) 
273(5) 
122(9) 
137(12) 
220(13) 
209(7) 

94(6) 
88(8) 

- 154(9) 
- 243(9) 
- 211(8) 

-40(7) 
- 161(8) 
- 155(9) 

ill(7) 
-45(14) 
-37(12) 

60(10) 

woo 1.9(l) 
- 743(7) 2.9(3) 
- 268(8) 3.0(4) 
- 761(8) 4.4(4) 

683(10) 2.3(5) 
1229(9) 1.8(5) 
1135(7) 2.0(4) 
2113(9) 1.9(4) 
3559(12) 3.5(6) 
1249(11) 3.3(6) 
2311(9) 2.5(4) 
2894(9) 5.0(5) 
1910(10) 2.1(5) 

928( 14) 3.3(6) 
3238(11) 3.3(6) 
1887(7) 3.4(4) 
2648( 14) 5.9(8) 

94(7) l(3) 
419(12) 5(4) 
430(16) 7(6) 
355(16) 12(7) 
118(8) 7(3) 

12(8) 2(2) 
165(10) 4(3) 

4(11) 7(4) 
149(11) 7(3) 

82(11) 5(4) 
373(9) 2(2) 
374(10) 4(3) 
306(11) 7(3) 
265(10) 3(3) 
315(21) 19(9) 
206(17) 12(6) 
327(12) 8(4) 

[l l] and refined by full-matrix least-squares methods. 
In the last stage of the refinement all non-hydrogen 
atoms (in the anisotropic approximation) and all 
hydrogen atoms were located in the A&yz) synthesis. 
The refinement of the hydrogen atoms (in isotropic 
approximation) together with the non-hydrogen at- 
oms gave a final value of the R factor of 0.072. The 
positional and thermal parameters for the atoms are 
listed in Table 1. The calculations of the structure 
refinement were performed using YANX [12] on an 
EC-1037 computer. 

Results and discussion 

Syntheses 
The reaction of Cu(II), Ni(I1) and cO(I1) acetates 

with LH in methanol results in the formation of 
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Mb(CHSOH),. Co(H) and Ni(I1) complexes are 
considerably more soluble in methanol than the 
Cu(II) complex and their crystallization occurs from 
more concentrated solutions as compared with 
Cu(I1). In the synthesis of the Co(H) and Ni(I1) 
complexes cooling of the reaction mixture is un- 
desirable since LH coprecipitates with 
CoLz(CH30H), or NiI+(CH30H)z. The precipitated 
LH can be easily washed out with methanol but this 
procedure reduces the yield of the complex. The 
use of ethanol as a solvent in the synthesis of Co(I1) 
and Ni(I1) complexes is also unfavourable since 
mainly the starting LH precipitates upon slow removal 
of this solvent from the reaction mixture at room 
temperature or upon keeping the solution at a low 
temperature. The reaction of Cu(CH,COO)z.HzO 
with LH in ethanol unlike Co(R) and Ni(I1) results 
in CuL crystallization. No LH crystallization along 
with the complex was observed in the synthesis of 
either Cu~(CH30H)z or C&. As mentioned above, 
CU~(CH~OH)~ is unstable under normal conditions 
and gradually loses alcohol forming Cub. This pro- 
cess can be accelerated by heating CI&.(CI&OH)~ 
in vacuum at 50-60 “C. CuL, thus formed is stable 
upon heating up to 170 “C. At higher temperatures 
it decomposes with explosion. We failed to obtain 
Cc& or NiL, by heating Co~(CI$OH)z or 
Nib(CI-&OH)z since methanol removal from the 
compounds is accompanied by decomposition. 

IR spectroscopy 
IR spectra of the discussed compounds are of 

interest mainly because they allow an easy detection 
of the OH groups of the methanol molecules in the 
complexes. In the IR spectra of Cu~(CH30H),, 
CoI+(CH30H)2 and NiL(CH,OH), there are broad 
bands at 3410, 3300 and 3300 cm-‘, respectively, 
due to Y(OH) of the methanol molecules. In the 
spectra of Cu&(Cl&OD)z, Cob(CH30D)z and 
NiI+(CI-I,OD), obtained in deuterated methanol 
bands due to v(OD) at 2520, 2440 and 2440 cm-‘, 
respectively, are registered instead of the above bands 
confirming the presence of solvent molecules in the 
complexes. In the JR spectra of CuL, synthesized 
in GHSOH or C;H=,OD there are no bands in the 
range 3200-3600 or 2300-2700 cm-‘. 

Crystal structure 
The projection of the CoL(CH30H)z structure 

onto the (100) plane is shown in Fig. 1. The complex 
has a layered structure. The centrosymmetric oc- 
tahedral environment of the Co atom is formed in 
the equatorial plane by one of the oxygens of the 
NOz group and by the imine nitrogen of the imi- 
dazoline heterocycle of the ligand. The axial positions 



Fig. 1. The projection of Cc&(CH~OH), onto the (100) plane. 

are occupied by the oxygens of the methanol mol- 
ecules (Co-ONo, 2.062(6), Co-N 2.087(6), 
=+°CH~OH 2.159(7) A) (Fig. 2). Thus L forms with 
the central atom a six-membered chelate ring with 
an NCoONoz angle of 86.0(2)“. The chelate ring with 
the second oxygen of the NO* group as well as the 
imidazoline heterocycle are practically planar. The 
angle between their planes is 11.6”. The oxygen of 
the N-I 0 group lies in the plane of the imidazoline 
heterocycle. Selected intramolecular bond distances 
and angles of the complex are listed in Table 2. 
The C-H and O-H bond distances vary within 
0.79(11)-l-12(8) a (the average C-H bond distance 
is O.YY(lO) A; O-H 0.87(Y) A); the average angle 
value in the CHJ groups is 106“. The OH groups 
of the coordinated alcohols form hydrogen bonds 
O-H. ..O with the NO;! group oxygens of the neigh- 
bouring molecules (Fig. 1) with 0. ..O distances of 
2.753(Y) A. These hydrogen bonds ensure the ex- 

Fig. 2. Perspective view of the Co~(CH~OH)2 molecule. 

TABLE 2. Bond distances (A) and angles (“) in the 
Co~(CH,OH), complex 

Distances 
Co-0011 
Cu-Nl 
CO-OS 

001 l-NO1 
0012-NO1 
NOl-Cl 
Cl-C2 
Cz-C3 

Angles 
Nl-Co-0011 
OOll-NO1-0012 
OOll-NOl-Cl 
NOl-Cl-C2 
Cl-C&N1 
Co-OOll-NO1 
Co-Nl-C2 
CbNl-CX 
C2-C3-Nll 
C2-C3-C31 
C2-C3-C32 
Nll-C3-C31 
Cl-C2-C3 

2.062( 6) 
2.087(6) 
2.159(7) 
1.267(9) 
1.268(9) 
1.35(l) 
1.41(l) 
1.56( 1) 

86.0(2) 
118.9(6) 
123.0(6) 
X3.4(6) 
130.5(7) 
131.4(S) 
122.7(5) 
126.6(5) 
97.7(6) 

113.6(7) 
112.3(6) 
109.8(7) 
115.2(6) 

c3-C31 
C3-C32 
U-N11 
Nil-011 
Nll-C4 
C4-C41 
C4-c42 
C4-Nl 
Nl-C2 

Nl l-C3-C32 
C31-C3-C32 
CSNl l-C4 
C3-Nil-011 
C4-N11-011 
Nl-CkNl 1 
C2-Nl-C4 
Nl-OI-Cdl 
N&Cd-C42 
Nll-CX-CXl 
Nll-C44X2 
C41-c4-C42 
Cbos-Cs 

1.50( 1) 
1.52(l) 
1.47(l) 
1.26(l) 
1.49(l) 
1.52(l) 
1.48( 1) 
1.49(l) 
1.30(l) 

111.4(7) 
111.3(8) 
112.7(6) 
122.6(6) 
124.3(6) 
102.9(6) 
110.7(7) 
111.4(7) 
109.7(7) 
108.6(7) 
109.5(7) 
114.0(8) 
124.6(8) 

istence in the Co~(CH~OH), structure of polymeric 
layers running parallel to the (100) plane. 

The distances between the paramagnetic centres 
Co... L 0 are 5.530(6) A within the molecule, the 
intermolecular Co...0 - contacts are not less than 
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6.789(8) A, and the shortest -1- 0. . . 0 _L distance is 
4.427( 12) A. 

X-ray powder diffraction patterns for 
Cob(CHSOH)2 and Nib(CH30H)z are practically 
identical, indicating that these complexes are iso- 
structural. The powder diffraction pattern of 
CI&(CI-&OH)~ is also in many respects similar to 
that for G&(CI-&OH)z while the diffraction pattern 
of Cub is essentially different. It should be noted 
that the described procedure for Cub synthesis 
allows one to obtain well-shaped crystals of this 
complex. However all of them were twins. We failed 
to obtain CuL, single crystals suitable for X-ray 
structural analysis. 

The data obtained allow Co~(CH30H)2 and 
NiL,(CHs0H)2 to be regarded as new representatives 
of layered polymers based on mixed ligand metal 
complexes with imidazoline nitroxide derivatives and 
alcohols. But in contrast to the earlier described 
layered polymers MGF3(R’OH)2 (M = Co(II), Ni(I1); 
R’ = CH3, GHs) which are polymerized through hy- 
drogen bond formation between the OH groups of 
the coordinated alcohols and the oxygen of the N- 0 
group of the neighbouring molecules [5, 71, in 
Iv&(CH~OH)~ the N-L 0 group oxygens do not 
participate in hydrogen bond formation. In our opin- 
ion this circumstance is the main reason for the 
substantial difference in magnetic properties of 
eL(a3°H)2 and NiL(CI%OH)z from 
CO~~(R’OH)~ and Nip3(R’OH),. 

Magnetic properties 
All ML(CH30H)2 are paramagnetic. Their ~,&‘) 

dependences are shown in Figs. 3 and 4. The the- 
oretical ~&J’) curves for NiL(CH30H)2 and 
Cub(CH,OH), have been obtained due to the 
(O-L N...M(II)...N-0) exchangeclustermodelwith 
the intramolecular exchange interaction energy J and 
the intermolecular exchange interaction energy J’z 

j- zh L 

0 1w TK 3m 
Fig. 3. Experimental pcfl vs. T dependence for 
CX&(CH,OH)~ (0). Experimental (0) and theoretical 
(curve) pL,lI vs. T dependence for NiL(CH,OH),. 

I I 

0 w c%’ [K -% 

Fig. 4. Experimental and theoretical (curves) pLcff vs. T 
dependences for CuL, (a) and CuL@-&OH), (0). 

[13,14]. The optimum parameters obtained with this 
model for the Nib(CH30H)2 and CUL(CH~OH)~ 
complexes are, respectively, equal to:g= 2.19, J= 13.2 
cm-‘,D (zero field splitting parameter) = - 8.9 cm-‘, 
J’z= -1.2 cm-’ and g=1.83 cm-‘, J=32.9 cm-‘, 
J’z= - 1.0 cm-‘. The value of the g factor for the 
Cu(I1) complex indicates an inadequate description 
of its magnetic properties by the molecular model. 
Analysis of the structural data suggest, for example, 
that the exchange interactions within the polymeric 
layers and between them may be different. However, 
on the basis of the performed calculations it is possible 
to point out a property that is common to all com- 
plexes which consists in the fact that the intramo- 
lecular parameter J>O, i.e. the intramolecular ex- 
change interactions are of ferromagnetic character. 
For the heterospin system (0 -. . . Co(I1). . . - 0) there 
is no analytical expression for theoretical calculation 
of the CL,&‘) dependences. The experimental data 
(Fig. 3) indicate only the presence in Cob(CH,OH),, 
and also in NiL(CH,OH), and CI&(CH~OH)~, of 
exchange clusters with a ferromagnetic character of 
the exchange interactions. Thus for the solid phases 
of ML(CH30H)2, unlike those of Mp3(R’OH)2, 
no magnetic ordering has been found down to 4.2 
K Besides, in Mp3(R’OH)2 there are no exchange 
clusters with a ferromagnetic character of the ex- 
change interactions. As has already been pointed 
out, this may be a result of the N - 0 group oxygens 
not taking part in the polymerization of the 
ML(CH,OH), molecules. 

Magnetic properties of CuL, differ from those 
described above for ML(CH30H)> The experi- 
mental and theoretical (within the molecular cluster 
model) b&“) curves for this complex for T> 13 K 
are shown in Fig. 4. The optimum theoretical curves 
parameters areg=2.0, J=27.4 cm-‘, J’z=1.8 cm-‘. 
It is evident from these data that both J and J’z 
have positive values, i.e. both the intra- and inter- 
molecular exchange interactions in CuLr are of fer- 
romagnetic character. Below 10 K for Ct& there 
is a trend to a ferromagnetic ordering. However, the 
magnetization curves u(H) (Fig. 5) have no saturation 



Fig. 5. Field dependences of the magnetization o for a 
polycrystalline sample of CL& at different temperatures. 

in the studied magnetic field range which does not 
allow the spontaneous part of the magnetization to 
be resolved. 
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