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Formation of high-spin complexes in reactions of oxides of the  7-A1203 type 
with radical pairs of stedcally shielded semiquinones: 

a new procedure for the preparation of 
organometatlic polyrad cals and their ESR spectra 
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A new simple method was developed for the preparation of organometallic hi- and 
triradicals by the heterogeneous reaction of y-AI~O~ or analogous oxides with free radicals 
generated in solution through the interaction of 3,6-di-tert-butyl-o-benzoquinorae with 
3,6-di-tert-butylpyrocatechol. An explanation was offered for the ph'.s sign of the dipole- 
dipole coupling constant observed previously in the ESR spectra recorded in a superstrong 
field at low temperatures. 
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Polyradicals with a total  electron spin S > I/2 are of 
interest as objects for studying molecular structures, 
modeling organic magnetics,  etc. There are known pro- 
cedures for the generat ion of  polyradicals based on 
complex processes involving metal amalgams, 1 succes- 
sive replacement of an ionic  ligands by free-radical frag- 
ments in the corresponding salts, 2 or the mechanochemi- 
cal synthesis of  polyradicals. 3 In this work, we suggest a 
new simple procedure for the preparation of organome- 
tallic bi- and triradicals by the heterogeneous reaction of 
�9 t-AI20 3 (or other oxides) with free radicals generated in 
solution via the interaction of  3,6-di-tert-butyl-o-benzo- 
quinone (DBQ) with 3 ,6-di - te r t -buty lpyrocatechol  
(DBQH2): 

(DBQ) + (DBQH 2) ~ 2 (DBSQ), 

where (DBSQ) is the corresponding 3,6-di-tert-butyl- 
semiquinone radical. 

Experimental 

The reaction was carried out in a standard ESR tube at 
room temperature directly in a resonator of an ERS-220 
spectrometer, tz-Al203 and y-A[203 with various specific sur- 
faces were used. Toluene was used as the solvent. Concentra- 
tions of the complex that formed were determined relative to a 
CuSO 4 secondary standard, which was calibrated against an 
AI3+(DBSQ)3 sample with a specified concentration. 

Experiments on thermal spin polarization were carried out 
on an ESR spectrometer (in the 2 mm range). 4 The tempera- 

+ Deceased. 

ture was controlled using a stream o f  He. A thermal accessory 
allowed us to carry out measurements in the range of 
5--400 K. 

Results and Discussion 

The spectrum of a frozen t o luene  solution o f  the 
AI(DBSQ) 3 complex formed by the reaction of y-AI203 
with (DBQ) and (DBQH:) is s h o w n  in Fig. 1 (spectrum 
/). The signals (spectra 2and 3) were  observed in 1 /2  Ha 
and 1/3 H 0 magnetic fields (H O is the magnetic f ie ld  for 
g = 2), i.e., the complex has a s p i n  of  3/2. The spec t rum 
completely coincides with the signal recorded for  the 
AI3+(DBSQ)3 complex synthes ized  according to  the 
known procedure, t In addi t ion ,  we used the me thod  

Fig. 1. ESR spectra of a vitrified solut ion of the AI3+(DBSQ)3 
complex in toluene that formed in the reaction ofT-Al20 3 with 
a mixture of o-quinone and pyrot:atechol: signals at H = H 0 
(1), I/2 H 0 (2), and 1/3 h' 0 (3), respectively. 

Translated from l~estiya Akademii Nauk. Seriya Khimicheskaya, No. 2, pp. 298--302, February, 1997. 

1066-5285/97/4602-0284 $18.00 �9 1997 Plenum Publishing Corporation 



Formation of  h igh-spin  complexes Rus, r.Chem.Bull., Vol. 46, No. 2, l'ebruary, 1997 285 

T = 6 K  

100 G 

Fig. 2. ESR spectra (in the 2 mm range) under conditions of 
polarization of electron spins of the AI3+(DBSQ)3 (/) and 
Ge4+(DBSQ)z(Cat) (2) complexes. 

for observing thermal spin polarization in superstrong 
fields, 5 which made it possible to distinguish systems 
with spins S = 1 and S = 3/2. This experiment also 
unambiguously indicated that the system with the S = 
3/2 occurs. 

In the reactions o f  toluene solutions of a mixture of 
(DBQ) and (DBQH2) with metal oxides (ZnO, GeO 2, 
PbO, SiP 2, MgO, or  SnO2), the (metal) n+ (DBSQ) n 
complexes form only in the case of  ZnO and GeO2. The 
low-temperature spect ra  of  the AI:3+(DBSQ)3 complex 
( / )  and the Ge4+(DBSQ)2(Cat)  complex (2) (Cat is the 
catecholate form of  3,6-di-tert-butyl-o-benzoquinone) 
are shown in Fig. 2. In the spectra of the triradical 
complex (spectrum /) and the biradical complex (spec- 
trum 2), the polar izat ion observed corresponds to plus 
and minus signs of the dipole-dipole coupling constant, 
respectively (D = 276 G for AI3+(DBSQ)2; and D = 
-307 G, tL~ = 34 G for Ge4+(DBSQ)2(Cat)). 

The pa ramete r s  o f  the  fine s tructure for the 
Zn2~(DBSQ)2 complex  (D = -170  G, I/~ = 10 G) 
coincide with those z,3 for complexes prepared with the 
use of a metal amalgam and those obtained by a mecha- 
nochemical synthesis. For  the Ge4+(DBSQ)2(Cat) com- 
plex, the spectroscopic parameters are close to those 
reported previously 6 for complexes obtained by the reac- 
tion of bispyrocatechate with (DBQ). 

We studied the dependence  of the amount of the 
AI3+(DBSQ)3 complex  formed on the ratio between 
(DBQ) and (DBQH 2) in a solution. It was demonstrated 
that the maximum amount  of the complex occurs at the 
(DBQ) : (DBQH 2) r a t i o o f l  : I (Fig. 3). It i sknown 7 
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Fig. 3. Dependence of ,,he amount of the AI3*(DBSQ)3 com- 
plex that formed on the ratio between (DBQ) and (DBQH2) in 
a solution. 

that in solution, a mixture o f  pyrocatechol and o-benzo-  
quinone occurs in equil ibr ium with semiquinone radi- 
cals. Therefore, AI3+(DBSQ)3 was obtained in t he  maxi- 
mum yield at the max imum concentration o f  semi- 
quinone in a solution. This suggests that the ini t ial  stage 
of the formation of the AI3+(DBSQ)3 complex is the 
interaction of the semiquinone radical with the  y-AI20 3 
surface. In the interaction o f  100% (DBQ) with y-AI20 3, 
the AI3+(DBSQ)~ complex does not evolve in the  solu- 
tion, and the ESR spect rum corresponds to surface- 
bound forms of aluminum coordinated by one  or two 
semiquinone radicals (see below). In this case,  the 
AI3+(DBSQ)3 complex forms in low yield due  to the 
presence of an impurity o f  3,6-di- ter t -butylquinone in 
3,6-di-tert-butylpyrocateehol,  since it is known 7 that 
pyrocatechol is oxidized readi ly  by atmospheric  oxygen 
to o-quinone. Actually, when  (DBQH2) is dissolved in 
toluene, the ESR spectrum corresponds to tha t  of  the 
semiqtlinone radical. This radical  reacts with the  T-A]203 
surface to yield a small a m o u n t  of  the AI3+(DBSQ)3 
complex. After learning th is ,  we studied the reaction 
with tile pyrocatechol : o -qu inone  ratio of 1 : 1. 

Another modification o f  aluminum oxide (a-A1203) 
does not react with a mixture  of pyrocatechol  and 
o-quinone to form AI3+(DBSQ)~. This is, apparent ly ,  
determined by the high strength of the crystal lattice, 
whose structure is similar to  that of  silicon carbide.  

The kinetics of fo rmat ion  of the AI3§ 
triradical was studied with the use of AI203 (2 rag) 
placed into an ESR tube. Then a 0.1 M solut ion of 
(DBQ) (1.12" 10 -3 g) and (DBQH 2) (1 .1"10 -3 g) in 
toluene was added. The intensity of the ESR signal 
corresponding to the AI3§ complex increases 
with time (Fig. 4, a). The concentrat ion of the complex 
is expressed in terms of t h e  number of spins per  unit 
y-A1203 surface. The initial regions of the kinetic  curves 
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Fig. 4. a. Kinetic curves of the accumulation of AI3+(DBSQ)3; b. Curves of the accumulation of the AI3+(DBSQ)3 complex 
linearized on the concentration--t t/2 coordinates (t = 120 rain): t. AI203 with the specific surface m = 220 m 2 g-I; 2, AI20 3 with 
the specific surface m = 85 rn 2 g-t. 

for both samples coincide. When the reactions times are 
large (r > 1000 rain), the increase in the intensity of the 
ESR signal slows down, and  the curve of accumulation 
of the A13+(DBSQ)3 complex  for a sample with a spe- 
cific surface of 220 m 2 g - t  is somewhat higher than the 
curve for the sample with m = 85 m 2 g-l .  The initial 
regions of the kinetic curves are readily linearized in the 
coordinates of the diffusion equation (C ~ t I/2) (see 
Fig. 4, b). This may be evidence that the reaction rate is 
controlled by diffusion. However, an analogous situation 
may also occur in the case of polychromatic kinetics 8 
with a narrow distribution of reaction rates. 

The decrease in the rate of formation of AI3+(DBSQ)3 
with time may be associated with the fact that molecules 
of the reagents and products of the reaction block the 7- 
AI20 3 surface. To verify this suggestion, we carried out 
the following experiment. A ~'-AI303 sample with a 
specific surface of 220 m 2 g-~ was kept with a 
DBQ+DBQH2 mixture in a sealed tube for a month. 
Then the solution was decanted,  and the y-AI203 was 
repeatedly washed with toluene.  It was established that 
after completion of the reaction, the 't,-Al20 3 sample 
became brown, and the color  remained unchanged even 
after careful washing with toluene. This indicates that 
very stable compounds of  by-products of the reaction 
form on the surface. W h e n  a solution of a mixture of 
pyrocatechol and o-quinone  was added to the -f-Al203 
that had been used in the reaction and then washed with 
toluene, the complex did not form. This suggests that 
the active centers involved in forming AI3+(DBSQ)3 are 
completely blocked, and the decrease in the rate of 
formation of the complex with time is associated with 
the fact that the surface is gradually blocked. Samples of 
the initial oxide and samples formed after completion of 
the reaction were studied by X-ray structural analysis on 
a DRON diffractometer. In the used-up sample, the 
portion of the X-ray amorphous phase substantially 
increases, i.e., i," the course of the reaction, the crystal 
lattice is destroyed, which may be associated with the 
transfer of a luminum into the solution in the form of the 
AI3+(DBSQ)3 complex. 

Apparently, the reaction of  a luminum oxide with a 
mixture of o-quinone and pyrocatechol  proceeds through 
several successive stages of a d d i t i o n  of semiquinone 
ligands to form a triradical c o m p l e x .  To observe the 
intermediate paramagnetic par t ic les ,  we carried o u t  the 
following experiment. The t u b e s  in which the react ion 
proceeded were placed into l i q u i d  nitrogen at cer ta in  
moments. The frozen samples had signals typical of 
high-spin complexes, which c a n  be identified as a lumi -  
num mono-, bi-, and triradicals formed in the course of 
the reaction (Fig. 5). The s igna l  of the semiquinone 
radical was not observed because  this radical occurs in 
equilibrium with an o-quinonc+pyrocatechol  mixture,  
and the equilibrium shifts to t h e  initial compounds as 
the temperature decreases. The spec t rum of the biradical 
exhibits typical additional sp l i t t ing  E (the rhombic pa- 
rameter) because of the distort ion of  the axial symmetry 
of the complex. The monoradical  gives a singlet a t  the 
center. At the initial stages of t h e  reaction (t ~ 3 rain), 
predominantly mono- and b i r ad ica l  complexes form. 
Increasing the reaction time ( t  = I0 rain) increases the 
proportion of the triradical c o m p l e x .  Then the signal of 
the triradical becomes so high tha t  other complexes are 
not observed against the background  of this signal. With 
the aim of establishing the sites of  the formation o f  these 
complexes on the surface or i n  the volume, the liquid 
fraction of the solution over A.120 3 was transferred into 
another tube and frozen, and  the frozen fraction was 
studied by ESR spectroscopy. The  spectral parameters 
obtained in these experiments cor respond  to those of  the 
triradical aluminum complex. Even when the t ime  of 
conversion was small (t < 2 na in ) ,  spectra characteristic 
of mono- and biradicals were n o t  observed. Therefore, it 
can be suggested that the r e a c t i o n  proceeds through 
stages of the successive addi t ion  of  semiquinone ligands 
at the y-AI203 surface followed by  transfer of the triradical 
complex into the solution. 

It is known 9 that a n u m b e r  of different centers 
involving OH groups, labile p ro tons ,  and coordinatively 
unsaturated AI atoms, occurs on the y-A1203 surface. 
The concentration of electron-withdrawing centers is 
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Fig. 5. ESR spectra of  the reaction mixture after different 
times of freezing (rain): 1 (/) ,  3 (2), t0 (2), 30 ('9, and 90 (.5). 
The component a corresponds to the triradical aluminum 
complex, and b corresponds to the biradical complex. 

-2"  1014 cm -2, In t e rms  of the amount of y-Al~O 3 in- 
volved in the react ion (2 mg), the concentration is 
9- 10 ~6. Based on the above-mentioned data of  ESR 
spectral studies of  the  used-up y-AI203 sample, the 
number of  blocking complexes on the surface corre- 
sponds to approximate ly  8 �9 1016 spins. This suggests that 
the AI3+(DBSQ)3 complex  forms with the participation 
of  coordinatively unsatura ted AP + ions on the surface. 
On the other hand, when  y-AI203 is heated under a 
stream of  nitrogen at 500 ~ the amount of the com- 
plex in solution decreases by half (t = 150 rain), i.e., 
dehydroxylation of  the  surface of  aluminum oxide re- 
sults in a decrease in the rate of formation of the 
AI3+(DBSQ)3 complex.  

Elucidation of  the detailed mechanism of this pro- 
cess calls for addi t ional  studies. A preliminary study 
suggests that format ion of  the AI3+(DBSQ)3 complex 
proceeds with the par t ic ipat ion of  the OH groups on the 
surface, which are highly hydroxylated under the condi- 
tions of our exper iment .  The reaction, which results in 
efficient "washout" o f  a luminum from the lattice, pro- 
ceeds, apparentlY, on the  surface structures with tetrago- 
nal AI TM, in which the bond between aluminum and the 
lattice is most weakened.  Previously, t~ it has been dem- 
onstrated that AI TM cente rs  coordinated by trihydroxyl 
groups occur. It can be suggested that triradical com- 
plexes form at these centers .  As demonstrated above, a 

semiquinone radical is t h e  second partner in the reac- 
tion. These radicals add at  successive stages, replacing 
hydroxyls, cleaving bonds between aluminum a toms and 
the lattice, and el iminat ing water according to  the con-  
densation reaction. For example ,  the first stage may 
proceed according to the following scheme: 

"OH ..... 1 ...... ", "I'- 

-H20 ~- 

"qH o . - /  # 

The bidentate ligand o f  the radical is capable  of  
chelating an aluminum a t o m ,  which agrees with the 
tendency of  its coordinat ion number to increase. II The 
second and third stages o f  the reaction proceed analo- 
gously with an increase in t h e  coordination of  a luminum 
to A1TM. At the final stage o f  addi t ion of the th i rd  radical,  
the bond between the At a t o m  and the lattice is com-  
pletely cleaved, and the c o m p l e x  evolves into the  solu- 
tion. 

Therefore, in this work, we demonstrated for  the first 
t ime that complexes of a l u m i n u m ,  zinc, and ge rmanium 
can form during the in te rac t ion  of their oxides  with 
solutions of  a mixture o f  3,6-di-tert-butyl-o-benzo- 
quinone and 3,6-di-tert-butylpyrocatechol.  This  is a new 
simple procedure for the synthesis of h igh-spin  com- 
plexes. 

We observed the format ion  of high-spin complexes 
not only in reactions proceeding  in the liquid phase but 
also in the course of the mechanochemica l  t rea tment  of  a 
donor-acceptor mixture ( D B Q + D B Q H 2 )  with powdered 
oxide of the corresponding meta l .  These data al low a new 
interpretation of the previous  results on the mecha-  
nochemical generation of h igh-spin  compounds. 5A2 The 
high activity of semiquinone radicals as they form com- 
plexes with metals from ox ides  suggests that in some  cases 
the radicals (formed upon tri turation of powders of  the 
initial reaction mixtures ( D B Q + D B Q H 2 ) )  remove metals 
from oxides of the contact ing ceramic materials used in 
mechanical treatment. These  materials, for example ,  por- 
celain, are characterized by  a high content of a luminum 
oxide, which may result in the formation of significant 
amounts of the AI3+(DBSQ)3 complex with spin S = 3/2 
(D > 0) in addition to one-  or  two-spin (D < 0) centers. 
Analysis of this complex sys tem calls for the use of a 
complex of radiospectroscopic methods. 13 In experiments  
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on the effect of a shock wave pulse on the donor-acceptor 
mixture (DBQ+DBQH2) 14 in which direct contact with 
ceramic materials is excluded, high-spin complexes form, 
whose spectroscopic parameters coincide with those of 
the AI3+(DBSQ)3 complex. The formation of these com- 
plexes is, apparently, associated with an impurity of 
aluminum oxide or a luminum metal in the initial com- 
pounds and in the steel anvils between which the samples 
were placed. The yields of  high-spin compounds in the 
above-mentioned experiments are substantially lower than 
those in reactions of the donor-acceptor mixture with 
r-Al20 3. 
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