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]-he generalized analysis of a change in magnetic properties of organometallosilo• as 
a function of the number of metal atoms in their molecules (on going from mono- and 
binuclear to polynuclear crystalline and polymeric compounds) is presented. The relation 
between the magnetic characteristics and structural parameters of metal-containing frag- 
ments is studied. The factors affecting the formation of exchange-coupled ionic pairs and 
clusters in polymeric systems are analyzed. The ways to the organization of magnetic phases 
in polymeric systems are considered: the choice of conditions of chemical synthesis, the 
organization of metal atoms in a common spin system upon incorporation of conducting 
coordinating additives, and thermocondensation and reduction processes leading to the 
formation of a metallic phase dispersed in a silicon dioxide matrix. 
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At the present time, ferromagnetism stable at tem- 
peratures close to 300 K (high-temperature ferromag- 
netism) has been observed only for inorganic com- 
pounds. The development of organic and organoelement 
ferromagnets is related to fundamental problems of mod- 
em chemistry. The solution of this problem requires the 
initial multispin paramagnetic molecules and methods 
for organizing these molecules in the condensed phase 
in such a way that spins would be ferromagnetically 
arranged. Organometallic compounds are most promis- 
hag for this purpose, and organometallosiloxanes (OMS) 
play a special role among them. Organometallosiloxanes 
are a class of compounds, whose main structural frag- 
ment is the group 

R R 
I I 

~ - - O - - M - - O - - ~ - -  
I I I 

containing a metal atom in the organosiloxane sur- 
roundings. At present, organosiloxane derivatives have 
been obtained for the majority of metals, the fundamen- 
tals of the synthesis of OMS have been well developed, 
and many specific features of their structure and chemi- 
cal behavior have been studied. 1,2 Thus, there are wide 
synthetic possibilities for the formation of the magnetic 
structure by methods of organoelement chemistry, using 
magnetic OMS, in which M is a transition metal atom 
with unpaired d-electrons. These OMS, their structure, 
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magnetic properties,  and the functional relationship be- 
tween the structure and magnetism are the subject of 
this work. 

Mono- and binuclear o~anosiloxanes 

Ferrosiloxane complexes containing one iron atom 
in a m o l e c u l e  (Me3P=O �9 Fe(OSiMe3)  3 (1) and 
Na[Fe(OSiM%)4] (2)) have effective magnetic moments 
l%rf 5.90 and 5.91 la~, respect ively)  which almost coin- 
cide with the theoretical  value of  5.92 calculated for the 
dS-electronic configuration of  Fe 111. 

For  metallosiloxanes, e.g., alcoxides, carboxylates, 
etc., a four-membered metallocycle is the typical struc- 
tural fragment 

\ X. / 

/ M . x . M  \ , X = Hal, O, N, S. 

This is a planar  tetragon, in which the M - - X - - M  
angle (where X = O) can vary in a wide range (88--  
107~ It is this parameter  that most frequently correlates 
with the magnet ic  properties of the compound. 4,s In 
cyclic systems of  this type, the 0 atom is almost always 
tricoordinated; these systems allow one to observe a 
change in magnetic  properties as a function of the 
nature of M or geometric parameters of  the metallocycle, 
which is usually achieved by the variation of  the ligand 
a t M .  

The four-membered M202 cycle is the main struc- 
tural fragment of the bimetall ic dimeric ferrosiloxanes 
[Fe(OSiR3)3J 2 (3, 4). 

R3SiO \ /OSiR3 
,., F-e. 

%.~--o  ~ ,,,o--saR~ 

R3SiO / \OSiR 3 

3 , 4  

3 :  R = Me 
4: R =  Et 

These compounds  are coordination dimers in which Fe 
atoms are tetracoordinated.  They exhibit a decrease in 
the .%ff value (as compared to the theoretical value) 3 on 
going from R = Me (3) to R = Et (4): I%fr = 5.15 and 
5.31 laB, respectively, which indicates that the antiferro- 
magnetic interaction between the atoms appears in this 
fragment (the measurements were carried out for solid 
crystalline samples).  In a benzene solution, compound 3 
exhibits an insignificant change in the magnetic moment  
(laef r = 5.22 lag). This suggests that the main contribu- 
t ion to the change in ~tcr f of  the binuclear complexes in 
comparison with mononuclear  complexes is due to the 
intracomplex interaction of  the Fe atoms. When one of  
the paramagnetic  atoms (Fe) is replaced by a diamag- 
netic atom (A1) in a molecule of  the dimer considered, 3 

its Pen" increases up to  5.52 ~B, approaching ~teff of  the 
mononuclear  complex (1, 2). 

Binuclear organometal losi loxane complexes of  an-  
other type are described. 6 Their  molecules (5--9)  con-  
tain the same or different metal  atoms. The synthesis 
and structure of these compounds  are presented in 
Scheme 1. 

S c h e m e  I 
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R.... t 0 I OH 

--s~o--s~ff-R 
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R = cyc /o -C6Hl l ,  X = Hal; 5 :  M 1 = M 2 = Ti; 
6: M 1 = M 2 = V ; 7 :  M I = T i ,  M 2 =  V; 
8- M 1 = v ,  M 2 = Cr; 9 :  M 1 = M 2 = Cr 

These compounds are formed o f  siloxane cubic frame- 
works. A metal a tom is localized in one of the vertices of  
each cube, and two cubane molecules are eoordinationaUy 
o ~ a n i z e d  in dimers. In compounds  5--9 ,  the M atoms 
have different  c o o r d i n a t i o n  numbers :  M 1 is the 
tetracoordinated atom and M 2 is laexacoordinated due to 
two additional Py ligands. These framework compounds 
are antiferromagnetic. The magnet ic  properties of  the 
compounds obtained and their  s tructural  parameters are 
presented in Table 1. 

The variation of  M results in  the transformation of  
the M202 cycle. On going f rom Ti to V and Cr, the 
metalloxane M202 cycle changes  from the square to 
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Table 1. Energies of exchange interaction between Ml and M 2 
(,/) and values of the M I--O--M2 angles ((p) of framework OMC 

Corn- M t M 2 d x, dy J/cm - l  ~p/deg 
pound 

5 Ti II1 Ti llI d I, d i <-1000 91.2 
6 V IH VIIl d 2, d 2 -80.5 99.0 
7 Ti ItI V III d l, d 2 -187 
8 V III Cr Ill d 2, d 3 -5.5 98.5 

rhombic one (increase in the MI - -O- -M2 angle); the 
antiferromagnetic interaction (d) decreases in parallel. 

Molecules of  framework organocoppersiloxanes 7 with 
the composi t ion Na~[(PhSiO2)12Cu4] "8BunOH (10), 
K4[(CH~=CHSiO2)I2Cu4]  �9 6BunOH (11),  and 
[K2((EtSiO2)6K2Cu4(OSiEt)6 ] "6BunOH (12) are de- 
formed hexahedra,  and Cu atoms enter into the compo- 
sition o f  the structural M202 fragment (Fig. 1). In 
compound 12, unlike siloxanes 10 and 11, the cyclic 
Cu202 fragments are arranged in such a way that the 
lines connecting C u - - C u  inside the cyclic fragments are 
parallel. Compounds  10--12 differ in the nature of the 
R group connected to Si. Therefore, it is quite natural 
that .%fr of  these compounds are similar. 10, 0.65 
(50 K), 1.65 (300 K); 11, 0.65 (50 K), 1.60 (300 K); 12, 
0.60 (50 K), 1.55 ta B (300 K). s In all three cases, the geff 
value is lower than the theoretical value of  1.73 ~B 
calculated for the dl-electronic  configuration of Cu II. 
According to this, it is remarkable that ~teff decreases as 
the temperature decreases. Both these facts indicate the 
antiferromagnetic interaction in Cu--Cu.  A molecule of 
compound 10 (as in siloxanes 11 and 12) contains two 
cyclic Cu202 fragments linked by the siloxane frame- 
work. They are arranged at diametrically opposite sides 
of a polyhedron.  The  distance between the planes of  the 
Cu202 cycles is rather  long and equal to 4.05 A (10), 
3.89 A (11), and 3.38 A (12), which rules out the 
exchange interaction between the cyclic fragments. Thus, 
these compounds  should be related to binuclear com- 
pounds from the viewpoint of their magnetic properties. 

Fig. 1. Structures of compounds 10 and 11 (organic groups at 
Si are not shown). 

The comparison of the structural data and the values 
of energies of  the exchange interaction for compounds 
containing the cyclic M20 2 group in the organosiloxane 
or organic surroundings is presented in Table 2. 

The majority of  the l igands listed in Table 2 (except 
organosiloxanes) are Schif f ' s  bases. The O atoms in the 
M202 fragment enter into the alkoxy and phenoxy groups 
of  Schiff 's  bases. The considerat ion of  the data in 
Table 2 reveals very. high values of  the C u - - O - - C u  angle 
regardless of  the ligand surroundings and, according to 
this, the stable antiferromagnetism is observed (negative 
values of the J constant). 

In the case of Fe-eonta in ing  compounds,  a decrease 
in the bridged M - - O - - M  angle results in a decrease in 
the antiferromagnetic interact ion and appearance of the 
ferromagnetic interaction (positive a r values). 

This regularity becomes more distinct when com- 
pounds in which the bridged M - - O - - M  angle is notice- 
ably greater than 100 ~ are considered. M202 metatlocycles 

Table 2. Geometric parameters and energies of exchange interaction (J) for compounds containing the cyclic M202 fragment 
(M = Fe, Cu) 

M Ligand surroundings of metal M--O--M angle M..-M distance g/cm -l Refs. 
/deg /A 

Fe Ill 
FelII 
Welll 
Felll 
CLI II 
CUII 

Cu II 

Cu lI 
Cu II 
Cull 

--OSiR 3 
N-Salicylidene- 5-chloro- 2-hydroxybenzylamine 
2-Bis(salicylideneamino)methylphenolate 
2- [Bis(2-benzimidazolylmethyl)amino]ethylate 
EtSi--O-- 
PhSi--O-- 

CH2=CHSi--O-- 

N-Salicylidene-5-chloro-2-hydroxybenzylamine 
Chloro(N-isopropyl-2-hydroxybenzylidene)aminate; CI 
N- lsopropyl-2- hydroxybenzylideneaminate 

96.0 3.06 --8.5 3, 9 
92.6 2.955 1.6 5 
95.0 3.06 t .2 10 

107.4 --20.5 11 
101.2 3.012 -105 8 
101.7 3.012 --89.3 8 

-255 12 
101.5 3.037 --89.3 8 

-219 I2 
101.6 3.077 -233 5 
103.5 3.067 -145 13 
106.0 3.03 <-500 13 
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with an angle greater than 110 ~ are most likely impos- 
sible. Thus, an increase in this angle results in "open" 
bimetallic >M--O--M< systems and an exclusively strong 
antiferromagnetic interaction. 14 When the Fe - -O- -Fe  
angle varies within the 142.0--175.0 ~ range, the range of 
the J value is - 8 7 - - - 1 0 0  em - l .  This tendency exists 
previously in the given case as well: the smallest antifer- 
romagnetic interaction (J = - 8 7  cm - l )  is observed tbr 
the compound with the smallest value of the M - - O - - M  
angle equal to 142 ~ . 

Evidently, in the general case, a decrease in the M--  
O- -M angle results in a decrease in the M"M distance 
in the cyclic M20~ - fragment. Nevertheless, there are no 
grounds to assume that the direct transannular exchange 
interaction appears, because the M - M  distances (see 
Table 2) are still rather large. 

It is noteworthy that bimetallic structures can be 
rather simply synthesized and comprehensively charac- 
terized structurally, is and they are convenient models 
for studying the nature of magnetic interactions in tran- 
sition metals with different variants of d--d-configura- 
tions. 16 However, in these binuclear systems, the ex- 
change interaction between metal atoms of adjacent 
dimer molecules is rather difficult due to steric hin-  
drances, i.e., the formation of a single spin system is 
improbable. In this respect, polynuclear systems are 
more promising. 

Polynuclear crystalline systems 

The binuclear M,.O 2 metallocycles considered above 
are prone to aggregation, forming polynuclear systems. 
Spirocyclic structures are the most 
characteristic example. Magnetic ~ t : . / x \ t : . / •  / 
studies of this type of crystalline /MNx/M-.,x/M ~ 
compounds (M = Co, X = CI, 
L = bipy; 17As M = Fe, X = CI, k = py;t7As 
M = Cu, X = O, L = pyrazine, phenazinO 9,-'~ showed 

that metal atoms are o~anized by the exchange interac- 
tion along spirocyclic chains, and in some cases, low- 
temperature ferromagnetism appears. The distinctive fea- 
ture of o~anosiloxane metal derivatives (as compared to 
organic complexes) is their unusually great structural 
variability 21 due to the high mobility of the S i - -O--S i  
fragment. Spirocyclic (M = At, 2z Co, Cr, Mn at), cubane 
(M = Ti, AlZl) ,  prismatic (M = Co, Ni,  Mn,  
Cu z3-25), and other more complicated polyhedral mol-  
ecules (M = Co z6) have been obtained to date. The 
immobilization of spirocyclic M~_O 2 fragments in the 
organosiloxane framework results in two structural pe- 
culiarities: a noticeable decrease in the M - - O - - M  angle 
and distortion of the planar character of the M20 2 cycle 
accompanied by the appearance of an inflection along 
the M - M  line. Some geometric parameters of poly- 
nuclear OMS are presented in Table 3. 

In this case, direct exchange interaction along the 
M---M line is also hardly possible, since although the 
M - M  distance is somewhat shorter than that in the 
binary, systems, it is still fairly large (see Table 3). 

The magnetic properties of polynuclear OMS have 
been insufficiently studied. The properties of compounds 
10--12 have been considered above. Compound 17 can 
be related to polynuclear compounds; its molecule con- 
tains six Co atoms entering into the spirocyclic chain 
closed in a ring (Fig. 2). 

The compound has the structure of a hexahedral 
prism with cyclosiloxane fragments in bases connected 
by the metallosiloxane - - O - - C o - - O - -  bridges, z4 As can 
be seen from Fig. 2, in the compound obtained, the Co 
atoms are organized in a metallosiloxane system by 
coordination bonds. The metallosiloxane - - C o - - O - - C o - -  
fragments appearing in this coordination provide an 
indirect exchange interaction between the Co n ions. 
The temperature dependence of the magnetic suscepti- 
bility of cobaltphenylsiloxane 3~ is presented in Fig. 3, 
and two effects can be distinguished. First, there is a 
noticeable deviation from the Curie law in the direction 

Table 3. Geometric parameters of polynuelear OMS 

Compound Molecular Angle Inflection Distance Refs. 
structure M--O--M angle* M'" M 

/deg /deg /A 

10 Hexahedron 101.2 180 3.012 7 
11 Hexahedron I01.7 180 3.037 7 
12 Hexahedron 101.5 180 3.012 7 
Na*[(PhSiO2)rCur(O:PhSi)6]CI- �9 6 EtOH (13) Prism 91.8--93.1 137 24 
Na2(PhSiO2)rNa4Ni4(OH)2(OSiPh) 6. 16 Bu"OH (14) Distorted prism 95.0--100.0 180 3.14--3.18 27 
[(PhSiO)6(g4-O)2(g3-O)4Nis(~.3-O)2(PhSiO)6], 14 BunOH (15) Distorted prism 93.0--101.0 180 3.07--3.15 23 
Na*[(PhSiO2)6Nir(O2PhSi)61CI-' 14 BunOH (16) Prism 90.7 132 2.85 28 
Na+[(PhSiO2)rCo6(O2PhSi)6]CI - -  7 Me2CO �9 1.5 BunOH �9 Prism 88.1 135-- 2.87 24 
�9 0.5 EtOH-I0 BuaOH (17) 136 
(py2Li)_~t- [Co(OSiPh20)21a-Copy]C1 Spirocyele 943, 97.1 180 29 

Na+[(PhSiO2)rMnr(O2PhSi)6]CI - -  10 BunOH Prism 94.5, 92.5, 139-- 3.01--3.06 24 
92.1 141 

* Dihedral angle between two MOM planes with the common edge along the M.'-M line. 
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~ ~ -  ---~ Q) 

Fig. 2. Structure of cobaltphenylsiloxane (17). 

of  the ferromagnetic  interaction. This is also conftrmed 
by the laeff values presented below, which were calcu-  
lated from the experimental  data. As the temperature 
decreases,  they  increase with respect to the value 
Pttheo r = 3.87 Ix B calculated for the d3-electronic con-  
figuration. 

T/K 297 42.2 19.4 9.5 4.5 
.ueff/'~. B 4.05 5.28 5.66 6.91 9.2 

Second,  the antfferromagnetic component  is absent 
(Z does not  increase with an increase in 7). Both 
effects 3~ are related to a low value o f  the bridged C o -  
O - C o  angle z4 in cobaltphenylsiloxane,  equal to 88.1 ~ 
This value is not iceably lower than that observed for the 
known cobalt  oxo complexes in alkoxy compounds ( 102-- 
107~ 31 and siloxy derivatives containing the - -S i (R2)- -  
O - - C o - -  fragment (94--97~ z9 Thus, the incorporat ion 
of  Co a toms  into the structure of  the polycyc!.ic siloxane 
framework is accompanied  by the disappearance o f  tile 
anti.ferromagnetic interact ion (the existence of  which is 
characteristic o f  complexes of  this metal with oxo ligands) 
and the appearance o f  the ferromagnetic interaction. 
Fo r  the Cu-con ta inmg OMS 13 with a framework struc- 
ture simiiar  to that  of  compound 17, the obtained 

z-T/(zo298) 

I I f I 

10 20 30 40 50 T/K 

Fig. 3. Dependence of the magnetization on T for compound 17. 

5 

4 
% 

2 l I I I I I r I I I I i 1 

100 200 T/K 

Fig. 4. Dependence of Z " T on T for compound 13. 

\ /O,, iO,, / 
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/0 . , .  / O . , / O  N 
\0/l~ 1.O., MZ.O/ 

I I I 
R,.Si RSi RSi 

/ "o" "o" " 

big. 5. Structural fragment of metallosiloxane. R = Ph; M 1 = 
M2 = Cu (18), M�94 = Cu, M2 = Zn (19). 

dependence of  Z" T on T (Fig. 4) t2 is s imilar  to that 
observed for the Co-con ta imng  OMS (see Fig. 3): the 
antiferromagnaetic region is absent. As for the Co-con-  
taining OMS, m this case, the C u - - O - - C u  angle is small 
(91.5--94.1 ~ ) and, according to this, the ferromagnetic 
interaction (Jr = 42 cm-1) ,  which was not  observed 
previously for Cu ions surrounded by O atoms, is de-  
tected. 

When  solvents of  crystal l izat ion are removed,  com-  
pounds of  13 and 17 types lose their  crystalline structure 
(become X-ray amorphous);  however, the main struc- 
tural fragments (Fig. 5) are retained. 3~ 

Tile study of  thus obta ined  compounds  containing 
Cu a toms (18) and alternating Cu and Z n  a toms (19) 
shows 3z that the Cu a toms are organized in clusters with 
the spin-spin exchange (analysis o f  the shape and width 
of  the sixlglet ESR line). A part ial  replacement  o f  para- 
magnetic Cu ions by d iamagnet ic  Zn  a toms in the 
structure o f  OMS decreases the fraction o f  the ESR 
absorption caused by Cu dus te r s .  In these compounds,  
tile ~f f  values increase as the temperature  decreases 
(Table 4) and approach gUaeor This shows a decrease o f  
the contr ibut ion of  antiferromagrletism, unlike binuclear 
Cu-contaming OMS (see Table 3) for which an  opposite 
tendency is clearly seen. 

Thus, the ferromagnetic organization o f  metal  atoms 
in polynuclear  crystalline compounds  is mainly deter- 
mined by the structural parameters  o f  the compound,  
more exactly, by the value o f  the M - - O - - M  angle in the 
framework molecule. 



1372 Russ.Chem.BulL, I/eL 46, No. 8, August, 1997 Levitskii and Buchachenko 

Table 4. Magnetic moments of Cu- (18) and Cu,Zn-contain- 
ing (19) phenylsiloxanes 

Compound ~ffl'P.~ ~theor/~B* 
297 K 4.2 K 

18 1.56 1.72 1.73 
19 1.42 1.62 t.73 

* For the dl-electronic configuration of Cu II. 

Metal-containing polymeric systems 

Metal-containing polymeric systems are attractive 
due to their  wide possibilities for chemical design of  
ferromagnets. 33,3a For example, their  synthesis can be 
controlled in such a way that  paramagnetic M ions 
would be joined in a single spin system. Another specific 
feature of polymeric systems is the fact that the distance 
between M atoms is described by a broad distribution 
and the exchange interaction appears in coordination 
clusters, which differ in size and are formed o f - - M - -  
O - - M - -  fragments in the case of  polyorganometallo- 
siloxanes (POIvIS). The number and configuration of  
these fragments are determined by the metal content in 
the polymer and specific conformational  features of the 
polymeric chains. 

In POMS, metal atoms are separated by isolating 
organosiloxane fragments. The exchange interaction be- 
tween the atoms can be "switched on" by different ways: 
a) by purely synthetic methods (gradually incorporating 
metals into the polyorganosiloxane chain and forming 
structures of a certain type. b) by the creation of "con- 
ducting" bridges in the polymer, which can switch on the 
exchange  in te rac t ion  be tween  meta l  atoms,  and 
c) by removal of isolating fragments between metal atoms, 
for example, by thermochemical or reductive processes. 35 

The Fe-  and Co-containing POMS were synthesized 
by the known 36 scheme (Scheme 2). 

Scheme 2 

MCI n 
RSiCI3 -HCI~ (RSiO1.5)" ~ [RSi(ONa)O]n -NaCl" 

= [(RSiOl.s) x" (MO• 

R = Ph, CH2=CH; M = Fe, Co; z/x = M/Si; y is metal valence 

The polymers obtained were fractionated to yield 
fractions in which the M/Si  ratio varied within 0.4--2.9. 
The metallosiloxane - - R S i - - O - - M - - O - - S i R - -  fragments 
predominate in POMS with the atomic ratio M/Si  < 1. 
When the M/Si  ratio becomes > l ,  metallosiloxane frag- 
ments of  the - - O - - M - - O - - M - - O - -  type appear in the 
structure of  POMS. The rearrangement of polymeric 
chains (Scheme 3) is one of  the possible ways to form 
the - - O - - M - - O - - M - - O - -  group. 

Scheme 3 

\ / 
R'~Si--9--M--O--Si~-R 

RT"~--~I / 
M--O--Si--R \ 

\ / 
R-TSi--O-Sic-R 

+ 

/ 
M--O--Si--R 
I \ 

0 
I / 
M--O--Si--R \ 

A procedure for additional incorporat ion of M atoms 
into the POMS structure has been developed recently. 36 
This allows one to obtain highly metal l ized systems, in 
which the Ivl/Si ratio reaches 2.9. Evidently, the mag- 
netic properties are determined by  the M - - O - - M  frag- 
ments and larger metalloxane clusters, because the strong 
exchange interaction between metal  atoms should ap- 
pear in these fragments. 

The presence of  metal loxane and siloxane fragments 
in polyferrosi loxanes  and,  as a consequence ,  the 
nonequiva]ence of the Fe atoms were established by the 
analysis of  the Mt~ssbauer (y-resonance) spectra, 3&37 
which exhibit three doublets. 

The values of the isomeric shift (0.36 at 300 K and 
0.45 at 80 K) are equal for all three  doublets and typical 
of high-spin compounds of Fe 3+ with coordination num- 
ber equal to 6. 38 The existence o f  three doublets with 
different quadrupole splittings indicates that there are 
three types of coordinat ion centers  of  the high-spin 
Fe 3+ ions, each of which is the center  of an asymmetri-  
ca] octahedron. The distort ion of  symmetry of  the octa- 
hedra is explained by the nonequiva]ence of  the O 
atoms, which fill the coordina t ion  sphere. According to 
the accepted chemical concepts,  the POMS contain O 
atoms of at least four different Lvpes: ~Si--O--Si~-,  --Si-- 
O- -H ,  ~ S i - - O - - M = ,  and = M - - O - - M = .  One of  the 
variants of filling the coordina t ion  sphere is shown 
Fig. 6. The ratio of  different forms of  iron, Le., the ratio 
of  doublets, depends on the F e / S i  ratio. For  the com- 
pound containing the greatest amount  of  iron (38.5% 
Fe; Si /Fe  = 2.6), broadening o f  the doublet signal by 
37% is observed at 25 K, which indicates that  there is 
the magnetic organization of  clusters of  higher order, 
i.e., clusters containing more than  two metal atoms. 37 

The ESR spectra of  the Fe-con ta in ing  POMS (sin- 
glet with g = 2.003--2.006) ~ correspond to the spectra 

Fe x /ge  
Si O Fexl .-2 C--.. / r e  
0r . . . . .  , , - -  ~0.. 

/ "-..'. -.L- -'~ ,,. 
Fe "0" H 

Si / \N 

Fig. 6. Example of a possible filling o f  the coordination sphere 
of the metal in polyferrosiloxanes. 
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of Fe 3+ ions (high-spin dS-configuration) in a low cry.s- 
talline field. The Mgssbauer spectral studies also showed 
that the Fe-eontaining POMS contain no aggregated 
iron oxides, ferric chloride, which is a starting material 
for the preparation of  Fe-containing POMS, hydrated 
ferric chloride, and finely dispersed iron oxide. 39 These 
observations are especially important for analysis of the 
magnetic properties. The measurements of the magnetic 
susceptibility and magnetization established 3~,4a that for 
compounds with Fe /S i  = 0.4--1.8, the dependences of 
the magnetization of Fe-containing POMS on the exter- 
nal magnetic field at 77 and 296 K obey the Curie law, 
and the temperature has no effect on gem- For com- 
pounds with Fe/Si  = 1.8--2.1, the magnetic moment is 
also constant  and tempera ture- independent  (gefr = 
3.6+__0.1 laB). This observation agrees with the previously 
mentioned properties of the binuclear ferroxanes with 
the oxide, hydroxide, and alkoxide bridges. 41A2 The 
properties of the polymers with Fe/Si  >_ 2.1 are un- 
usual. 43 First, laeff increases as the Fe/Si  ratio increases. 
Second, ~a.ff increases as the temperature decreases, and 
the difference in aet r values at 77 K and 296 K increases 
as Fe/Si increases (Fig. 7). Thus, an increase in the 
content of Fe results in an increase in the contribution 
of the ferromagnetic component .  This interaction is not 
strong enough to appear  as a macroscopic effect, but it is 
sufficient to cause a change in gee in the metalloxide 
F e - - O - - F e  clusters. The fact that the magnetic moment 
increases as the temperature decreases indicates than the 
average spin density of unpaired electrons in the cluster 
increases and the main state of the cluster is a high-spin 
state. The appearance of  the high-spin state at the 
predominant antiferromagnetic coupling can be explained 
in terms of  spin frustration. This phenomenon appears 
in molecular systems with two or more possible ways for 
exchange interaction. 

For example, type A clusters exhibit only one route 
of  the transfer of  the antiferromagnetic interaction when 
the signs of the spin density are variable, the overall spin 
is equal to zero, and the main spin state is singlet. In 
type B clusters, the routes of the transfer of the ex- 
change interaction are branched due to the existence of  
the tr icoordinated bridged O atom. The exchange inter- 
action via the central and peripheral bridges can differ. 
If the exchange interaction of  the central Fe ion is more 
strongly transferred via the bonds of  the central frag- 
ment  than the same interaction is transferred via the 
peripheral route, the high-spin state of the cluster is 
stabilized. In the opposi te  case, the low-spin state 
is stabilized. A similar  behavior was observed 'n for 
the  cyclic h e x a n u c l e a r  ferro complex  
(Fer(O)2(OH)2(OAc) 10(C l0 H 13N40)2) "CH2C12. 

O-- -O ? O, O I , ? I 
/ r e - O - F e  N / F e - O - F e - - O - F e \  

A B 

.ueff/'p. B 

�9 77K 

0 296 K 

0 0 

0 
0 

I I ' I I I 
0.8 1.6 2.4 3.2 

Fe/Si (tool.) 

Fig. 7. Dependence of the magnetic moment on the Fe/Si 
ratio. 

A specific feature of  the structure of  POMS should 
be noted. In addition to the 
metalloxane M - - O - - M  clusters 
formed in the polymer upon 
rearrangement (see Scheme 3), 
coordination clusters appear  in 
the polymer structure due to 
the interchain coordination. 

R R 
l I 

--;Si--O--,M--O--Si~ 
\ /  t I / \ 

~Si - -O~M--O--S i - -  
I I 
R R 

The formation of additional M - - O - - M  groups oc- 
curs. The coordination M---O bonds are structurally 
equivalent to cr-M--O bonds appearing during the syn- 
thesis. As in the case of the ferrosiloxane dimer (com- 
pounds 3 and 4), these bond lengths are equal and the 
M - - O - - M  angles involving bonds of both types are the 
same. Despite the fact that these bonds are structurally 
indiscernible, they can be distinguished. When  solutions 
of siloxanes 3 and 4 are diluted, the coordinat ion bonds 
are cleaved, and the compound becomes monomeric .  

The effects on the magnetic properties of  intrachain 
(appeared in the synthesis) and interchain (coordina- 
tion) clusters can be similarly distinguished by the imi- 
tation of  di lut ion of  Fe atoms by orgarlosiloxane frag- 
ments, i.e., studying the systems in which the content  of 
Fe changes. Polyferrophenytsiloxanes, whose Fe/Si  value 
varies within a wide range from 0.18 to 2.63 (the content 
of Fe is 7.9--38.5%), were studied. ~ The temperature 
dependences of  the magnetic  susceptibility for two corn- 
pounds of  the series indicated ~ are shown in Fig. 8. The 
qualitative analysis of the magnetic properties leads to 
the following conclusions. For  all compounds,  the de- 
pendence of  Z on T can be divided into two compo- 
nents. The first region is the antiferromagnetic compo- 
nent (a sharp decrease in the region of  50 K). This 
r e , o n  of  the experimental  dependence is the same for 
all compounds studied. The second region is the ferro- 
magnetic component  in the 50--296 K range. The char- 
acter of  this region is distinctly related to the polymer 
composition: the higher the Fe/Si  value, the more pro- 
nounced the ferromagnetic component. It has been shown 
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Fig. 8. Dependence of~Ton T for two polyferrosiloxanes with 
the content of iron of 8% (a) and 29% (b). 

previously that  the content  of  intrachain clusters in- 
creases as Fe /S i  increases. Thus it can be concluded that 
the ferromagnetic behavior of  Fe-containing POMS is 
mainly determined by intrachain clusters. It should be 
mentioned,  concerning interehain coordinat ion clusters, 
that their  formation is not always possible, and the 
possibility is independent  of  the polymer  composition. 
Thus, the constant  parameter  (antiferromagnetic com- 
ponent) is related to interchain coordination clusters. 

Both components  were quantitatively characterized, 37 
and the experimental  data were compared with the 
theory., which is based on the model  of  randomly ap- 
pearing pairs involved in the exchange interaction. 4s,46 
The pairs of  Fe3+--Fe  3+ ions with spins 5/2 were con- 
sidered. Taking into account  the polymeric  nature of the 
objects (random distribution of  Fe 3+ ions in the system), 
the probabili ty function of the distribution of pairs over 
the exchange potential  was introduced into the calcula- 
tion model.  47 For  all compounds  except those with the 
maximum content  of  Fe, a good coincidence of the 
calculated and experimental  data (see Fig. 8) was ob- 
tained, which indicates that the chosen "pair" model is 
adequate. The calculated values of the exchange interac- 

? I  

50 

40 

30 

20 

10 

�9 I 

I I 1 , ,1  I 1 [ 

0.1 0.2 0.3 0.4 

Content of Fe- 10 -2 (N) 

Fig. 9. Dependence of the parameter n" on the content of Fe 
in potyferrosiloxanes. 

tion constant J are presented in Table 5. The ferromag- 
netic contribution Jr for all compounds  studied is almost 
an order of  magnitude higher than  the antiferromagnetic 
contribution (Jaf)" This conclusion is unusual because it 
demonstrates a decrease in Jf as the content of  Fe 
increases. This is also shown by the change in the 
parameter  n '  = 4nn/k 3 in Fig. 9. Here  n is the density of  
spins (their number per unit volume of  the polymer),  L 
is the parameter  of  the exchange potential a r in the pair 
model  of  spins, and J = J0"exp(-~ . r ) ,  where r is the 
inters-pin distance. Despite the  fact  that the density of  
spins n increases as the content  of Fe increases, the 
parameter  n" decreases. This means  that  the parameter  L 
increases, i.e., the distribution o f  ion pairs takes such a 
form that the fraction of pairs with a small inter- ion 
distance decreases, and the effective exchange potential  
becomes shorter-range. 

The results obtained indicate the  direction of  further 
research in the area of synthesis. Undoubtedly,  a sub- 
stantial increase in the metal  content  in the siloxane 
chain is not reasonable. The fractions with a low metal 
content (8--16% Fe) are of  the greatest interest. It is 
likely that  these are precisely the  systems in which the 
opt imum magnetic properties are formed for the struc- 

Table 5../" values for Fe-containing POMS 

Content of Fe (%) Fe/Si I /K  

7.9 0.18 70 
15.4 O.49 65 
16.7 1.11 33 
29.4 1.56 3t 
28.8 1.61 28 
38.5 2.63 4 
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ture with the long-range exchange potential,  which or- 
ganizes many Fe 3+ ions in a single spin system (in any 
event, more ions than in polymeric fractions with a high 
iron content).  Of course, it is of  interest to study partial 
fractions of  this group of  compounds. It can be assumed 
that the formation of intrachain pairs of Fe 3§ ions 
depends on the concentration of  the metal in the sys- 
tem. Thus, the gradual incorporation of  M into the 
siloxane chain will make it possible to develop favorable 
conditions for the formation of ferromagnetic structures. 
Another way is by blocking the interchain coordination 
by the introduction of  organic ligands to the metal, i.e., 
decreasing the antiferromagnetic contribution. 

The dependence of ~ on T was also studied for six 
Co-containing compounds 37,44 (content of  cobalt 5.1-- 
24.6%). For  Co compounds,  unlike Fe compounds,  the 
magnetic susceptibility is independent of the content of 
Co, and all experimental  points are described by a single 
temperature dependence,  which is similar to that estab- 
lished for structurally organized cobaltphenylsiloxane 
(see Fig. 3). For the Co-containing POMS studied, the 
averaged value Jr = 1.5 K. The magnetic behavior of  the 
Fe-,  Co-containing POMS is also characterized by the 
fact that the ferromagnetic interaction is predominant  in 
these compounds.  

Another way of developing ferromagnets based on 
POMS is the o~aniza t ion  of M atoms in a single 
exchange-coupled system with the ferromagnetic ar- 
rangement of  spins, 4s which can be achieved by the 
introduction of  conjugated o~anic  compounds in POMS. 
These conjugated compounds coordinate M atoms and 
allow a high electronic "conductivity" between them. 
Stilbenediquinone 20, p-ni trobenzene,  p-benzoquinone,  
and nitroxyl radical 21 were studied as such additives. 

~Me3 CMe3 Me Me O 

20  21 

Each of  these molecules, being a bidentate ligand, 
can coordinate two M atoms. This results in the forma- 
tion of  a network of  metalloatoms connected by bridges 
of conjugated bonds including the exchange interaction 
between the M atoms. The quantity of the additive was 
5--11 moles of  organic compound per Fe atom. The 
experiment showed that when the additives are intro- 
duced into the Fe-containing POMS (content of  Fe 
15.4%), for which the dependence of  the magnetization 
on the external field is rigorously linear, an additional 
magnetization appears as a deviation from the linear 
dependence in low fields (1--4 kG). The additional 
magnetization is small, because the coordinating com- 
pounds organize the M atoms with a fixed distance 
determined by the size of  the organic molecule. Since in 

p o l y m e r s  the set of M--M distances is rather wide, the 
organization of M atoms requires a series of  coordinat-  
ing molecules with different lengths. This direction is 
promising for the development  of  organometall ic ferro- 
magnets. 

In all cases considered, we discussed the ferromag- 
netism at the microtevel when the exchange interaction 
constant J has a positive value. However, POMS make 
it possible to achieve a ferromagnetic macroeffect. The 
simplest approaches based on the principle of  partial 
removal of  isolating S i - - O - - S i  fragments between M 
atoms were studied. The high-temperature  condensation 
of POMS in an Lnert a tmosphere in the 400--800 ~ 
temperature range results in its partial thermal  decom- 
position. The thermal condensat ion at 400 ~ results in 
the rearrangement of the structure of  the coordination 
Fe 3+ centers and partial reduction of  Fe 3+ to Fe 2~- 
without formation of  ferromagnetic products. As the 
temperature increases from 550 to 800 ~ the depth 
and rate of the reduction of  Fe increase sharply. 49 At the 
final stages, magnetically ordered structures of  c~-Fe 
dispersed in the SiO 2 matrix and iron carbides are 
formed. Only organic groups at the Si atom are involved 
in these processes, and the M/Si  ratio in the products 
obtained remains the same as in the initial polymers, s0 
The scheme of the formation of  the ferromagnetic phase 
upon pyrolysis includes several stages of  radical reac- 
tions. The first stage is the thermal homolysis of  the 
Si - -C bond with the generat ion of free radicals: 

~-Si---Ph �9 --Si" + "Ph.  

Then the chain process of  the 13-scission of  the free 
radicals occurs (Scheme 4) resulting 5~ in the formation 
of  the reduced Fe and SiO 2 phase. 

In polyferrophenylsiloxanesfl  9 the degree of reduc- 
tion of Fe reaches 20--46%. Some organic groups (13--  
17%) remain in the pyrolyzed residue in the form of  
condensed polyaromatic structures. The process occurs 
similarly for Co-containing POMS and mixed Fe- ,  Co- 
containing POMS. The compounds formed are ferro- 
magnetic, and they exhibit  the saturation of  the magne- 
t izat ion already in low fields,  lower than 10 kG 

~f'G g-t 

l t I ~ , I  

4 8 H/kG 

Fig. 10. Dependence of  the magnetization on H for 
Fe-containing POMS. 
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(Fig. 10). The specific magnetizat ion cr varies 51 within 
6--35 G g- l  depending on the composit ion of  the initial 
compound. However, this value does not have high 
information content ,  since it does not take into account 
the metal content  in the initial compound.  On going to 
the molar magnetizat ion cr', it is established that this 
parameter depends regularly on the atomic Si /M ratio in 
the initial compound (Fig. 11). 

o ' -  10-4/G mol - t  

2.0 

3 

1.5 

1.0 
1 

2 
0.5 �9 I 

0 
1 2 3 Si/M (tool.) 

Fig. I1. Dependence of the magnetization of saturation on the 
Si/M ratio for Fe- (/),  Co- (2), and Fe-, Co-containing (3) 
POMS. 

The experimental points are arranged in three groups. 
In all cases, the dependence of c~' on Si /M is close to 
linear, which indicates that the depth of reduction of M 
increases as Si/M in the polymer increases. For the 
compound with Si /Fe = 2.4, the magnetization is equal to 
8000 G tool - t ,  which is close to the magnetization of  
pure iron (-12000 G mol- l ) .  In the reduction of  the 
mixed Co-, Fe-containing POMS, Co catalyzes the re- 
duction of  Fe. For the compound with Fe /Co  = 0.4, the 
quantity of Fe 3+ is equal 51 to 11.1%, and that of  Fe ~ is 
88.9%. The magnetization of  this compound is much 
higher than that of pure iron and equal to 13900 G tool - l .  
The formation of  the metallic F e - - C o  phase also makes a 
contribution to the magnetization. 

The ferromagnetic phase can be obtained under milder 
conditions, for example, by the reduction of metals in 
the siloxane chain by hydrogen (,o = 30--50 arm, T = 
230--350 ~ ~z (Scheme 5). The degree of reduction of  

Scheme 5 

Ph Ph 
I I 

- - S i ~ O - - F e - - O - - S i - - O - -  
I I t 

00.5 Oo.5 Oo.s 

+ 1 .5  H 2 

/11 

,,- 2 C6H 6 + 2 SiO 2 + Fe o + 0.5 H 2 
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iron is 31--50%, and the resulting products contain no 
polyaromatic compounds, which appear in pyrolytic pro- 
cesses. When metal atoms of different natures are present 
in the siloxane chain, the degrees of their reduction are 
different according to the reduction potential. This pro- 
vides an additional possibility for controlling the com- 
position of the reduction products and their magnetic 
properties. 

It can be concluded that there is no single universal 
method for the achievement of the ferromagnetic orga- 
nization of metal atoms in organometaltosiloxanes, tn 
the case of potynuclear framework systems, the best 
results can be expected when the structural rigidity of 
the framework increases, which is accompanied by a 
decrease in the M - - O - - M  angle. For polymeric systems, 
there are a wider range of possibilities, including purely 
synthetic approaches, which make it possible to tbrm 
metalloxane clusters with the ferromagnetic interaction. 
The method of organization of metal atoms in a single 
exchange system by the incorporation of conjugated 
o~an ic  compounds into polyorganometallosiloxanes is 
undoubtedly promising as well. 
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