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Investigation of structures of mono- and diorgano-substituted oligosiloxanes 
containing transition metal atoms 
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Oligomeric linear copper-containing diorganosiloxanes with a variable Ct" : Si ratio and 
branched Cu- and Ni-contaimng organosiloxanes containing the y-aminopropyl group at the 
Si atom ~: re  investigated. I R spectroscopic studies demonstrated that the distribution of metal 
atoms throughout the metallosilo• chain in compounds with a high metal content 
(M : Si 2 2) is rather uniform. According to the data from electronic spectroscopy, compounds 
under study are complexes of metal ions characterized by d--d transitions and an octahedrai 
configuration of the coordination units. The Cu" and NP' ions are coordinated by the NH 2 
groups primarily through interchain interactums. ESR spectroscopic studies demonstrated that 
the Cu" ions are located predorninantly in the main chain to form - -O--Cu--O--  fragments. 
The coordination polyhedron changes front a nearly planar square (in the solid phase) to ,m 
elongated tetragona] bipyramid (in solution). The spectral parameters of the Cu-containing 
otigumer containing the ?-aminopropyl group at the Si atom indicate that the ,.N atoms of the 
amino group.,, a,'e located in the equatorial plane of the Cu-containing conrdmation polyhedron. 
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Organometa l los i loxanes  t O M S )  are c o m p o u n d s  con-  
taining R S i - - O - - M - - O  fragments, The available p r o c e -  
dures for the synthesis  or" O M S  allow one to i n t r o d u c e  
a toms of  d i f ferent  metals  in to  the  si loxane cha in  a n d  to 
obtain c o m p o u n d s  in which  the  Si : M ratio varies ove r  a 
wide range. Recent ly .  O M S  c o n t a i n i n g  t rans i t ion  me ta l  
a toms have been  extensively s tud ied  as catalytic sys t ems  
in organic synthesis .  I - s  

The catalyt ic  proper t ies  o f  meta l  oxide c lus te rs  in 
OMS depend b o t h  on the  n a t u r e  o f  the metal  a t o m  and  
on their s t ruc tura l  pa ramete r s ,  wh ich  are d e t e r m i n e d  by 
the degree of  rigidity of  the  s i loxane  matrix. S tud ies  o f  
the catalytic proper t ies  p e r f o r m e d  so lhr have b e e n  
devoted to c o m p o u n d s  in w h i c h  the metal  a t o m  is 
involved e i ther  in the f r amework  s t ructure  of  i nd iv idua l  
c u s t a l  c o m p o u n d s  or in the  s t ruc tu re  of r i g i d - c h a i n  
OMS cons t ruc ted  from t r i f u n c t i o n a l  o rganos i l i con  frag- 
ments  RSiOI. 5. ,No ana logous  s tudies  were ca r r ied  ou t  
for c o m p o u n d s  in which  me ta l  a t o m s  are invo lved  in 
l inear f lex ib le-chain  s i loxane  f r agments  or for c o m -  
pounds c o n t a i n i n g  a polar  o rgan ic  group at the  Si a t o m .  
Therefore,  one  would expect  tha t  l l ex ib le -cha in  frag- 
ments  that link metal  a t o m s  a n d  polar  groups at tile Si 
a tom will lend fresh features  to the  process of  f o r m a t i o n  

and ESR spectroscopy: structural ~tudies. 

ot" metal oxide clusters. In the  case of  l inear  O.MS, tile 
presence of  two subs t i tuents  at tile Si a tom hinders  the 
tbrmat ion of  f ramework s t ruc tu res  typical of  mono-  
organo-subs t i tu t ed  O M S  c o n t a i n i n g  cyclofused flag- 
ments6:  instead, the resul t ing compounds should have 
chain  s tructures con ta in ing  - - R 2 S i O - - M - - O - -  fragments 
in which tile coord ina t ion  sphere  about  tile metal  atom 
is supp lemented  by the O a t o m s  of  the adjacent  chains. 
The  bonds  that  formed should  be more labile than those 
in framework structures,  thus  favoring coord ina t ion  of 
the reagents in catalytic processes .  In c o m p o u n d s  con-  
t aming  the funct ional  group in tile organic radical at tile 
Si a tom,  the metal  a tom can  be coord ina ted  by tile 
he te roa tom of  the funct ional  group.  Structural  studies of 
this type of  c o m p o u n d s  are o f  interest  because they "*ill 
aid in revealing cor re la t ions  be tween  the structural  fea- 
tures of  O M S  and the i r  ca ta lyt ic  activities. In the present 
work, the s t ructures  of  a series of  O M S  of  the abo~e- 
men t ioned  two types were invest igated.  

Results and Discussion 

The mctal los i loxane group  was cons t ruc ted  accord-  
ing to a general  s cheme  o f  the  exchange  react ion of  
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'fable 1. Compositions of organometaIiosiioxanes 

Compound Fragmenl of  M N 

'he ONIS ttnit % 

Si M �9 St  Yield 

+ ,',~,) 

1 --(Me2Si-.--O)0 5--Cu--O--  55. I - 
Z ~(Me2S~---O) 3 1--Cu--O-- 200 
3 --{  Ph2Si--O)o 4- -Cu- -O- -  3 q. g +- 
4 --(  Ph2Si--O)2 8- -Cu--O--  I().0 - 
5 ~ ( P h  2Si-'-0)4 7"-C u - - O -  6.3 -- 

6 - -  [ H2N (CH2)3Si - O  ]2-7~- Cu - - O  - -  20.2 9.2 
/ 

O 
I 

7 - -  [H2N (CH2)2,.~i-O }~-~ N i - - O - -  198 9. I 

O 
I 

12. I 2.0 22.0 
27 4 1/.31 61.0 

7.0 2.5 14.7 
12.4 1) 36 609 
130 0.21 t0.4 

18.6 0.4g 75.1 

18.9 0 5 81.4 

alkali meta l  organos i lanola tes  with transition metal ha- 
Iidcs: 

I i 
R S i - - O M  -,- H a I M - -  - - - - ~  R S i - - O M - -  + MHal 

I I 

,ahere M is an alkali metal and M" is a transition metal.  
Linear O M S  11--5)  were prepared starting from di-  

potassiHm or  disodit ,  m tc t raorganodis i loxanedio la tes  
MO--Si  R , - - O - - S i  R , - - O M .  The exchange reactions were 
accompan ied  by rear rangement  7 giving rise to O M S  with 
a variable M : Si ratio. Branched OMS (6 and 7) were 
prepared f rom the sodium salt o f  polysiloxane conta in ing  
the "/-anm~opropyl  group at the silicon a tom.  vi : ,  
I H 2 N i C H 2 ) 3 S i ( O ) O N a ] ,  :. r i l e  composit ions of  the re- 
suhing c o m p o u n d s  are given in Table I. 

The I R spectra  of  the resulting OMS are shown in 
Fig. 1. The  spectral  bands ',,,'ere identified based on the 
data repor ted  previously. ~ The spectra of  compounds  i 
and 2, have absorpt ion  bands at 810 and 730 cm - t ,  
whmh c o n f i r m  tlle presence o f  the S t - -Me group. The  
spectra o f  l inear  coppe r -con ta in ing  diorganosiloxanes 
3 - -5  h a v e  a n a r r o w  i n t e n s e  absorp t ion  band at 
1130 cm - I ,  which  is indicat ive of  the presence o f  the 
Ph--Si  g roup ,  and absorpt ion bands at 720 and 680 c m - I  
belonging to vibra t ions  of  the monosubsti tuted benzene 
ring. The spect ra  of  b r anched  OMS 6 and 7 have 
absorption bands  at 3380 cm -~ (symmetric stretching 
vibrations o f  tilt: N H  2 group)  and 750 cm -I  (wagging 
v i b r a t i o n s o f t h e  N H  2 g r o u p )  V i b r a t i o n s o f t h e S i - - O - - S i  
groups (in t i le region of  1100--1030 cm - I )  are observed 
for c o m p o u n d s  2 and 4- -7 .  characterized by a low metal 
content  (M : Si -_" 0.5). The  Si-- -O--M fragment gives a 
well-resol, ,ed signal tat 980--951.) cm - l )  in the spectra of  
c o n ] p o u n d s  I and 3, wi th  a high metal  c o n t e n t  
( M  : Si ~ 2). T h e  absence o f  absorption bands character-  
istic of  S i - - O - - S i  groups in the spectra of these com-  
pounds ind ica tes  that the distribution of  metal a toms 
throughout  the chain  is rather unitbrm; otherwise frag- 
ments with a p r e d o m i n a n t  concentra t ion  of  S i - - O - - S i  

and C u - - O - - C u  groups should be observed,  which should 
be reflected in the spectral patterns. 

Tile electronic spectra (Table 2) o f  l inear  copper-  
containing oligodiphenylsiloxanes 3 - - 5  have only one 
band in the red region. The posit ion o f  tilis band dc- 
pends only slightly on tile composi t ion  o f  the polymer. 
The ;'. and ~. values are typical of  d - - d  t rans i t ions  in the 
Cu" ion possessing the d '~ electron shell and  located in a 
distorted octahedron. 'LI~ The spectral  parameters  of  
nickel-containing compound  7 co r re spond  to the ' s ix-  
coordinate N i '  ion with tile d s e lectron shell .  II 

In the spectra of copper-  and n icke l - con ta in ing  oli- 
gomers 6 and 7, the band corresponding to the metal ion 
is regularly shifted as the concen t ra t ion  o f  these ions in 
solutions decreases. It is known 9 that the gradual re- 
placement of  a n i t rogen-conta in ing l igand involved in 

7 

\ 

,1,5 

3 

3400 3000 " I I00 900 

Fig. I. IR spectra of compmmds 1--7. 
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Table 2. Data from UV spectroscopy for compounds 3--7 (in 
b u t a n o l - - t o l u e n e  soltitiOTls I 

Corn- C" 103 ,./nm ,:* 
pound /tool L -I 

3 4 760 34.5 
4 5 740 30.2 
5 5 740 328 
6 5 700 425 
6 2 720 41.7 
6 I 760 39.1 
7 5 350, 530 8.1. 6.2 
7 3 370, 640 6.2, 4.3 
7 I 390, 720 5.1, 2.0 

* The a values were calculated per mole of metal. 

the  coord ina t ion  sphere about the metal atom by an 
oxygen -con t a in ing  ligand results in a low-frequency shift 
o f  the corresponding bands. An analogous effect, viz., 
shift to the low-frequency region as the concent ra t ion  of  
o l i gomers  6 and 7 in solutions decreases (see "fable 2), 
indica tes  that the coordinat ion  of the Cu" and Ni" ions 
by the NH 2 groups occurs  primarily due to interchain 
in te rac t ions  whose contr ibution depends on the concen-  
t ra t ion  o f  O M S  Therefore ,  mtramolecular  coordinat ion 
to form a chelate ring to|" type A), which is seemingly 
qui te  probable,  ts not realized in the case under  consid-  
e ra t ion .  

S o m e  characterist ic (eatures R O - -  
o f  the copper -con ta in ing  oligo- " / 
mers  were revealed from analy- t O ' S i " ~  
sis o f  their  ESR spectra (Fig. 2). ) 
T h e  pa ramete r s  o f  the spin- \ /Cu o NH2-- / 
H a m i l t o n i a n  calculated from 
these characteris t ics  are given in A 
Table  3. 

The  ESR spectrum of powdered c o m p o u n d  3 is 
cha rac te r i zed  by triaxial anisotropy, which is indicati,~e 

A 

I I I .  I I ~ I , .  

2600 2800 3000 3200 3400 3600 H/'G 

Fig. 2. ESR spectra: A, CuC} 2 (ICul = 5-10 -3 tool L -~) in 
MeOH; 3", in BunOH: 3". as a powder: 6, as a powder (A. 3' .  
and 6 at 77 K: 3" at 2q8 K) 

Table 3. Parameters of the ESR spectra of organometallo- 
siloxanes at 77 K tat 298 K, a solution in Bu"OH) 

�9 * o .  Compound A.• ,tIl ~g,) g2* .-,., (g_)* 

3 - 2.247 2.190 2.048 
3 - 2.247 2191 2.053 
6 17. I 2.265 - 2.095 
3 1.3.7 2.353 - 2.084 
CuCI2 in MeOH 11.6 2.418 -- 2.004 
CuCI 2 . 2H20 J0 __ 2.252 2.187 2.037 
CuSQ-  5H20 L0 _ 2.264 2.233 2.083 

* gz0.005. 

both of  the nonequiva lence  o f  the ligand O a toms 
located along the x and y axes and of possible substantial  
distortion o f  the coordinat ion  sphere about Cu" .  Disso-  
lution of compound  3 in n -bu tano l  ted to substantial  
changes in composi t ion and structure of the c o o r d i n a -  
tion polyhedron about the C u "  ion. The ESR spec t rum 
at 77 K (see Fig. 2) is a superposi t ion of signals o f  two 
types possessing axial symmetD '  (i.e., equivalent  coo rd i -  
nation of  the atoms of  the l igands  in the equator ia l  plane 
of  the complex occurs). The  spectral parameters  (see 
Table 3) correspond to the structure of an e longa ted  
tetragonal bipyramid. I ' , t3  T h e  All and g, values for the 
major port ion of  paramagnet ic  Cu"  centers in a solut ion 
of  3 characterize copper c o m p l e x e s  which can be repre-  
sented as - - S i - - O - - C u - - O - - S i - -  fragments. T h e  posi-  
tions of the ESR lines for the  complexes o f  the second  
type (these lines in the s p e c t r u m  shown in Fig. 2 are 
marked with asterisks), whose  port ion is no h igher  than 
15--20% of  the total a m o u n t  o f  the paramagnet ic  cen -  
ters in the sample, co inc ide  with the posit ions o f  the 
lines tbr the C u C h  complexes  in methanolic  solut ions .  
We believe that the c o m p l e x e s  o f  the second type are 
actually - S i - - O - - C u ( H O R ) , ,  compounds  in wh ich  the 
O atoms of  the siloxane g roups  are located in axial 
positions. It should be no ted  that the exper imenta l  A~! 
and gll values (see Table 3) ind ica te  that the c o o r d i n a t i o n  
spheres about the Cuv ions c o n t a i n  H20 molecu les ,  t4,15 
which are generally present in small amount in M e O H .  

It is quite apparent that dissolut ion of c o m p o u n d  3 in 
BunOH leads to a change in the character o f  the ESR 
spectra. The spectra of powdered  3 are analogous to those 
of many Cu 2+ salts, for example ,  of CuSO 4" 5H~O and 
CuCI 2. 2H20,12 and indicate that the solid c o m p o u n d s  
under study are characterized by a high local c o n c e n t r a -  
tion of Cu" ions. In solutions with an average c o n c e n t r a -  
tion ICul = 5" 10 -2 tool k -m, the samples b e c o m e  mag-  
netically dilute and the E S R  spectra correspond to iso- 
lated mononuclear  complexes  in which the vacant  posi-  
tions in the coordination sphere of  the - - O - - C u - - O - -  
fragment are occupied by so lvent  molecules. 

The ESR spectrunl o f  o l i g o m e r  6 is character is t ic  of  
complexes with the octahedra l  ligand env i ronmen t  about  
the Cu" ions (see Fig. 2). Large widths of  the compo-  
nents of the spectrum are indica t ive  of  strollg magne t i c  
dipole-dipole interactions be tween  copper ions. Based 
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o n  an  inc rease  m the  Ai~ p a r a m e t e r  wi th  a s i m u l t a n e o u s  
d e c r e a s e  m the g]l value,  it can  be s ta ted  with a s s u r a n c e  
tha t  the  N a t o m s  o f  the a t m n o  g roups  {see F a b l e  I) a re  
p r e s e n t  in the  equator ia l  p lane  o f  the  c o o r d i n a t i o n  p o l y -  
hed ron . t 6 ,17  

C o m p a r i s o n  o f  ou r  results  wi th  the data r e p o r t e d  
p r ev ious ly  3 s h o w s  that  the u n i f o r m  distributior~ o f  t h e  
me ta l  a t o m s  over  the  s i loxane  mal r ix  and  the U V  s p e c -  
tral c h a r a c t e r i s t i c s  c o r r e s p o n d i n g  to d - - d  t r a n s i t i o n s  in 
the  C u "  ion r e m a in  unc i l anged  on  going  f r o m  r ig id-  
c h a i n  O M S  to c o m p o u n d s  in w h i c h  the  metal  a t o m s  are  
l inked  t h r o u g h  l inear  si loxarm br idges .  D i f f e r e n c e s  are  
o b s e r v e d  in the  s t ruc tura l  cha r ac t e r i s t i c s  o f  t h e  c o o r d i -  
n a t i o n  unit .  In t he  fo rmer  case  ( r ig id -cha in  O M S ) ,  t h e  
c o n f i g u r a t i o n  is a near ly p l ana r  square  with two  a d d i -  
t iona l  O a t o m s  r e m o t e  a long  the ,- axis. In the l a t t e r  ca se  
0 1 e x i b l e - c h a i n  O M S ) .  the O a t o m s  loca ted  a l o n g  the  x 
a n d  y axes  are n o n e q u i v a l e n t ,  In dfis case ,  the c o o r d i n a -  
t ion  p o l y h e d r o n  is labile and  c h a n g e s  from a d i s t o r t e d  
o c t a h e d r o n  to a t e t r agona t  b i p y r a m i d  u p o n  d i s s o l u t i o n .  
It was  also e s t ab l i shed  that  the  a m i n o  group  is c o o r d i -  
n a t e d  to the meta l  a t o m  pr imar i ly  t h rough  i n t e r c l l a i n  
i n t e r a c t i o n s .  T h e  N a tom is invo lved  in the c o o r d i n a t i o n  
s p h e r e  abou t  the  metal  a t o m  and  is loca ted  in t he  
e q u a t o r i a l  p lane  o f  the p o l y h e d r o n .  The  a b o v e - m e n -  
t i o n e d  s t ruc tura l  fea tures  shou ld  be taken in to  a c c o u n t  
in s t ud i e s  o f  ca ta ly t ic  p rope r t i e s  o f  t he  sys tems  p r e p a r e d  
in h o m o g e n e o t . s  and  h e t e r o g e n e o u s  catalyl ic  r e a c t i o n s .  

Experimental 

The tR spectra were recorded on a Specord M-82 spec-  
trograph in Nujol nlulls between KBr plates. The UV spectra 
were measured on a Spccord M-40 spectropimtometer  ir~ the 
range of  300~900 nm for solutions of  compounds in a bu- 
t a n o l - t o l u e n e  mixture (] : I. v/v; the concentrations of  the 
solutions are given in Table 2`1. 

The ESR spectra were recorded on a Varian E-3 radio- 
spectrometer  (3-cm range) using 4.0 ram-diameter thin-walled 
quartz tubes at 77 and 29S K. 

The precise calibration of :he magnetic field was performed 
using diphenylpicrylhydrazyl (g = 2.b036) and Mn 2+ ions in an 
MgO matrix as the standards. The principal values of  the ,g 
tensor (g!l and g,_), the constants of hlperfine mteractmn (A!i) of  
the unpaired electron with the nucleus of  the copper ion, and 
the gt, 82, attd 83 values for the complexes possessing triaxial 
anisotropy were determined from the ESR spectra according to 
a procedure reported previously. 18 The number of paramagnetic 
centers in the samples was determined using double integration 
of  the ESR spectra relative to the auxiliary standard, v&., a 
single crystal of CugOa" 5H~O with the known spin content .  

Disodium "rod dipotassium tetraorganodisilo~anedio{ates, 
which were used as the starting compounds for the preparation 
of  linear copper-containing OMS. ,,,,,ere s'ynthesized according 
to procedures reported pre',iously, t'~''2~ The exchange reactions 
of  aikati metal organosikmolates with copper halides were per- 
formed as described previously. 11 A solution of CuC12 (1.35 g) 
itl Bt.lOH (10 mL) was added with stirring to a solution of  
dipotassium tetramethyldisitoxanediolate (2.43 g. 10 retool) in a 
mixture of  BuOH i I0 ink) and toluene (15 mL). In the course 
of addit ion,  the pH of  aqueous extracts o f  atiquots withdrawn 

from the react ion mixture was monitored. After the reaction 
mixture became neutral, it was stirred lbr I h, filtered from 
KCI, and concemra ted  to one-hal f  of the initial volume in 
v , c , o  t h e  precipitate that fi)rmed was washed with cold bu- 
tanol and dried in vtlr Compound I was obtained in a yield 
o1 0,5 g (22%,). Found it,;): C , ,  55.1: St. 12.1 Heptane 
(t,,volbld volume)  ,.,,us added to the solution obtained aRer 
separation of  compound  1. The precipitate tha~ Iormed ,,,,-as 
filtered off  and dried in vacuo. Compound 7 ,,,,as obtained in a 
yield of  1.4 g (61%). Found f%): Cu, 2{1.0: Si, 27.4. 

The reac t ion  of  disodium te t raphenyldis i loxanediola te  
t4,58 g, I0 retool) v, ith CuCK 11.35 g, 10 retool) was carried out 
analogoualy. The reaction solulion W:l,~ concentrated in vacuo 
and [l~e precipitate that formed was filtered off. Compound  3 
was obtained in a yield of 0.7 g {14.7%:,. Found (%): Ca,  39.8; 
Si. 7 0. Heptane  (equal ~,~lume) v, as added to the solution 
remained after sepztration of compound 3. The precipitate that 
ft~rmcd was filtered off and dried in v,wu,~. Compound 4 was 
obtained in a yield of  2.9 g {60.9%1 Found r Cu, It) 0; 
Si, 124. Heptane  (two[old vohlme) ;',as aaddcd to tile solution 
obtained after separation of compound 4, The precipitate that 
formed was filtered off and dried in vacuo. Compound 5 was 
obtained in a yield of  0.5 g ( I04%) .  Fotmd [%i: Ct,, 63 ;  
St, 13.0. 

Branched copper-  and nickel-containing OMS bearing the 
2-aminopropyl group at the Si atom were prepared according to 
a known procedure,  z2 Water (0.54 g, 30 mmot) and NaOH 
(0.4 g, 10 retool) were added to a solution of  H2N(CHe)3Si(OEt):~ 
(2.2 g, 10 retool) in a mixture of butanol (ll) mL) and toluene ' 
(10 roLl. The reaction mixture was stirred for t).5 h. alter which 
(l~e alkali complete ly  dissobed and tile solution became homo-  
geneous. A solution of CuCI 2 (0.67 g. 5 mmol) in butanol 
(10 rnL) was added with stirring to the reaction mixture. In the 
cottrse o f  addi t ion,  the pH of aqueous extracts of  aliqtlots 
withdrawn from the reaction mixture was monitored. After the 
reaction mixture became neutral, at was stirred lbr I h, filtered 
from NaCI, and concentrated to o n e - h a t f o r t h e  initial volume in 
vocuo on a hot water ba th  The precipitate that h~rmed was 
washed with cold butanol and dried m vacuo Compound 6 was 
obtained in a yield of  I.t3 g (75.1%}. Found (%): Ca, 20.2" 
N, 92:  St. 18.6. Compound 7 was obtained anah)gously from 
H2N(CH2)3Si(OEt)_~ (2.2 g. 10 retool), water (0.54 g. 30 retool), 
NaOH (0.4 g, 10 rnmo[), and CttCI~ (0.67 g, 5 mmol} in a yield 
of t.77 g {81.4%). Found {%~: N, 9. t; Ni. 19.8: 5i, 18.9. 

Th is  w o r k  was  f inanc ia l ly  s u p p o r t e d  by the  R u s s i a n  
F o u n d a t i o n  fo r  Basic R esea r ch  (P ro jec t  Nos .  9 7 - 0 3 -  
33724 a n d  9 7 - 0 3 - 3 2 0 7 4 L  
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