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The peculiarities of radical copolymerization of styrene or acrylonitrile with triosmium 
carbonyl clusters whose ligand environments incorporate groups with multiple bonds capable 
of polymerization (4-vinylpyridine, allylamine, acrylic acid) are described. Using IR and 
NMR spectroscopy under the model conditions, it was shown that no side processes occur 
during the reaction of comonomers and azo-bis-isobutyronitrile, an initiator of radical 
polymerization. The cluster complex (the metal core and its ligand environment) is retained 
during copolymerization. The molecular weight characteristics of the copolymers obtained 
were studied. The double bonds in the cluster monomers mostly retain the properties 
inherent in their organic analogs. 

Key words: styrene copolymers, acrylonitrile copolymers, triosmium carbonyl clusters. 

In recent  years, interest  in the  catalyt ic  propert ies  of  
anchored  meta l  clusters, specifically in the  products  of  
the  react ions o f  individual  clusters with inorganic carri-  
ers, has been  cont inuous ly  expressed)  ,2 Meanwhi le ,  
po lymer ic  carriers also possess a number  of  useful p rop-  
erties: specified solubi l i ty  or  swelling abil i ty in the reac-  
t ion med ium,  cont ro l led  mobi l i ty  o f  the  react ion center  
or its l igand envi ronment ,  the abil i ty to operate  at 
various pH,  etc. 

Various methods  for chemical  grafting o f  metal  clus- 
ters have been  developed.  The most  frequently used 
among these is the  me thod  involving po lymer -ana logous  
t ransformat ions  of  special ly funct ional ized polymer ic  
carriers and  metal loclusters .  3-4 However ,  the  react ions 
occurr ing in macro l igand- -c lus t e r  systems are often ac-  
compan ied  by serious compl ica t ions ,  such as a change 
in the nuc lear i ty  o f  the  cluster  up to its f ragmentat ion to 
form m o n o n u c l e a r  products  and metal  species of  small  
sizes. 

To cont inue  the  studies d i rec ted  at the  syntheses and 
t ransformat ions  o f  cluster  conta ining monomers ,  whose 
l igand envi ronments  conta in  mul t ip le  bonds  capable of 
polymeriz ing,  5 in the  present  work we ca rded  out  copo-  

* For part 42, see Izv. Akad. Nauk, Ser. Khim., 1995 [Russ. 
Chem. Bull., 1995, 44, 1056 (Engl. Transl.)]. 

lymerizat ion of  cluster monomers  with monomers  of  the 
t radi t ional  type, viz., styrene and acrylonitr i le.  

For  this study, we chose those cluster complexes,  
whose analogs, both homogeneous  and a t tached to inor-  
ganic carriers, are known as catalysts for various reac- 
tions. 6 - s  

Experimental 

Syntheses of the cluster containing monomers 
(~t-H)Os3(CO)10(p.-NCsH3CH=CH2) (I), (~-H)Os3(CO)10( ~- 
CONHCH2CH=CH2) (2), and (~-H)Os3(CO)10( ~- 
COOCH=CH2) (3) have been described in detail previously. 5 
Here we present only the spectroscopic characteristics of these 
compounds that are significant for identification of the poly- 
meric products. 

(~t-H)Os3(CO)10(g-NCsH3CH=CH 2) (1), IR (cyclohex- 
ane), v(CO)/cm-l: 2101 m, 2061 s, 2051 s, 2020 s, 2008 s, 
2000 m, 1988 m, 1973 w; (CH2C12), v(C=C)/cm-1:1597 w. 
IH NMR (CDCI3) , 8:8.01 (d, l H, heterocycle H); 7.25 (m, 
2 H, - C H  = + heterocycle H); 5.72 (m, 2 H, =CH2); -14.85 
(s, 1 H, Os2(g-H)). 

(~t-H)Os3(CO)10(g-CONHCH2CH=CH2) (2), IR (hex- 
ane), v(CO)/cm-l:  2106 w, 2067 s, 2056 s, 2022 s, 2013 vs, 
2010 sh, 1993 s, 1985 m, 1976 m, 1967 w, 1951 w; (CH2C12), 
v(C=C)/cm-l:  1670 w; (CH2C12), v(NC=O)/cm-l :  1504 w; 
(CH2C12) , v(NH)/cm-l:  3423 w, 3330 w. IH NMR (CDC13), 
8:7.17 (br, 1 H, NH); 6.6 (m, 1 H, --CH=CH2); 1.59 (m, 3 
H, - -CH2--+--CH=CH2);  -14.21 (s, 1 H, Os2(rt-H)). 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 6, pp. 1102--1107, June, 1995. 
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(g-H)Os3(CO)10(~t-COOCH=CH2) (3), IR (hexane), 
v(CO)/cm-l:  2013 w, 2073 vs, 2062 s, 2027 vs, 2016 vs, 2010 
s, 1988 m, 1984 m, 1722 (la-CO2); (CH2C12), v(C=C)/cm-l :  
1645 w. 1H NMR (CDC13), 5 : 5 . 9 5 - - 5 . 1 6  (m, 3 H, 
--CH=CH2); -10.42 (s, 1 H, Os2(la-H)). 

Radical copolymerization of monomers 1--3 with styrene 
was carried out in bulk or in a toluene solution, and in the case 
of acrylonitrilc, it was carried out in benzene. Azo-bis- 
isobutyronitrile (AIBN) (0.6 mol. %) was used as the initiator. 
The starting monomers were preliminarily dried and distilled 
in vacuo. The calculated amounts of the cluster monomer and 
AIBN were preliminarily evacuated in a glass unit. The mono- 
mer and the solvent were refrozen in a reaction tube. The tube 
was sealed under vacuum. Polymerization was carried out at 70 
~ for 3 h. Copolymers of styrene with monomers 1--3 were 
precipitated with ethanol, washed, dried, and analyzed. Co- 
polymers of acrylonitrile were washed with benzene to remove 
the unchanged cluster monomer. All of the operations with the 
cluster containing copolymers (except for special studies) were 
carried out in air. 

The IH NMR spectra were recorded on a Bruker 4-100 
spectrometer, and the IR spectra were obtained on a Specord 
IR-75 instrument. The molecular weight characteristics of the 
copolymcrs were determined by gel permeation chromatogra- 
phy in THF using a Waters 200 instrument. Number-average 
molecular weights of acrylonitrite copolymers were determined 
by osmometry in DMF using a high-speed Hcwlett-Packard 
osmometer. The calorimetric studies were carried out on a 
DAK- 1 - I microcalorimeter. 

Results  and Discussion 

We used 5 cluster monomers  1- -3  containing a vinyl 
group in the r t -coordinated ligand for copolymerizat ion 
with styrene or  acrylonitri le.  

Os(CO)4 Os(CO)4 

(co)aos : /  "'-Os(CO)a 
\ ~  \C;=-O" 

H2C -CH=CH 2 CH=CH 2 
1 2 

O , .  . 'O " < . ~ ' /  

t 
CH=CH 2 
3 

As regards polymer iza t ion ,  at least several .questions 
associated with the  specific character  of  cluster mono-  
mers are of  interest.  First ,  whether  monomers  1--3 ,  in 

which a bulky substituent,  viz., a cluster  meta l  carbonyl ,  
is present  in close proximi ty  to the  double bond,  are able 
to add to the  growing macroradica l?  Whe the r  a cluster 
subst i tuent  has a substantial  effect on the  react ivi ty of  
the  m o n o m e r  due to the  possible change in the  e lect ron 
density at the  double bond? Whe the r  the  nature  of  the 
double bond ( incorporated in 4-vinylpyridine,  al lylamine,  
or  acrylic acid) manifests i tself  in the  copo lymer iza t ion  
of  the cluster monomers  with styrene or acryloni t r i le ,  as 
is typical  of  their  normal  organic analogs? 

Side react ions of  osmium carbonyl  clusters with the  
components  of  the react ion mixture,  such as coordina-  
t ion to alkenes 1 ,1~ and addi t ion  of  the  unshared  
donor  electron pair  of  the  C N  group of  the  ini t ia tor  to 
these clusters, 1 are also possible. Therefore ,  we carried 
out pre l iminary  exper iments  to find out,  whether  coor-  
d inat ion of  styrene, acrylonitr i le ,  or A I B N  by monomers  
1- -3  is possible. These react ions would considerably 
compl ica te  the descr ipt ion of  the po lymer iza t ion  pro-  
cesses and the products  obtained.  

The IR and 1H N M R  spectra  of  the  cluster  com-  
plexes after they were t rea ted  with styrene and kept in 
vacuo at 70 ~ for 1 h and then the styrene was p u m p e d  
out did not  differ from the spectra  of  the start ing cluster 
monomers  (see Experimental) .  N o  variat ions indicat ing 
the occurrence of  the react ion were observed in the 
spectra o f  the complexes  t reated with to luene  solutions 
of  AIBN:  the spectra  of  solut ions of  the  dr ied samples 
were superposi t ions of  the spectra  o f  cluster  monomers  
on the spect rum of  AIBN.  Based on the IR and 1H 
N M R  spectra we concluded that  no side react ions  of  the 
cluster complexes with the componen t s  of  the  react ion 
mixture that  could compl ica te  the react ion under  study 
occur. 

Homopolymerization of cluster monomers 1--3  occurs 
with difficulty, probably due to steric causes. In fact, 
po lymer iza t ion  of  1 in benzene  gives an o l igomer  (in I - -  
2 % yield) consist ing o f  5 - -6  monomer i c  units. 

Copolymerization of cluster monomers 1--3  with 
styrene or  acrylonitr i le  does not  result in a substantial  
change in the  structure o f  the  cluster complex  incorpo-  
rated in the polymer ic  chain.  The region character iz ing 
vibrations of  the carbonyl groups of  the cluster  cores in 
the IR spectra of  copolymers  of  styrene or acryloni tr i le  
with 1 - -3  almost  does not  differ from this region in the 
spectra of  the corresponding cluster monomers  1 - - 3 .  
Only slight changes in the  intensit ies and broadening  of  
some absorption bands of  the  carbonyl  cluster  are ob- 
served. A compar ison  of  the  pho toe lec t ron  spectra  of  
Os3(CO)l 2 (CC14, Lmax/nm ) and cluster monomers  1 
and 3 (330, 385; 310, 395 and 340, 389, respectively) 
with the spectra  of  solutions of  their  copolymers  with 
styrene (333,386 and 340, 389, respectively) reflects the 
peculiari t ies  of  thei r  structures. The presence of  sub- 
sti tuents in the plane of  the  Os 3 cluster  ring has less 
effect on the pho toe lec t ron  spectra  than that  in the  case 
of, for example ,  Ru 3 clusters in which the presence of  
three phosphine  groups in the  l igand envi ronment  re- 
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sults in )~max, equal  to 320 n m  in the  unsubst i tuted 
cluster,  shifting to 500 n m  in the  substi tuted cluster. 1 
Conjugat ion with the  double  bond  in m o n o m e r  1 appar-  
ently leads to  redis t r ibut ion of  the  e lect ron densi ty at the  
O s - - O s  bond  and to its shortening.  In  the  polymer ,  
there  is no conjugat ion,  and the )~max value is close to 
that  for the  unsubst i tu ted  compound .  In cluster mono-  
mer  3, no conjugat ion of  the  double bond  with the - -  
O - - C - - O - -  bridging l igand exists, and therefore,  its 
spect rum is ent i re ly  re ta ined after the  polymer iza t ion  
addit ion.  

First,  we examined  the extent  to which the Os 3 
cluster core affects po lymer iza t ion  of  styrene. We showed 
that  the  rate of  decompos i t ion  of  the  init iator,  the 
kinetics of  heat  evolut ion during the polymer iza t ion ,  or 
molecular  weight  characteris t ics  of  the  resulting po lymer  
did not  change in the presence of  the  cluster when its 
concent ra t ion  did not  exceed 1 tool. % with respect to 
styrene. 

Using the 1 - - s ty rene  system as an example ,  we 
ident if ied the  effect o f  the cluster  m o n o m e r  on the yield 
and compos i t ion  o f  the  resulting copo lymer  and on the 
molecu la r  weight character is t ics  of  the  products.  The 
increase in the  conten t  of  c o m p o u n d  1 in its mixture 
with styrene f rom 0.5 to 10 mol.  % results in an increase 
in the  p ropor t ion  o f  1 in the  copo lymer  (see Fig. 1, a) 
and in a decrease  in the  yield of  the  precipi table  copoly-  
mer  from 65 to 5 %. The yield of  o l igomeric  products  
correspondingly  increases (the propor t ion  o f  the fraction 
with M n ~ 600 in the  lat ter  spec imen is 94 %), and the 
number -average  molecu la r  weight of  the  copo lymer  dra-  
mat ica l ly  decreases,  f rom 37000 to 5000. These data 
apparent ly  indicate  that  the  addi t ion of  the  cluster mono-  
mer  to  the  growing macroradica l  leads to te rmina t ion  of  
the po lymer  chain.  A microca lor imet r ic  study of  the  
kinetics o f  copo lymer iza t ion  showed that  the  rate of  
copo lymer iza t ion  carr ied out  in the bulk pract ica l ly  does 

Table 1. Comparative analysis of copolymers of styrene with 
cluster monomers (CM) and with the corresponding organic 
monomers for the proportion (x 105 mol g-l)  of double bonds, 
average number of polymer chains, and the proportion of the 
cluster monomer 

Styrene : CM Mn [q]a [C=C] [KM] b in the 
molar ratio copolymer 

Polystyrene 31000 3.2 2.8 
St:4-VP=0.005 44000 2.3 2.7 
St:4-VP=0.01 23000 4.3 2.6 
St:AAm=0.005 30000 3.3 2.5 
St:AArn=0.01 30000 3.3 3.0 
St:AA---0.005 28000 3.6 4.7 
St:AA---0.01 28000 3.6 5.0 
St:Os3(CO)12=0.01 30000 3.3 2.7 
1 0.005 31000 3.2 2.2 1.2 
1 0.01 37000 2.7 3.1 2.8 
1 0.02 35000 2.9 6.5 6.0 
1 0.05 6000 11.6 12.3 19.2 
1 0.1 5000 19.1 17.6 32.1 
Z 0.005 29000 3.4 4.2 0.42 
2 0.01 21000 4.8 5.0 0.43 
3 0.005 15000 6.7 3.2 1.5 
3 0.01 12000 8.3 4.0 3.5 

a [q] is the average number of the polymer molecules in 1 g of 
sample. 
b The proportions of the cluster monomers in the copolymers 
were determined from the data of the elemental analysis for 
osmium ([CM] = [Os]/3). 

not change when up to 1.0 mol. % of  the cluster 
m o n o m e r  is in t roduced into the react ion mixture (Fig. 
2, a). The molecular  weight characteris t ics  of  styrene 
copolymers  with various propor t ions  of  the  cluster  con-  
taining monomer ,  the e lementa l  analysis data, and the 
data  of  the  analysis for the  content  of  double  bonds  in 
these copolymers  presented in Table 1 indicate  that ,  in 
most  cases, each po lymer  chain contains  one cluster 
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Fig. 1. Dependence of the content of cluster containing units (m) in copolymers of styrene with cluster monomer 1 (a), Z (b), 3 (c) 
on the proportion of the cluster monomer in the mixture of comonomers (M). 
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Fig. 2. Kinetics of  specific heat evolution during the radical 
polymerization of styrene (1) and copolymerization of styrene 
with 4-vinylpyridine (1.0 mol. %) (2) and cluster monomer I at 
a content of  the cluster monomer of  0.5 mol. % (3) and 1.0 
mol. % (4). 

unit and one terminal double bond. A comparison of all 
of these data suggests that cluster monomer 1 adding to 
the growing polymeric chain restricts its growth with no 
decrease in the concentration of active radicals, owing 
to the rapid chain transfer (Scheme 1). 

According to this scheme, styrene (path a) or the 
cluster containing monomer (path b) can act as the 
chain transfer agents. The steric hindrance that inter- 
feres with homopolymerization of the cluster containing 
monomer equally affects the chain transfer to this mono- 
mer, and, therefore, its probability is extremely low. It is 
likely that the chain transfer occurs via a styrene mol- 
ecule. 

It is known H that the constants of the inherent chain 
transfer in the homopolymerizat ion of  styrene or 
4-vinylpyridine (4-VP) are four orders of magnitude 
lower than the rate constants of growth for the corre- 
sponding monomers. Based on the values of the con- 
stants of copolymerization of styrene with 4-VP (r 1 = 
0.5 to 0.7; r 2 = 0.7 to 0.7), one might expect that the 
rate constant for the reaction of the styrene radical with 
4-VP would be twice as great as the growth rate constant 
(Kg) for styrene. Since Kg for styrene at 60 ~ is close to 
1.5- 102 , the constant for the reaction of the styrene 

Scheme 1 
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radical with 4-VP should be ~300. This is apparently the 
upper limit for the rate constant of  the reaction of  
styrene with 1, because this value may be lower due to 
the presence o f  the bulky substituent in the molecule of  
1. Based on the molecular  weight characteristics of  the 
high-molecular  weight fraction precipitated, one can 
evaluate the lower limit for the constant o f  the reaction 
between the styrene radical and the double bond of  1 
using the Mayo equation: 12 

1/P n = 1/e  o + CsS/M, 

where Pn is the average degree of  polymerization; P0 is 
the degree of  polymerization in the absence of  the chain 
termination agent; C s = Ks/Kg is the relative rate con- 
stant of  the reaction of  the polymeric radical with the 
molecule o f  the chain termination agent; K s is the 
absolute rate constant of  the reaction of  the polymeric 
radical with the molecule of  the chain termination 
agent; S is the concentrat ion of  the chain termination 
agent; M is the concentrat ion of  the monomers.  

This evaluation (Fig. 3) affords the value C s = 0.2. 
Since Kg for styrene at 70 ~ is close to 2" 102, the K s 
value lies between 40 and 300. 

If  we use the lower value of  K s to estimate the 
possible effect o f  the cluster m onom e r  on the kinetics of  
polymerization, 13 we shall obtain the following result. 
Provided that the accuracy of  the experimental data is 
not  lower than 3 %, cluster m onom e r  1 present at a 
concentrat ion o f  1 mol. % will have no effect on the rate 
of  polymerizat ion o f  styrene only when the probability 
of  chain regeneration is higher than 97 %, i.e., almost 
all of  the radicals formed from 1 transfer the kinetic 
c h a i n ,  most  likely to styrene molecules, rather than 

1/Pn 
0 

0 

0 

0 

I 

0.00 0.02 
I I I I I 

0.04 0.06 0.08 0.10 0.12 
[Os3]/lstyrene] 

Fig. 3. Dependence of the reciprocal of the average degree of 
polymerization, Pn, on the (D/styrene molar ratio in the 
reaction mixture. 

terminate it. This conclusion is confirmed by the fact 
that the number  o f  double bonds in 1 g of  the polymer 
corresponds to the content  o f  the cluster and to the 
number  of  polymeric chains (see Table 1). 

Thus, the polymers obtained are macromolecules  of  
polystyrene with terminal cluster groups. 

It should be noted that the bulky cluster ligands in 
monomers  1--3 do not disrupt the effect of  the nearest 
environments of  the double bonds. In fact, one can 
correlate the reactivity (1/rl) of  4-VP, allylic monomers ,  
and acrylates toward styrene radicals (1.6; 0.01 to 0.03; 
and 4.0, respectively) and the reactivity of  1--3. Accord-  
ing to their copolymerization constants, allylic mono-  
mers poorly copolymerize with styrene; however, their 
presence in the system leads to the degenerate inherent 
chain transfer, which is due to the lability of  the allylic 
hydrogen atom. In conformity with these specific fea- 
tures, the content of  cluster monomer  2 in copolymers 
with styrene is almost an order of  magnitude lower than 
that of  1 (see Fig. 1, a, b), and only 10--20 % 
of polystyrene chains contain cluster monomer  2 (see 
Table 1). 

In the study of  the copolymers of  styrene with mono-  
mer 3, the inconsistency between the average number  of  
the polymeric chains and the content of  the cluster 
monomer  in the copolymers, and also the decrease in 
M n compared with that of  styrene copolymers with 1 
and 2, remain unknown. Neither  the kinetics of  heat 
evolution (see Fig. 2, curve 4) observed in the copoly- 
merization of  styrene with 3 nor the  constants o f  copo- 
lymerization with the corresponding noncluster mono-  
mers (for acrylates, r 1 = 0.6 to 0.75; r 2 = 0.2 to 0.4) 
differ from those for the copolymerizat ion of  styrene 
with 1. 

Copolymerization of  cluster monomers 1 - -3  with acry- 
lonitrile in toluene solutions is complicated by some 
features peculiar to homopolymerizat ion of  acrylonitrile: 
the resulting polymer precipitates even at low degrees of  

T a b l e  2. Comparative analysis of copolymers of acrylonitrile 
with cluster monomers 1--3 concerning number-average mo- 
lecular weights, the proportion of the cluster units (xl05 
mol g-l), and the average percentage of polyacrylonitrile chains 
incorporating cluster units 

Polymer M n [KM]* in the % 
copolymer 

PAN 18000 
AN:l=0.005 15000 0.61 9 
AN:l=0.01 15000 1.12 17 
AN:2=0.005 17000 0.41 7 
AN:2=0.01 15000 0.61 10 
AN:3=0.005 12000 0.62 7 
AN:3=0.01 8000 0.64 5 

* The proportions of the cluster monomers in the copolymers 
were determined from the data of the elemental analysis for 
osmium. 



Copolymers of styrene or acrylonitrile with Os 3 cluster Russ. Chem.Bull., Vol. 44, No. 6, June, 1995 1067 

conversion, and polymerization occurs under heteroge- 
neous conditions. The effects that accompany this pro- 
cess (simultaneous occurrence of polymerization in so- 
lution and in the solid phase, polymerization on a 
replica, scavenged radicals, etc.) substantially compli- 
cate the process and hamper interpretation of the re- 
sults. 

In general, in spite of the heterogeneous nature of 
the reaction, the proportion of cluster units in the 
copolymers obtained by copolymerization of acrylo- 
nitrile with cluster monomers 1--3 (Table 2) qualita- 
tively correlates with the reactivities of 4-VP, allylic 
monomers, and acrylates toward the acrylonitrile radi- 
cal, which are 9 (r I = 0.11), 0.2 to 0.3 (r 1 = 3 to 5), and 
0.9 (r~ = 1.1), respectively, l~ The heterogeneous charac- 
ter of the copolymerization is probably responsible for 
the fact that the products obtained are mixtures of the 
homopolymer and a small amount of polyacrylonitrile 
chains incorporating the cluster units. In the case of the 
copolymerization of acrylonitrile with monomer 3, the 
yield of the copolymer decreases from 70 to 48 %, and 
the number-average molecular weight decreases, as the 
concentration of 3 in the mixture of comonomers in- 
creases from 0.5 to 1.0 mol.%. The decrease in the 
molecular weight observed in copolymerization of both 
styrene and acrylonitrile with 3 compared to the reac- 
tions with the two other cluster monomers is difficult to 
explain. To explain this fact, additional studies are 
required. 

The work was carried out with financial support from 
the International Science Foundation (Grant NJB 000). 
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