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The interaction of Fe and Pd complexes with double bonds of the polybutadiene (PB) 
block in polystyrene--polybutadiene--poly(methyl methacrylate) block copolymets has been 
studied. The incorporation of Fe(CO) 3 fragments into the PB block was found to result in an 
increase in its rigidity. The presence of iron or palladium complexes in the PB block affects 
strongly the morphology of the triblock copolymers. 
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Several recent publications j - t 5  have reported on the 
synthesis of block copolymers containing compounds or 
colloids of metals in one of the blocks. The chemical 
modification of even one of  these blocks can affect 
substantially the mechanical properties of  the block co- 
polymers, change the local permeability of  the polymeric 
matrix, or direct the distribution of active centers in the 
polymeric catalyst. We have previously described z-5 im- 
mobilization of  different organometallic compounds in 
the po lybutad ieue  block of  t r iblock po lys ty rene - -  
polybutadiene (SBC) block copolymers of the ABA type; 
however, changes in morphology of block copolymers 
were not studied. 

It is noteworthy that the method for synthesis of Pt 
and Pd nanoclusters inside microsegregated diblock co- 
polymers has recently been developed. 8 The diblock co- 
polymers were obtained by metathesis with the cycle 
opening of  organometa l l ic  complexes derived from 
norbomene and rl 3-I-phez~ylallyl followed by film casting 
and reductiou of the organometallic complexes with mo- 
lecular hydrogen, s The same authors obtained Au and Ag 
nanoclusters by the chemical modification of  the corre- 
sponding precursor (block copolymer) with gold and silver 
compounds. 6 In these cases, immobilization of metallo- 
complexes and formation of  clusters did not change the 
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morphology of microsegregated blocks. At the same time, 
in Refs. 12 and 13, a change in the morphology of 
polystyrene--poly-(2-vinylpyridines) during formation of 
gold colloids was observed. It was of interest to study 
immobilization of metallocomplexes in one of the blocks 
of triblock copolymers of  the ABC type, whose morpho- 
logy is substantially more sensitive to different changes. It 
can be assumed that, compared to modified diblock block 
copolymers, tdblock metallocomplex ABC copolymers 
will allow one to monitor more thoroughly the morphol- 
ogy of microdomains. 

In this work, we synthesized and studied new 
metallocomplex polymers obtained by the reactions of 
iron dodecarbonyl and bis(acetonitr i le)pal ladium di- 
chloride with tr iblock po ly s ty r e ne - -po lybu t a d i e ne - -  
poly(methyl methacrylate) (SBM) block copolymers with 
different lengths of the blocks, due to which these 
copolymers have various properties. 

c . - -  c . - - I -  c . = -  c . - -  c , 
t . . . . .  I . . . . .  I & l  OeO-C ! 

The x, y, and z values (mole fractioJls) were 0.42, 0. t l .  
and 0.47, respectively, for copolymer SBM-6;  0.69, 
0.07, and 0.24 tbr copolymer  SBM-104; and 0 . 2 7 , 0 4 3 ,  
a++d 0.30 for copotymer SBM-41.  
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Experimental 

IR spectra were obtained on a Bruker IFS 48 instrument in 
pellets with KBr. Differential scanning calorimetry (DSC) was 
performed on a Perkin--Elmer DSC 7 instrument. IH NMR 
spectra were recorded on a Bruker AC-200 instrument. 

Tdblock block copolymer of polystyrene (PS), po[ybutadiene 
(PB), and poly(methyl methacrylate) (PMMA) were synthe- 
sized by anionic polymerization in the presence of  lithium 
atkoxides, t6,17 The copo|ymers obtained had the following 
characteristics: 

Copoly- M. Mw/Mn [PSI [PBI [PMMA] 

mer (wt.%) 

SBM-6 225000 1.11 45 6 49 
SBM-4I 117000 1.09 35 28 37 
SBM-104 140000 1.12 72 4 24 

Molecular weights were determined by GPC. The poly- 
bt,tadiene block contained mainly 1,2-units, because polymer- 
ization was carried out in polar solvent (THF). 

The Fe3(CO)t2 complex was synthesized from Fe(CO) 5 by 
the known procedure, t8 Bis(acetonitrile)palladium dichloride 
was prepared according to the previously described proce- 
dure. 19 Polybutadiene-l,2 (PB-I,2) was obtained by anionic 
polymerization in the presence of lithium alkoxides; the PB-I,2 
sample contained 86% 1,2-units, M, = 130000. Polybutadi- 
ene-l ,4 (PB-I,4) was synthesized in the Branch of the All- 
Russian Institute of Synthetic Rubber (Voconezh); the PB-I,4 
sample contained 34.1% 1,4-trans-units, 56.8% 1,4-c/s-units, 
and 9.l% 1,2-units, M, = 150000. 

Irontricarbonyl x-complexes immobilized in the PB block 
were synthesized as described in our previous works, z,J The 
content of iron in the SBM-41 samples (SBM-41-Fe) is pre- 
sented in Table I; SBM-6-Fe contained 1.57 wt.% Fe, which 
corresponds to a degree of complex formation of51%; PB-1,2-Fe 
(3_3 wt.% Fe) and FB-t,4-Fe (3.9 wt.% Fe) samples were 
synthesized according to the previously described procedure. 2 

Palladium-containing SBM were obtained by the ligand 
exchange reaction between bis(acetonitrile)palladium dichlo- 
ride and olefinic groups of the polymers. 4,s Palladium com- 
plexes were also immobilized directly on the SBM-6 film. For 
this purpose, the SBM-6 film (0.07 g) was placed in a solution 
containing MeOH (14 mL), acetone (6 mL), and bis(aceto- 
nitrile)palladium dichloride (0.1 g). This mixture does not 
dissolve the polymer, but allows the palladium compound to 
penetrate the polymeric film. After l-day exposure to the 
reaction mixture at -20 ~ the film was washed in a MeOH-- 
acetone (7 : 3) mixture for several hours and dried in a 

Table 1. Differential scanning calorimetry data for SBM samples 

Block [ Metal l Tg/~ Tc,,do 

copoiymer (wt.%) PB PS PMMA /~ 

SBM-41 - -  -12.1 105.1 133.0 
SBM-41-Fe-I 1.32 -1.9 103.2 130.0 
SBM-41-Fe-2 3.34 9.1 86.7 --  

SBM-41-Fe-3 4.20 42.1 78.0 
SBM-41-Fe-4 6.10 64.6 84.6 
SBM-4I-Pd-t  2.62 -- -- 
SBM-41-Pd-2 tl.50 -- 81.8 

144.8 
127.0 
145.1 
108.3 
118.3 
124.2 
135.3 

vacuum desiccator. Palladium-containing SBM-6 (SBM-6-Pd) 
is soluble in CHCI 3 and can be reprecipitated from PriOH. 
The dried polymer contained 0.4 wt.% Pd, which corresponds 
to a degree of complex formation of 3.4 mol.%. 

Samples for transmission electron microscopy (TEM) study 
were casted from solutions of polymers in CHCI 3 and dried 
slowly for several weeks in air and then at 160 ~ TEM 
analysis was performed with ultrathin sections obtained by a 
microtome with a diamond knife. To impart contrast to the PB 
block, OsO4 was sputtered on sections of all samples. Micro- 
photographs were obtained on a JEOL 100 CX transmission 
electron microscope (100 kV). 

Results and Discuss ion 

The reactions o f  S B M - 1 0 4 ,  S B M - 6 ,  and SBM-41 
with Fe3(CO)I2 and b is (ace toni t r i le )pa l lad ium dichlo-  
ride (MeCN)2PdCI  2 were studied.  PS and P M M A  were 
shown not to react with these meta l  c o m p o u n d s  under  
experimental  condi t ioqs;  hence ,  the  in teract ion with the 
Fe  and Pd complexes  occurs  on ly  ill the  PB block. 

lrontricarbonyl n-complexes with SMB block 
copolymers and their properties 

The composit ions o f  the i ron-conta in ing  copolymers 
based oll SBM-41 are presented  in Table  I. It can be 
seen that an increase in the c o n t e n t  o f  Fe3(CO)l  2 in the 
reaction mixture results in an increase  in the degree of  
complex formation up to 81 tool .% at the molar  ratio 
PB : Fe3(CO)I2 = I : 1. The  IR spectra o f  i roncarbonyl  
SBM exhibit two intense bands at 1964 and 2032 cm - t  
and a shoulder at 1956 cm -I  typical  o f  Fe (CO)  3 frag- 
ments, z~ The format ion o f d i e n e - - F e ( C O )  3 n -complexes  
ill the reactions of  l o w - m o l e c u l a r - w e i g h t  olefins with 
F e ( C O ) ~  has been proved previously,  zl In the  IH N M R  
spectra of  the Fe -con ta in ing  po lymers ,  the signals of  
protons at the double bond (8 4.94 and 5.32) have lower 
relative integral intensities. A l though  the appearance  of  
new signals shifted upfield should  be expected  for coot -  
dinat ion of  Fe a toms,  comp lex i t y  o f  the spec t rum of 
SBM does not allow their  ident i f ica t ion.  T o  elucidate  
this problem, we carried out  con t ro l  exper iments :  simi- 
lar complexes immobi l ized  on P B - I , 2  were synthesized 
and studied. The  I R spec t rum of  P B - 1 , 2 - F e  exhibits the 
same changes as those in the  IR  spec t rum of  S B M - F e .  
In the 1H N M R  spect rum of  P B - I , 2 - F e ,  the intensities 
of  the characterist ic signals o f  protons  at tffe double 
bonds decrease, and a new signal  with 8 1.46 appears,  
which can be assigned to p ro tons  o f  the double  bonds 
involved in complex  format ion .  This  not iceable  shift of  
the ~H N M R  signal indicates  a strong x- in te rac t ion .  
Similarity of  tile IR and N M R  spectra of  the Fe-  
containing polymers based on P B - I , 2  and P B - I , 4  sug- 
gests the same type o f  b ind ing  of  the i roncarbonyl  
fragments with these po lymer ic  matrices.  The  complex  
formation is accompanied  by migra t ion  of  the  double 
bonds and formation o f  i ront r icarbonyl  complexes  with 
the conjugated dienc f ragment  ( S c h e m e  1), as discussed 
pre~iously, z 
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S c h e m e  I 

--CH~/CH--CH~zCH-- + Fe2(CO)12 

HC%cH2 HC\\ 
CH2 

-- CH~-CH-- CH-ICH-- 

\\ Fe Me 
CH2 / \ \CO 

OC CO 

Metal-containing polymers based on SBM-41 were 
studied by DSC (see Table 1). As can be seen from the 
data in Table I, an itacrease in the degree of complex 
formation in the SBM-41-Fe  samples results in an 
increase in the glass transition temperature (Tg) of the 
polybutadiene block from -12.1 ~ in the starting SBM 
to 64.6 ~ for the polymer containing 6.10 wt.% Fe. At 
the same time, Tg of the PS phase decreases. The glass 
transition temperature of the PMMA block was not 
determined because of  overlapping of  the peak of  this 
transition and a weak endothermic peak at 110--144 ~ 
The latter could be assigned to the decomposition of the 
metallocomplexes, but we have previously established z'/z 
that the irontricarbonyl complexes in the PB-I ,4  block 
lose CO only at T =  170 ~ In addition, the study of 
the decomposit ion of  the SBM-41-Fe-3  sample by IR 
spectroscopy and DTA shows that the irontricarbonyl 
fragments in SBM decompose at 170--175 ~ Thus, 
the nature of  the weak endothermic peaks on the DSC 
curves for the S B M - 4 1 - F e  samples remains unclear. 
Perhaps, they appear  as a result of pseudo-melting of 
supramolecular structures formed due to the interaction 
of  polar groups of  Fe(CO)3 at the interfaces. Some 
decrease in the T z value of  the PS block in the block 
copolymers can be explained by disintegration (loosen- 
ing) of  this block due to complex formation in the 
adjacent PB block. We believe that the considerable 
increase in the glass transition 
temperature of the PB block 
after complex formation with 
Fe3(CO)I2 is related to an in- 
crease in the rigidity of the mac- 
romolecules due to the appear- 
ance of planar diene fragments 
in the polymer  chain ,  as is 
shown below, z3 

. . . . . . . . . . . . . . . .  7 : ' ~ , , , ;  
. 

; , ,' 

. . . . . . . . .  2,-" . . . . .  7 

oc/l\co 
CO 

Palladium-containing S B M  

According to the data of our earlier publications, 4'5 
the interaction of the double bonds of  the PB-I ,4-block 
with (MeCN)2PdCI~ results in the formation of  n-ole- 
finic and n-allylic complexes (see below) that are formed 
by both intramolecular (between units of the same chain) 
aJ~d intermolecular (between different chains) interac- 

tions. The authors of Ref. 24 showed that dimeric 
complexes are mainly formed in the case of low-mo-  
lecular-weight  olefins. The precipi ta ted and dr ied 
Pd-containing polymers based on SBM-41 (SBM-41-Pd)  
are insoluble, which additionally confirms the formation 
of intermolecular bonds. The data in Table 1 show that 
even at a low degree of complex formation (2.62 wt.% 
Pd), the PB phase has no glass transition temperature.  A 
similar phenomenon for SBM-41-Pd  can be explained 
by the appearance of  intermolecular  linkages due to 
complex formation. 

CH 
-- CH~- CH =CH-CH~---- CHz CH/'" "~CH 

p ! / C I  
,,, /Pd 

CI "CI CI "Cl \ / x. / 

CI'~ d __CH~CH id CH - 
\' L ' /  
CH 

n-Olefinic complexes r~-Allylic complexes 

In the case of SBM with a low content of  the PB 
block (4 and 6 wt.%), the SBM-104-Pd and SBM-6-Pd  
copolymers remain soluble even after precipitation and 
drying. When the length of the PB block decreases, the 
decrease in probability of formation of  intermolecular  
complexes should be expected; however, in sufficiently 
concentrated solutions used under experimental condi-  
tions, the formation of intermolecular  linkages is still 
possible. In this case, the solubility of SBM-104-Pd and 
SBM-6-Pd is most likely explained by the formation of 
micelle-like aggregates due to complex formation in the 
PB block similar to that observed previously zs for the 
diblock polystyrene--polybutadiene block copolymer with 
15.5 wt.% PB. 

The IR spectrum of  the SBM-41 sample contains 
absorption bands at 910 and 994 cm - I ,  which can be 
assigned to vibrations of C - - H  of  the vinyl group 
CH=CH:~, and a weak band at 970 cm - t  related to 
vibrations of  C - - H  in t rans- l ,4 -o le f ins .  A band at 
1638 cm -I  is observed in the region of  vibrations of 
C=C. The IR spectrum of the SBM-41-Pd  sample 
exhibits a significant weakening of  the intensities of the 
bands at 994, 910, and 1638 cm - I ,  which suggests 
complex formation with vinyl groups. The band at 
1638 cm - l  (C=C)  should be shifted to the low-fie-  
quency region due to complex formation; however, none 
these changes were observed, probably due to overlap- 
ping with other bands in the region of  1500--1400 cm -I .  

The data of elemental analysis presented in Table 2 
show that the molar ratio Pd : CI in the polymers 
depends on the molar ratio of the starting reagents. 
When the molar ratio (PB unit) : (MeCN)2PdCI2 in- 
creases, the Pd : C1 value also increases. The molar 
ratio Pd : CI characterizes the type of Pd complex: it is 
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Table 2. Elemental analysis data for Pd-containing SBM 

Block PB unit * IPd] ICII 
copolymer (MeCN)2PdCI 2 (wt.%) 

Pd : CI" 

SBM-41-Pd-I 1.00 : 0.06 2.62 1.03 1.00 : 1.16 
SBM-41-Pd-3 1.00 : 0.08 2.95 1.14 1.00 : 1.15 
SBM-4t-Pd-4 1.00 : Q.30 7.04 3.43 1.00 : t.42 
SBM-104-Pd-I 1.00 : 0.30 0.92 0.50 1.00 : 1.60 

* Molar ratio. 

I : 1 for the r~-allylic complex, while in the case of the 
r~-olefinic complex,  P d :  CI = t : 2. According to the 
results of  our previous studies of the PS--PB block 
copolymer,  4 the polymer structure depends substantially 
on the solvent used: for example, in CH2C12 the Pd : C1 
molar ratio reaches 1.0 : 1.6, which indicates predomi- 
nance of r~-olefinic structures. In the case of  SBM, 
x-allylic structures predominate for a low degree of 
complex formation. It has previously been shown that 
polar compounds (for example, EtOH) favor the forma- 
tion ofx-al lyl ic  complexes from rc-olefinic complexes. In 
the case of  SBM, it can be assumed that the polar groups 
in the PMMA block exert a similar effect, which is more 
evident when the fraction of  Pd complexes is low. 

Palladium complexes were immobilized directly in 
films (see Experimental)  to retain to a maximum extent 
the structure of  the starting block copolymer. This was 

possible because the Iigand exchange reaction occurs at 
room temperature. Complex formation was found to 
occur  readily in a film p laced  in a so lu t ion  of  
bis(acetonitrile)palladium dichloride in the M e O H - - a c -  
etone mixture; the SBM-6-Pd  thus obtained is soluble 
in toluene and CH2CI 2. 

Morphology of metal-containing S B M  

The SBM-6 film is known 26 to contain lamellar  
structures of the PS and P M M A  blocks, and spheres of  
the PB block are localized at their  boundaries. The 
electron microphotograph of  the SBM-6-Fe  sample 
stained by OsO 4 is presented in Fig. 1. Evidently, the PS 
blocks do not form lamellas, but  form cylindrical struc- 
tures covered by small spherical objects, which can be 
presented as a modified PB block. This morphology is 
similar to that observed z4 for the hydrogenated SBM-6,  
where rings of  the central block surround cylinders 
formed by the PS block. Since the introduction of  
Fe(CO)3 complexes favors an increase in the rigidity of  
the PB chain, this change is also similar to an increase 
in the chain rigidity after hydrogenation of double bonds. 

In the case of  the SBM-6-Pd  copolymer,  a quite 
different, highly ordered morpho logy  was observed 
(Fig. 2). This morphology seems to be continuous with 
respect to both the PS and P M M A  blocks, i.e., the 
structure is gyroidal with PB microdomains  arranged at 
the interface. 

Fig. 1. Microphotograph ofirontricarbonyl complex SBM-6-Fc Fig. 2. Microphotograph of Pd-containing copolymer 
(hereinafter ia Fig. 2, contrast OSO4). SBM-6-Pd. 
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Thus, immobilization of the Fe and Pd complexes in 
the PB block of the polystyrene--polybutadiene--  
poly(methyl methacrylate) block copolymer changes the 
properties of the PB phase itself, increasing the rigidity 
of the chain or resulting in cross-linking of PB, and 
affects the morphology of the whole system as well. 

The authors are grateful to C. Auschra and U. Krappe 
for synthesis of SBM samples and to E. L Thomas 
(MIT, Boston) for the opportunity to use the transmis- 
sion electron microscope during the visit of U. Breiner 
in MIT. V. Abetz and R. Stadler thank I. Ya. Erukhi- 
movich for fruitful discussions. 

This work was financially supported by the Interna- 
tional Association for Assistance of Cooperation with 
Scientists from the Former Soviet Union (INTAS, Grant 
93-2694), the BMBF Foundation (Grant 03M40861, 
joint funding with BASF AG), and (for the Russian 
attthors) the Russian Foundation for Basic Research 
(Project No. 96-03-32335). 

References 

1. H. Saito, S. Okamura, and K. Ishizu, Polymer, 1992, 
33, 1099. 

2. L M. Bronstein, P. M. Valetsky, S. V. Vinogradova, A. I. 
Kuzaev, and V. V. Korshak, Vysokomol. Soedin., A, 1987, 
29, 1694 IPolym. Sci. USSR, See. A, 1987, 29 (Engl. 
Transl.)]. 

3. L. M. Bronstein and P. M. Valetsky, d. Inorg. Organomet. 
Pol.vm., I994, 4, 415. 

4. I E. Larikova, L. M. Bronstein, P. M. Valetskii, S. V. 
Vinogradova, A. T. Shuvaev, A. T. Kozakov, A. V. 
Nikol'skii, A. P. Zemlyanov, and M. M. Tatevosyan, 
VysokomoL Soedin., A, 1987, 29, 2653 [Polym. Sci. USSR, 
Ser. ,4. t987, 29, 2409 (Engt. Transl.)]. 

5 E. Sh. Mirzoeva, L. M. Bronstein, P. M. Valetsky, and 
E. M. Sulman, React. Polym., 1995, 24, 243. 

6. Y. N. C. Chan, R. R. Schrock, and R. E. Cohen, Chem. 
),later., 1992, 4, 24. 

7. V. Sankaran, J. Yue, R. E. Cohen, R. R. Schrock, R. J. 
Silbey, Chem. Mater., 1993, 5, 1133. 

8. Y. N. C. Chan, G. S. W. Craig, R. R. Schrock, and R. E. 
Cohen, Chem. Mater., 1992, 4, 885. 

9. M. Antonietti and S. Henz, Nachr. Chem. Lob. Tech., 
1992, 40, 308. 

10. M. Antonietti, E. Wenz, L. Bronstein, and M. Seregina, 
PMSE Preprints of American Chemical Soctety Meeth~g, 
1995, 73, 283. 

11. M. Antonietti, E. Wenz, L. Bronstein, and M. Seregma. 
Adv. Mater., 1995, 7, 1000. 

12. J. P. Spatz, A. Roescher, and M. M011er, Adv. Mater., 
1996, 8, 337. 

13. J. P. Spatz, S. Sheiko, and M. M611er, Macromotecules, 
1996, 29, 3220. 

14. M. Moffit, E. MeMahon, V. Pessel, and A. Eisenberg, 
Chem. Mater., 1995, 7, 1185. 

15. M. Moffit and A. Eisenberg, Chem. Mater., 1995, 7, t178 
16 C. Auschra and R. Stadler, Macromolecules, 1993, 26, 2171. 
17. C. Auschra and R. Stadler, Potym. Bull., 1993, 30, 257. 
18. R. V. King and F. G. A. Stone, Inorg. Synth., 1963, 7, 193. 
19. K. A. Hofman and G. Bugge, 8er., 1907, 40, 1772. 
20. G. F. Emerson, J. E. Mahler, R. Kochhar, and R. Pettit, 

J. Org. Chem., 1964, 29, 3620 
21, R. Pettit and G. F. Emerson, Adv. Organomet. Chem., 

1964, 1, I. 
22. I. L. Arkhipov, L. A. Stukan, L. M. Bronstein, and P. M. 

Valetsky, VysokomoL Soedin., A, 1987, Z9, 2850 [Polym 
Sci. USSR, Ser. A, 1987, 29 (Engl. Transl.)J. 

23. O. S. Mills and G. Robinson, Proc. Chem. Soc., 1960, 412. 
24. G_ F. Pregaglia, F. Conti, B- Minasso, and R. Ugo, 

Z Organomet. Chem. 1973, 47, 165. 
25. L. M. Bronstein, M. V. Seregina, O. A. Platonova, Y. A. 

Kabachii, D. M. Chernyshov, M. G. Ezernitskaya, L. V 
Dubrovina, T. P. Bragina, and P. M. Valetsky, Macromol. 
Chem., 1998, in press. 

24. R. Stad[er, C. Auschra, J. Beckmann, U. Krappe, 1. Vo[gt- 
Martin, and L. Leibler, Macromolecules, 1995, 28, 3080. 

Received October 8, 1997; 
in revised form October 29. 1997 


