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Catalysts from Self-Assembled
Organometallic Block Copolymers**

By David A. Durkee, Hany B. Eitouni,
Enrique D. Gomez, Mark W. Ellsworth, Alexis T. Bell,
and Nitash P. Balsara*

Homogenous catalysts are widely used to catalyze chemical
reactions in the liquid phase; however, the separation of the
reactants and products from such a catalyst can be difficult
and often limits their use in practice. For this reason there has
been considerable interest in the heterogenization of homoge-
neous catalysts. The use of polymers for this purpose has been
particularly attractive because of the availability of a wide
range of polymeric structures and methods for catalyst incor-
poration.'™! Catalyst heterogenization has been reported by
dissolution of the catalyst into the polymer, incorporation of
the catalytically active center into the monomer from which
the polymer is made, and grafting of the catalyst onto the
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chains of a preexisting polymer through chemically active
functionalities on the polymer side chain. Here we describe a
novel approach for heterogenizing homogeneous catalysts
that involves the use of microphase-separated diblock copoly-
mers. Previous studies have demonstrated that nanostructured
block copolymers can be used for a wide variety of electron-
ic % photonic,[7’8] and electrochemical”! applications. Organo-
metallic block copolymers have also been shown to be catalyst
precursors for the growth of carbon nanotubes."*? In the
present study, one block is synthesized from a crosslinkable
monomer that is not catalytically active, and the second from
an organometallic monomer that has the potential to be cata-
lytically active.'>' When placed in a solvent, the polymer gel
swells to facilitate transport of the reactants to the active cen-
ters and the transport of products from these centers.

The reaction chosen for investigation was the Michael addi-
tion of ethyl-2-oxycyclopentane carboxylate (E20C) and
methyl vinyl ketone (MVK) (see Fig. 1). This class of reac-
tions is important for steroid synthesis and for forming C-C
bonds in a variety of other organic compounds.[ls] Prior stud-
ies have shown that Lewis acids, such as ferric Fe'™ and scan-
dium Sc™ ions, enable the reaction to proceed under mild
conditions.'®?! In addition, scandium supported on Nafion,
polystyrene beads, crosslinked dendrimers, and swollen mont-
morillonite!"?!] have also been reported to be effective as
catalysts for Michael addition. In this study, we evaluate the
activity of the three ferrocenium-based catalysts depicted in
Figure 1.

A poly(vinylferrocene-block-isoprene) copolymer (FI) was
synthesized by sequential anionic polymerization of vinyl fer-
rocene and isoprene.””! This polymer was then oxidized using
silver triflate in a benzene/methanol mixture to obtain a
poly(vinylferrocenium triflate-block-isoprene) (FTT) copoly-
mer, shown in Figure 1d. The oxidation reaction was moni-
tored by UV-vis spectroscopy. Figure 2a shows UV-vis spectra
of FTI/benzene mixtures. The absorbance at 638 nm, the
wavelength of the ferrocenium cation absorption peak, is a
linear function of the molar ratio of added silver triflate to fer-
rocene moieties (Fig. 2b). This indicates that the fraction of
ferrocene oxidized to ferrocenium is directly proportional to
the amount of Ag” added. We found that the addition of the
silver salt to the FI solution led to an immediate color change
from orange to blue. This observation and the data in Figure 2
are consistent with the complete oxidation of the ferrocene
(Fc) moieties to ferrocenium (Fc*). This is expected because
of the large difference in the reduction potentials of Ag" and
ferrocenium. After oxidation, the solution was centrifuged,
filtered, and freeze-dried. The freeze-dried polymer was then
pressed into discs and exposed to electron-beam crosslinking.
The dosage on the sample was 58.7 Mrad, which was adequate
for crosslinking the polyisoprene block.! All attempts to use
other crosslinking strategies, such as peroxide-based crosslink-
ing, were unsuccessful due to the chemical sensitivity of the
FT block.

Figure 3 shows a typical transmission electron micrograph
of the crosslinked FTI copolymer. The dark phase is the
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Figure 1. a) Reaction scheme and b-d) molecular structures of the catalysts used in this study. b) Ferrocenium triflate, c) poly(vinylferrocenium tri-

flate), and d) poly(vinylferrocenium triflate-block-isoprene).
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Figure 2. a) UV-vis spectra of 0.1 wt.-% FTI copolymer solutions in ben-
zene for different oxidation percentages. b) The absorbance at 638 nm,
the wavelength of the ferrocenium cation absorption peak, versus per-
cent oxidation.
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Figure 3. Transmission electron micrograph of the crosslinked poly(vinyl-
ferrocenium triflate-block-isoprene) copolymer showing a periodic lamel-
lar phase. The catalytically active poly(vinylferrocenium triflate) block
appears dark and the supporting polyisoprene block appears light.

poly(vinylferrocenium triflate) block while the light phase is
the polyisoprene block. The presence of a periodic lamellar
phase with a periodicity of 11 nm is evident in the micrograph.
The volume fraction of the FT block in the FTI copolymer, f, is
estimated by 'THNMR to be 0.3.124 Uncharged, organic block
copolymers with f=0.3 form cylindrical phases.” The forma-
tion of a lamellar phase in the FTI melt is perhaps due to the
presence of counter ions and the stiffness of the FT block.

A predetermined amount of the crosslinked FTI copolymer
was placed in an excess of the reaction solvent (6:1 by volume
mixture of dichloromethane/methanol) to swell for 24 h. The
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volume of the swollen gel was a factor of 14 larger than that
of the dry gel, indicating that the solvent mixture is a good sol-
vent for the gel. All of the chains that are not attached to the
crosslinked network are removed in this step. The gel fraction,
fge1, defined as the ratio of the weight of the dry sample after
the swelling experiment to that before the swelling experi-
ment, was 0.52. This measured gel fraction is indicative of a
lightly crosslinked network which is expected to promote
mass transfer. After the extraction of the chains not attached
to the network, no evidence of metal leaching was observed.
The catalytic activity of crosslinked FTT was compared with
that of ferrocenium triflate, poly(vinylferrocenium triflate),
and the uncrosslinked FTI copolymer. The concentration of
active sites Fe' (Mg..) in the reaction mixtures was 8.1 mM
in the case of the homogeneous catalysts, and (fye1 x M)
4.2 mM in the case of the crosslinked FTI catalyst. Experi-
ments with different concentrations of E20C and MVK dem-
onstrated that the reaction is pseudo-first order in MVK.
These kinetics suggest that E20C reacts reversibly with the
catalyst to form an adduct, which then reacts more slowly with
MVK. The time-dependence of the MVK concentration in
the presence of crosslinked FTI is shown in Figure 4. The
cluster of points at a given time represents data obtained from
independent reagent/catalyst mixtures. The decay of MVK
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Figure 4. Reactant (MVK) concentration (molar) versus time on a semi-
log plot for three independent Michael addition reactions catalyzed by
crosslinked FTI. The slope of least squares linear fits through the data
determine the apparent first-order reaction rate constant.

concentration is approximately exponential, as shown in
Figure 4, and this enables determination of the apparent first-
order reaction rate constant k. Qualitatively similar data
were obtained for the other catalysts shown in Figure 1. The
rate constants thus obtained from the four catalyst systems
of interest are listed in Table 1. Our values of k, after nor-
malization for the concentration of active sites, range from
52-64 h™' Mg..™. These values are similar in magnitude to the
rates reported for the iron(ir) chloride catalyst.!'”! We have
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Table 1. Michael reaction rate constants obtained for four catalyst systems
described in the text.

Catalyst k

™" Mg
Ferrocenium triflate 55+7
Poly(vinylferrocenium triflate) 64+2
FTI 525
crosslinked FTI gel 53+4

thus clearly established the catalytic activity of our self-as-
sembled heterogeneous catalyst. The similarity of k values
obtained from heterogeneous and homogeneous catalysts
indicates that the activity of our heterogeneous catalyst is not
mass-transfer limited.

To summarize, we have established a new route for synthe-
sizing catalysts using organometallic block copolymers. The
catalysts are formed by molecular self-assembly, which en-
ables stringent control over the size and arrangement of both
the active sites and the support structure. The polymer block
that is free of active centers is crosslinked in order to provide
support for the polymer block containing the catalytically
active centers. This is functionally similar to the synthesis of
mesoporous siliceous materials created by an amphiphilic,
structure-directing agent,?*?”! in which the latter is retained
rather than being sacrificed and is catalytically active. How-
ever, in contrast to the use of an inorganic support, the rigidity
of the support can be altered by changing the crosslinking
dosage, providing greater capacity for tuning the access to the
catalytically active centers. Further investigation of the cata-
lyst structure in solution and the effect of support and active-
site geometry on catalytic activity and selectivity will be un-
dertaken.

Experimental

Polymer Synthesis: A poly(vinylferrocene-block-isoprene) copoly-
mer (FI) was synthesized by sequential anionic polymerization under
high vacuum in THF, using sec-butyl lithium as the initiator. 1.9 g of
vinyl ferrocene purified via double sublimation was added to solvent
and 0.45 mL 1.4 M sec-butyl lithium solution. The polymerization was
allowed to proceed at —40°C for 24 h to ensure complete conversion
of vinyl ferrocene. Next, 4.2 g of isoprene purified over calcium hy-
dride and sec-butyl lithium was vacuum-distilled into the reaction
mixture. The added isoprene was allowed to react for 8 h at 0°C in
order to assure its complete consumption. The polymerization was
then terminated with isopropyl alcohol in an argon glove box. 2 g of
polyvinylferrocene homopolymer was also synthesized by the above
method. Gel permeation chromatography (GPC) measurements of
the FI copolymer show a weight-average molecular weight (M,,) of
12000 gmol™ and a polydispersity index (PDI) of 1.11. GPC was also
performed on the polyvinylferrocene homopolymer with
M,,=3300 gmol™ and PDI=1.02. 'HNMR was performed on the FI
copolymer. Peak integrations show 77 % 1,4-addition of isoprene and
a ratio of isoprene-to-vinylferrocene repeat units of 8.3:1.

Oxidation: 0.9 equivalents of silver triflate (AgSO5CF3) dissolved
in methanol was mixed inside an argon glove box with a benzene/FI
solution to obtain a poly(vinylferrocenium triflate-block-isoprene) co-
polymer (FTT). All solvents were thoroughly degassed prior to use.
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After oxidation, the solution was centrifuged, decanted, and filtered
through a 0.2 um filter to remove silver particles, and freeze-dried for
storage. Polyvinylferrocene homopolymer and ferrocene were oxi-
dized in the same manner.

Crosslinking: The freeze-dried FTI copolymer was molded me-
chanically into disks with diameter=7 mm and thickness=1 mm.
Electron-beam crosslinking of the polymer was performed using an
electron-beam source at Tyco Electronics in Menlo Park, CA. The
samples were irradiated by a 3 MeV beam source using a series of
approximately 0.9 s exposures for a total exposure time of 19.8 s.

Transmission Electron Microscopy: Thin sections (ca. 50 nm) of
crosslinked FTI were cryomicrotomed at —100°C and examined by
transmission electron microscopy at the National Center for Electron
Microscopy at Lawrence Berkeley National Laboratory (LBNL).
Staining was not required, since the electron contrast between the
iron-containing block and the organic block was sufficient to differ-
entiate the microphases of the polymer.

Activity Measurements: Equimolar mixtures of reactants (0.29 mL
MVK and 0.50 mL E20C) were added to 2 mL of solvent (6:1 by vol-
ume dichloromethane:methanol mixture). Predetermined amounts of
catalysts were added at time zero (1=0) to the reaction mixture. The
swollen crosslinked FTI catalyst was added as cubes approximately
1 mm in length. The Michael addition reaction was carried out in a
glass reaction vessel at room temperature in an argon atmosphere.
Samples were pipetted out of the glass reactor at regular intervals and
analyzed by "THNMR. The progress of the reaction was followed by
the time dependence of the vinyl proton NMR signal at 6.3 ppm,
which is proportional to the concentration of the MVK. The samples
obtained from the homogeneous catalysts were filtered through alu-
mina columns to remove the dissolved iron species that interfere with
the NMR experiments. In the case of the crosslinked FTT catalyst, no
iron removal was needed prior to the NMR analysis. Since 10 % of
the ferrocene in FTI remained after oxidation of the ferrocene to fer-
rocenium, and a small amount of silver may have been trapped in the
block copolymer after filtration, experiments were carried out to de-
termine whether ferrocene or silver are catalytically active. Neither of
these components was found to be active for Michael addition under
the conditions used for this work.

Received: February 18, 2005
Final version: May 4, 2005

[1] a) D. E. Bergbreiter, Chem. Rev. 2002, 102, 3345. b) D. E. Bergbrei-
ter, Catal. Today 1998, 42, 389. c) D. E. Bergbreiter, Macromol.
Symp. 1996, 105, 9.

[2] S. Brase, F. Lauterwasser, R. E. Ziegert, Adv. Synth. Catal. 2003,
345, 869.

[3] S.Lubbad, B. Mayr, M. Mayr, M. R. Buchmeiser, Macromol. Symp.
2004, 210, 1.

[4] A. G. M. Barrett, A. J. Hennessy, R. L. Vézouét, P. A. Procopiou,
P. J. Seale, S. Stefaniak, R. J. Upton, A. J. P. White, D. J. Williams, J.
Org. Chem. 2004, 69, 1028.

[5] N. Takaishi, H. Imai, C. A. Bertelo, J. K. Stille, J. Am. Chem. Soc.
1978, 100, 264.

[6] T. Thurn-Albrecht, J. Schotter, G. A. Kistle, N. Emley, T. Shibauchi,
L. Krusin-Elbaum, K. Guarini, C. T. Black, M. T. Tuominen, T. P.
Russell, Science 2000, 290, 2126.

[7] A. C. Edrington, A. M. Urbas, P. DeRege, C. X. Chen, T. M. Swa-
ger, N. Hadjichristidis, M. Xenidou, L. J. Fetters, J. D. Joannopoulos,
Y. Fink, E. L. Thomas, Adv. Mater. 2001, 13, 421.

[8] C. Osuji, C.-Y. Chao, I. Bita, C. K. Ober, E. L. Thomas, Adv. Funct.
Mater. 2002, 12, 753.

[9] B.-K. Cho, A. Jain, S. M. Gruner, U. Wiesner, Science 2004, 305, 1598.

[10] S. Lastella, Y. J. Jung, H. Yang, R. Vajtai, P. M. Ajayan, C. Y. Ryu,
D. A. Rider, I. Manners, J. Mater. Chem. 2004, 14, 1791.

[11] J. Q. Lu, T. E. Kopley, N. Moll, D. Roitman, D. Chamberlin, Q. Fu,
J. Liu, T. P. Russell, D. A. Rider, I. Manners, M. A. Winnik, Chem.
Mater. 2005, 17,2227.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/adma.200500270

[12] C. Hinderling, Y. Keles, T. Stockli, H. F. Knapp, T. de los Arcos,
P. Ocelhafen, I. Korczagin, M. A. Hempenius, G. J. Vancso, R. Pugin,
H. Heinzelmann, Adv. Mater. 2004, 16, 876.

[13] H. B. Eitouni, N. P. Balsara, J. Am. Chem. Soc. 2004, 126, 7446.

[14] J. A. Massey, K. N. Power, M. A. Winnik, I. Manners, Adv. Mater.
1998, 10, 1559.

[15] M. E. Jung, in Comprehensive Organic Synthesis, Vol.4 (Eds: B. M.
Trost, I. Fleming), Pergamon, Oxford, UK 1991, p. 1.

[16] J. Christoffers, Eur. J. Org. Chem. 1998, 1259.

[17] 1. Christoffers, Chem. Commun. 1997, 943.

[18] S. Nagayama, S. Kobayashi, Angew. Chem. Int. Ed. 2000, 39, 567.

[19] M. T. Reetz, D. Giebel, Angew. Chem. Int. Ed. 2000, 39, 2498.

[20] T. Kawataba, T. Mizugaki, K. Ebitani, K. Kaneda, J. Am. Chem. Soc.
2003, 725, 10486.

[21] W. Gu, W. Zhou, D. Gin, Chem. Mater. 2001, 13, 1949.

[22] O. Nuyken, V. Burkhardt, C. Hiibsch, Macromol. Chem. Phys. 1997,
198, 3353.

[23] A. Chapiro, High Polymers, Radiation Chemistry of Polymeric Sys-
tems, Vol. XV, Wiley, New York 1962.

[24] The volume fraction was estimated based on the densities of ferro-
cene, triflic acid, and polyisoprene.

[25] FE. S. Bates, M. F. Schultz, A. K. Khandpur, S. Forster, J. H. Rose-
dale, Faraday Discuss. 1994, 98, 7.

[26] C.T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli, J. S. Beck,
Nature 1992, 359, 710.

[27] P. Yang, D. Zhao, D. I. Margolese, B. F. Chmelka, G. D. Stucky,
Chem. Mater. 1999, 11, 2813.

Stainless-Steel-Net-Supported Zeolite
NaA Membrane with High Permeance
and High Permselectivity for Oxygen
over Nitrogen**
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Zeolites with uniform micropores have been used as selec-
tive catalysts and adsorbents owing to their ability to permit
small molecules to enter their pores while leaving larger mole-
cules behind, or to allow small molecules to pass through the
pores prior to larger molecules.! In the past ten years, much
effort has been made to develop zeolite membranes for sepa-
ration and catalysis applications.” ") Zeolite NaA possesses
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