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Abstract

A new hybrid catalyst affording polymerization of phenylacetylene (PhA) into high-molecular-wéight 180 000)
high-cis-polyphenylacetylene (PPhA) was prepared via immobilization of [Rh(cogl€fd = m*-cycloocta-1,5-diene)
on siliceous mesoporous molecular sieves MCM-41 modified by 3-aminopropyltrimethoxysilane. The polymerization was
confirmed to proceed on anchored Rh-species and PPhA formed was continuously released into liquid phase, from which
it was easily isolated. In comparison with related homogeneous catalysts, the hybrid catalyst provided comparable or even
higher PPhA yields, considerably higher molecular weight of PPhA and reduced amounts of oligomeric by-products. The
catalyst was found to be resistant to Rh leaching; however, chemical transformation of anchored Rh-species occurring during
polymerization strongly reduced the possibility of catalyst re-using.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction As catalyst residues in polymers may undesirably
affect polymer functional properties, new polymer-
Substituted polyvinylenes, polymers with conju- ization procedures minimizing the content of catalyst
gated polyene main chains, possess unique propertiegesidues in the resulting polymers are of important
implicating their applications in electronics and optics advantage. Hybrid catalysts prepared by immobiliza-
[1]. So far, these polymers have been prepared al-tion of catalytically active organometallic complexes
most exclusively by polymerization of corresponding on insoluble polymeric or inorganic supports promise
substituted acetylenes homogeneously catalysed withto combine high activity and selectivity of homo-

W-, Mo-, Nb-, Ta-, Rh- and Pd-based catalyi@s7]. geneous catalysts and easy separation of reaction
products from the catalyst. The first hybrid catalysts
"+ Corresponding author. Tel+420-2-6605-3715; that afford_the p_onmenz_ann of.ph.enylacetyl_ene
fax: +420-2-8582-307. (PhA) and its derivatives into readily isolable high-
E-mail address: balcar@jh-inst.cas.cz (H. Balcar). molecular-weight polyphenylacetylenes have been
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prepared recently (i) by copolymerization of (cod)Rh
(AAEMA ™) with acrylate-type comonomers and
crosslinkers (AAEMA™ is a deprotonated form of
2-(acetoacetoxy)ethylmethacrylat§d], (i) by an-
choring  diqu-chloro-bisfy*-cycloocta-1,5-diene)di-
rhodium(l), [Rh(cod)CH, on porous polybenzimida-
zole beads (PBI/[Rh(cod)CGlEkatalyst)[9] and (iii) by
anchoring dip.-methoxo-bis§*-cycloocta-1,5-diene)
dirhodium(l), [Rh(cod)OCH]2, on mesoporous mole-
cular sieves MCM-41 (MCM-41/[Rh(cod)OGH
catalyst)[10]. In the case of PBI/[Rh(cod)Gl]land
MCM-41/[Rh(cod)OCH], we proved that the poly-
merization activity was bound on the catalyst surface
from which the polymer formed was continually re-
leased into the liquid phase. Comparing the polymer-
ization activity of PBI/[Rh(cod)CH and MCM-41/
[Rh(cod)OCH], catalysts of the same Rh-loading
we found the MCM-41-based catalyst approximately
twice as active as the PBIl-based ¢fé]. In addition
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2. Experimental
2.1. Materials

All-siliceous mesoporous molecular sieves of the
MCM-41 type were synthetized by the homogeneous
precipitation method using sodium silicate, hexadecy-
Itrimethylammonium bromide and ethyl acetate. The
template was removed by calcination at 580for 6 h.
Details are given elsewheff@1]. Diphenyldichloro-
silane (PhSICl,, Fluka, puriss.), 3-aminopropyltrime-
thoxysilane (Aldrich, 97%), phenylacetylene (Aldrich),
chlorobenzene (PhCI, Fluka puriss.; supplied over
molecular sieves) and gli-chloro-bis*-cycloocta-1,
5-diene)dirhodium(l) ([Rh(cod)C] Fluka, purum)
were used as obtained. Tetrahydrofuran (THF, Riedel
de Haen, purity 0f+99.5) was freshly distilled from
CwCly and CaH under argon atmosphere. @El»
(Lachema, Czech Republic, p.a. grade) was distilled

to this, mesoporous sieves are well known to possessfrom P,Os and stored over molecular sieves (Fluka

important advantages in comparison with any organic
polymer support: higher thermal and mechanical sta-
bility, high surface area and regular structure indepen-

Type 4A).
Propylamino-*-cycloocta-1,5-diene)chloro-rhodi-
um (1), [Rh(cod)(PA)CI], was prepared as a yellow

dent on the solvent used. Therefore, molecular sievessolid by reaction of [Rh(cod)CGi]with n-propylamine

seem to be more promising supports for the hybrid
catalysts development. In the previous stitly], we
have found that surface Si-OH groups of MCM-41
reacted smoothly and quantitatively with bridging
methoxy groups of [Rh(cod)OGH complex under
elimination of methanol. On the contrary, we found
the affinity of a similar complex, [Rh(cod)Gl] to
MCM-41 to be so low that it was impossible to anchor
[Rh(cod)Clp on MCM-41 by a direct reaction with
surface Si-OH groups. This was an unpleasant find-
ing since [Rh(cod)C} is stable, easy available (even
commercially supplied), while [Rh(cod)OGH must

be freshly prepared from [Rh(cod)@l] Therefore,
we decided to examine a possibility of anchoring
[Rh(cod)Clp on MCM-41 indirectly through an alky-
lamine linker.

In this paper, we report a new hybrid catalyst ac-
tive in PhA polymerization prepared by anchoring
[Rh(cod)CIlp on MCM-41 modified by 3-aminopro-
pyltrimethoxysilane (APTMS). Characterization of
this catalyst including comparison of its activity with
activity of related homogeneous catalysts is given.
The structure, location and stability of catalytic active
species are discussed as well.

(Aldrich, used as obtained) in CKl, accord-
ing to [12]; *H NMR (CDCl), ppm: 0.92 t (3H,
J = 7.2) CH3CH>CHzNH»; 1.57 m (2H) CHCH.
CHyNHy; 1.70-1.81 m (4H) Chicod; 2.11 s (2H)
CH3CH2CHaNH; 2.32-2.50 m (4H) Chlcod;
259 m (2H) CHCHyCHoNH,; 3.40-4.70 (4H)
=CH-cod. 3C NMR (CDCk), ppm: 11.00CHg;
25.89 CHCH,CHsNHy; 30.73 s CHy—cod; 45.33
CH3CH,CH,NHo; (74-77+ 80-83)=CH—cod.

2.2. Preparation of hybrid catalysts

The MCM-41 molecular sieves (903mg) were
dried in vacuo at 300C for 6 h and, after cooling,
suspended in C}Cl, (5ml) under Ar atmosphere in
a Schlenk vessel. Then APTMS (1.077 g, 6.0 mmol)
was added in CBLCl, (15 ml) under vigorous stirring.
After 3 h white solid MCM-41/APTMS was separated
by decantation, washed four times with 15 ml £CHp
and dried under the stream of Ar at 4080 Mod-
ified molecular sieves MCM-41/APTMS (817 mg)
were suspended in Gigl, (5ml) and a yellow so-
lution of [Rh(cod)CI} (either 20.1 mg, 0.041 mmol
for the final Rh-loading of 1wt.%, or 40.2mg,
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0.082mmol for the final Rh-loading of 2wt.%) in
CH.Cl> (11 ml) was added under vigorous stirring.
The sieves turned yellow while the GBI, phase
became colourless within the first 10 min of stirring.
The stirring continued for 3h and then the catalyst,
MCM-41/APTMS/[Rh(cod)Cl}, was separated by
decantation, washed three times with 15 ml i
and dried under the stream of Ar at 4080
Passivation of MCM-41 external surface was per-
formed according t§l3]. We let 1 g of MCM-41 react
with 1.5mmol of PRSICl, in THF (30ml). After
washing (THF) and drying, the resulting MCM-41/
PhSiCl, was modified by the reaction with APTMS
and subsequently with [Rh(cod)gl](as described
above) to provide MCM-41/RiSiCL/APTMS/[Rh
(cod)Clp catalyst with Rh-loading of 1 wt.%.

2.3. Polymerizations

A weighed amount of MCM-41/APTMS/[Rh(cod)
Cl]2 was suspended in a solvent (THF, &, PhCI,
2.5ml) in a centrifuge vial provided with a magnetic
stirring bar. After 10 min, PhA was added and the
reaction mixture was allowed to react under stirring
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concentration, [PhA] = 0.6 mol/l; concentration of
MCM-41/APTMS/[Rh(cod)Cl} with the Rh-loading
of 1wt.%, ccat = 159/, i.e. [Rh] = 1.5mmol/l,
concentration of MCM-41/APTMS/[Rh(cod)Gl]
with the Rh-loading of 2wt.%ccat 1549/, i.e.
[Rh] 3mmol/l. Homogeneous polymerizations
induced with [Rh(cod)Cl] and [Rh(cod)(PA)CI]
complexes were performed similarly ([PhA]=
0.6 mol/l, [Rh] = 1.5 mmol/l). Both [Rh(cod)CH and
[Rh(cod)(PA)CI] were well soluble in all polymeriza-
tion solvents tested.

2.4. Techniques

1H and'3C NMR spectra were recorded on a Var-
ian Unity Inova 400 spectrometetH spectra were
referenced to tetramethylsilanéC spectra to the sol-
vent line at 77.00 ppm (CDg). High resolutior?%Si
CP MAS NMR spectra of solids were recorded on a
Bruker DSX 200 spectrometer equipped with 4 mm
rotor. Cross-polarization pulse program witf? pulse
in proton channel of s, contact pulse of 10 ms, rep-
etition delay of 6 s, spinning rate of 5kHz and 12000
scans were applied. UV-Vis spectra in solution were

at room temperature. The time course of reaction was recorded on a Hewlett-Packard 8452 diode-array spec-

monitored by means of size exclusion chromatog-
raphy (SEC) method. At a given time the reaction
mixture was quickly centrifuged, a volume ofpb
of supernatant was sampled, diluted with 0.5ml THF
and the resulting solution (30) was injected into
SEC columns. The content of polymer and oligomers

trometer, UV-Vis reflectance spectra (quartz cuvette)
on a Perkin-Elmer UV-Vis/NIR spectrometer Lambda.
DRIFT spectra were recorded on a Nicolet Avatar 320
FT-IR spectrometer. N adsorption isotherms were
measured using an Acusorb 2100E Micrometrics ap-
paratus. Scanning electron microscopy (SEM) Jeol

formed was determined from the absolute areas of the JSM 5500LW was used for MCM-41 patrticle size de-

corresponding SEC peaks by using final gravimetric
yields of polymer and oligomers, respectively, for a
calibration (vide infra). Simultaneously, the molecular
weight characteristics of the polymer formed were ob-
tained. After a polymerization time of 420 min, the su-

termination.

ESCA measurements were carried out on an ESCA
310 electron spectrometer (Grammadata Scientia,
Sweden) equipped with a high power rotating an-
ode, wide-angle quartz crystal monochromator, 60 cm

pernatant (containing reaction products) was quantita- diameter hemispherical electron analyser operating

tively separated from MCM-41/APTMS/[Rh(cod)&l]

and added to methanol (50 ml). The precipitated poly-
mer was washed several times with methanol/THF
(4/1 by volume) to remove oligomers and then dried
in vacuo at room temperature. Oligomers were iso-
lated from supernatant after polymer precipitation by
evaporating liquid components at room temperature
The yield of polymer as well as oligomers was deter-
mined by gravimetry. Concentrations applied in poly-
merization experiments were as follows: initial PhA

in a fixed transition mode with pass energy set to
300eV and a two-dimensional electron detector. A
low energy electron flood gun for compensation of
positive charge left on the surface by photoemission
was used for measurements. The measurements were
performed using Al & (hv = 14866 eV) radiation

for electron excitation. The spectrometer was cali-
brated with respect to Au 4k peak (84.00 eV) with

the FWHM (full width at half maximum) of 0.6 eV.

The base pressure during spectra acquisition did not
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exceed 10’ Pa. The spectra of Si 2p and O 1s elec-
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area was 1032 #ig and average pore diameter was

trons of the samples measured were symmetrical, did 3.7 nm. The particle size was abouifh according to

not show any evidence of differential charging and

SEM. After modification of MCM-41 with APTMS

the corresponding core level binding energies were linker, the BET surface area of MCM-41/APTMS

the same for both fresh and used catalyst (Si 2p:

103.4eV, O 1s: 532.9¢eV).

and average pore diameter decreased to 79§ and
3.2nm, respectively. The elemental analysis of MCM-

SEC analyses were carried out on a TSP (Thermo 41/APTMS gave 2.14wt.% of N (that corresponds

Separation Products, Florida, US) Chromatograph

fitted with an UV detector operating at 254 nm. A se-
ries of two PL-gel columns (Mixed-B and Mixed-C,

Polymer Laboratories Bristol, UK) and THF (flow

rate 0.7 ml/min) were used. Weight-average molec-
ular weight, My, and number-average molecular
weight, M, relative to polystyrene standards are re-
ported. Quantitative analyses by inductively coupled
plasma-mass spectrometry (ICP-MS) and induc-

tively coupled plasma-atomic emission spectroscopy

(ICP-AES) were performed by Ecochem Co. (Prague,
Czech Republic).

3. Results and discussion

3.1. Preparation of MCM-41/APTMS[ Rh(cod)Cl] 2
X-ray powder diffraction and B adsorption

isotherm confirmed the high quality of prepared

MCM-41 molecular sieves used for subsequent hy-
brid catalyst preparatioill]. The BET surface

to 1.53 mmol of linker per 1g of MCM-41/APTMS).
293i CP MAS NMR spectra of MCM-41 and MCM-
41/APTMS fig. 1) show changes accompanying
the modification of MCM-41 surface by APTMS—a
strong decrease of{band at—100.6 ppm £Si—OH)
and appearance of a new broad band with the max-
imum at —59 ppm and shoulder at63 ppm, which
can be ascribed to (SiOSi(OMe)[(CH;)3NH>] and
(SiO-BS[(CH2)3NH>], respectively{14,15]
MCM-41/APTMS reacts with [Rh(cod)Cl]
smoothly. The complete disappearance of [Rh(cod)Cl]
UV-Vis bands (350, 390 nm, sh, 262 nm) observed in
the supernatant indicates the quantitative character of
[Rh(cod)CIp immobilization. Supernatants from im-
mobilization and washing procedures were collected
and the amount of Rh in them was determined by ICP-
MS. The total amount of Rh found in supernatants
corresponded to 0.03% of the original amount used
for the immobilization. Therefore, the Rh-loading
in the resulting MCM-41/APTMS/[Rh(cod)Cl]cat-
alysts can be calculated from the supplied amount
of [Rh(cod)Clp. According to this approach, the

1 A 1 n 1 " 1

-160 -140 -120 -100

-80

-60 -40 -20 0
din ppm

Fig. 1.29Si CP MAS NMR spectra of MCM-41 (a) and MCM-41/APTMS (b).
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Fig. 2. UV-Vis spectrum of MCM-41(1) and MCM-41/APTMS/[Rh(cod)&l2) and UV-VIS spectrum of [Rh(cod)(PA)CI] in Gi€l»

(¢ =0.3mg/ml,/ = 0.1cm) (3).

Rh-loading in two independently prepared MCM-
41/APTMS/[Rh(cod)Cl samples (seeSection 2
was 1 and 2wt.%, respectively. Moreover, for the
former sample, repeated ICP-AES determinations
gave (099 + 0.05)wt.% of Rh, and for the latter
one, ESCA analysis provided surface stoichiometry
of Si10001.84Co.72N0.11Clo.02Rho 014 that is, within
the limit of experimental errors, in a good agreement
with the 2wt.% of Rh.

The UV-Vis reflectance spectrum of MCM-41/
APTMS/[Rh(cod)CI} coincides well with the UV-Vis
spectrum of [Rh(cod)(PA)CI] in solutionF{g. 2.
This finding indicates that in the course of immo-
bilization, [Rh(cod)CIl} undergoes dissociation and
transformation to the mononuclear —hRhCI(cod)
species linked via the aminoligand to the support as
proposed irScheme 1

3.2. Polymerization activity of
MCM-4UAPTMS/[Rh(cod)Cl] 2

The activity of MCM-41/APTMS/[Rh(cod)C}]
(Rh-loading of 1wt.%) in polymerization of PhA
(Scheme Pwas examined in THF, PhCI and Gal,
solvents. In all solvents tested, high-molecular-weight
PPhA My, in the range from 130000 to 190 000) was

found to be continuously released from MCM-41/
APTMS/[Rh(cod)CI} into the liquid phase, which
enabled monitoring the reaction course by SEC tech-
nique (seesection 3. The catalytic activity, however,
was steadily bound to the solid catalyst. This is clearly
demonstrated by experiment depicted-ig. 3. After
30min of reaction, the polymerization mixture was
divided into two volume-equal parts. The first part
consisted of the liquid phase only, whereas the second
one contained the rest of the liquid and all the solid
catalyst. As it is seen frorkig. 3, the polymerization
continued only in the system with the solid catalyst.
The dependences of PPhA yield aklj§, and M,
values on polymerization time are givenhing. 4. In
all solvents tested, the polymerization proceeded sim-
ilarly reaching the PPhA final yields from 43 to 64%.
The effect of the solvent on the molecular weight
characteristics of PPhA prepared was negligible. The
small decrease in PPhA molecular weight observed
during polymerization in all solvents is probably due
to the formation of shorter polymer chains in the
later stages of polymerization and/or slight polymer
degradation that is known to proceed in various sol-
vents[16—19] In THF, the influence of PhA to Rh
mole ratio on the polymerization was tested using
MCM-41/APTMS/[Rh(cod)Cl} catalysts differing
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MCM-41/APTMS/[Rh(cod)Cl],

Scheme 1.

C==CH +C=CH+

n

MCM-41/APTMS/[Rh(cod)Cl],

Scheme 2.
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Fig. 3. PPhA yield vs. reaction time for PhA polymerization with MCM-41/APTMS/[Rh(cod)@} experiment in which the reaction

mixture was divided into two parts: (1a) containing all the catalyst particles, and (1b) free of catalyst particles (separation indicated by an
arrow). CHCly, room temperature, [Rhf 1.5 mmol/l, [PhAl = 0.6 mol/l.
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Fig. 4. PhA polymerization with MCM-41/APTMS/[Rh(cod)Gl] Reaction time dependences of PPhA vyield (a) and weight-average and
number-average molecular weight of PPHA,, and M, respectively (b). Solvents: THF (curves la, 1b), PhCI (curve 2) andQGH
(curve 3). Concentrations: [Rk} 1.5 mmol/l (curves 1a, 2, 3), 3mmol/l (curve 1b), [Pk 0.6 mol/l. Room temperature.

in the Rh-loading (1 and 2wt.%, respectively; see  Using MCM-41/APTMS/[Rh(cod)CH as a cata-
Section 2. As evident fromFig. 4, an increase in Rh  lystin polymerization reaction, the question may arise
concentration (i.e. a reduction of [PhgqRh] ratio) whether the growth of macromolecules is really lo-
led to the appropriate increase in the initial polymer- cated inside the mesoporous channels of the catalyst.
ization rate and to a slight increase in the final PPhA We tried to answer this question by means of a spe-
yield, however, it had no influence on PPhA molec- cial experiment performed with MCM-41 the external
ular weight. The similarly low sensitivity of poly-  surface of which (approximately 10% of the total sur-

acetylenes molecular weight to the [monorg&Rh] face) was passivated by the reaction withh &iCl5.
ratio has been observed earlj&0]. Rohlfing et al.[13] showed that, due to the rapid
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Fig. 5. PPhA vyield vs. reaction time for PhA polymerization with MCM-41/APTMS/[Rh(cod)QRA) and MCM-41/PhSiCly/
APTMS/[Rh(cod)Cl} (B). CHxClz, room temperature, [Rhf 1.5 mmol/l, [PhA = 0.6 mol/l. Numbers at experimental points denote
weight-average molecular weight of PPhA (in kDa).

reaction of PBSICl, with Si-OH groups, the exter- catalyst. We assume the beginning of the channels
nal surface Si-OH groups in MCM-41 are saturated as the most probable place where the formation of
preferentially being transformed inte SiO-SiPRkClI high-molecular-weight PPhA prevailingly proceeds.
or (~SiO)-SiPh. Thus, the pre-treatment of MCM- IR and*H NMR spectroscopy of polymers prepared
41 with appropriate amount of P8iCl, ensures that  with MCM-41/APTMS/[Rh(cod)CI} confirmed (i)
molecules of subsequently submitted linker are bound their polyphenylacetylene structure (as given in
exclusively on the walls of channels. The hybrid cata- Scheme 2 and (ii) regardless of the polymerization
lyst prepared in this way, MCM-41/BBiCl,/APTMS/ solvent applied, always a higtis-double bond con-
[Rh(cod)CIp (Rh-loading of 1wt.%) (se&ection 2 tent (90-95%), which is typical for polyacetylenes
was tested in PhA polymerization (in G8I,) under prepared with Rh-based homogeneous catalysts. The
the same conditions as applied for previous experi- same microstructure of PPhA formed with hybrid
ments. The resultsH{g. 5 show that passivation of MCM-41/APTMS/[Rh(cod)CIl} and homogeneous
external surface led to a partial decrease in polymer- Rh-based catalysts indicates high similarity as con-
ization rate and final polymer yield most probably due cerns the kind and action of respective catalytic
to the narrowing of the MCM-41 channel openings; species.

on the other hand, the passivation had no influence The polymerization activity of MCM-41/APTMS/
on the molecular weight of PPhA formed. It indi- [Rh(cod)Clp was compared with that of two homo-
cates that the high-molecular-weight PPhA is formed geneous catalysts: (i) parent [Rh(cod}CHnd (ii)

on the inner catalyst surface, i.e. inside the chan- mononuclear [Rh(cod)(PA)CI], the structure of which
nels of MCM-41/PhSiCl,/APTMS/[Rh(cod)Cl}. we suppose to be close to the structure of anchored
The finding that limited space of channels does not Rh-species§cheme )L Results of this comparison are
represent a serious obstacle for the formation of given inFig. 6. To our knowledge, [Rh(cod)(PA)CI]
high-molecular-weight PPhA suggests that also in the has not been tested in acetylenes polymerization till
case of MCM-41/APTMS/[Rh(cod)Cllthe inner sur- now. We found [Rh(cod)(PA)CI] to polymerize PhA
face of catalyst is active in formation of PPhA. How- in a non-living manner similarly to [Rh(cod)Gl]
ever, we cannot specify the distribution of Rh-species (Mw/M, = 2.0-3.0 for both complexes). As evident
active in polymerization along the channels of the fromFig. 6, the activity of both homogeneous catalysts
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ino@H (c) Catalysts:

MCM-41/APTMS/[Rh(cod)CI} (curves A), [Rh(cod)CH (curves B) and [Rh(cod)(PA)CI] (curves C). Room temperature, [RA]5 mmol/l,
[PhA]o = 0.6 mol/l. Numbers at experimental points denote weight-average molecular weight of PPhA (in kDa).
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strongly depends on the polymerization solvent: (i) achieved with MCM-41/APTMS/[Rh(cod)CGl] was
final PPhA yield decreases in dependence on solventeither comparable (in THF and PhCI) or even higher
in the order THF (65%) > PhCI (48%) > GBI, (in CHxCl») than that obtained in homogeneous poly-
(15%) for [Rh(cod)CIl} and in the order PhCI (64%) merizations. A very strong effect of [Rh(cod)&gn-

> THF (31%) > CHCI, (22%) for [Rh(cod)(PA)CI], choring is, however, apparent from the comparison of
(i) PPhA molecular weight decreases in the order My, values of PPhA: regardless of the solvent applied,
THF > PhCI > CHCI;, for both [Rh(cod)Cl} and MCM-41/APTMS/[Rh(cod)CI} provided PPhA of
[Rh(cod)(PA)CI] (for values seEig. 6). The effect of considerably higher molecular weight than that
a solvent on the polymerization activity of Rh-based achieved with homogeneous catalysts; especially high
homogeneous catalysts is usually explained in terms differences were found in PhCl and @El,. It may

of solvent ability to dissociate dinuclear Rh com- indicate that specific surroundings of catalytic centres
plexes and/or to stabilize catalytic species or their in channels of MCM-41/APTMS/[Rh(cod)Gl]sup-
precursorg3]. Thus, better results of homogeneous press termination of polymer chains growth (probably
polymerizations achieved in THF as compared with by reducing chain transfer).

PhCI and CHCI, may be explained by THF higher With homogeneous Rh catalysts, the polymeriza-
polarity and ability to coordinate Rh atoms in com- tion of PhA is known to be accompanied by formation
parison with less polar PhCl and GEl,. Contrary to of oligomers (molecular weight from 1000 to 2000).
the above homogeneous catalysts, the polymerizationUsing MCM-41/APTMS/[Rh(cod)CH this oligomer-
activity of MCM-41/APTMS/[Rh(cod)CH was found ization was significantly reduced in all solvents tested
to be significantly less sensitive to the polymerization (Fig. 7). The reduction of oligomerization activity of
solvent applied, particularly as the molecular weight Rh catalysts as a consequence of their immobiliza-
of resulting PPhA is concerned. The PPhA yield tion was also observed earlier for [Rh(cod)Ole]

12
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—] B C

X 8- —
£ — C =
n — —
[0} — —
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2 — —] —
© E§ A = —
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Fig. 7. Yield of oligomers resulting in PhA polymerization with MCM-41/APTMS/[Rh(cod)}@h), [Rh(cod)CI} (B) and [Rh(cod)(PA)CI]
(C) in various solvents. Room temperature, [Rh]L.5 mmol/l, [PhA}, = 0.6 mol/l, reaction time= 7 h.
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anchored on MCM-41 and [Rh(cod)gllanchored

on polybenzimidazol§9,10]. As oligomerization and
polymerization probably proceed on distinct catalytic
centres[20], it may suggest that immobilization of
Rh complexes reduces the extent of conversion of Rh-
moieties into species inducing PhA oligomerization.

3.3. Characterization of
MCM-41/APTMS[Rh(cod)Cl]2 used in
polymerization

After PhA polymerization in THF had finished
(reaction time 7h, PPhA vyield 59%) the cata-
lyst MCM-41/APTMS/[Rh(cod)Cl (Rh-loading of
2wt.%) was separated, washed with THF and exam-
ined for re-using under the same reaction conditions
(for conditions sed-ig. 4). The catalyst activity in
the second polymerization cycle was found to be
strongly depressed. After 7 h of reaction, the PPhA
yield of 2% M,y = 145000, M, = 60000) was
achieved; at the prolonged reaction time of 24h,
the PPhA vyield increased up to 10%, however, the
molecular weight of polymer decreased considerably
(My =60000, M, =11000). To find the reason
for the catalyst deactivation, we studied the sample
of used MCM-41/APTMS/[Rh(cod)Cl] (Rh-loading
of 2wt.%), i.e. catalyst isolated after the first poly-
merization cycle (in THF), carefully washed with
THF and dried under Ar. In comparison with fresh
MCM-41/APTMS/[Rh(cod)Cl}, the surface stoi-
chiometry determined by ESCA (see above) did not
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Fig. 8. High resolution spectra of Rh (3d) electrons for
MCM-41/APTMS/[Rh(cod)Cl} before using (1) and after using
(2) in PhA polymerization.

catalyst pores by insoluble polymer deposition is
not probable (no signals of PPhA were found in
DRIFT spectra of the used catalysts). The character of
these transformations is not yet completely clear. For
MCM-41/[Rh(cod)OCH]2, we observed a liberation
of cod ligand from the anchored complex into the
liquid phase during PhA polymerization in THE1].
Similarly, evolution of free 1,5-cyclooctadiene during
PhA polymerization with [Ir(cod)CH homogeneous
catalyst was observed recent]@2]. Although we
have not succeeded in detection of free cyclooc-

reveal any decrease in Rh concentration in the usedtadiene in the course of PhA polymerization with

catalyst. However, the value of 3d electron binding
energy of Rh atoms in the fresh (308.8 eV) and used
(309.4eV) MCM-41/APTMS/[Rh(cod)C]] differed
significantly §ig. 8). This increase in the binding
energy can be attributed to the rise in the positive
charge of Rh atom probably due to the replacement
of its substituent(s) by more electron withdrawing
one(s). The same shift in binding energy from 308.5
to 309.0eV was observed for previously studied
MCM-41/[Rh(cod)OCH],, the activity of which

in the second polymerization cycle was also very
low [21]. Thus, similar chemical transformations of
anchored Rh-species very probably occurred dur-

MCM-41/APTMS/[Rh(cod)Cl}, we suggest oxida-
tive addition of two PhA molecules (and/or two seg-
ments of an oligomer molecule) to the anchored Rh
atom (with a possibility oftod liberation) under for-
mation of species of rhodacyclopent-ene/-adiene-type
[23] as a possible way of Rh centres deacti-
vation for both MCM-41/[Rh(cod)OCE],; and
MCM-41/APTMS/[Rh(cod)ClI} hybrid catalysts.

4. Conclusions

A new hybrid catalyst for polymerization of PhA

ing the PhA polymerization, in both cases. These into high-molecular-weight PPhA was prepared by
transformations seem to be the main reason for the anchoring stable and commercially available [Rh(cod)
observed catalyst deactivation, since a blocking of Cl]2 on siliceous mesoporous molecular sieves
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MCM-41 modified with APTMS. The polymerization

proceeded on the catalyst surface and PPhA formed

was continuously released into the liquid phase,
from which it was easily isolated. In comparison
with homogeneous catalysts, parent [Rh(codh)@Hd
mononuclear [Rh(cod)(PA)CI] complexes, the hybrid
MCM-41/APTMS/[Rh(cod)Cl} catalyst exhibited
comparable or even higher polymerization activity.
Especially, the Rh complex anchoring brought about
the considerable increase in the molecular weight of
polymer formed and parallel reduction in formation

of undesirable oligomeric by-products. The stereose-

lectivity of Rh homogeneous catalysts leading to the
formation of higheis-polyacetylenes was preserved in
polymerization with MCM-41/APTMS/[Rh(cod)Cl]
The hybrid catalyst described was resistant to Rh
leaching. However, the observed chemical transfor-
mation of anchored Rh-species during polymerization

caused the catalyst deactivation and strongly reduced

a possibility of catalyst re-using.
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