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Atom transfer radical polymerisation with an immobilised
[RUCl>(p-cymene)], dimer
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[RUCl>(p-cymene)]» has been immobilized on silica and mesoporous MCM-41 and used as a catalyst for the atom transfer radical
polymerisation (ATRP) of styrene, (methyl)methacrylate and acrylonitrile. The heterogeneous catalyst has a comparable activity as the
homogeneous analogues and showed no significant loss of catalytic activity when reused.
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1. Introduction

The investigation of heterogeneous hybrid catalysts has
been driven by the vision of combining the positive aspects
of homogeneous catalysis (high activity per site, high selec-
tivity, reproducibility and efficiency) with those of heteroge-
neous catalysis (thermal stability, ease of separation, possi-
bility of continuous working).

Atom transfer radical polymerisation (ATRP) is one of
the most promising methods in the field of controlled/*liv-
ing” radical polymerisation [3]. The basis of this tech-
nique is the reversible transfer of a halogen atom from a
monomeric or polymeric alkylhalide (Pol—X) to a transition
metal complex (LM{), generating an organic radical (Pol")
and atransition metal complex with a higher oxidation state
(LMIX) (figure 1) [4,5]. The redox equilibrium between
LM7 and LM} +1X is strongly shifted toward the LM} com-
plex; hence the concentration of propagating radicalsis kept
low, termination is reduced, and monomer addition is con-
trolled. A range of systems have been described using dif-
ferent metal catalysts in conjunction with an activated alkyl
halide initiator, e.g., Ru(ll) [6], Cu(l) [4,5,7], Ni(ll) [8],
Rh(1) [9] and Fe(l1) [10].

Ruthenium (RuCl>(PPh3)3) was first introduced by
Sawamoto and co-workers [6] for the controlled polymeri-
sation of methylmethacrylate (MMA) but requires the pres-
ence of a Lewis acid activator. Arene complexes co-
ordinated with ruthenium have attracted significant interest
in polymer chemistry. Dimeric [RuCl,(arene)]2, more spe-
cific [RuClz(p-cymene)]2 in combination with a monophos-

Pol—X + LM = Pol’ 4+ LM} *1X

Figure 1. Redox dynamic equilibrium reaction.

* To whom correspondence should be addressed.

phine (PR3), exhibits an excellent catalytic activity in poly-
mer synthesis. After the proper initiation, the complex acts
as an extremely active catalyst for ring-opening metathesis
polymerisation [11] (ROMP) or (ATRP) [12].

The Ru—arene complexes present a high functional group
tolerance, which permits the polymerisation of monomer
derivatives bearing acetal, ether, ester, epoxide and acid
functions. This opens perspectives for the polymerisation of
macromolecules with different topologies, architecture and
functional groups. Demonceau and co-workers [11,12] ex-
posed the efficacy of the Ru—arene complexes for ATRP in
the absence of co-catalyst activation. The air-stable com-
plexes are favourable compared to the most active ATRP
catalysts reported to date. Although many advantages of
this polymerisation technique have been disclosed so far, a
few drawbacks remain. The use of this expensive transition
metal catalyst and the polymer colouring effect limits any
large scale application of this process. A number of strate-
gies have been reported to alleviate this problem including
immobilisation on insoluble organic and inorgani ¢ supports,
e.g., silicagel [13] and modified polystyrene [14], and the
use of fluorous biphase reaction media [15] which allows
for efficient catalyst separation.

Thediscovery of anew family of ordered mesoporousin-
organic materials has attracted considerable and still grow-
ing attention due to their remarkable structure and wide
application perspectives [16]. This is not only because it
has brought about a series of novel mesoporous materi-
als with various compositions which may find applications
in catalysis, adsorption and host—guest chemistry, but also
it has opened a new avenue for creating zeotype materi-
als [17,18]. These materials posses a regular pore diame-
ter in the range of 2-10 nm and a specific surface areafrom
at least 1000 m?/g; besides the inner surface of MCM-41 is
covered with silanol groups which enable the immobilisa-
tion of transition metal catalysts via spacer molecules, such
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Scheme 1. Preparation of MCM-41-DIPHES-[Ru].

as (EtO)3Si(CHy), Y (withn = 1,2,3,...and Y = NHp,
PR>, halogen).

The reaction of spacer molecules has been provento be a
very flexible immobilisation technique for the preparation of
heterogeneous catalysts [1,2]. In addition, the regular pore
size of MCM-41 can provide shape selectivity not provided
by silica. Here we present the immobilisation of a Ru dimer
([RuCl2(p-cymene)]2) on a phosphine-modified MCM-41
and silica support.

2. Experimental
2.1. General

All reactions and manipulations were performed under
an argon atmosphere by using conventional Schlenk-tube
technigues. Argon gas was dried by passage through P>Osg
(Aldrich, 97%). Methylmethacrylate, isobutylmethacrylate
(Acros, 99%), methylacrylate, butylacrylate (Acros, 99+%)
and acrylonitrile (Aldrich, 99+%) are &l distilled from
CaH; before use. The initiators: ethyl 2-bromoisobutyrate
(Aldrich), 2-chloropropionitrile (Aldrich) and methyl 2-
bromopropionate (Aldrich) are used as received. Diphenyl-
phosphinoethyltrimethoxysilane (DIPHES, Gelest Organo-
silanes) was used as obtained. Silicagel 5-25 um (Aldrich)
was used as silica source

IH-NMR spectra were recorded using CDClz on a
500 MHz Bruker AM spectrometer. The chemical shifts
(8) are reported in ppm, referred to 1H of TMSD. The an-
choring of the dimer was characterised by a Bruker Equinox
55 Raman spectrometer. The loading of the hybrid cata-
lyst was determined with a Varian Liberty ICP-AES spec-
trometer and an ARL 9400 Seguential XRF spectrometer.
The number- and weight-average molecular weights (My
and My,) and molecular weight distribution (My/Mp) of
the polymers were determined by gel permeation chromato-
graphy (CHCl3, 25°C) using a Waters Maxima 820 system
equipped with a PL gel column (60 cm, & = 7.5 mm) and
calibrated with polystyrene standards.

2.2. Preparation of MCM-41

MCM-41 was prepared following a procedure similar to
previously described methods[19].

2.3. Preparation of [ RuCl2( p-cymene)] 2

The same procedure was followed as described in [20].

2.4. Preparation of MCM-41-[Ru]

Theimmobilisation of [RuCl,(p-cymene)], on the meso-
porous support (MCM-41) was carried out in two steps
(scheme 1). The first step involved the drying of the
support at 150°C under vacuum for 24 h and the graft-
ing of diphenylphosphino-ethyltrimethoxysilane (DIPHES)
(2 mmol/g MCM-41) onto the siliceous support in toluene
through condensation of the free silanol groups of the sur-
face and the ethoxy functionalities of DIPHES. After con-
tinuous extraction with toluene for 5 h and drying of the
MCM-41-DIPHES dichloromethane (15 ml) was added for
the second step, the grafting of the Ru-complex. The im-
mobilised complex was prepared by reaction of the dimer
[RuCl2(p-cymene)], with the PPhs functionalities of MCM-
41-DIPHES. Subsequent filtration, washing until the filtrate
iscolourlessand drying of the Ru-modified MCM-41 results
in a deep orange powder. Elemental analysis gave a catalyst
loading of 0.1627 mmol/g MCM-41, respectively.

2.5. Preparation of (EtO)3S (CH2)3PCy» (DICPS)

1 ml chloropropyltriethoxysilane (4.3 mmol) is added to
10 ml dry ether and cooled to —78°C. Through a funnel
2.6 ml fromal.6 M (4.3 mmol, in hexane) n-BuLi solution
is added dropwise to the solution. After reaction 0.890 ml
(4.3 mmol) dicyclohexylchlorophosphineis added. The re-
action mixture is slowly warmed to room temperature and
the LiCl isfiltered off.

2.6. Preparation of MCM-41-DICPS-[Ru] and
silica-DICPS[Ru]

After removing the solvent the spacer is added to a
suspension of 2 g MCM-41 in 20 ml toluene and the
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same procedure is followed as for MCM-41-DIPHES-[Ru].
This spacer is also added to 2 g dried silicagel resulting
in the silicaDICPS-[Ru] system. A catalyst loading of
0.04700 mmol/g MCM-41 and 0.019 mmol/g silicagel was
found.

2.7. Polymerisation procedure

The same reaction conditionsas used by Simal et al. [12]
were applied. Heterogeneous catalyst (1 eg.), monomer
(800 eg.) and initiator (2 eq.) are transferred to a glass
reaction tube under argon atmosphere and stirred in an ther-
mostated oil bath. The initiators for MMA and styrene
are, respectively, ethyl 2-bromoisobutyrate and (1-bromo-
ethyl)benzene.

At timed intervals, the reaction tubes are opened and
chloroform is added to dissolve the polymer. Then the cat-
alyst is removed by filtration. Afterwards MMA or styrene
are, respectively, precipitated in n-octane or methanol.

When the polymerisations are carried out in very diluted
conditions (33 vol%) in toluene and catalyst/monomer/ini-
tiator = 1/100/2), the polymer remains dissolved in the reac-
tion mixture and the catalyst can directly be filtered off and
reused.

3. Resultsand discussion

FT-Raman study was used to check the immobilisation of
the spacer molecul e and the Ru-complex (figure 2). Compar-
ison of the spectra of MCM-41 and the MCM-41-DIPHES
clearly shows the superposition of the DIPHES vibrations

on the MCM-41 baseline. Comparative study of the phos-
phinated MCM-41 and the heterogenised Ru-complex re-
veals new vibration bands at 800 cm~1, 705 (v Ru—P), 286
(v Ru=Cl) and 177 (v Ru—p-cymene) cm~1 which proves
the chemical attachment of the [RuCl,(p-cymene)], on the
modified mesoporous support. The far IR spectra of the
[RuUCl;(p-cymene)], shows two strong bands in the region
of 290 and 250 cm~1 assigned to (v Ru—Cl) modes of termi-
nal and bridging chlorine atoms[21]. After the anchoring of
the Ru-dimer one peak (286 cm~1) remains, indicating that
the bridging mode disappeared.

Porosity measurements of the three MCM-41 samples
(pristine MCM-41, phosphinated MCM-41 and immobilised
catalyst) al revea type IV IUPAC adsorption—desorption
isotherms. This means that the structure of the mesoporous
material and accessibility of the mesoporesis maintained af -
ter modification.

The bulk polymerisation was carried out with styrene,
MMA, isobutylmethacrylate, methylacrylate, butylacrylate
and acrylonitrile as the monomer and (1-bromoethyl)benze-
ne, ethyl 2-bromoisobutyrate, methyl 2-bromopropionate
and 2-chloropropionitrile as the, respectively, initiator. The
results of ATRP with MCM-41-DIPHES-[Ru] and with
MCM-41-DICPS-[Ru] are summarised intables 1 and 2. In
most cases an increase in the viscosity of the reaction mix-
ture was observed after a couple of hours at el evated temper-
atures.

The best conversionswere obtained for MMA and styre-
ne; these polymers showed the highest molecular weights
and the smallest polydispersities of all the investigated poly-
mers. The catalytic activity of MCM-41-DICPS-[Ru] is
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Figure 2. Immobilisation of [RuCl,(p-cymene)], followed by Raman spectroscopy.
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Table 1 Table3
ATRP of different vinyl monomers with MCM-41-DIPHES-[Ru].2 ATRP of different vinyl monomers with silica-DICPS-[Ru].2
Monomer Temp. Time Yield My, Mmhb Mw/Mn®  Monomer Temp. Time Yield My, Mmhb My /Mn®
CCc) () (%) x10° x10° CC) () (%) x10° x10°

Methylmethacrylate 85 17 71 458 287 341 Methylmethacrylate 85 17 93 316 356 184
|sobutylmethacrylate 85 17 62 382 355 3.65 |sobutylmethacrylate 85 17 72 295 37.8 2.03
Styrene 110 17 81 402 34.0 321 Styrene 110 17 90 289 37.8 1.69
Methylacrylate 85 17 5 157 17 421 Methylacrylate 85 17 18 20.7 6.1 211
Butylacrylate 85 17 5 128 2.6 4.46 Butylacrylate 85 17 14 30.2 7.3 2.38
Acrylonitrile 60 17 <5 - - - Acrylonitrile 60 17 <5 - - -

@[Monomer] : [Ru] : [initiator] = 806: 1: 2 (for details see section 2). Cat-
ayst MCM-41-DIPHES-[Ru].

an,th = ([monomer]g/[initiator]g) x Mw(monomer) x conversion.

C Determined with GPC (using PS standards) in chloroform at 25°C.

Table 2
ATRP of different vinyl monomers with MCM-41-DICPS-[Ru].2
Monomer Temp. Time Yield Mn Mo My/MpC
CC) () (%) x10° x10°

Methylmethacrylate 85 17 90 1057 36.3 2.30

| sobutylmethacrylate 85 17 69 627 394 251
Styrene 110 17 87 499 365 2.81
Methylacrylate 85 17 14 207 38 341
Butylacrylate 85 17 10 177 9.1 4.17
Acrylonitrile 60 17 <5 - - -

@[Monomer] : [Ru] : [initiator] = 806: 1: 2 (for details see section 2). Cat-
ayst: MCM-41-DICPS-[Ru].

an,th = ([monomer]g/[initiator]g) x My(monomer) x conversion.

C Determined with GPC (using PS standards) in chloroform at 25°C.

higher due to the more o -donation of the cyclohexyl group
and more steric bulk capacity, e.g., 90% conversion versus
71%in 17 hfor MMA. Furthermore, it followsfrom tables 1
and 2 that only poor yields can be obtained for acrylates and
acrylonitriles after 17 h.

The molecular weight analyses for al reactions show
much higher molecular weights than predicted based on
guantitative initiation (DP, = A[M]/[1]o), and the polydis-
persities are high (M /My > 2). This can be explained by
the fact that the propagation is faster than the initiation or
by a dow deactivation, both resulting in an incompleteiniti-
ation. The growing radicals cannot easily approach the de-
activator (LM"*+1X) and thus polymerisein aless controlled
manner in theinitial stage of the reaction. When enough de-
activator (LM”*+1X) is generated by irreversible termination,
controlled polymerisation then proceeds.

The results of the different vinyl monomers for ATRP
with the silica-DICPS-[Ru] catalyst are shown in table 3.

From table 3 it is clear that the influence of diffusion is
smaller compared to the MCM-based Ru systems, resulting
in smaller polydispersities. Also theyieldsare higher for the
silica-based systems except for acrylonitrile for which the
yield is still lower than 5%.

The results obtained for MMA and styrene are compared
with the homogeneous anal ogues and the heterogeneous sil-
icaand MCM-41 catalyst in table 4.

From table 4 it follows that the yields obtained via the
heterogeneous catalysts for the polymerisation of styrene

@[Monomer] : [Ru] : [initiator] = 806:1: 2 (for details see section 2). Cat-
alyst silicaDICPS-[Ru].

an,th = ([monomer]g/[initiator]g) x Mw(monomer) x conversion.

C Determined with GPC (using PS standards) in chloroform at 25°C.

Table4
Comparison of ATRP results between homogeneous and heterogeneous cat-
dysts for MMA and styrene.

Monomer PPhs-[Ru] PCys-[Ru]
%Yield PDI  %Yield PDI
Homogeneous [12] Styrene 39 18 64 13
MMA 20 16 100 11
MCM-41 Styrene 81 32 87 2.8
MMA 71 34 90 23
Silica Styrene - - 90 17
MMA - - 93 18
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Figure 3. Time dependence of In([M]g/[M]) at 85°C where [M]g and [M]
are the MMA concentration at times 0 and ¢ (ypjcps = 0.0834x — 0.0724,
r2 = 0.9929 and yppyEs = 0.0983x — 0.0455, r2 = 0.9622).

are higher in comparison with the yields obtained in a
homogeneous way. Unfortunately, the polydispersity has
also increased especialy when MCM-41 is used as sup-
port. With silica as support the PDI values are dightly
increased compared with the PDI values of the homoge-
neous systems. For MMA the same trend is observed, ex-
cept for the homogeneous PCy3-catalyst were the yield was
100%.

Comparing of the homogeneous PPh; and PCysz sys
tem, a drastic increment of the yield is observed for both
monomers. Thisincrement is far less pronounced when the
PPh3 and PCy3 heterogeneous systems are compared.

Evidencefor acontrolled polymerisationisgiven by alin-
ear increase of My, versus conversion (figure 3) and alinear
first-order rate plot for the reaction (figure 4).
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Figure 4. Dependence of the PMMA molecular weight M with DI-
PHES-MCM-41 on monomer conversion (ypjpHes = 2923.6x + 32507,
2
re = 0.94).

The linear time dependence of In([M]o/[M]) indicates
that the concentration of the active species remains constant
during polymerisation. The lack of transfer reactionsis sup-
ported by the linearity of the plot of My, versus conversion.
The polymerisation runs to seed through a radical mecha-
nism asthe PMMA tacticity (typically rr:rm: mm = 58, 37,
5, p = 0.99) fits the tacticity known for aradical polymeri-
sation reaction. The radical mechanism is proven by adding
aradical inhibitor such as galvinoxyl which inhibits the re-
action completely. Furthermore, control of MMA polymeri-
sation was confirmed by the addition of a second amount of
MMA to the polymerised system generating a polydispersity
increase from 3.41 to 3.50.

In order to evaluate the possibility of leaching, the cat-
alysts were filtered from the polymer (see polymer proce-
dure). ICP-AES measurements of the filtrates of the dif-
ferent heterogeneous systems showed no ruthenium. This
confirms the absence of lost Ru.

4, Conclusions

It is possible to carry out ATRP with a [RuCla(p-
cymene)]> complex immobilised on a phosphine-modified
MCM-41 and silica support. Two phosphane spacer mol-
ecules were use to anchor the Ru dimer: a dicyclohexyl-
phosphine spacer and a diphenylphosphine spacer. Good
yields are obtained for MMA and styrene with both sup-
ports after 17 h. Higher conversions were obtained with
the heterogeneous systems compared to the homogeneous
analogues. [RuCly(p-cymene)]2 in combination with the
cyclohexylphosphine-modified silicais the most promissing
system, highyieldsand PDI < 2 for MMA (1.8) and styrene
(1.7) are obtained. The reactions showed that the abstraction
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of halogen atoms from the chain end is successful, but de-
activation of the growing radical was slow due to diffusion.
Thisresultsin quiet broad polydispersities especially for the
MCM-41-based systems.

Improvementsin the degree of control are under investi-
gation.
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