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Abstract

Exceptionally high catalytic activities (TOF > 840 h−1) were achieved in the aqueous phase hydrogenation of polybutadiene-1,4-block-
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oly(ethylene oxide) (PB-b-PEO) catalyzed by water-soluble Rh/TPPTS complexes [TPPTS = P(C6H4-m-SO3Na)3] in mixed micellar nanore
ctors formed by dodecyltrimethylammonium chloride along with PB-b-PEO especially whenn-hexane was added to the reaction sys
his is the first example of a catalytic hydrogenation of an unsaturated polymer using water-soluble transition metal TPPTS co
queous media. Using Rh/TPPTS catalysts high activities were observed in the hydrogenation of PB-b-PEO in mixed micelles whereas
ingle micelles the activities were lower. Dynamic light scattering experiments showed the presence of mixed nanomicelles with s
rodynamic radii compared to the radii of single micelles. A model of a mixed micellar nanoreactor was proposed to rationalize the
esults. The hydrogenation reaction was shown to be homogeneously catalyzed by Rh/TPPTS complexes generated in situ from R3·3H2O
nd TPPTS under the reaction conditions. A recycling experiment showed that the catalytic activity remained high in a consecutiv
t a rhodium concentration of only 1 ppm in water.
2005 Elsevier B.V. All rights reserved.
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. Introduction

There is increasing interest in catalysis in aqueous media
mploying water-soluble transition metal TPPTS and related
omplexes because of its broad range of potential applica-
ions[1]. The use of aqueous media facilitates recovery and
ecycling of the catalyst and circumvents the need for organic
oxic solvents thereby providing substantial environmental
nd economical benefits. Furthermore, water is a non-toxic,
on-inflammable, inexpensive, abundantly available and an
nvironmentally friendly solvent[1]. Therefore, catalysis in

∗ Corresponding author. Tel.: +30 210 72 74 235;
ax: +30 210 72 21 800.
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aqueous media fully implements the principles of “Sust
able/Green Chemistry”[2].

Catalytic hydrogenation of unsaturated polymers co
tutes an important process because of the desirable prop
of the materials obtained, which are not accessible or
cult to prepare by conventional polymerization methods[3].
Moreover, hydrogenation reactions improve the chem
physical and mechanical properties of polydiene elasto
and impart excellent resistance to oxidative and ozono
ageing, improved resistance to oils and fluids, even at
temperatures, and reduced gas permeability to those m
als. Nowadays, there are two industrial processes for th
mogeneous hydrogenation of unsaturated polymers cata
by transition metal complexes in conventional organic
dia: (i) the Nippon Zeon Chemicals and Bayer/Polysar R

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.01.002
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ber Corp. process for the selective hydrogenation of CC
in nitrile butadiene rubber (NBR) and (ii) the Shell pro-
cess for the hydrogenation of polystyrene-b-polybutadiene-
b-polystyrene (SBS) and block styrene butadiene rubber
(SBR)[3a,3b]. However, the high cost of these processes and
the price of the endproduct remains an important challenge
for the future. The Dow Chemical Company is developing
an industrial heterogeneous catalytic hydrogenation process
of polystyrene (PS) to poly(vinylcyclohexane) (PVCH) used
for the production of high-density (blue-laser) digital versa-
tile discs (DVDs) with a storage capacity up to 30 gigabytes
[4].

Recently, Wei et al.[5a] described the biphasic hy-
drogenation of SBS block copolymers catalyzed by
Ru/TPPTS complexes in polyether modified ammonium
salt ionic liquids. MacLeod and Rosso[5b] also reported
the biphasic hydrogenation of PB, NBR and SBR cat-
alyzed by RhCl(TPPTS)3 in ionic liquids such asN,N′-
butylmethylimidazolium tetrafluoroborate. Singha et al.[6]
studied the hydrogenation of NBR latex using water-
soluble RhCl(TPPMS)3 catalysts [TPPMS = PPh2(C6H4-m-
SO3Na)] in the presence of the non-ionic surfactant Triton-
X-305 in order to stabilize latex in aqueous media. However,
RhCl(TPPMS)3 catalysts exhibited low catalytic activities
(TOF = 4.0–9.3 h−1) in such media[6]. Mudalige and Rem-
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cedure was repeated several times. RhCl3·3H2O was pur-
chased from Acros Organics. DTAC was purchased from
Acros Organics and used without any further purifica-
tion. TPPTS was prepared according to the procedure of
Hoechst AG, Werk Ruhrchemie[8] and isolated with purity
higher than 94%.31P{1H}NMR (121 MHz, 25◦C, D2O): δ

TPPTS =−5.4 ppm.

2.2. Synthesis of PB-b-PEO

The PB-b-PEO diblock copolymers were synthesized by
anionic polymerization high vacuum techniques, according
to well established procedures[9]. The polymerization was
conducted in benzene usings-BuLi as initiator in the presence
of a phosphazine base (phosphazine/Li = 0.9/1 molar ratio) to
promote the anionic polymerization of ethylene oxide with
lithium as the counterion[10,11].

The copolymers were analyzed by size exclusion chro-
matography (SEC) using a Waters SEC system composed
of a Waters 600 Pump Controller, a set of four Styragel
columns (continuous porosity range 103–106 Å) and a Wa-
ters 410 differential refractometer, operated at 40◦C. The
instrument was calibrated with both linear polystyrene and
PEO standards. CHCl3 was the carrier solvent at a flow rate
of 1 mL/min. Pure block copolymers without the presence
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el [7] hydrogenated PB (Mn = 900; 60% 1,4-PB; 40% 1,
B), NBR (Mn = 6400) and SBR (Mn = 95 000) using wate
oluble rhodium catalysts modified with the tenside liga
Ph2(CH2)n–COONa (n= 5,7) and RhCl(TPPMS)3 catalysts

n aqueous/organic two-phase systems. However, ma
eaching of rhodium from the aqueous to the organic p
as observed with Rh/PPh2(CH2)n–COONa (n= 5,7) cata

ysts[7].
We have investigated the hydrogenation of polybutadi

,4-block-poly(ethylene oxide) (PB-b-PEO) in water cat
lyzed by Rh/TPPTS complexes in mixed micellar nan
ctors formed by the cationic surfactant dodecyltrime

ammonium chloride (DTAC), which interacts with t
nionic catalytic system Rh/P(C6H4-m-SO3

−)3, along
ith the amphiphilic PB-b-PEO starting material. T
ur knowledge, this is the first example of a catal
ydrogenation of an unsaturated polymer using w
oluble transition metal TPPTS complexes in aqueous
ia.

. Experimental

.1. Materials

Hydrogen (quality 5.0) was purchased from Messer
as (Athens) and was used without further purification.
illed demineralized water was deoxygenated in an u
ound bath under high vacuum for 2 h. During the de
enation the flask was disconnected from the vacuum

he aqueous solvent was saturated with argon; this
f any extra peak were obtained in all cases[11]. Average
omposition of the copolymers was determined by1H-NMR
pectroscopy using a Varian 200 MHz instrument in CD3
t 30◦C.

.3. Typical hydrogenation procedure

RhCl3·3H2O, TPPTS, PB-b-PEO aqueous solutio
TAC and the remaining amount of distilled deoxygena
ater (seeTable 1) were charged into a Hastelloy C autocl

2 l) which was previously evacuated and filled with arg
fter a number of pressurising–depressurising cycles
ydrogen to remove the last traces of argon, the autoclav
ressured and contents were heated with stirring. At the

ion temperature the pressure was 20 bar of hydrogen.
he reaction the autoclave was cooled to room tempera
ented of hydrogen and the reaction mixture removed. Th
ction mixture was concentrated in vacuum and HPB-b-PEO
roducts were precipitated in acetone, dried over vacuu
week and analyzed by1H-NMR spectroscopy.

.4. Product analysis

1H NMR (300 MHz) and 31P{1H}NMR spectra
121 MHz, referenced to external 85% H3PO4) were
ecordered on a Varian Unity Plus 300/54 spectrometer
onversions of PB-b-PEO were determined by quantitat
H NMR analysis in C6D5CD3 or CDCl3; 5.35 ppm: olefinic
rotons from bothcis- andtrans-1,4-PB and olefinic proton
f 1,2-PB; 4.95 ppm: vinylic protons of 1,2-PB un
.70 ppm: protons of the methylene groups of PEO.
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Table 1
Micellar hydrogenation of PB-b-PEO diblock copolymers catalyzed by Rh/TPPTS complexes in the aqueous phasea

Entry Diblock
copolymer

Wt%PB (Mn)diblock Mw/Mn Catalyst precursor P/Rh molar
ratio

Cationic
surfactant

Surfactant/TPPTS
molar ratio

[Rh]
(ppm)

C C/Rh
molar ratio

Temperature
(◦C)

Time
(min)

Conversion
(mol%)

TOFb

(h−1)

1 PB-b-PEO 16.3 26500 1.01 RhCl3·3H2O/TPPTS 3 – – 10 32 100 60 30 9.6
2 PB-b-PEO 16.3 26500 1.01 RhCl3·3H2O/TPPTS 3 DTAC 3 10 32 100 60 100 32
3 PB-b-PEO 50.0 3600 1.06 RhCl3·3H2O/TPPTS 3 – – 10 100 100 60 94 94
4 PB-b-PEO 50.0 3600 1.06 RhCl3·3H2O/TPPTS 3 – – 10 100 80 60 78 78
5 PB-b-PEO 50.0 3600 1.06 RhCl3·3H2O/TPPTS 3 – – 10 100 100 60 92 92
6 PB-b-PEO 50.0 3600 1.06 RhCl3·3H2O – – – 10 100 100 60 100 100
7 PB-b-PEO 48.3 38000 1.04 RhCl3·3H2O/TPPTS 3 – – 10 95 100 60 0 0
8 PB-b-PEO 48.3 38000 1.04 RhCl3·3H2O/TPPTS 3 DTAC 3 10 95 100 60 80 76

9c PB-b-PEO 89.0 15000 1.01 RhCl3·3H2O/TPPTS 3 – – 13 176 100 60 100 176
10c PB-b-PEO 89.0 15000 1.01 RhCl3·3H2O/TPPTS 3 DTAC 3 13 176 100 30 81 285

11c,d PB-b-PEO 89.0 15000 1.01 RhCl3·3H2O/TPPTS 3 DTAC 3 13 300 100 20 94 846
12e PB-b-PEO 50.0 3600 1.06 RhCl(TPPTS)3 3 – – 10 100 100 60 100 100
13 PB-b-PEO 50.0 3600 1.06 RhCl3·3H2O/TPPTS 3 – – 10 100 80 60 100 100

14f PB-b-PEO 50.0 3600 1.06 Rh/TPPTS (recycled) 3 – – 1 100 80 60 100 100
15g NBR latex 22.5 Aparene N685 – RhCl(TPPMS)3 3 Triton-X-305 – 3309 203 75 720 55 9.3
a Reaction conditions:PH2 = 20 bar; 7.89 mg (0.03 mmol) RhCl3·3H2O, 56.0 mg (0.09 mmol) TPPTS, a solution of PB-b-PEO (0.32 g of diblock copolymer dissolved and left overnight in 100 g deaerated

distilled H2O), 71.2 mg (0.27 mmol) cationic surfactant DTAC and addition of deaerated H2O to give 308.2 g of aqueous reaction mixture.
ck copolymer per mole of rhodium per hour.
d of 51 g ofn-hexane (HO/n-hexane = 82/18).
b Defined as mole of hydrogenated CC units in the PB-b-PEO blo
c A two-phase system consisting of 231 g of aqueous phase an
 1

(2
0
0
5
)
9
3
–
1
0
1

95

2
d 0.54 g of PB-b-PEO dissolved in 51 g ofn-hexane.
e 27.75 mg (0.03 mmol) of RhCl(PPh3)3 dissolved in 30 ml CH2Cl2 were extracted by an aqueous 100 ml solution of 56.0 mg (0.09 mmol) of TPPTS with intense stirring for 24 h. The two layers were separated

and the aqueous phase containing RhCl(TPPTS)3 after washing with CH2Cl2 was used as catalyst solution.
f Twenty five grams of the reaction mixture of entry 13 was re-used after filtration over a 0.2�m filter unit (Millex-FG of Millipore) with a solution of PB-b-PEO (0.026 g; 0.243 mmol of CC units in 15 g of

H2O) and addition of deaerated H2O for 265.9 g of reaction mixture.
g The data of entry 15 were taken from Ref.[6].
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2.5. Dynamic light scattering

Measurements were conducted with a Series 4700
Malvern system composed of a PCS5101 goniometer with
a PCS stepper motor controller, a Cyonics variable power
Ar+ laser, operating at 488 nm, a PCS8 temperature control
unit, a RR98 pump/filtering unit and a 192 channel correlator
for the accumulation of the data. The correlation functions
were analyzed by the cumulant method and CONTIN soft-
ware. Measurements were carried out at 45◦, 90◦ and 135◦.
The angular dependence of the ratioΓ /q2, whereΓ is the
decay rate of the correlation function andq the scattering
vector, was not very important for the micellar solutions, due
to their large sizes. Apparent translational diffusion coeffi-
cients at zero concentration,Do,appwere measured using the
equation:Dapp=Do,app(1 +kDc) (2); wherekD is the coeffi-
cient of the concentration dependence of the diffusion co-
efficient. Apparent hydrodynamic radii at infinite dilutions,
Rh, were calculated by aid of the Stokes–Einstein equation:
Rh =kT/6πηsDo,app(3); wherek is the Boltzmann’s constant,
T the absolute temperature andηs the viscosity of the solvent.

3. Results and discussion
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b-PEO [(Mn)diblock = 26 500,Mw/Mn = 1.01] with a short hy-
drophobic PB-chain (wt.%PB = 16.3) using Rh/TPPTS cat-
alysts in water (entry 1). In contrast, when the cationic
surfactant DTAC was added higher catalytic activity
(TOF = 32 h−1) was observed in the Rh/TPPTS-catalyzed hy-
drogenation of PB-b-PEO under the same conditions in water
(entry 2).

We next turned our attention to the Rh/TPPTS-catalyzed
hydrogenation of the amphiphilic diblock copolymer PB-b-
PEO with a higher molecular weight [(Mn)diblock = 38 000,
Mw/Mn = 1.04] and a lowhydrophilic–lipophilic balance
(HLB) [1c] value, namely a longer hydrophobic PB-chain
(wt.%PB = 48.3). High catalytic activity (TOF = 76 h−1) was
observed when DTAC was added to the Rh/TPPTS catalytic
hydrogenation system of PB-b-PEO [(Mn)diblock = 38 000,
Mw/Mn = 1.04, wt.%PB = 48.3] at 100◦C, 20 bar H2 pres-
sure, a molar ratio of CC unsaturation units of PB-b-PEO
to rhodium of 95, within 1 h reaction time at a rhodium con-
centration of 10 ppm in the aqueous phase (entry 8). In sharp
contrast, no catalytic activity (TOF = 0 h−1) was obtained in
the absence of DTAC in this hydrogenation reaction under
the same conditions in aqueous media (entry 7).

In order to explain that the catalytic activity in the hydro-
genation of PB-b-PEO, catalyzed by Rh/TPPTS in the aque-
ous phase goes through a maximum using cationic DTAC sur-
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.1. Effect of DTAC addition to Rh/TPPTS-catalyzed
ydrogenation of PB-b-PEO

Typical results obtained in the micellar hydrogena
f PB-b-PEO to afford HPB-b-PEO (seeScheme 1) at
0–100◦C and 20 bar H2 partial pressure in the presen
f Rh/TPPTS catalysts and DTAC at very low rhodi
oncentrations ([Rh] = 10 ppm or even 1 ppm) in aq
us media are given inTable 1. Low catalytic activity
TOF = 9.6 h−1) was observed in the hydrogenation of P

cheme 1. Structures of PB-b-PEO diblock copolymers and of hydr
enated PB-b-PEO (HPB-b-PEO) catalyzed by Rh/TPPTS in aqueous
ellar media.
actants a simplified model of a Hartley ionic spherical mi
icelle [1b,1c,12–14]was proposed (Fig. 1). The micelle

ore is composed of the hydrophobic chain of the cati
urfactant DTAC where the hydrophobic PB-tail of PBb-
EO with the C C unsaturation units are located. Surrou

ng the core is the Stern layer where the charged head g
NMe3

+ and SO3
− of DTAC and TPPTS, respectively) a

ocated together with the polar group(s) of the hydrop
EO-moiety of PB-b-PEO, along with the counter ions (C−
nd Na+) of the ionic mixed micelle. The rhodium atom

he Rh/TPPTS catalyst is probably located on the pol
radient between the Stern layer and the micelle core. T

ore, the position of the rhodium in the micelle should
ependent on the HLB value of PB-b-PEO itself and of th
dded surfactant. This dependence is in critical relation
etween the length of the unsaturated hydrocarbon cha
B-b-PEO and the length and nature of the added con

ional surfactant for obtaining maximum reactivity. We u
he cationic DTAC surfactant to create mixed micelles s
ne of us[15] as well as others[13a,1b]have found tha

he addition of only cationic surfactants to Rh/TPPTS
lytic systems accelerates the rates of catalytic reaction

o the attraction between the negatively charged Rh/TP
omplex ions with the positively charged cationic end of
urfactant, therefore increasing the catalyst concentrati
he micelle.

Dynamic light scattering experiments on aqueous
utions of PB-b-PEO [(Mn)diblock = 26 500,Mw/Mn = 1.01,
t.%PB = 16.3] starting materials, at 0.06× 10−3 M above

heir critical micellar concentration (cmc), showed the p
nce of micelles with an average hydrodynamic radiu
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Fig. 1. Representation of a simplified proposed model of a spherical Hartley ionic mixed micelle containing the Rh/TPPTS catalyst, PB-b-PEO and DTAC.
The hydrophobic tails of DTAC and of PB-b-PEO in the core of the mixed micelle (stippled part), the hydrophilic heads (NMe3

+) interacted with the SO3−
groups of Rh/TPPTS catalyst in the Stern layer, the hydrophilic groups of PB-b-PEO in the Stern layer and Gouy–Chapman double layer, the counter ions (Na+

and Cl− depicted as X) schematically indicate their relative locations and not the relationship to their molecular size, distribution, number or configuration.

55 nm (Table 2). In contrast, the observed hydrodynamic ra-
dius of the micelles of HPB-b-PEO in the hydrogenation
mixture after the reaction using the same PB-b-PEO starting
material in the presence of Rh/TPPTS and DTAC (Table 1,
entry 2) was smaller, namely 31 nm (Table 2). The same

aggregation behaviour was observed by dynamic light scat-
tering using an unsaturated amphiphilic diblock copolymer
with a lower HLB value, PB-b-PEO [(Mn)diblock = 38 000,
Mw/Mn = 1.04, wt.%PB = 48.3]. The micelle of this unsatu-
rated copolymer PB-b-PEO has an average hydrodynamic

Table 2
Dynamic light scattering measurements carried out on aqueous solutionsa of PB-b-PEO and HPB-b-PEO

PB-b-PEO and HPB-b-PEOa Concentration (M) Average hydrodynamic radius (nm)

PB-b-PEO (Mn = 26500, wt.%PB = 16.3) 0.06× 10−3 55b

HPB-b-PEO (entry 2)c 0.03× 10−3 31
PB-b-PEO (Mn = 3600, wt.%PB = 50.0) 0.44× 10−3 17b

HPB-b-PEO (entry 3)c 0.22× 10−3 128b

HPB-b-PEO (entry 4)c 0.22× 10−3 78b

HPB-b-PEO (entry 5)c 0.22× 10−3 134
HPB-b-PEO (entry 6)c 0.22× 10−3 69
PB-b-PEO (Mn = 38 000, wt.%PB = 48.3) 0.042× 10−3 60
HPB-b-PEO (entry 7)c 0.021× 10−3 66
HPB-b-PEO (entry 8)c 0.021× 10−3 49
HPB-b-PEO (entry 13)c 0.02× 10−3 77
HPB-b-PEO (filtratedd mixture of entry 13c) 0.02× 10−3 32e

HPB-b-PEO (entry 14)c 0.02× 10−3 62b

PB-b-PEO (Mn = 38 000, wt.%PB = 48.3) 0.02× 10−3 58b

PB-b-PEO (Mn = 38 000, wt.%PB = 48.3)/TPPTS 0.02× 10−3 59b

PB-b-PEO (Mn = 38 000, wt.%PB = 48.3)/TPPTS/DTAC 0.02× 10−3 41
a All solutions investigated were blue-tinted indicating the presence of micelles.
b Average value of a bimodal distribution.
c The entry numbers refer to the entries ofTable 1.

pore s
d The solution was filtrated through Millex-FG filters of Millipore with
e The scattered light intensity was very weak.
ize 0.2�m.
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radius of 60 (Table 2) whereas in the hydrogenated HPB-b-
PEO after reaction in the mixture with Rh/TPPTS and DTAC
(Table 1, entry 8) a smaller hydrodynamic radius of 49 nm
(Table 2) was measured.

In order to confirm that addition of a cationic surfactant
to an aqueous solution of PB-b-PEO decreases the hydro-
dynamic radius of the formed mixed micelle we measured
the radius of the micelle of PB-b-PEO [(Mn)diblock = 38 000,
Mw/Mn = 1.04, wt.%PB = 48.3] at a different concentration
(0.02× 10−3 M) in the presence of TPPTS and DTAC.
The radius of the single micelle of PB-b-PEO was 58 nm
and after the addition of TPPTS slightly increased to
59 nm (Table 2). Indeed, addition of the cationic surfac-
tant DTAC causes a decrease in the size of the mixed
micelle formed with a hydrodynamic radius of 41 nm
(Table 2).

Wang et al.[13c,13d]have found that addition of TPPTS
to a cetyltrimethylammonium bromide (CTAB) micelle in-
creased the molar mass of the micelle and that conversions
obtained in the hydroformylation of the higher olefinn-
dodecene-1 were higher in mixed micelles than in a single mi-
celle of CTAB in aqueous media. Drexler et al.[14] showed
that addition of the anionic surfactant sodium dodecylsul-
fate (SDS) to poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer
m med
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3.2. Rh/TPPTS-catalyzed hydrogenation of PB-b-PEO

The hydrogenation of low molecular weight PB-b-PEO
[(Mn)diblock = 3600,Mw/Mn = 1.06, wt.%PB = 50.0] proceeds
smoothly in the presence of Rh/TPPTS catalysts. High cat-
alytic activities (TOF = 78–94 h−1) were observed in the ab-
sence of DTAC at 80 and 100◦C, 20 bar H2 pressure, a molar
ratio of C C unsaturation units of PB-b-PEO to rhodium
of 100, a rhodium concentration of 10 ppm and within 1 h
reaction time, in the aqueous phase (seeTable 1, entries
3–5). These results were rationalized by assuming that small
micelles, probably with a low aggregation number[16] of
amphiphilic PB-b-PEO molecules in a single micelle (de-
fined as the number of individual polymer chains incor-
porated into the micellar structure)[16] are formed with
the low molecular weight amphiphilic copolymer PB-b-PEO
[(Mn)diblock = 3600,Mw/Mn = 1.06, wt.%PB = 50.0]. Conse-
quently, this small size of the micelles leads to the forma-
tion of a higher number of micelles with a low aggregation
number and to a position of the rhodium atom of Rh/TPPTS
catalyst on the polarity gradient between the hydrophobic
interior region and the Stern layer, therefore giving an in-
crease in catalytic hydrogenation activity. Indeed, dynamic
light scattering studies on aqueous solutions of PB-b-PEO
[(Mn)diblock = 3600,Mw/Mn = 1.06, wt.%PB = 50.0] demon-
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icelles decreases the hydrodynamic radius of for
ixed micelles. These mixed micelles were used in

hodium-catalyzed asymmetric hydrogenation of me
Z)–a-acetamidocinnamate. Addition of SDS to PEO-P
EO amphiphilic solution increased the hydrogenation a

ty [14].
The decrease in size of the PB-b-PEO micelles after ad

ition of DTAC would result in the formation of a high
umber of mixed PB-b-PEO/DTAC micelles containing th
h/TPPTS catalyst, under the same concentration.
igher number allows for a better solubilization of the
rophobic PB-moiety of PB-b-PEO in the hydrophobic in

erior region of the mixed micelle and leads finally to
igher hydrogenation catalytic activity. This higher ac

ty is probably due to the stabilization of the rhodium at
f the Rh/TPPTS catalyst in the polarity gradient betw

he Stern layer and the mixed micelle core (Fig. 1) and to
he higher number of such mixed micellar nanoreacto
hould be noted that micelles are in dynamic equilibr
ith individual surfactant molecules and are constantly

ng exchanged into and out of the micelle in a continu
isintegration and reformation process, which explains
uantitative conversion obtained in the hydrogenation of
-PEO [(Mn)diblock = 26 500,Mw/Mn = 1.01, wt.%PB = 16.3
Table 1, entry 2) as well as the high conversion (80
n the hydrogenation of PB-b-PEO [(Mn)diblock = 38 000

w/Mn = 1.04, wt.%PB = 48.3] (Table 1, entry 8). Therefore
he application of mixed micelles represents another p
ility to accelerate catalytic reactions in reactors with n
dimensions and may find a broad range of potential a
ations.
trated the presence of small micelles with an averag
rodynamic radius of 17 nm (Table 2). The micellar size o

he HPB-b-PEO products (measured in the reaction aqu
ixture) increased and is consistent with the stronge
rophobic interactions in the micelle due to the high de
f hydrogenation (78–94%) and also with the crystalli
f hydrogenated HPB-b-PEO products. The hydrodynam
adii of the aggregates were 128, 78 and 134 nm (Table 2)
hen the conversions in the hydrogenation were 94, 78
2%, respectively (Table 1).

Rh/TPPTS catalysts exhibited no catalytic acti
n the hydrogenation of PB-b-PEO [(Mn)diblock = 38 000

w/Mn = 1.04, wt.%PB = 48.3] in the absence of DT
Table 1, entry 7). The high aggregation number[16] of
hese amphiphilic PB-b-PEO molecules in a single mice
ender the stabilization of the rhodium atom of Rh/TPP
atalyst on the polarity gradient between the Stern l
nd the core of the single PB-b-PEO micelle difficult. An
ther reason for the absence of catalytic activity migh
ass transfer limitations resulting from the much lower

er solubility of this starting material with a higher molecu
eight at the reaction temperature of 100◦C, probably sinc

hecritical temperature cloud point(Tp) [1b] of PB-b-PEO
as exceeded. We note that addition of SDS to PEO-P
EO solutions increases the Tp[14]. The low catalytic ac

ivity (TOF = 9.6 h−1) obtained in the hydrogenation of P
-PEO [(Mn)diblock = 26 500,Mw/Mn = 1.01, wt.%PB = 16.3
y Rh/TPPTS catalysts in the absence of DTAC (Table 1, en-

ry 1) could be explained by the lower aggregation num
16] of such amphiphilic PB-b-PEO molecules compared
he copolymer with the higher molecular weight in the sin
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micelle. This factor makes the approach and stabilization of
the rhodium atom of Rh/TPPTS catalyst in the polarity gra-
dient between the Stern layer and the core of the PB-b-PEO
micelle easier.

3.3. Effect of n-hexane addition on the
Rh/TPPTS-catalyzed hydrogenation of PB-b-PEO

Exceptionally high catalytic activities
(TOF = 176–846 h−1) were exhibited by Rh/TPPTS
complexes in the micellar hydrogenation of the surfactant-
like block copolymer PB-b-PEO [(Mn)diblock = 15 000,
Mw/Mn = 1.01, wt.%PB = 89.0], with a very low HLB value,
in aqueous/organic (H2O/n-hexane = 82/18) two-phase sys-
tems (Table 1). Rh/TPPTS catalysts showed high catalytic
activity (TOF = 176 h−1) in the biphasic hydrogenation of
this PB-b-PEO starting material in the absence of DTAC
probably due to the following parameters: (i) a not very
high aggregation number in the single micelle, and (ii) the
presence of the apolar solventn-hexane, which is solubilized
in the core causing the micelle to swell and facilitates the
approach and stabilization of the rhodium atom of Rh/TPPTS
catalyst on the polarity gradient between the Stern layer
and the bulk hydrophobic interior region of this swollen
micelle. Addition of DTAC to the biphasic catalytic system
o ,
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(Table 1) showed the presence of micelles with an average ra-
dius of 69 nm (Table 2), which is consistent with the absence
of TPPTS. Schulz et al.[17] prepared suspensions of Rh(0)
nanoparticles by reducing RhCl3·3H2O with sodium boron-
hydride and stabilizing with surfactant hydroxyalkylammo-
nium salts, and used them as catalysts in hydrogenation reac-
tions of various benzene derivatives in aqueous/organic two-
phase systems.

The results of the experiments described above give rise
to the question whether the hydrogenation of PB-b-PEO is
actually homogeneously catalyzed by RhCl3·3H2O/TPPTS
precursors. To verify whether the reaction proceeds homo-
geneously by Rh/TPPTS complexes in water, recycle ex-
periments of the Rh/TPPTS catalyst were conducted af-
ter filtration over a 0.2�m filter unit (Millex-FG of Milli-
pore). First, hydrogenation of PB-b-PEO [(Mn)diblock = 3600,
Mw/Mn = 1.06, wt.%PB = 50.0] was carried out at 80◦C for
1 h in the presence of Rh/TPPTS catalysts in aqueous medium
where the conversion of PB-b-PEO was 100% (Table 1, en-
try 13). 25 g of the aqueous reaction mixture of experiment
described in entry 13, after filtration over a 0.2�m filter unit,
were re-used as catalyst in the hydrogenation reaction with
additional water and PB-b-PEO starting material (Table 1,
entry 14). In this recycle hydrogenation experiment the PB-b-
PEO conversion at 80◦C after 1 h was 100% at a rhodium con-
c e
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p rface
[ off
w e
0 y 14.
D the
a f the
fi 14
(
t nm
( s a
c ody-
n ht
i s in
t only
f pores
o t
o was
a r
r f cat-
a
p edia.
R hy-
d
p xes,
h s me-
d om-
f the hydrogenation of PB-b-PEO [(Mn)diblock = 15 000
w/Mn = 1.01, wt.%PB = 89.0] by Rh/TPPTS comple

reated mixed micelles and considerably increased
atalytic activity from 176 to 846 TOFs per hour (Table 1,
ntries 9 and 11). It seems that the presence of a
olvents like n-hexane is crucial for the enhancem
f catalytic activity in single PB-b-PEO/Rh-TPPTS o
ixed PB-b-PEO/DTAC/Rh-TPPTS micellar systems. T

xceptionally high catalytic activity is even more remarka
hen one considers that the concentration of rhodiu
nly 13 ppm in the aqueous medium.

Entry 15 ofTable 1compares typical results obtained
ingha et al.[6] in the hydrogenation of NBR latex catalyz
y RhCl(TPPMS)3 in the presence of the non-ionic surfact
riton-X-305 at a rhodium concentration of 3309 ppm wh

he catalytic activity was very low (TOF = 9.3 h−1) in the
queous medium.

.4. Homogeneous or heterogeneous catalysis

RhCl3·3H2O catalysts precursors in the absence of TP
howed high activity (TOF = 100 h−1) for the catalytic hydro
enation of PB-b-PEO [(Mn)diblock = 3600,Mw/Mn = 1.06,
t.%PB = 50.0] in aqueous media (Table 1, entry 6). In this
xperiment a suspension of black particles was obtaine
icating that the reaction in the absence of TPPTS is pr
ly heterogeneously catalyzed by Rh(0) particles prepar
itu by reducing RhCl3·3H2O with H2 and stabilizing with
he amphiphilic diblock copolymer PB-b-PEO starting ma
erial. Dynamic light scattering measurements on an a
us solution of the reaction mixture as described in en
entration of only 1 ppm (Table 1, entry 14). Therefore, w
an conclude that the reaction in the presence of Rh/TP
atalysts is homogeneously catalyzed because if hete
eous metallic Rh(0) nanoparticles were formed and
lyzed the hydrogenation reaction, then the HPB-b-PEO am
hiphile would be absorbed on the Rh-nanoparticle su

17b], the Rh/HPB-b-PEO aggregates would be separated
ith the filter unit and the PB-b-PEO conversion would b
% in the hydrogenation reaction, as described in entr
ynamic light scattering studies were also carried out on
queous solutions of the reaction mixture in entry 13, o
ltrated mixture in entry 13, and of the product in entry
Table 1). The micellar size of the product HPB-b-PEO ob-
ained according to the conditions in entry 13, was 77
Table 2). The filtrated reaction mixture of entry 13 wa
lear solution and showed micelles with an average hydr
amic radius of 32 nm (Table 2). However, the scattered lig

ntensity was very weak, indicating that most of micelle
he reaction mixture of entry 13 were separated off and
ragments of these aggregates were passed through the
f the filter unit. The micellar size of the HPB-b-PEO produc
btained from the experiment as described in entry 14,
gain larger, namely 62 nm (Table 2). A similar behaviou
egarding the homogeneous or heterogeneous nature o
lytic reactions has been reported[19] with RuCl3·xH2O
recursors in hydrogenation reactions in aqueous m
uCl3·xH2O precursors heterogeneously catalyzed the
rogenation of fructose in water, whereas RuCl3·xH2O in the
resence of TPPTS, with formation of Ru/TPPTS comple
omogeneously catalyzed the same reaction in aqueou
ia[19]. Further support that homogeneous Rh/TPPTS c
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plexes are capable of catalyzing PB-b-PEO hydrogenation
in aqueous media was obtained from the following exper-
iment. The RhCl(TPPTS)3 complex was separately pre-
pared and used as catalyst in the hydrogenation of PB-
b-PEO [(Mn)diblock = 3600,Mw/Mn = 1.06, wt.%PB = 50.0]
at T= 100◦C, PH2 = 20 bar, within 1 h at [Rh] = 10 ppm in
aqueous media (Table 1, entry 12). RhCl(TPPTS)3 cata-
lysts, prepared separately, exhibited high catalytic activity
(TOF = 100 h−1) in the hydrogenation of PB-b-PEO (Table 1,
entry 12). This behaviour is comparable with the catalytic
activity (TOF = 94 h−1) obtained by Rh/TPPTS complexes
formed in situ from RhCl3·3H2O with TPPTS and H2 in the
PB-b-PEO hydrogenation under the same conditions in aque-
ous media (Table 1, entry 3).

Larpent et al. [18] have reported the formation of
RhCl(TPPTS)3 from RhCl3·3H2O with TPPTS in the ab-
sence of H2, where TPPTS acts both as a ligand and reducing
agent to rhodium(III) chloride to afford RhCl(TPPTS)3.

4. Conclusions

For the first time an efficient catalytic hydrogenation of
an unsaturated polymer using water-soluble transition metal
TPPTS complexes has been achieved in aqueous media. The
p PPTS
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t l
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recycled without any loss of catalytic activity. The exception-
ally high catalytic activities in mixed nanoreactors coupled
with the ease of catalyst recovery and recycling as well as the
avoidance of organic solvents have obvious economic and
environmental benefits and fully implement the principles of
“Sustainable/Green Chemistry”. We are currently investigat-
ing the scope of this useful system.
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