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Abstract

Nanoclustered Pt0 catalysts based on cross-linked macromolecular matrices are evaluated in the hydrogenation of anα,β-unsaturated
aldehyde (citral). Matrices and catalysts are characterized by inverse steric exclusion chromatography, scanning electron microsc
microprobe analysis, and transmission electron microscopy. The monometallic catalysts exhibit remarkable selectivity for geraniol/ner
when 2–3-nm, regularly shaped, spherical metal nanoclusters are deposited on the supports from solutions of solvated platin
prepared by metal vapor synthesis (MVS). The immobilization in the polymer framework of ions of a second metal such as Fe(II), Co(II
Zn(II) enhances the selectivity of the Pt catalysts by up to more than 90%.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The selective hydrogenation ofα,β-unsaturated aldehy
des toα,β-unsaturated alcohols is a frequently occurr
step in the industrial synthesis of specialty chemicals,
ically in the liquid phase[1]. The reaction is known to be e
fectively catalyzed by group VIII metal complexes in the liq
uid phase[2] and by supported group VIII metal nanoclu
ters under both solid–gas[3] and liquid–solid conditions[4].
The selectivity forα,β-unsaturated alcohols in liquid–sol
heterogeneous catalysis has been found to depend crit
on a variety of parameters, such as the nature of the a
noble metal[1,5], the nature of the support[3,6], and the
metal nanocluster size[1]. Improved selectivity can be ob

* Corresponding authors. Fax: 049-8275223; 049-8275223.
E-mail address:benedetto.corain@unipd.it(B. Corain).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.10.018
tained with bimetallic catalysts, where the second metal
Ge, Co, etc.) is more electropositive than the noble one[3,7].
The electropositive metal is supposed to release electr
density to the noble metal. On one hand, this makes the
tive metal more electron rich and therefore disfavors the
sorption of the unsaturated aldehyde through the double
bonds and the hydrogenation thereof. On the other hand, th
electropositive metal becomes electron-deficient and fo
sites where carbonyl groups stick through their nucleoph
oxygen atoms. This favors the hydrogenation of the dou
C–O bonds. An improved selectivity for unsaturated al
hols is also observed when bases (of both the Brønste
Lewis type) are dissolved in the reaction mixture. Th
electron-donating species are supposed to interact with
metal surface, thus increasing its electron density[1]. This
is not the only way in which the catalytic process can
modified; for steric reasons the basic species lying on

http://www.elsevier.com/locate/jcat
mailto:benedetto.corain@unipd.it
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Fig. 1. The concept of a “multitasking” catalyst supported by a functio
resin. A: Lewis acid units (typically a metal ion); X: metal coordinating o
ion-exchanging functions; D: Lewis base units.

metal surface likely favors “end-on” adsorption of the u
saturated aldehyde molecules, which is possible only if
approach the metal surface with the carbonyl group. T
circumstance further reduces the catalyst’s capacity to
drogenate double C–C bonds. Finally, several Lewis a
added to the reaction mixture are able to enhance the
lectivity with α,β-unsaturated alcohols[1,8]. In this case
they are supposed to interact with the oxygen atoms o
carbonyl groups. As a result, the C–O bond is polari
and the carbonyl carbon atom becomes more susceptib
the nucleophilic attack of the hydridic adsorbed hydro
atoms[1].

The use of soluble basic and acidic promoters at the s
time is clearly not feasible under classic conditions; the b
and the acid would neutralize each other. This could be
sible if basic and acidic promoters were conveyed to
“microenvironment” of the metal nanoclusters inside o
heterogeneous catalyst in such a way as to prevent the
rect interaction. Multiple promotion effects would take pla
cooperatively in a catalyst of this kind (“multitasking” ca
alyst). Designed polyfunctional resins (Fig. 1) possessing
both basic and acidic functionschemically connected to th
polymeric chains are potentially able to do this.

We report here on the catalytic behavior of various re
supported platinum catalysts in the hydrogenation of c
in ethanol at 333 K and 105 kPa. Currently citral is one
the most intensively investigated substrates[9], along with
crotonaldehyde[10] and cynnamic aldehyde[11], for the se-
lective hydrogenation of the carbonyl group. In compari
with the latter two, citral has an even more complex reg
chemistry, in that it possesses three double bonds; the
difficult to reduce is the carbonyl bond (Scheme 1).

The resins employed herein as supports contain di
ent functional groups, most of which are basic in natu
They are either used as such or after the introductio
metal ions (Lewis acids). The use of polymeric supp
for the heterogeneous solid–liquid hydrogenation ofα,β-
unsaturated aldehydes is notunprecedented. A previous e
ample of active and very selective Pt/polystyrene catalys
-

-

t

Scheme 1.

for the transformation of cynnamic aldehyde to cinnam
alcohol in ethanol at 333 K and 4.0 MPa is reported
Ref. [12].

2. Experimental

2.1. Materials and apparatus

X-ray microprobe analysis was carried out with a Ca
bridge Stereoscan 250 EDX PW 9800. Transmission e
tron microphotographs (TEMs) were taken with eithe
JEOL 2010 microscope with GIF operated at an accelera
voltage of 200 keV or a Philips CM200 microscope (
trafine sections). A home-assembled apparatus made
able by Dr. K. Jerabek (Institute of Chemical Process F
damentals, Czech Academy of Sciences, Prague–Suchd
was used for inverse steric exclusion chromatography.
perimental details of the basic operation and choice of
probes are given in Ref.[19]. The amount of platinum in
the MVS-derived solutions was determined, after minera
ization, by atomic absorption spectrometry in a electrothe
mally heated graphite furnace with a Perkin-Elmer 41
ZL instrument with longitudinal Zeeman effect backgrou
corrector. Chemical analyses of the hydrogenation mixt
were performed with a Shimadzu GC17A gas chrom
graph, equipped with an EC-WAX wide-bore capillary c
umn (60 m, 0.53 mm i.d.). Monomers for the synthe
of the resins, analytical-grade metal acetates, NaBH4, and
ethanol for the preparation of CIR catalysts were supplie
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Aldrich. [Pt(NH3)4]Cl2 was prepared according to metho
described in the literature[13], starting from PtCl2 (Aldrich)
and aqueous concentrated ammonia (C. Erba). Mesity
andn-pentane were purified by conventional methods,
tilled, and stored under argon. Analytical-grade citral an
ethanol, used in the catalytic tests, were supplied by Ald
and Fluka, respectively. If nototherwise stated, chemica
from commercial sources were used as received from
supplier.

2.2. Sample preparation for TEM

Some samples were obtained by mechanical milling
the as-prepared solid sample and subsequent dispersi
ethanol with an ultrasonic bath for 0.5 h. One drop of the s
pension obtained in this waywas placed on a carbon-coat
copper grid, dried at room temperature, and then put
the microscope. Some samples were obtained by embed
the material in Araldite CY212 and, after polymerizatio
by cutting 30-nm slices with a Leica Ultracut-R ultramicr
tome.

2.3. Resin synthesis

The procedure for synthesizing functional resins has b
carefully described in Ref.[14]. The only difference in ou
method was in the thorough washing of the crude and gro
resins (sieved to 180–400 µm) with methanol in a So
let apparatus for 4 days. CF4 resin is commercially av
able from Aldrich (poly-4-vinylpyridine-divinylbenzene
2% mol).

2.4. Metalation of CF3{70} with [Pt(NH3)4]Cl2

The functional resin (ca. 1 g) is suspended in water
left under moderate stirring for 2 h. About 0.3 g of NaBH4,
dissolved in 10 ml of water, is added under manual stirr
and left under moderate magnetic stirring until the gas
lease stops. Sodium-form resin is filtered and washed
water. The sample is suspended in water (ca. 50 ml) and
under moderate stirring for 2 h. About 26 mg (0.94 mm
of [Pt(NH3)4]Cl2 dissolved in 5 ml of water is added und
manual stirring and left under moderate mechanical stir
for about 1 day. The resin color does not change appre
bly. One milliliter of surnatant phase (ca. 1/60 of the total
amount of the liquid phase) is treated with 5 mg NaBH4. The
absence of any precipitated platinum black indicates prac
tically quantitative incorporation of PtII (in the case where
there is no incorporation of platinum, it would have been
duced by only 0.6 mg NaBH4). Metalated resins are filtere
washed with water, and dried in vacuo at 60◦C.

2.5. Reduction with NaBH4 in water

The metalated resin (ca. 1 g, ca. 1% mol Pt) is suspen
in ca. 10 ml water and left under moderate stirring for 2
n

g

Table 1
Metalation of CF3 with M(OAc)2 (M = FeII , ZnII , CoII )

Metal precursor Precursorweight (g) CF3 weight (g)

Fe(OAc)2 1.12 1.01
Zn(OAc)2 1.51 1.00
Co(OAc)2 1.43 1.02

About 300 mg (7.9 mmol) of NaBH4 dissolved in 10 ml
water are added under manual stirring with consequent vig
orous gas evolution and left under moderate mechanical
ring for ca. 90 min, after which the liquid phase appe
to be colorless and the resins have become black. Th
duced sample is filtered, washed with water and metha
and dried in vacuo at 60◦C to constant weight. A black pow
der is obtained.

2.6. Metalation of CF3 with M(OAc)2 (M = FeII , ZnII ,
CoII )

Functional resin (ca. 1 g) is suspended in water and
under moderate stirring for 2 h. The metal precursor (Ta-
ble 1) dissolved in ca. 20 ml of water is added. The solv
and the acetic acid produced during the metalation reac
are removed with the use of a rotating evaporator (ca. 50◦C,
6 mm Hg) until incipient wetness. A further 50 ml of wat
is added. The evaporation procedure is repeated five ti
If the metal precursor is colored (FeII and CoII ) it is possible
to follow the reaction progress from the fading of soluti
color, and the concomitant coloration of the resin partic
The sample is filtered, washed with water and methanol,
dried in vacuo at 60◦C to constant weight.

2.7. Metalation of CF4 with Co(OAc)2

CF4 (0.2 g, 1.8 mmol of pyridyl groups) is suspend
in ca. 5 ml of ethanol. After overnight standing, 0.226 g
Co(OAc)2·4H2O (0.9 mmol of cobalt) dissolved in the min
mum amount of ethanol is added to the alcoholic suspen
of the resin. After 5 h of moderate stirring at room tempe
ture, the suspension is filtered. The recovered solid is wa
three times with 10 ml of fresh ethanol and finally dried
constant weight.

2.8. MVS synthesis

In a typical experiment, Pt-vapor, generated by resis
heating of a W wire surface coated with electrodeposite
(100–200 mg), is co-condensed at a liquid nitrogen tem
ature with mesitylene (70 ml) in a glass reactor descri
elsewhere[15]. The reactor chamber is warmed at the m
ing point of the solid matrix (−30◦C), and the resulting
yellow–brown solution is siphoned and handled at low te
perature (−30/−40◦C) with the Schlenk tube techniqu
The content of the metal is 1 mg/ml. To a suspension of th
desired functional resin (2 g) in mesitylene (5 ml) is add
the required amount of the above Pt/mesitylene solutio
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obtain the supported final platinum catalyst. The mixtur
stirred for 24 h at room temperature. The colorless solutio
removed and the brown material is washed three times
previously deareatedn-pentane and dried at room tempe
ture under reduced pressure (10−2 Torr).

2.9. Catalytic tests

Catalytic experiments are carried out at atmospheric p
sure under H2 flow, at 60◦C, in a four-necked flask fit
ted with a reflux condenser, dropping funnel, thermocou
and a stirrer head. The catalyst is added to 25 ml of
vent and reduced in situ at 70◦C for 1 h. After cooling
at reaction temperature, the substrate (0.5 ml) is inje
through one arm of the flask. The reaction mixture is stir
at 700 rpm. The progress of the reaction was followed
gas chromatographic analysis of a sufficient number of
crosamples. Selectivities are calculated from the expres
Si = Ci · [∑Cp]−1, whereCi is the concentration of theith
product andCp is the total concentration of the products.

3. Results and discussion

3.1. Synthesis of functional resins

We have synthesized two sets of functional gel-t
resins. One consists of CF1, CF2, and CF3 (Scheme 2),
which contain only one functional monomer (respective
N,N -dimethyl-2-aminoethylmethacrylate, DMAEMA; cy
anoethyl-acrylate, CEA; methacrylic acid, MA) and the
cross-linker (divinylbenzene, DVB). The other compris
CF2{50}, CF3{30}, CF3{50}, and CF3{70} (Scheme 3),
which contain the functional monomer (CEA for the fir
MA for the others),N,N -dimethylacrylamide (DMAA), and
the cross-linker (divinylbenzene, DVB). CF4 (a homopo
mer of 4-vinylpyridine) is a commercial resin, 2% cros
linked with DVB, commercially available as irregular su
millimetric particles. The resins employed here are gener
gel-type, that is, they do not possess a macropore sy
in the dry state. Microporosity develops only when they
swollen with suitable liquid agents. CF4 is somewhat dif
ent from the other materials, and its morphology was inv
tigated separately[16].

The design of resins CF1, CF2, and CF3 and the choic
CF4 rest on the idea of employing polymer frameworks f
tured by either Lewis basic groups or by a functional gro
(–COOH in the case of CF3) able to bind metal centers an
possibly able to promote the metal catalysts.

Resins CF2-50, CF3{30}, CF3{50}, and CF3{70} a
also gel-type resins. They are copolymers ofN,N -dimethyl-
acrylamide (DMAA) and CEA (CF2-50) or MA (CF3{30}
CF3{50}, CF3{70}). The respective molar fractions
DMAA (30, 50, 70%) are indicated by the relevant codes

All resins are obtained in very high yields uponγ -
irradiation at room temperature[17]. After work-up of the
Scheme 2.

Scheme 3.

Table 2
Synthetic details for resins CF1, CF2, and CF3

DMEDMA AMA (mmol) CEA (mmol) DVB (mmol) Yield (%)

CF1 200 – – 9 91
CF2 – 240.8 18.8 94
CF3 355.8 – 26.8 93

Table 3
Analytical data on resins CF1, CF2, and CF3

Found Expecteda

C (%) H (%) N (%) C (%) H (%) N (%)

CF1 62.60 9.46 8.18 65.52 10.17 7.40
CF2 59.40 5.70 10.42 59.11 5.69 10.72
CF3 57.60 6.91 – 57.63 6.92 –

a For 100% polymerization yield.

Table 4
Synthetic details of resins CF2-50, CF3{30}, CF3{50}, and CF3{70}

AMA
(mmol)

CEA
(mmol)

DMAA
(mmol)

DVB
(mmol)

Yield
(%)

CF2-50 – 16.9 44.4 3.8 94
CF3{30} 71.6 – 32.5 4.7 95
CF3{50} 48.9 – 52.5 4.6 95
CF3{70} 26.7 – 72.7 4.3 94

crude materials (see Section2), they are eventually obtaine
as 180–400-µm particles. Synthetic and analytical detail
collected inTables 2–5.

As discussed below, a marked swelling ability of t
polymeric supports in ethanol is a desirable feature. In



P. Centomo et al. / Journal of Catalysis 229 (2005) 283–297 287

sed
tive
at-
-

ces-
at

im-
eir
nol.
s

A
s-
l.

to

for

by
s in

ron
ted
gh
s-
n
ate.
ose

ly-
this
ocal
ss
els.”

l.

val-
)

) at

ins

ried
tant
and
anol

e
y-
ses

kes
ter
y-
ater
kly

ges,
gree
ly-
th
e
t a
e
70}

in

car-

f

n to
b-
es
0%
e of

of
s-
Table 5
Analytical data on resins CF2-50, CF3{30}, CF3{50}, and CF3{70}

Found Expecteda

C (%) H (%) N (%) C (%) H (%) N (%)

CF2-50 60.64 6.98 11.47 63.64 7.92 11.57
CF3{30} 58.78 7.42 3.90 61.17 7.70 4.34
CF3{50} 54.94 7.89 6.07 62.02 8.10 6.99
CF3{70} 53.42 7.95 8.74 62.58 8.49 9.70

a For 100% polymerization yield.

ticular, one of the ways of preparing the catalysts u
in the current study implies the dispersion of the ac
metal (platinum) throughout the whole volume of the c
alyst particles[17]. A high degree of swelling in the reac
tion solvent is therefore required to ensure a good ac
sibility of platinum. It is convenient to anticipate here th
in the case of the MA-based materials, this protocol
plies the transformation of the carboxylic resins into th
sodium forms, which also should be able to swell in etha
The introduction in the polymer framework of DMAA a
a comonomer along with either CEA (CF2{50}) or M
(CF3{30}, CF3{50}, CF3{70}) is a response to the nece
sity for materials that undergo marked swelling in ethano
Our previous experience has shown that DMAA is suited
this purpose, while keeping an amphiphilic character[18].
As discussed below, this prediction has been confirmed
CF2-50 and CF3{70} (Table 6) by BEV (bulk expanded
volume) values[18] in ethanol and, at least as a trend,
inverse steric exclusion chromatography (ISEC) analysi
water[19].

3.2. SEM characterization

Resin morphology is evaluated with scanning elect
microscopic (SEM) analysis, which confirms the expec
[20] gel-type character of CF1, CF2, and CF3, thou
very few particles of CF3 exhibit a sort of macroporo
ity (Fig. 2e). Fig. 2 illustrates at convenient magnificatio
the typical glassy aspect of gel-type resins in the dry st
CF4 exhibits a complex micro- and nanomorphology wh
details will be given elsewhere[16]. It exhibits micrometer-
wide “channels” that favor overall accessibility of the po
meric mass, and it is akin to macroreticular resins in
respect. However, we have collected evidence that l
swelling occurs in a relatively thin layer of polymer ma
just beneath the surface of the aforementioned “chann
Therefore, chemistry within CF4 can take place not onlyon
the pore walls, but alsoin the swollen layer of polymeric ge

3.3. BEV and SAV characterization

The capacity of the investigated resins to swell was e
uated from BEV[18] and specific absorbed volume (SAV
[21] at a semiquantitative level, and with ISEC (see below
a quantitative level. BEV is defined as (Vg − V0)g

−1, where
Vg is the final specific swollen volume andV0 is the initial
Table 6
BEV of CF1, CF2, CF3, CF3/Na+ in water and ethanol

Support BEV (ml/g)

Water Ethanol Mesitylene

CF1 1.6 1.7 –
CF2 0.5 0.4 0.0
CF2-50 1.3 1.2 –
CF3 1.8 2.0 0.3
CF3{30} 0.6 1.1 –
CF3{50} 1.2 1.2 –
CF3{70} 3.0 2.2 –
CF3/Na+ 5.0 0.0 –
CF3{30}/Na+ – 0.2 –
CF3{50}/Na+ – 0.0 –
CF3{70}/Na+ – 1.8 –

volume of dry, carefully sieved and properly packed res
(180–400 µm). SAV is defined as milliliters of absorbed sol-
vent per gram of resin. BEV measurements were car
out in water, ethanol, and mesitylene, the most impor
solvents used in this investigation. In particular, water
mesitylene are used in the metalation reactions and eth
in the hydrogenation tests.

The data ofTable 6show that CF2 swells to a very littl
extent. However, when DMAA is introduced in the pol
mer backbone (50% mol), the degree of swelling increa
strongly in both solvents. In fact, this comonomer ma
the resin more compatible with polar solvents like wa
and ethanol[22]. This is also confirmed by ISEC anal
sis (see next section). CF3 swells rather well in both w
and ethanol. In this case, partial dissociation of the (wea
acidic) carboxylic groups creates fixed negative char
and the repulsive forces among them enhance the de
of swelling. In ethanol, the degree of swelling of the po
mer is slightly higher. Dilution of the carboxylic groups wi
DMAA reduces this electrostaticcontribution, and therefor
CF3{30} and CF3{50} swell less than CF3. However, a
high DMAA molar fraction the affinity for polar solvents du
to the presence of this comonomer prevails and CF3{
swells more than CF3. When the H+ ion is replaced by
a Na+ ion (CF3/Na+), the polymer swells much better
water, but not at all in ethanol. For CF3/Na+ the Doonan
effect is strongly enhanced in water, because all of the
boxylic groups are present as ionic pairs (–COO−/Na+) that
are completely separated because of effective solvation o
the Na+ ions. In ethanol, solvation of the Na+ ions is not as
strong, and the contribution of the electrostatic repulsio
swelling is apparently lost. Again, the introduction of su
stantial amounts of DMAA in the MA-based resins mak
them more compatible with ethanol, but as much as 7
(molar) DMAA is needed to achieve an acceptable degre
swelling of the sodium form of the support in ethanol.

3.4. ISEC characterization

The effect on swelling of the gradual introduction
DMAA in the CEA- and MA-based resins in water was a
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Fig. 2. SEM picture of resin CF2 ((a) 150×; (b) 2500×) and CF3 ((c) 350×; (d) 2500×; (e) 5000×).
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sessed by means of ISEC analysis. When functional re
are put in contact with suitable liquids, swelling of the po
mer matrix occurs, and its swollen-state morphology
comes substantially different from the dry-state morpholo
Therefore, information basedon conventional porosimetri
techniques, like nitrogen adsorption or mercury penetra
is not useful in this respect. A quantitative description of
swollen-state morphology of polymer materials can be
tained with ISEC. This method is based on measuremen
 f

elution volumes of a number of standard solutes of kno
molecular sizes, flowing through chromatographic colum
filled with the material to be characterized. Under the pro
conditions, the partition of the solutes between the statio
and mobile phases is governed by steric (entropic) fac
only. In this case it is possible to extract valuable inf
mation on the nanoporosity of the swollen polymer m
(gel) by mathematical treatment of the chromatograp
data.
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According to the Ogston model[23] the polymer chains
in the gel are represented as randomly distributed, infin
length cylindrical rods. The void space among them is fil
by the swelling liquid and represents the nanopore sys
of the swollen polymer mass. The sum of chain lengths
definite volume element overits volume (the polymer chai
density, PCD, usually expressed as nm−2) is the character
istic geometric parameter. From a qualitative point of vie
it corresponds to the pore diameter in a conventional cy
drical pore description of porous materials. For the purp
of ISEC analysis, the swollen polymer mass is modele
a set of discrete fractions,each characterized by a sing
value of PCD. Typical PCD values range from 0.1 nm−2,
corresponding roughly to the density of a solution of a lin
polymer, up to 2 nm−2, featuring very dense polymer regio
into which even the smallest molecules can hardly penet
ISEC analysis yields the volume (Vi) of each fraction, usu
ally referred to the unit mass of dry material. The sum
these values (

∑
Vi ) should be ideally equal to the total vo

ume of the swollen polymer (gel volume,Vg). The latter can
be determined experimentally from chromatographic dat
the difference between the column volume and the elu
volume of an eluate, which is totally excluded from the s
tionary phase. It should be appreciated thatVg values do not
depend on modeling and are truly experimental. ISEC
sults on some investigated resins are collected inTable 7
for water-swollen materials. No data could be collected
ethanol because the condition of the sterically driven parti
tion between the stationary and mobile phases is not m
alcohols[19].

In general, the fraction at PCD= 2.0 nm−2 is by far the
most abundant. This means that most materials are not
ticularly accessible when swollen in water. This implies t
a part of the polymeric mass is not involved in the partitio
ing of the eluates, that is, even the smallest of them ca
penetrate the whole volume of the swollen resin. Howe
as Vg is an experimental quantity, the relevant values
be compared safely. The data inTable 7are consistent with
those ofTable 6(BEV) in that they also demonstrates th
the introduction of DMAA in CEA- and MA-based resin

Table 7
PCD,

∑
Vi , andVg values for some resins swollen in water together (

the text for the meaning of the quantities)

Resin Gel fraction volumes (Vi ) (cm3 g−1)
∑

Vi

(cm3 g−1)

Vg

(cm3 g−1)D PC 0.1 0.2 0.4 0.8 1.5 2.0

CF1 0.00 0.04 0.00 0.53 0.93 1.40 2.90 3.01
CF2 0.00 0.00 0.00 0.00 0.00 0.41 0.41 0.88
CF2-50 0.00 0.05 0.03 0.00 0.00 1.17 1.26 2.12
CF3 0.03 0.00 0.00 0.00 0.00 1.36 1.39 0.66
CF3{30} 0.00 0.00 0.00 0.00 0.00 0.74 0.74 0.65
CF3{50} 0.00 0.05 0.03 0.00 0.00 1.17 1.25 2.15
CF3{70} 0.00 0.10 1.01 0.00 0.00 0.83 1.94 2.64

Courtesy of Dr. Jerabek, Academy of Sciences of the Czech Republi
Prague.
.

-

makes the materials more compatible with water in com
ison with the homopolymers.

3.5. Preparation of the catalysts: platination of the
functional resins

The dispersion of Pt0 inside of the functional resins wa
carried out along two main routes. The first is based
the impregnation of the resin with mesitylene solutions
colloidal platinum (“solvated metal atom”) obtained wi
metal vapor synthesis techniques[15], hereafter referred to
as MVS. The second procedure, hereafter referred t
CIR (chemical incorporation and reduction), implies the i
mobilization of convenient molecular platinum precurs
in the pre-swollen resins, followed by chemical reduct
of the metal center. In the case of the MVS route, m
nanoparticles are expected to reside in a resin outer la
in view of the poor swelling of the support in mesit
lene.

The choice of mesitylene as the liquid medium for
deposition of the solvated metal atoms could seem a
ward. Ethanol, which is able to swell the supports and
employed as a solvent in the catalytic runs, seems to
better alternative in this respect. However, mesitylene is
more convenient ligand for stabilizing Pt atoms obtained
MVS. The co-condensation of Pt-vapor and mesitylene
fords products that are soluble in the excess of mesityl
stable at relatively low temperature (−30◦C), and very suit-
able for gently reacting with supports depositing active Pt(
particles under very mild conditions[24]. Protic solvents
such as ethanol, can react with vapors of transition m
elements affording in situ catalytic species such as met
hydrides, as evidenced, for example, in the case of Ni
pors[25].

In the case of CIR, the distribution of the platinum na
oclusters throughout the resin particles is expected to
essentially homogeneous[17], provided that both the meta
precursor immobilization and its subsequent reduction
carried out under conditions of full swelling of the pol
meric supports. Unfortunately, this is unfulfilled with almo
all of them; hence very poorly active CIR catalysts are ge
ally obtained. Only with CF3{70}, which has a fair capac
for swelling in the required solvents, it is possible to obt
a CIR catalyst, which is even more effective than the b
MVS. The catalysts obtained are listed inTable 8, along with
their metal content.

Table 8
Platinum contents of CIR and MVS catalysts

Catalyst (%) Pt (w/w)

CIR-CF3{70}/Pt 0.59
MVS-CF1/Pt 0.9%
MVS-CF2/Pt 1.0%
MVS-CF3/Pt 0.8%
MVS-CF4/Pt 1.0%
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Fig. 3. TEM picture of MVS-CF1/Pt (105×).

Fig. 4. SEM picture of MVS-CF2/Pt (500×).

MVS-CF1/Pt is a black powder consisting of irreg
larly shaped microparticles. TEM microphotographs (Fig. 3)
show the presence of spherical metal nanoclusters wit
ameters around 2 nm.

MVS-CF2/Pt is a black powder consisting of 10
180-µm, irregularly shaped microparticles. SEM microp
tographs (Fig. 4) show the expected glassy aspect, with so
macroscopic, structurally irrelevant fractures.

XRMA analysis of MVS-CF2/Pt (Fig. 5) shows that the
metal nanoclusters lie in a peripheral layer roughly 10
thick. This observation agrees with the negligible swell
of the resin in mesitylene.

TEM analysis of ultrathin sections (ca. 400 nm thick)
MVS-CF2/Pt particles reveals that even in the outer shel
platinum nanoparticles are not homogeneously distribu
(a)

(b)

Fig. 5. SEM picture (a) and Pt XRMA analysis (b) of MVS-CF2/Pt (200×).

In fact, they form 50–200-nm thick sublayers, likely cor
sponding to the surface of the accessible polymer dom
(Fig. 6). TEM microphotographs at higher magnificati
of ultrafinely ground particles of theas preparedcatalyst,
showed that platinum nanoclusters are roughly spheric
shape, with diameters of 2–3 nm.

MVS-CF3/Pt looks very much like MVS-CF2/Pt, an
their SEM microphotographs are very similar (Fig. 7).

XRMA analysis (Fig. 8) reveals, as expected, the sa
metal distribution of the platinum nanoclusters in the po
meric particles as in MVS-CF2, with a metal-contain
layer a few micrometers thick.

TEM characterization yields results similar to those
MVS-CF2/Pt (Fig. 9).

MVS-CF4/Pt is also a black powder. TEM analysis of
trathin sections and of the powder as such (Fig. 10) yields a
picture similar to those of MVS-CF2/Pt and MVS-CF3/P
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Fig. 6. TEM picture of an ultrathin section of a MVS-CF2/Pt particle (a)
and TEM picture of Pt0 nanoclusters in MVS-CF2/Pt (b).

Fig. 7. SEM picture of MVS-CF3/Pt (500×).

(a)

(b)

Fig. 8. SEM picture (a) and Pt XRMA analysis (b) of MVS-CF3/Pt.

The metal lies in thin layers, a few tens of nanome
thick, stretching out across the catalyst particles. Platin
nanoclusters are spherically shaped, with diameters ar
2–3 nm. Therefore, no appreciable differences in the di
bution or in the metal nanocluster sizes are observed f
one MVS catalyst to the other. These features are appar
independent of the nature of the support and seem to be
tated simply by the preparation method.

CIR-CF3{70}/Pt is a dark brown powder consisting
irregularly shaped granules. The catalyst is obtained u
exchanging fixed Na+ ions of the resin with [Pt(NH3)4]2+
cations. This operation is carried out in water, wh
CF3{70}/Na swells very well and the metal complex is s
uble. Platinum is then reduced with an alcoholic solut
of NaBH4. XRMA analysis shows that its radial distrib
ution throughout the catalyst beads is fairly homogene
(Fig. 11). TEM microphotographs show irregularly shap
nanoclusters, a few tens of nanometers across (Fig. 11). Rel-
atively large nanoclusters are actually aggregates of sm
worm-like nanoparticles, about 2 nm thick and up to abo
nm long (Fig. 11).
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Fig. 9. TEM picture of an ultrathin section of a MVS-CF3/Pt particle (a
and TEM picture of Pt0 nanoclusters in MVS-CF3/Pt (b).

3.6. Preparation of the catalysts: platination of the
Lewis-acid-modified resins

In line with the premises of this work (Fig. 1), some MVS
catalysts (Table 9) were prepared by platination of CF3 a
CF4 modified with metal ions (Lewis acids).

The resins were metalated with FeII , CoII , and ZnII ac-
etates prior to platinum deposition. CF4 was metalated
a solution of cobalt(II) acetate in ethanol. BEV data sh
that upon conversion of the carboxylic groups of CF3 i
carboxylate groups, the degree of swelling of the resin d
dramatically in ethanol and increases remarkably in wa
As a consequence, the progressive replacement of H+ ions
of –COOH groups in CF3 with divalent metal ions was
pected to cause a drastic decrease in the degree of sw
during the ion-exchange process, making it more and m
difficult. Thus water solutionsof the acetates were used f
the metalation of CF3. The presence of Lewis acids is
g

(a)

(b)

Fig. 10. TEM picture of an ultrathin section of a MVS-CF4/Pt particle (a
and TEM picture of Pt0 nanoclusters in MVS-CF4/Pt (b).

Table 9
Metal contents in MVS-CFn/M/Pt (n = 3, 4; M= Fe, Co, Zn) catalysts

Catalyst (%) Pt (w/w) (%) M (w/w) M/Pt (mol/mol)

MVS-CF3/Fe/Pt 0.71 8.2 40
MVS-CF3/Co/Pt 0.89 14.1 52
MVS-CF3/Zn/Pt 0.43 15.2 105
MVS-CF4/Co/Pt 2.5a 6.2 8

a Estimated from the complete fading of the solvated platinum atom
lution employed for the impregnation.

pected to enhance the selectivity for the desired unsatu
alcohols[1]. The reaction between the metal ions and
resin (ion exchange for CF3, metal coordination to pyri
rings for CF4) is generally facile. Extensive incorporatio
of the metal centers is generally observed. XRMA reve
a nicely homogeneous distribution of the metal center
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Fig. 11. TEM and XRMA pictures of CIR-CF3{70}/Pt.
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CF3 for cobalt and zinc (Figs. 12 and 13). In the case of
iron some accumulation of the promoter toward the part
edges is observed (Fig. 14).

Samples of resins modified with different Lewis acids
treated with solutions in mesitylene of solvated platin
atoms, to give the final promoted MVS catalysts. MV
CF3/CoII /Pt exhibits an intense violet color and is char
terized by TEM. Pt0 nanoclusters appear to be fairly regu
in size (2–4 nm) (Fig. 15).

XRMA analysis for platinum was not carried out in th
promoted MVS catalysts. Its radial distribution is suppo
to be in the shape of an egg-shell, just like in the other M
catalysts investigated in this work.

3.7. Catalytic results

Under the experimental conditions described here, the
drogenation of citral (3,7-dimethyl-2,6-octadienal) over
supported catalysts occurs through a reaction pathway
is summarized inScheme 1. Geraniol (trans-3,7-dimethyl-
2,6-octadienol) and nerol (cis-3,7-dimethyl-2,6-octadieno
are formed by hydrogenation of the C=O group of the
t

(E) and (Z) isomers of citral, respectively. Citronellal (3
dimethyl-6-octenal) is obtained by the parallel hydroge
tion of the conjugated C=C double bond. Citronellol (3,7
dimethyl-6-octen-1-ol) is formed by hydrogenation of c
ronellal and/or geraniol and nerol. Isopulegol (2-isoprop
5-methyl-cyclohexanol), a cyclization product of citronell
and the diethylacetal of citronellal were never observed.
catalytic results are illustrated inFig. 16. Activities are as-
sessed as the initial reaction rate per unit mass of plati
(mol g−1

Pt s−1).
The most intriguing information conveyed inFig. 16 is

the remarkable selectivity of the MVS catalysts suppor
by CF2, CF3, and CF4. The last is not particularly acti
and the reaction stopped at low conversion (� 20–30%) with
54% selectivity. For MVS-CF2/Pt and MVS-CF3/Pt the h
drogenation proceeds to high conversion (� 80–90%), with
no appreciable difference in the selectivity for the unsa
rated alcohols (46–47%) at low and high conversion. It co
be argued that the hydrogenation of the C=C bond is more
favored than the hydrogenation of the conjugated C=O bond
at 70◦C (the reaction temperature used in the present wo
In fact it is well known that the former is favored over t
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(a) (b)

Fig. 12. SEM (a) and XRMA (b) analysis of a section of CF3/CoII . Cobalt distribution is seen to be homogeneous.

(a) (b)

Fig. 13. SEM (a) and XRMA (b) analysis of a section of CF3/ZnII . Zinc distribution is homogeneous.

(a) (b)

Fig. 14. SEM (a) and XRMA (b) analysis of a section of CF3/FeII . A modest accumulation of the element at the particles edges is apparent.
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Fig. 15. TEM picture of MVS-CF3/CoII /Pt: low resolution (a); high resolu
tion (b).

latter at low temperature and that the selectivity towa
unsaturated alcohols can be enhanced by increasing th
action temperature[26]. However, we have found that in th
hydrogenationof citral on monometallic catalysts under c
ditions otherwise identical to those applied in the pres
work, Pt catalysts supported on SiO2 and Al2O3 show a se-
lectivity for the formation of unsaturated alcohols lower th
20%. This rules out the reaction temperature as the pos
cause of the unexpectedly high selectivity observed.

As shown above, all of the MVS catalysts, including t
poorly selective MVS-CF1/Pt, exhibit similar a nanoclus
size (2–3 nm) and size distribution. Therefore the degre
-

Fig. 16. Observed initial reaction rates (mol g−1
Pt s−1) and selectivity to

geraniol/nerol at low (20–30%) conversion of citral for the monometa
MVS catalysts; for MVS-CF2/Pt and MVS-CF3/Pt selectivity at high co
version (80–90%) are unchanged.

metal dispersion does not seem to affect the selectivity
these platinum catalysts; that is, the reaction is structure
sensitive.

The presence of a second metallic species can enh
the selectivity for unsaturated alcohols[1]. This was the
case, for instance, for Ru/C catalysts, which exhibited a 3
selectivity for geraniol/nerol in the hydrogenation of cit
due to the presence of impurities (mainly Fe) on the sur
of the carbon support[27]. Therefore, care must be taken
avoid the unintended introduction (contamination) of ev
trace amounts of potential metal promoters during the c
lyst’s preparation. Accidentalcatalyst’s contamination (an
undesired promotion) does not seem to pertain to the M
catalysts described here, in that they are not invariably
lective. MVS-CF1/Pt, for instance, shows a low selectiv
comparable to that of unpromoted Ru/Al2O3 catalysts unde
similar experimental conditions[28].

In conclusion, the selectivity seems to depend on the
ture of the polymeric support, which possesses functio
groups that could interact with the platinum nanoclust
CF2 and CF4 feature electron-donating functions (cyano
pyridyl, respectively). It is well known that basic substan
added to the reaction mixture are strongly able to incre
the selectivity towards unsaturated alcohols in the hyd
genation ofα,β-unsaturated aldehydes[1]. This strongly
suggests a direct interaction of the basic cyano and py
groups with the metal nanocluster surface, which makes
metal catalyst fairly selective. On the other hand, CF3 do
not contain a basic function, but the effect of oxygena
groups has already been invoked for platinum catalysts
ported by surface-oxidized activated carbon[29]. In addi-
tion, acetic acid itself has been reported to be an effec
promoter in the hydrogenation of 2-methyl-2-pentenal o
Co-Raney in the liquid phase[30].

The only useful CIR catalyst obtained is CIR-CF3{70
Pt, which is the most active among those described
this paper. The initial reaction rate over this catalyst (
23 mol g−1

Pt s−1) is almost double with respect to the mo
active MVS catalysts, and the reaction proceeds up to
conversion of the substrate. However, this CIR catalys
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Fig. 17. Observed initial reaction rates (mol g−1
Pt s−1) and selectivity to

geraniol/nerol at low (20–30%) conversion of citral for MVS bimeta
catalysts; for MVS-CF4/Co/Pt and MVS-CF3/Co/Pt the selectivity at hig
conversion (80–90%) are unchanged.

very poorly selective, in contrast, for instance, with MV
CF3/Pt, which also possesses carboxylic groups. As th
lectivity enhancement in monometallic MVS catalysts c
be attributed to the interaction of the metal with the fu
tional groups of the support, this observation indicates
the functional groups of CF3{70} are not able to pr
mote the platinum selectivity in the CIR catalyst. In th
case the metal nanoparticles are much larger and irregu
shaped in comparison with MVS catalysts, and we ar
that the interaction, if any, of the metal nanoparticles w
the functional groups of the polymeric supports is not eff
tive.

It is well known that the selectivity of the hydrogenati
of α,β-unsaturated aldehydes over heterogeneous meta
alysts can be dramatically improved by a number of solu
promoters (see, for example, Refs.[31,32]), including sev-
eral metal halides[33]. As shown above, the polymeric su
ports used in this work allow easy immobilization of a nu
ber of metal ions, through either ion-exchange or metal
ordination. The resins (CF3 and CF4) modified with Fe(
Co(II), or Zn(II) metal ions can be used as supports for p
inum catalysts; the relevant catalytic data are illustrate
Fig. 17.

With Zn(II) and Fe(II) the selectivity for the formatio
of unsaturated alcohol is higher than 90%, but in comp
son with the parent monometalliccatalyst, their activity is
severely hampered (1–3% of the activity of MVS-CF3/P
Better results are obtained with cobalt(II). The reaction o
MVS-CF3/Co/Pt and MVS-CF4/Co/Pt proceeds up to h
conversion of the substrate (� 80–90%) with both catalysts
A remarkable enhancement of theselectivity, practically in-
dependent of the conversion, for geraniol/nerol has also
obtained, with a relatively small decrease (50%) in activ
in comparison with the unpromoted parent catalysts.

To summarize, the catalystspromoted with Lewis acid
(the immobilized metal ions) are much more selective, bu
less active, than the corresponding unpromoted ones. A
ilar effect was reported when soluble Lewis acids (halide
-

-

-

transition and nontransition elements) were added in l
amounts to the reaction mixtures in the liquid-phase hy
genation ofα,β-unsaturated aldehydes over heterogene
Pt/nylon catalysts[33]. In that case, the selectivity enhanc
ment and the deactivation were attributed to the electrophilic
C=O activation[1] and catalyst poisoning (site blocking
respectively.

In our catalysts the promoters are present in such a l
amount in comparison with platinum (seeTable 9) that site
blocking can be envisaged, in spite of the different s
tial distribution of the metal ions and platinum nanoclust
throughout the catalyst beads. However, site blocking
plies the direct interaction of the poison (the promote
large amounts) with the platinum surface. This requires
the poison is close enough or can readily come close to
metal surface. Some of us recently found that the siz
polymer-supported metal nanoclusters is strictly comp
ble to that of the “pores” of the support[34]. This broadly
implies that the functional groups of the polymer chains
at short distance from the metal surface in materials of
kind. In our catalysts the metal ions should lie very close
the platinum surface, as sketched inFig. 1, and site blocking
should therefore be possible.

4. Conclusions

Resin-supported platinum catalysts prove to be effec
in the selective hydrogenation of anα,β-unsaturated alde
hyde, citral, under mild conditions. In particular, the i
pregnation of the supports with solvated platinum ato
prepared with the MVS technique allows the generation o
2–3-nm, regularly shaped, spherical platinum nanoclus
Monometallic Pt catalysts supported on CF2, CF3, or CF
resins show a remarkably high selectivity for the format
of the unsaturated alcohols geraniol and nerol, as the
sult of the interaction of the metal with the groups of
functional polymeric supports. The addition of ions such
Fe(II), Co(II), and Zn(II) to the polymer framework of th
support is easy. The introduction of ions of a second m
into the polymer framework of the support generally
hances the selectivity for geraniol/nerol, but deactivates th
catalysts. This finding could be due to site blocking on
platinum surface with the second metal, which lowers
number of active sites available for the reaction.
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