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Novel super-structures resulting from the coordination of chiral

oxazolines on platinum nanoparticles

Montserrat Gomez,*“ Karine Philippot,*b Vincent Colliére,” Pierre Lecante,” Guillermo Muller”

and Bruno Chaudret*®

“ Departament de Quimica Inorganica, Universitat de Barcelona, Marti i Franques 1-11, 08028

Barcelona, Spain. E-mail: montserrat.gomez(@gqi.ub.es

b Laboratoire de Chimie de Coordination du CNRS, 205, route de Narbonne, 31077 Toulouse
Cedex 04, France. E-mail: phil@lcc-toulouse.fr, chaudret@lcc-toulouse.fr
¢ Centre d’Elaboration des Matériaux et d’ Etudes Structurales du CNRS, 29, rue Jeanne Marvig,

BP 4347, 31055 Toulouse Cedex, France

Received (in Montpellier, France) 8th July 2002, Accepted 29th August 2002
First published as an Advance Article on the web 10th December 2002

The reaction of Pty(dba); with CO in toluene leads rapidly to the formation of platinum nanoparticles which can
be further stabilized by addition of aminoalcohol or oxazoline ligands. The coordination of the oxazoline
ligands at the surface of the particles is demonstrated by IR after purification of the colloids. The fcc structure
of the particles is evidenced by WAXS investigations, a statistical method which also gives information about
the degree of crystallinity of the particles. TEM and HREM micrographs reveal surprising organisations of
the particles into super-structures depending on the nature and/or position of the substituents present on the
ligands. In addition, these particles are catalytically active in the hydrogenation of ethyl pyruvate, even if the

preliminary results are modest.

Introduction

Metal nanoparticles appear more and more as novel chemical
objects' with a high potential in terms of applications taking
advantage of their unique properties in fields as diverse as cat-
alysis,2 micro-, nanoelectronics,’ magnetism,4 semi-conduction
and optics.” In all these fields, it appears that the properties,
both chemical and physical, require identical objects of a con-
trolled size in order to be analysed, understood and further
applied. Thus, it is clear that most of the properties related
to nanoparticles are size and, in some cases, shape dependent
(optics, magnetism).® The control of size and shape of the par-
ticles is therefore of primary importance. In addition, it has
been stated that reproducibility has always been a problem
when considering metal colloid synthesis.” It is obvious that
any application requires that this problem be solved. We have
developed in the past few years new general methods for the
synthesis of metal particles of controlled size through an orga-
nometallic approach.® Perhaps the most important advantage
of this approach is the possibility of accessing reproducibly
clean surfaces which in a second step may be covered with sta-
bilizing ligands.®¢* Such particles may also be reacted in an
organized medium to give them an anisotropic shape.” Once
these particles are formed, two parallel questions arise:

(1) If these particles are to have a future in chemistry, is it
possible to tune their reactivity and selectivity in a way similar
to that achieved in organometallic chemistry with mononuc-
lear species? This will need development of the surface chemis-
try of the particles and of the ligands necessary for this
purpose.

(i1) If these particles are to be employed for physical applica-
tions, how can they be addressed? The first and most studied
answer to this question is to promote their self-organization
through an organized medium or long chain ligands acting
as surfactants. This approach has allowed the formation of
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crystalline arrays of self-assembled particles in 2 or 3 dimen-
sions. Another answer can be, in a similar way to (i), to
develop ligands adapted to the particles and able to intercon-
nect through, for example, hydrogen bond networks. This
approach has been extensively studied in coordination chemis-
try (molecular tectonics)'® and recently extended to platinum
nanoparticles via bifunctional thiolato ligands.¥

In both cases, it appears necessary to develop coordination
chemistry at the surface of the nanoparticles and to find
adapted ligands. Asymmetric ligands appear particularly
appealing since they can induce an interesting catalytic activity
and since, in the case of asymmetric induction, this would help
to understand the coordination of ligands on the particle sur-
face.!' Furthermore, asymmetric ligands may promote the for-
mation of anisotropic networks of hydrogen bonds. We have
been interested in nitrogen based ligands such as chiral mono-
and bis-oxazolines.'? These ligands are easily prepared from B-
aminoalcohols and nitrile or carboxylic acid derivatives'® and
display a widely studied chemistry'* because of their potential
applications to different enantioselective homogenous catalytic
processes.'> They have recently been tested as ligands for
ruthenium nanoparticles used for catalytic hydrogenation
reactions.!?> An aminoalcohol, namely 2-aminobutanol, which
is a very simple asymmetric ligand, was also studied.

We report in this paper the synthesis of platinum nanopar-
ticles stabilized by chiral ligands bearing various functional
groups and the formation of super-structures induced by the
ligands.

Results and discussion

We have previously reported the synthesis of platinum nano-
particles through reaction of CO with Pty(dba); in THF or
toluene and the addition of a variety of ligands such as CO,
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Scheme 1 Colloids synthesis with ligand structures.

THF, PPh;,% octanethiol® and bifunctional thiolate ligands.¥
A similar procedure was carried out, namely reaction of
Pty(dba); with 1 bar CO in toluene followed by addition of
0.5 equiv. of an asymmetric ligand in THF solution (Scheme 1).
In each case, stable colloids, namely Colloids 2-11, were pro-
duced (Table 1). The particles could be isolated by evaporation
to dryness and successive washings with pentane to produce
dark brown to black powders. These powders could be redis-
solved in THF without decomposition. The particles display
a diameter of ca. 1.5 nm and adopt the fcc structure of bulk
platinum as evidenced by WAXS (Wide Angle X-ray Scatter-
ing) and HRTEM (High Resolution Transmission Electron
Microscopy) studies. Infrared spectra show that the particles
have kept CO ligands at their surface. The CO stretch observed
for Colloids 2-11 (in THF; 2045-2054 cm™') suggests little
electronic influence of the ligands on the electron density of
the particles. A more important effect has previously been
found when using thiol ligands. vCO for Pt (CO),(THF).
and Pt (CO),(THF).(octanethiol),, colloids in THF are,
respectively, 2052 and 2040 cm ™', namely a shift of 12 cm™
towards low frequency.® This is not surprising given that oxa-
zolines contain nitrogen and oxygen donor groups; this beha-
viour has also been previously observed when simple amines
were used as stabilizers.!® The CN stretch does not seem much
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affected by the coordination of the oxazoline on the platinum
surface (see Table 1).

TEM and HRTEM studies show that in every case, in con-
trast to ruthenium nanoparticles of slightly larger size but sta-
bilized by the same ligands,'? the particles are not isolated but
gather into super-structures. High resolution images, typical
examples of which are shown in Figs. 1 and 2, demonstrate
that the individual particles have kept their integrity, namely
original size and structure, inside the super-structures. This
therefore demonstrates that the super-structures result from
the supramolecular assembly of the nanoclusters composed
of one particle and the corresponding ligand shell, probably
via the interaction of the surface ligands through hydrogen
bonding. The morphologies of these super-structures are
diverse, in some cases elegant and/or very surprising. They
depend upon the nature and/or the position of the functional
groups present on the ligands.

One of the most common super-structures is a disk which
includes monodisperse particles regularly separated by 1 nm
or less. This suggests the presence of an isotropic arrangement
of the ligands around the platinum nanoparticles and the pre-
sence of a statistical hydrogen bond network. Such structures
have been observed for Colloids 3, 4, 5, 8 and 11 (Figs. 3
and 4). In these cases, the bidentate ligands firmly coordinate
to the surface of the particles and contain a bulky apolar lipo-
philic environment. The disk shape presumably results from an
isotropic arrangement in solution building spheres which upon
deposition onto the microscopy grid give this “disk”’ appear-
ance. The weak interaction observed between nanoparticles
may result from Van der Waals contacts between large lipophi-
lic entities, or alternatively but less likely from the presence of
traces of water which interconnect the oxygen atoms of the
oxazoline ligands.

The second common super-structure adopts curious shapes
which can be likened to dendrites, arborescences, sea-anemons
(see Figs. 1, 5-8). The wires are generally connected at one
extremity of the super-structure and are widely spread at the
other extremity giving rise in many cases to monolayers. These
wires are constituted of linearly connected particles, which
means that the diameter of a typical nanowire is that of one
nanoparticle (ca. 1.5 nm). This suggests strong hydrogen bond-
ing in one direction and weak interactions between the nano-
wires. The ligands which generate this type of assembly (L*2,
5,7, 9 and 10; see Scheme 1) are typically bidentate ligands
containing multiple polar groups able to give rise to hydrogen
bonding. The most beautiful wires and arborescences are
observed for ligands which can be associated through strong
hydrogen bonds, typically “O-H---O”, “O-H---N” or “N-
H---N” (Colloids 2, 5, 6 and 7). This suggests the presence
of both strong coordination of the ligands at the surface of
the particles and of a second ‘““coordination sphere”’ involving

Table 1 Data on new platinum colloids: ligand, CO and CN stretches, type of association observed by TEM and approximate particle mean size,

structure
IR (KBr) IR (THF) IR (KBr) TEM type of WAXS structure

Ligand vC=Nin free vCO,yC=Nin vCO,vC=Nin association and coherence
Colloids L* ligand/cm™! colloid /cm™! colloid /cm™! approximate mean size length/nm
Colloid 2 (R)-2 — 2054 2031 dendrites #1.6-1.8 nm —
Colloid 3 (R)-3 1653 2045, 1653 — disks and nanowires and bundles ca. 1.5 nm  —
Colloid 4 (R)-4 1642 2045, 1642 2025, 1651 disks ca. 1.5 nm —
Colloid 5 (R)-5 1636 2047, 1636 2034, 1633 disks and dendrites #1.2-1.3 nm fec #1.2-1.4
Colloid 6 (R)-6 1641 2051, 1643 2044, 1617 nanotubes ca. 1.2 nm —
Colloid 7 (S)-7 1640 2052, 1644 2044, 1617 dendrites and nanocrystals #1.8 nm fcc #1.8
Colloid 8 (S,5)-8 1636 2052, 1642 2042, 1633 monolayers and disks #1.2 nm fec #1.2
Colloid 9 (S,5)-9 1648 2047, 1672 2037, 1650 monolayers and dendrites #1.2 nm fcc #1.2
Colloid 10  (R,R)-10 1651 2050, 1604 — dendrites #1.5-1.8 nm fec #1.5-1.8
Colloid 11 (S.S)-11 1640 2047, 1654 2033, 1641 disks ca. 1.5 nm —
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Fig. 1 TEM (a) and HRTEM (b) micrographs showing, respectively,
the “neuronal” super-structures and atomic plans of the nanoparticles
observed for Colloid 2.

ligands able to build strong hydrogen bond interactions
between particles (see Scheme 2). The monodimensional char-
acter of these interactions is at first sight striking. It results
most probably from the need to combine the polar regions
where hydrogen bondings are present and the apolar ones
which could be at the periphery of the wires. The presence of
lipophilic regions at the periphery of the strong hydrogen
bonds can explain the weak interactions observed between
the nanowires.

In this respect, it is interesting to compare the results
obtained with ligands 6 and 7. These ligands are both consti-
tuted of a phenol group substituted in the ortho position by
an oxazoline moiety. Furthermore, the oxazoline bears either
an ethyl substituent (L*6) or an isopropyl one (L*7). In the
case of L*7, in addition to the dendrites, very large rectangular
super-structures of crystalline aspect are present; they account
for most of the objects observed on the microscopy grid (Fig. 6).
The simple substitution of the pendant isopropyl group by an
ethyl one has a major effect on the assembly of the nanoparti-
cles. This gives rise to very curious super-structures which at
first sight resemble snakes displaying spots (Fig. 2). The high
resolution image shows individual nanoparticles of 1.5 nm,
i.e. of standard size, severely agglomerated. It is therefore pos-
sible that the ethyl substituent allows the formation of an iso-
tropic hydrogen bond network which explain the presence of
the small spheres (spots). The orientation of the snake body
is more difficult to understand. In the case of L*7, the presence
of the unidirectionality discussed above may explain the for-
mation of the rectangular structures. Somewhat similar organi-
sation into tubes has been previously observed when using
p-hydroxy- and p-amino-thiophenol as stabilizers of similar
platinum particles.¥

Fig. 2 TEM micrographs (a) and (b) at 2 different magnifications (5
and 20 K, respectively) and HRTEM micrograph (c) showing the
nanotubes and their individual constitutive nanoparticles obtained
for Colloid 6.
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Fig. 3 TEM micrograph of disks resulting from the preparation of
Colloid 4.

The case of the two bidentate bis-oxazoline ligands is also
interesting. As stated above, both give rise to “neuronal”
structures. However, whereas L*9 shows standard individual
particles linearly connected, a high resolution image of Colloid
10 (Fig. 8) shows the presence in some areas of large coalesced
particles displaying a high aspect ratio. This may be due to the
presence of some mono N-coordinated bis-oxazoline (L*10)
which could favour nanoparticle interconnexion and then coa-
lescence. This process would be less probable in the case of L*9
which contains only two carbon atom linkers.

Finally, the use of the chloro substituted ligand 3 as stabili-
zer leads to the formation of long and aligned nanowires
(Fig. 9). The reason for this observation is not known. One
hypothesis could be the activation of C—Cl bonds by platinum
generating charges on the particles. Formation of ionic asso-
ciations of surfactants (for example amine-carboxylic acid)
have recently been found to be excellent for either the forma-
tion of monodisperse assemblies of nanoparticles or for con-
trolling their aspect ratio.®

WAXS investigations on Colloids 2, 5, 7 and 8 (Fig. 10)
revealed in each case a pattern consistent with a fcc structure.
The metal-metal distance is similar to that of bulk platinumin
in agreement with the metallic nature of the particles but
reduced by ca. 1% in all but one of the samples. In the case
of Colloid 7, the reduction of the metal-ligand distance is more
important (1.6%). These observations match previous ones'’
and suggest the presence at the surface of the particles of
ligands not giving rise to strong metal-metal bonds. This is cor-
roborated by an extended coherence length which matches the
size deduced from TEM observations in the case of Colloid 7.

40 nm

Fig. 4 TEM micrograph of Colloid 8 showing nanoclusters organized
in disks.
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Fig. 5 TEM micrograph of Colloid 5 evidencing the abundant forma-
tion of dendrites.

In the other cases, the peaks become broader and broader
when considering successively Colloids 2, 5 and 8. This may
be indicative of a decrease in the degree of crystallinity,
although we must be careful in the interpretation of such data.
For Colloids 9 and 10 (Fig. 11), the strong decrease in intensity
observed for the first peaks suggests a variation of the metal—
metal distance between the core and the surface of the particles
and therefore a strong coordination of the surface ligands.
Such behaviour has previously been noticed for octanethiol
stabilized platinum particles. Indeed, in this case, a coherence
length of 1.2 nm had been measured while a mean size of 1.6
nm was revealed by TEM. This discordance had been
explained by a strong coordination of octanethiol ligands.%
Such good donor ligands would modify the metal-metal dis-
tances and the arrangement of the surface atoms in a way simi-
lar to molecular clusters. This had been confirmed by HRTEM
investigations, showing for the octanethiol protected platinum
particles a good crystallinity only in their core. A similar, albeit
less pronounced, effect may be due in the present case to the
chelate effect of the bis-oxazoline ligands.

The infrared spectra of all colloids were measured both in
the solid state (KBr) and in solution (THF). In both cases, it
is clear that the most important shift in the vCO frequency is
observed when using ligands 3, 4, 5, 9 and 11 which for various
reasons have the best coordination ability (presence of, respec-
tively, pyridine, amino or thioether groups, chelate effect). This
has also been previously observed upon coordinating thiols at
the surface of platinum particles.

As a further characterization of the coordination of the
chiral ligands described hereabove, we investigated their reac-
tivity for catalytic ethyl pyruvate hydrogenation. We found
however in each case a low activity without asymmetric

1000 nm (b)

Fig. 6 TEM micrograph of Colloid 7 showing nanocrystals (a) and
an enlargement of a 2 nanocrystal junction (b).
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Fig. 7 TEM micrograph of dendrites corresponding to the Colloid 9
assemblies.

induction. This can result from the fluxionality of the oxazo-
line ligands at the surface of the particles. The presence of
CO ligands at the surface of the particles may also be detri-
mental as they can act as a catalytic poison. Further work is
presently in progress to avoid the presence of CO at the surface
of the particles and then to obtain better catalysts.

Conclusion

This study demonstrates first that chiral polydentate ligands
such as the oxazoline derivatives described here, efficiently sta-
bilize very small platinum nanoparticles. A chelate effect is
clearly demonstrated which leads to a better stabilization of
the particles. The most interesting aspect of this work concerns
the super-structures which can be generated by appropriate
modulation of the ligands. Some of the ligands will firmly
coordinate through polar bonds to the surface of platinum
and leave an exposed lipophilic environment. This will give rise
to weak interactions between the particles and formation of
“spheres” or “disks” (Colloids 4, 8, 11). Another class of
ligands, containing smaller organic substituents will allow the
formation of hydrogen bond networks in given directions. This
will result in the formation of nanowires which display a mean
diameter corresponding to one nanoparticle and which assem-
ble into sometimes spectacular super-structures (for example
Colloids 2, 3, 5). Finally, in the case of small, polar and multi-
functional ligands, 3D structures are observed (Colloids 6 and
7). Interestingly, in the latter case, some privileged orientations
are still present which we do not explain.

It is thus possible with simple ligand engineering to orientate
the connexion between particles and to adjust the inter-particle
distance. This kind of approach towards the supramolecular
arrangement of nanoparticles is only at the beginning but
may prove fruitful for exploiting the physical properties of
such nano-objects. In contrast, the catalytic properties of

(b)

i '

L :
100nm [ 48 £
Fig. 8 TEM (a) and HRTEM (b) micrographs showing, respec-

tively, some dendrites and their constitutive nanoparticles noticed for
Colloid 10.
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Scheme 2 Illustration of possible interactions between particles through strong hydrogen bonds between ligands in the case of Colloid 7.

these particles appeared disappointing but more relevant sys-
tems will be studied in the future.

Experimental section

General

All operations were carried out using standard Schlenk tube or
Fischer-Porter bottle techniques or in a glove-box under
argon. Solvents were purified just before use by distillation
under a nitrogen atmosphere: toluene and THF over sodium
benzophenone, pentane over calcium hydride. All the reactions
have been monitored by IR spectroscopy.

Infrared spectra were recorded on a Perkin-Elmer IRFT GX
2000 spectrophotometer as colloidal solutions transferred into
a KBr cell or using KBr pellets after isolation of the products
as solids. The reference spectrum of the solvent was systemati-
cally subtracted.

The oxazoline-stabilized colloidal solutions were all pre-
pared following the typical experiment described hereafter.

Materials

Pty(dba); was prepared according to literature procedures.'®
Dba was purchased from Aldrich, (R)-2-aminobutanol from
Fluka, K,PtCly from Johnson Matthey, CO from Air Liquid;
all were used without purification. The oxazoline ligands were

Fig. 9 TEM micrographs of Colloid 3 showing the platinum nano-
wires and their assemblies (the inset of (a) is presented at a higher mag-
nification in (b)).
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synthesized in the laboratory following a procedure previously
published."?

TEM experiments

Specimens for TEM and HRTEM analysis were prepared, in a
glove box, by slow evaporation of a drop of each crude colloi-
dal solution deposited onto a holey carbon covered copper
grid. The TEM experiments were performed at the *“Service
Commun de Microscopie Electronique de I’Université Paul
Sabatier” on a JEOL 200 CX-T electron microscope operating
at 200 kV with a point resolution of 4.5 A. HRTEM observa-
tions were carried out with a JEOL JEM 2010 electron micro-
scope working at 200 kV with a resolution point of 2.5 A. The
approximation of the particle mean size was made through a
manual analysis of enlarged micrographs by measuring a num-
ber of particles on a given grid. Size distributions could not be
obtained because of the small size of the particles and their
inclusion into super-structures which resulted in some difficulty
in distinguishing their limits.

WAXS experiments

All samples were sealed in Lindemann glass capillaries.
Measurements of the X-ray intensity scattered by the sample

1000
_ Coll. 7
5
o 0
[T
[m]
4 Coll.2
3 -1000
o
=3
o
Q
= Coll.5
-2000
Coll.8
-3000
0 02 04 06 08 1 12 14 16 18 2

r (nm)

Fig. 10 RDF of particles of Colloids 2, 5, 7 and 8.
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Fig. 11 RDF of particles of Colloids 9 and 10.

irradiated with graphite-monochromatized molybdenum K,
(0.071069 nm) radiation were performed using a dedicated
two-axis diffractometer. In order to correct for the fluorescence
from platinum, two scans were performed for each sample, one
with an aluminium filter between the sample and the detec-
tor and another without filter. This procedure allowed for the
accurate measurement of a fluorescence background. Time for
data collection was typically 20 hours for a set of 457 values
collected at room temperature in the range 0° < 6 < 65° for
equidistant s values (s = 4n(sin0/2); As = 0.35 nm™). In
order to separate the intensity related to the particles from
other contributions, scattering patterns from capillaries filled
with pure ligands were also collected in the same conditions.
The raw intensity was then corrected for the ligand scattering
attenuated by sample absorption. Polarization and self-
absorption corrections were also applied. Data were reduced
using previously described procedures®® in order to extract
the structure-related component of WAXS, the so-called
reduced intensity function(s), then Fourier transformed to
allow for radial distribution function (RDF) analysis.

Compounds

Colloids 2-11 were prepared from the platinum precursor
Pty(dba); following a 2-steps procedure inspired of a pre-
viously described one;* the chiral ligand was added subse-
quently to obtain Colleid 2-11 as it is reported below.

In a first step, a solution of Pty(dba); (100 mg, 0.091 mmol)
in 40 ml of freshly distilled and degassed toluene in a Fischer-
porter Bottle was pressurized with 1 bar of CO during 20 min
under vigorous stirring. During this time the solution changed
from deep purple to brown and a reddish-brown solid precipi-
tated. The solution was removed by filtration and the precipi-
tate was washed with pentane (4 x 20 ml) until the solution
turned colorless, to eliminate dba, and dried under vacuum,
giving then rise to Colloid 1. IR Colloid 1 (KBr, cm™'): 2052,
1811.

In a second step, a THF solution of the chosen chiral ligand
(10 ml THF; 0.5 eq./Pt) was added to Colloid 1 involving its
redissolution and the obtention of a dark-brown colloidal solu-
tion. The mixture was left under vigorous stirring in solution
for 12 hours at room temperature leading to Colloid 2-11.
After that time, a small quantity of a black precipitate or sedi-
ment on walls of the schlenk tube was generally observed.
Infrared spectra were recorded during this period of time
(THF solutions), and also after isolation and purification of
the colloids (KBr pellets). The CO and C=N stretches are given
in Table 1. TEM and HRTEM analyses were performed after
deposition of a drop of colloidal solutions onto holey carbon
covered copper grids. The mean sizes, in a range 1.2 nm-1.8
nm, were estimate through a manual analysis of enlarged
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micrographs by measuring a number of particles on a given
grid. After evaporation to dryness, the Colloid 2—-11 were iso-
lated as dark brown powders and some of them could be ana-
lyzed by microanalysis: Colleid 2: %Pt = 70.42, %C = 20.50,
%H = 2.20, %N = 4.82; Colloid 4: %C = 14.59, %H = 1.04,
%N = 1.13; Colloid 5: %Pt = 61.33, %C = 26.65, %H =
2.38, %N =3.20; Colloid 7: %C = 12.92, %H = 0.91,
%N = 0.38; Colloid 8: %C = 38.16, %H = 2.82, %N = 1.96;
Colloid 9: %Pt = 70.60, %C = 23.69, %H = 2.40, %N =
1.68; Colloid 10: %Pt = 45.76; Colloid 11: %Pt = 21.45,
%C = 50.09, %H = 3.57, %N = 2.31. WAXS (Wide Angle
X-Ray scattering) experiments were performed on Colloid 5,
and Colloids 7-10 evidencing the fcc structure of particles simi-
lar to that of the bulk platinum.
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