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Chapter 1

Introduction

1. Nanochemistry
Over the past few decades chemistry has contributed a lot to the knowledge of
nanoparticles (NPs).[1-4] In the beginning of the 20th century, the “nano-era” was
undergoing tremendous growth due to pioneering contributions from Ostwald, Faraday,
Mie, Svedberg and Zsigmondy.[5, 6] Then the revitalization came in 1980s mainly by the
groups of Henglein, Kreibig, Rao and Schimdt.[3, 7, 8] Since then, significant advances in
both experimental and theoretical aspects have led to an explosion of interest in the areas
of nanoscience and nanotechnology. This is attracting increasing investments from
government and industries from many parts of the world.[9] Nanomaterials are used in
various applications such as catalysis[10, 11], optical systems[12, 13], drug delivery[14, 15] and
biological sensors[16, 17], quantum computers[18] and industrial lithography.[19]
Till today the aim of those studies is to understand the changes in the
physicochemical properties in nano-structured materials compared with the bulk or with
individual atoms. In the nano-scale regime neither quantum chemistry nor classical laws of
physics hold.[20] Nanomaterials have strong chemical bonding and delocalization of
electrons that can vary with the size of the system. This effect leads to unique optical,
electronic, magnetic, thermal, catalytic and mechanical properties that are completely
different than the bulk metal.[21]
Bond
energy

Evacuum
E
Efermi

BEmetal
BEatom

Atom

Cluster

Metal

Figure 1. Schematic presentation of energy band structure of atom, cluster and metal.

The electronic energy levels (bond energy, BE) in NPs are not continuous as in the
bulk metal, but are discrete, due to the confinement of the electron wave function in the
finite physical dimensions of the particle (see figure 1). With increasing cluster size, the
gradual development of metallic bands from single atomic orbitals is observed in the
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valence band region. Additionally, a well-defined Fermi edge develops in clusters
containing several thousands of atoms, which separates occupied and unoccupied
electronic states.[8]

1.1. Synthesis and stabilization of NPs
In general, NPs are composed of metals in their neutral valence state or their
oxides, sulphides or selenides.[22] During the past few decades many methods were
developed for preparing NPs with well defined shapes and sizes.[8] These methods ranges
from chemical to metal vapour synthesis.[4] In metal vapour synthesis, atomic metal vapour
is condensed in a dispersing medium at low temperatures.[23] In chemical synthesis of NPs
in solution, the reducing agent and stabilizing agent are the two major parameters. The
most commonly used reducing agents are sodium borohydride[24, 25], sodium citrate,[26, 27]
hydrotriorganoboarates,[28] hydrogen gas and organic solvents like ethanol and
dimethylformamide.[29] Other reducing methods involved radiolysis[30], electrolysis[31],
thermolysis[32], laser ablation[33] and photolysis.[34, 35]
NPs must be stabilized by molecules attached at their surface or must be embedded
in a solid matrix to avoid aggregation. In the absence of stabilizing agents, two NPs will
coagulate mainly due to Van der Waal’s forces.[36] This is avoided by steric and
electrostatic stabilization.[1] These stabilizers are mainly long chain molecules such as
polymers[37], surfactants[38,

39]

and the coordinating ligands.[40] Alternatively NPs can be

grown in confined solid matrices such as zeolites[41], alumina.[42]

1.2. Application of NPs in catalysis
Nanocatalysis is a rapidly growing field, which involves the use of NPs as catalysts
for a variety of reactions.[43] The important difference between NPs and bulk solids is, the
ratio between the number of surface and bulk atoms.[4] This property can be exploited in
processes where surfaces are important, such as catalysis. For example, a particle,
consisting of only 201 atoms has approximately 60% of the atoms at the surface of the
particle.[44] Numerous review articles are published on the use of colloidal and supported
transition metal NPs as catalysts for a variety of organic and inorganic reactions.[10, 45, 46]
One of the first processes using such catalysts is the catalytic reforming in
refineries.[47] Supported catalysts containing Pt and Re NPs were first introduced in
industry in the 1960s and 1970s.[48] Zeolites supported noble and non-noble metal NPs are
currently used in hydrogenation, hydrocracking and aromatization processes.[49-51] More
3
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recently, metal NP-catalysts were successfully employed in automotive catalytic
converters.[52] In homogenous catalysis, as early as 1986, Lewis et al. envisaged the
participation of Pt NPs in catalytic hydrosylilation reactions.[53] Since then, noble-metal
NPs catalysts appeared in numerous reports and reactions.[54-57] Part of this thesis deals
with the mechanism of nanoparticle catalyzed C-C coupling reactions.

1.3. Application of NPs in optics
Aggregates of a few, up to several thousands of atoms, show very interesting
optical properties. This was understood already by Mie, who wrote in 1908 [5, 58]
“Da Goldatome sich sicher optisch anders verhalten als kleine Goldkügelchen wäre es daher wahrscheinlich sehr interessant, die Absorption
der Lösungen mit allerkleinsten amikroskopischen Teilchen zu
untersuchen und gewissermaßen optisch den Vorgang zu verfolgen,
wie sich die Goldteilchen aus den Atomen aufbauen.”
—Gustav Mie
One of the unique properties of metal NPs is the surface plasmon resonance
[59, 60]

(SPR).

In metal NPs, the resonance band is generated by the coherent excitation of

conduction band electrons with incident wave. This excitation is called a SPR. The SPR
resonance can take place in metal NPs bigger than 5 nm, with visible light. In smaller NPs,
SPR is rather damped.[13] SPR has enabled a vast array of applications, including surfaceenhanced spectroscopy, biological and chemical sensing, cancer therapy and lithographic
fabrication.[61,

62]

Plasmonic materials can already be found in commercial instruments,

such as the BIAcore®, which monitors the thermodynamics and kinetics of biological
binding processes using SPR spectroscopy.[63] Major part of the work presented here,
utilizes the SPR of NPs to study the mechanism of NPs formation, measuring their size
and determining their shape.

2. Surface plasmon resonances (SPR) in metal NPs
The SPR is the interaction of electrodynamic waves with the surface of the NPs
and these interactions are very well described by Maxwell’s theory[64] and a simple semi
classical model. These resonances are electromagnetic modes bound to metal-dielectric
interfaces, involving charges in the metal and electromagnetic fields in both media. The
plasmon maxima (Ȝmax) depend strongly on the exact properties of both the metal (complex
dielectric function, corrugations, roughness) and the refractive index of the media.[58, 65] In
4
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small NPs, the complex dielectric property (İ) is a function of the frequency of the incident
light as well as particle size.[66]

2.1. Semi classical model
Many properties of particle plasmons are qualitatively understood by the semiclassical model. Since the diameter of a nanoparticle is on the order of the penetration
depth of electromagnetic waves in metals, the excitation light is able to penetrate the
particle. The field inside the particle shifts the conduction electrons collectively with
respect to the fixed positive charge of the lattice ions. The electrons build up a charge on
the surface at one side of the particle. The attraction of this negative charge and the
positive charge of the remaining lattice ions on the opposite side results a restoring force
(see figure 2). If the frequency of the excitation light field is in resonance with the eigenfrequency of this collective oscillation, even a small exciting field leads to a strong
oscillation. The resonance frequency is mainly determined by the strength of the restoring
force. This force depends on the separation of the surface charges, i.e. the particle size, and
the polarizability or dielectric properties of the medium between and around the charges.
The alternating surface charges effectively form an oscillating dipole, which radiates
electromagnetic waves. The magnitude of the oscillation depends only on the damping
involved due to size confinement effect of NPs.[67]
metal sphere

+++

---

---

+++

electronic cloud

Figure 2. Schematic of visible light interaction with NPs.

2.2. Mie theory and metal NPs
The resonance spectra of dilute dispersions can be calculated using Mie theory.
Mie was the first to solve Maxwell’s equation for light interacting with small spheres.
Assuming that NPs behave as frequency-dependent dielectric media, Mie’s solution yields
the particle extinction cross-section, Cext. For spherical particles with a frequency
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dependent dielectric function İ = İǯ + iİǯǯ, embedded in a medium of dielectric function
İm, Cext is given by,

Cext
where K

2S H m O

1

2

2S
K2

¦ (2n  1)(a

n

 bn )

(1)

and  is the real part of the Mie scattering coefficients an and bn,

which are calculated by:
l

l

an

m u M n (mx) u M n ( x)  M n ( x) u M n (mx)
l
m u M n (mx) u [ nl ( x)  M n (mx) u [ n ( x)

(2)

bn

M n (mx) u M n l ( x)  m u M n ( x) u M n l (mx)
l
m u M n (mx) u [ nl ( x)  m u M n (mx) u [ n ( x)

(3)

with m = ¥İr = Nparticle/Nmedium and the Riccati-Bessel functions ĳn and ȟn. m is the strong
function of frequency of the incident light and the size of the particle.[68] A detailed
description of Mie theory is given in Chapter 3.

2.3. Electronic effects on SPR

The SPR depends strongly on the electron density inside the NPs. The plasmon
band shifts upon adding or subtracting electrons to the overall metallic core. NPs in
solution are rarely ‘‘naked’’. Their surface is covered with stabilizing molecules or
ligands, such as amines, thiols and phosphines. This shell, strongly impacts the plasmon
behaviour of NPs. First because it modifies the dielectric constant of the surrounding
medium and second, they interact electronically with metal atoms. They also partially
reduce or oxidize the NPs.[66] In standard coordination chemistry, the electron density on
the metal centre is not only directed by the ligands donating properties but also by their
ability of back donation from the metal.[69] Interestingly, the same is true for metallic NPs.
The association of a metal oxide NP and a noble metal NP results in a red shift of the
plasmon peak of the latter.[70] This can be rationalized considering that the oxide part
deprives the NPs from a part of its electron density.

2.4. Size effect of metal NPs on SPR

The influence of NPs size on the SPR is a question that has arisen very early.[7]
Dielectric properties of the material are a strong function of the size of NPs and in turn
affect the position and bandwidth of SPR. It is generally accepted that a good
approximation to the dielectric function of small particles is easily obtained from the bulk
6
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dielectric function.[13] In the 19th century, Drude developed a simple model based on the
kinetic gas theory for describing the size and frequency dependent dielectric function
İ(Ȧ).[71] It is mainly the combination of interband term İIB(Ȧ), Drude’s term İD(Ȧ), and the
damping constant Ȗo. Interband term is included due to nonradiative damping. The
nonradiative damping is due to a dephasing of the oscillation of individual electrons. In
terms of the Drude-Sommerfeld model this is described by scattering events with phonons,
lattice ions, other conduction or core electrons, the metal surface and impurities.
According to Pauli’s exclusion principle, the electrons can only be excited into empty
states in the conduction band. These excitations can be divided into inter- and intraband
excitations by the origin of the electron either in the d-band or the conduction band. For
small particles, the electron surface scattering becomes more important. Since the size of
the metal particle is almost equivalent to the mean free path of conduction electrons, it
leads to additional collisions of the conduction electrons.[72]
Many theories have been studied to correlate the size to the SPR position some
predicting a blue shift, some a red one; others no shift at all.[7] In fact, experimental results
finally evidenced a blue shift of the SPR on decreasing the NPs size.[73] In the case of
noble metal, the existence of d electrons induces a mutual s–d polarisation. In the same
way, the bandwidth grows upon increasing the mean NP’s size.[74]

2.5. Morphology effect on SPR

Since the shape and size of a metallic nanoparticle dictate the spectral signature of
its plasmon resonance, the ability to change these two parameters and study the effect on
the SPR is an important experimental challenge.[65] Especially Au, Ag and Cu anisotropic
NPs show multiple peaks. The incident light is polarized in different direction due to sharp
edges of anisotropic NPs. It is tedious to calculate the Mie absorption spectra of those
particles
In the case of nanorods, plasmon absorption splits into two bands corresponding to
the oscillation of the free electrons along and perpendicular to the long axis of the rods.
With the increased aspect ratio of the rods, the plasmon maxima shift to the higher
wavelength. For these objects, the dielectric medium seems to be dependent on the aspect
ratio in a non-linear fashion.[75] For more complicated shapes, other model like dipoledipole approximation (DDA) is an ideal tool for predicting plasmon properties. Schatz et
al. evidenced recently that three-tip-star like NPs featured SPR, which are red-shifted (by
130 to 190 nm) compared to the spherical equivalents.[76] Moreover, DDA showed that the
7

Chapter 1

Introduction

SPR is mainly determined by the influence of the tips. Triangular nano-plates show four
plasmon peaks. These peaks are attributed to the out of-plane quadrupole, in-plane
quadruple, and in-plane dipole plasmon modes. Hexagonal nanoplates show broad
plasmon peaks. (in general all these anisotropic particles show broad absorption peaks).
Thus, single NP spectroscopy is the best way for better understanding of their SPR
properties.[77]

2.6. Effect of surrounding medium refractive index on SPR

Another major factor is the refractive index (RI) of the medium. Mie theory can
predict the variation in SPR with RI of solvent and stabilizer. In some cases, the variation
in the Ȝmax of SPR is linearly dependent on the solvent RI. According to the Drude’s
model, the SPR peak position, Ȝ, is related to the RI of the surrounding medium and
eventually dielectric index (İm) by the relation,

O O2p H f  2H m

(4)

where Ȝp is the bulk plasmon wavelength and İ is the high frequency dielectric constant
due to interband transitions. Murray et al.[78] then modified this equation for contribution
of RI of the organic stabilizer shell around metal nanoparticle as,

>

@

O O2p Hf  2Hm  2g(Hs  Hm ) /3

(5)

where İs is the dielectric constant of the shell layer and g is the core to shell volume ration.

2.7. Surface plasmons and transition metal NPs

Most of the past work focused on Au, Ag and Cu NPs. These metal NPs show the
distinct surface plasmon peak. On the other hand, d-block metal NPs absorption spectra do
not have particular structure, giving broad or at least partly resolved absorption bands in
and near the UV region. The continuous absorption is due to damping by the d-d interband
transitions. This leads to large values of the imaginary part of the refractive index (İ ") in
the visible part of the spectrum, which causes additional damping of the spectra.[79]

3. Nanoparticles in solution

Although colloidal chemistry in last few years offered various possibilities of
preparing NPs in solution, controlling and measuring their size and shape in a simple way
remains a major challenge.[80] In the literature generally a phenomenological approach is
encountered. Attempts are made to deduce a mechanism of formation from the structure of
8
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the product. On “super-saturation, nucleation, growth” a plethora of theories and
interpretations is encountered, which must be taken into account to understand how a
nanoparticulate system is formed.[81] This knowledge is of prime importance as only with
the mechanistic aspects of particle formation, one can manipulate the process specifically.
This is done by variation of the process parameters or by using suitable additive molecules.
Morphology mainly depends on the growth mechanism of NPs. In this thesis we focus on
NPs formation by reduction of metal salts in solution in the presence of stabilizer.
The metal NPs formation goes through three basic steps explained by Turkevich.[82]
1) reduction of metal ions to metal atoms, 2) nucleation and 3) growth of NPs. Later one
intermidiatory step was added that is called autocatalysis.[83] Since the nucleation and the
growth cannot be analyzed separately, it is always difficult to understand the evolution of
different size and shape of the particles at early stages of their formation. Various reports
showed the reducing agent and templating effect of the stabilizer and this can lead to the
different shapes of the NPs.[84, 85, 46, 86] Another major problem is the unavailability of easy
and fast measurements of the NPs size. One of the aims of this thesis is to find the
optimum and simple solution on these problems. They are explained in further sections.

3.1. Growth mechanisms of metal NPs

In the 1950s, LaMer and co-workers extensively developed their mechanistic
scheme for the formation of colloids or clusters in homogeneous, initially supersaturated
solutions.[87] Their mechanism assumes that homogeneous nucleation occurs via a stepwise
sequence of bimolecular additions until a nucleus of critical size is obtained. According to
the fluctuation theory, the energy barrier to nucleation can only be surmounted in
supersaturated solutions, where the probability of such bimolecular encounters is
sufficiently high. Further growth on the nucleus is spontaneous but diffusion-limited (i.e.,
limited by diffusion of precursor to the nuclei surface). Others, however, dispute LaMer’s
nucleation mechanism, finding kinetics in gold sol formations that are incompatible with
the super saturation hypothesis. In the late 1990’s pioneering work of El-sayed and
Murphy gave new insight to the mechanism of nanoparticle formation.[40, 84, 88] Reduced
metal atoms cluster to form seeds (typically less than 1 nm) that act as nucleation centres.
Metal ions that colloid with these seeds will be trapped and autocatlysed.[89] Another
hypothesis proposes that two or more metal atoms form an irreversible ‘‘seed’’ of stable
metal nuclei (figure 3). The diameter of the ‘‘seed’’ nuclei can be well below 1 nm

9
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depending on the strength of the metal to metal bonds and the difference between the
redox potentials of the metal salt and the reducing agent applied.
M+
reduction

M+

Xreoxidation

nucleation
collision of Metal
atoms

stable nucleus
irreversible

autocatalytic
pathway

M+

M+

growth and stabilization

Figure 3. Schematic of the two proposed pathways for the nanoparticle formation.

Watzky et al. proposed a mechanism describing growth of Pt and Ir NPs.[90] They
used H2 as a reducing agent for metal ions and for simultaneous hydrogenation of
cyclooctene to the corresponding octane. Then measuring the H2 uptake they arrived to the
detailed kinetic model as shown in figure 4 (top). The kinetic profile of the nanoparticle
growth always shows a ‘s’ type curve as shown in figure 4 (bottom). The first induction
period shows the reduction followed by nucleation. In the embryonic stage of the
nucleation, the metal salt is reduced to give zero valent metal atoms. These atoms can
collide with metal ions or other metal atoms to form nuclei. In a subsequent autocatalytic
reaction the surface of these nuclei further catalyzes the reduction of metal ions to form
small clusters. Once all metal ion precursors are consumed the growth stops. Further
growth only occurs by aggregation of small leading to larger clusters. The relative rates of
all these processes determine the final size of the NPs.
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nucleation autocatalysis growth
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Ȝ
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Figure 4. (Top) Three step cluster formation and growth mechanism. A, B, C denote metal

ions, seeds and large clusters respectively. (Bottom) shows the schematic diagram of
typical cluster growth.

3.1.1 Using chemometrics to interpret nanoparticle growth mechanisms

After understanding the growth mechanism of NPs and their UV-visible properties
one has to know the extraction of the required entity from the UV spectra to establish its
kinetic profile. Chemometrics is one of the simplest and most effective tools to achieve
this. We will discuss some important aspects and some definitions of those tools that are
used in this thesis.
Most spectra obtained in in-situ spectroscopy consist of the contributions from all
compounds in the mixture, e.g. solvent, reactants, catalyst, etc. resulting in severe spectral
overlap. Hence, the Net Analyte Signal (NAS) approach can be used to extract information
on chemical composition from these spectra.[91] The NAS concept was introduced and was
subsequently applied in several studies by Lorber.[92] This method reduces calibration
efforts. Even with few calibration samples one can assess whether the calibration is
feasible at all. The absorbance spectrum of a mixture of spectroscopically active
substances (k = 1,. . .,K) is measured at J wavelengths. Assume that the analyte of interest
k, is one compound in this mixture. All the remaining compounds are called interferents.
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Each spectrum represents a vector in the J dimensional space. The length and direction of
this vector translates, the spectrum’s intensity and shape respectively.
This approach assumes that the conditions under which the Beer–Lambert law is
valid are satisfied. Rk is the matrix composed of spectra with the analyte of interest,
formed by the absorbance spectra of samples containing the analyte, while R-k is the
matrix composed by the interferents. The net vector of interested analyte can be divided
into two parts. One, parallel and the second, orthogonal to the interferents space
represented as rlk as shown in figure 5. The rlk component is unique for this particular
analyte. In this way each spectrum can be decomposed in a part orthogonal to the
interferent’s space and a part that lies in the interferent’s space. The latter can be described
as a linear combination of the interferents. So the procedure for finding the concentration
profile of the analyte of interest is as follows:
1) Calculate the rlk vector using different calibration samples. This also called as
NAS vector.
2) Calculate the vector in the same direction of rlk from reaction spectra (i.e. the
unknown concentration run) represented as rnasun.
3) The product of this vector and the reaction spectra will gives the concentration
of the required analyte.
rk

r lk

r2

run

interferents space

nas

run

r1

Figure 5. Schematic presentation of the NAS approach.

Using NAS approach and in-situ UV-visible spectroscopy one can find the
concentration profiles with respect to time. In our case the analyte of interest are the metal
nanoclusters. These profiles can then be modelled using the three steps mechanism (as
discussed in earlier section). One can obtain different rate constants of intermidiatory
steps. This gives the quantitative information about the cluster growth mechanism.
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3.2. Measuring the size of NPs

There are different traditional methods to measure the size of the NPs such as
transmission electron microscopy (TEM), X ray diffraction (XRD), dynamic light
scattering (DLS), atomic force microscopy (AFM).[93] All these equipments have
advantages and disadvantages. Some of the most important disadvantages are tedious
sample preparation; equipment availability and the cost of measurements but most of these
instruments give accurate results. On the other hand UV-visible spectroscopy is a simple
instrument and can be used effectively for measuring the size of NPs using their SPR
properties. It is known that metals like Au, Ag and Cu show a significant shift in the
surface plasmon resonance with respect to their size, shape and their surroundings.[66] The
advantage is that this shift is in the visible range.
Ȝmax
Au NPs

absorbance

Au coated
Pd NPs

Pd NPs

wavelength

Figure 6. Schematic presentation of measuring Pd NPs size.

However, SPR of the catalytically active transition metal NPs is small and only lies
near UV region. Hence to use UV-visible spectroscopy one can prepare multi-metallic
NPs.[94-97] Bimetallic NPs are atomic mixtures of two metal atoms that are generally
prepared in solution by co-reduction of two metal salts. The size dependent dielectric
properties of these nanoparticle and their SPR become the function of the mole fraction of
these metals. The shift in the surface plasmon maxima of bimetallic particles depends on
their respective amount. Though in this case one can observe the SPR in the visible range,
it does not give any information on the size of the transition metal NPs. Another way to
solve this problem is to prepare core/shell NPs by coating these transition metal NPs with
Au or Ag (see figure 6)
It is still a challenge to prepare a homogenous shell around the core and control the
shell thickness. The SPR in core/shell NPs is the function of size of the core and that of
13
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shell thickness. The dielectric properties are then the composite function of the core and
the shell material. They are considered as a homogenous sphere coated with homogeneous
layer of uniform thickness and can be generalized as multilayered sphere. In this case, the
modified scattering coefficients are given by,
,

an

m2M n (m2 x) u M n (m1 x)  m1M n, (m2 x) u M n (m1 x)
,
m2[ n (m2 x) u M n (m1 x)  m1[ n, (m2 x) u M n (m1 x)

bn

m2M n (m1 x) u M n (m2 x)  m1M n (m2 x) u M n, (m1 x)
m2[ n, (m2 x) u M n (m1 x)  m1[ n (m2 x) u M n, (m1 x)

(6)

,

(7)

with core and shell refractive index m1 and m2. These, new scattering coefficients are used
in equation 1 to predict the absorption spectra of the core transition metal NPs. The
absorption maxima Ȝmax can be correlated to the size of the core nanoparticle.[68]

3.3. Controlling the shape of NPs

Even though lot of reports managed to obtain NP with uniform size distribution,
easier and better morphological control of nanocrystals has become increasingly important,
as many of their physical and chemical properties are highly shape dependent.[98]
Nanocrystal shape control for both single- and multiple-material systems, however,
remains empirical and challenging.[99,

100]

The formation of a particular shape in the

synthesis of metal nanocrystals is often explained in terms of the presence of surfactants or
capping agents that can change the order of free energies of different facets through their
interactions with the metal surface in a solution-phase synthesis.[101,

102]

This alteration

may significantly affect the relative growth rates of different facets and thus lead to
different morphologies for the final products.
Some researchers argue that the thermodynamics or physical restrictions imposed
by the surface stabilizing agent must be considered and other suggest that the nucleation
and kinetics are also important.[28] Main parameters, that can change the shape of particles,
are the concentration of metal precursor, temperature, pH, type of seeds, presence of
foreign ions, reducing agent, solvent and stabilizer.[103] Figure 7 shows the general scheme
of controlling the shape of Pd NPs by tuning different factors. In the following section
these factors and their general effects on the NP’s shape selectivity are discussed in
short.[104]
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3.3.1 Type of precursor

Many studies showed that the precursor type and concentration affects the rate of
reduction and nucleation which then ultimately decides the final shape of the NPs. Reetz et
al. obtained spherical Pd NPs using PdCl2 as a precursor and triangular particles in case of
Pd(NO3)2.[105] This effect is generally associated with the anions associated with the metal
and the solvation ability of these ionic pairs in solution. Different anions have a specific
affinity towards some crystal surface and thus create various shapes of seed. These seeds
then results in different shapes of particles. There are many other reports in case of Au,
Ag, Cu and Ru NPs.[106]

3.3.2 Type of reducing agent

The strength of the reducing agent is also an important factor influencing the size
and shape of NPs. Xia and co-workers showed that varying citric acid and ethylene glycol
concentrations resulted in different shapes of Pd NPs.[107,

108]

Murphy et al. and many

others showed that stronger reducing agent such as NaBH4 and weak reducing agent like
ascorbic acid results in various shapes of gold NPs.[84]

3.3.3 Type of stabilizer

Generally the stabilizers are long carbon chain compounds, surfactants and organic
ligands. In all these stabilizers their chain length, nature of the associated counter ion,
concentration, shape and affinity toward specific crystal surface determines the NP shape.
Most of the process use CTAB as a stabilizer in water and PVP in organic solvents,
playing both the roles of stabilizer and structure directing agent.[109-111] The templating
effect of the stabilizer decides the final shape of the particles. For example, some
stabilizers selectively adsorb on one particular crystal surface and allow the remaining
surface to grow, resulting into different shapes of the NPs. Pileni et al. showed that
different concentrations of stabilizer result in various shapes of Cu NPs.[38, 112] Chaudret et
al. showed that indeed, depending on ligand’s skeleton and functional groups, the
stabilizers can interact more or less with the surface of the particles and then favour or not
the growth of the particles in a privileged direction.[113, 114]
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Figure 7. Schematic presentation of shape controlled synthesis of Pd NPs. The parameter
R is defined as the ratio between the growth rates along the (1,0,0) and (1,1,1) axes.[107, 108]
3.3.4 Miscellaneous factors

Other factors such as temperature, pH, solvent or media and presence of foreign
ions indirectly affect the shape of the NPs.[115] They tune selective adsorption of stabilizers
on some crystal surface, and allow other surfaces to grow.[116] One can alter the reduction
kinetics by changing the pH. Some solvents themselves act as a reducing agent or they
have better co-ordination ability, which can change the shape of the particles.[117] In all
these cases the most important factor is the shape, size and crystal structure of the NPs
seeds.[118, 119]
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3.4. Self assembled NPs

Amphiphilic surfactant molecules assemble into various organized structures
including one-dimensional spherical micelles, two-dimensional sheet-like mesophases, and
three-dimensional cubic and hexagonal matrices.[120] The stability of the phases depends
on the surfactant concentration, solution composition, solution ionic strength, and
temperature.[121] One can obtain different phases as shown in the figure 8, by tuning these
factors.
These surfactant systems are used as a stabilizer and as a soft crystal template for
synthesizing different shapes of NPs. Surfactant mesophases used as templates for
synthesizing mesostructured organic-inorganic composites. These templated materials
have found applications in biological separations[122], as catalysts and catalyst supports.[123126]

Currently, two different approaches have been described to guide the location of NPs

into membranes.[127] (a) In situ formation of NPs within a specific compartment, either
within interior, or directly within its membrane and (b) the incorporation of NPs after the
formation of a structure.

cubic

Surfactant
lamellar

hexagonal

sponge
cylindrical
micelles
reverse
micelles

micelles

Water

oil

Figure 8. Phase diagram showing the different surfactant self-assembled structures.

In the former approach, usually metal salts are either solubilized within the
compartment or the hydrophobic membrane. Then subsequent chemical reduction yields
the final metal NPs within this compartment or membrane, where the initial metal–salt
species were present. The main disadvantage of this process is the reduced stability of the
membrane, which leads to a reduced control of the individual growth of the NPs. In the
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second approach, preformed NPs of a specific size with a defined shell structure are
incorporated into structures; combining the lyotropic phase with nanoparticles directly. In
this case, the interfacial interaction between the membrane and the nanoparticle can be
tuned much more efficiently, enabling to guide the location of the nanoparticle within a
specific compartment of the structure. We will discuss incorporating NPs in different soft
crystals especially randomly connected bilayer sponge (L3) phases.

3.4.1 Incorporating NPs in liquid soft crystals

A lamellar phase is a periodic packing of alternating water layers separated by a
membrane consisting of both surfactant and co-surfactant molecules. In oil-swollen
lamellar systems, the two leafs of the bilayer are separated by the oil as shown in the figure
8. The thickness of the layers is of the order of almost twice the length of the main
amphiphilic molecule. However, this length can increase due to the addition of a non-polar
solvent. The thickness also depends on the temperature of the sample. Wang et al. showed
that hydrophilic and hydrophobic NPs can be directed in water and oil layer respectively
without disturbing the overall structure of the lamellar phase.[128] In other reports Fabre et
al.[129] and Menager et al.[130] described a lyotropic lamellar phase incorporated with oil or
water-stabilized magnetic NPs.
When a lamellar phase is subjected to perturbation, lamellae can curve into closed
shell structures called vesicles. A vesicle is a hollow aggregate with a shell made from one
or more amphiphilic bilayers. A vesicle formed from a single bilayer is a unilamellar
vesicle, while one with a shell of several bilayers is known as a multilamellar vesicle (or
sometimes an onion vesicle). Many different examples such as the incorporation of Au,
Ag, CdS, SiO2, or iron–oxide or titanium oxide NPs into vesicles made from lipidmolecules have been described.[131]
In the hexagonal phase, the amphiphilic molecules are packed as long cylinder like
aggregates, with large shape anisotropy (see figure 8). The diameter of the cylinders is of
the order of twice the length of the main amphiphilic molecule of the mixture, and the
typical lengths are at least fifty times larger than the diameter. Self-assembly of ordered
nanostructures is an attractive synthetic concept. Fabre et al. and Eiser et al. have shown
that different metal NPs such as Ag, Au, and Pd are successfully incorporated inside the
cylindrical soft crystals.[132] This method can be used successfully to form self-assembled
nanotubes.[133]
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Another interesting structure is the bicontinuous cubic structure. Luzzati reported
the first structure in 1966.[134] In the bicontinuous structure both oily and aqueous phase
are continuous throughout the sample. At least three kinds of cubic phase were observed
and they are called as Ia3d, Pn3m and Im3m. Hyde et al. then described these structural
transformations in detail.[135] These structures are important for developing controlled
release formulations of biologically active agents in the field of drug delivery and in food
technology for the encapsulation of enzymes[136, 137] but incorporation of NPs in this phase
is not reported yet.

3.4.2 NPs and bicontinious sponge phases (L3)

The flow bi-refringent bicontinuous sponge phase (L3) is isotropic in nature and
observed in very dilute surfactant solutions. In the last ten years, it has received a lot of
attention.[138] This phase exists in water or oil rich corners but in very narrow range of cosurfactant concentrations. According to the most popular view, the L3 phase is a three
dimensional, random and multiply connected bilayer of surfactant and co-surfactant;
dividing the space into two sub-spaces filled with solvent. The two monolayers building
the membrane are expected to be symmetric and free of defects such as holes and edges,
which are energetically unfavourable. This sophisticated structure was also evidenced by
several images of freeze fracture electron microscopy.[139]
The disordered L3 phase forms due to the existence of the swollen lamellar phase
[140]

(LĮ).

The swollen lamellar phase has bilayers of constant thickness and low bending

rigidity (k~ KBT). The thermal undulations in this phase, lead to connections in bilayer,
resulting into a sponge like structure. These two phases of a local bilayer structure are
characterized by an average number of bilayer connections per unit volume, called as
topological factor Į. In the lamellar phase the lack of connection leads to Į = 1; while in
the dilute L3 phase the degree of connection between the solvent cells was reported to be Į
= 1.57±1. The interfacial curvature of the continuous surfactant membrane is expressed in
terms of two parameters, the mean and the Gaussian curvature. L3 phase exists when cosurfactant molecules permeate into the bilayer and stabilizes the negative curvature of
bilayer (Co < 0). This then makes the Gaussian curvature modulus of the bilayer positive
(K > 0), and the L3 phase becomes energetically more favourable.
Some reports also studied the effect of polymers, temperature, foreign ions, pH and
external shear stress. In the presence of polymers, the sponge phase transforms to a new
phase, which exhibits a reverse sponge-like structure (L5).[141] Moreover, exposed to an
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external shear stress that is sufficiently high to tear off all the membrane passages, sponge
phase turns to bi-refringent lamellar phase.[142] Temperature is another important factor.
Above a critical temperature the L3 phase transforms to more ordered phases and above
critical solution temperature, the phase separation occurs. Recently, L3 phase was used as a
template to prepare inorganic materials with uniform porosity.[143, 144] These materials can
be used as supports for various separation processes or for catalytically active materials.
Part of this thesis discusses the stability of the sponge phase in the presence of the various
NPs, which then can be applied, for catalysis.

3.5. Nanocatalysts and their separation

The contribution of soluble transition-metal complexes as selective homogeneous
catalysts for a number of chemical transformations under mild reaction conditions has
increased significantly during the last decades.[145] The tedious separation of the catalyst
from the reaction products is a major drawback of these processes.[146] Individual solutions
have been developed for catalyst separation and recovery. In most cases, the development
of materials combining the advantages of classical homogeneous and heterogeneous
catalysts has remained an elusive goal.[147,

148]

The field of synthesizing well defined

homogeneous catalyst that can be separated easily is the centre of many investigations into
green chemistry.[149-151] Molecular-weight enlargement[152-155] and immobilization of
transition-metal complexes[151,

156-159]

are effective solutions. Catalysts separation with

filtration methods offers the possibility to still operate the catalyst under homogeneous
reaction conditions, hence maintaining the intrinsically high selectivity, activity and low
energy consumption while avoiding mass-transfer limitations.[160] Selective retention of
macromolecular catalysts is possible by membrane filtration. The development of new
compatible and robust membranes and reactors for using ultra- or nano-filtration
membranes, for separating the high-molecular-weight catalysts from low-molecularweight reactants are in progress. This is an alternative to heterogeneous immobilisation of
homogeneous catalysts.[161]
Many important homogeneous catalysts are used in industry in biphasic systems or
by fixation on supports, the bridge between these two approaches is now being built
through the use of NPs, whose activity is very high under mild conditions because of their
very large surface area.[162] A heterogeneous catalyst such as supported NPs simply
releases its active species into solutions to be useful.[163] The first years of the 21st century
have seen an exponential growth in the number of publications in the nanoparticle field for
20

Chapter 1

Introduction

improving catalyst activities, selectivity, understanding the catalytic mechanisms. Various
methods and separation technologies were used to understand the nature of true catalytic
species. In the following section we will study the separation of homogeneous catalysts for
understanding the mechanism of C-C coupling reaction and later, for efficient separation
of the catalyst in homogenously catalyzed reactions.

3.5.1 NPs separation for understanding the mechanism of nanoparticles catalyzed CC coupling reactions

Aromatic C-C bond coupling reactions have recently emerged as exceedingly
important methodologies for the preparation of complex organic molecules in
pharmaceutical industries. Commonly used coupling reactions are Heck, Suzuki,
Sonogashira and Stille reactions.[164] In most of these reactions Pd is foremost important
metal used as the catalyst. There are many claims of heterogeneous catalysis by supported
palladium, but under more rigorous testing, it is often found that the true active species are
from leached metal.[165] Reactions, especially, which are carried above 120 ºC, the leaching
of metal atoms and/or ions is a key issue. There has been much scientific argument
regarding the actual catalytic species. Bradley and co-workers and El-Sayed showed that
nanocatalysis is heterogeneous in nature and that low coordination sites at the surface takes
part in catalysis.[43,

166]

Conversely, Amatore, Arai, de Vries, Du-pont, Biffis and Reetz

suggested a homogeneous mechanism in which the NPs act as “reservoirs” of active Pd
atoms or ions.[167] At the same time typically for hydrogenation reactions soluble metal
precursors often form metal nanoparticle and then act as a true catalytic species.[168] Many
reports used various reaction tests such as hot filtration/split test, solid poisoning, polymer
encapsulated PdII complex and Collman test.[169] In Chapter 5, part A we demonstrate a
novel separation technique using ceramic membrane for studying the nature of the actual
active species in Pd nanoparticle catalyzed Suzuki and Heck reactions.

3.5.2 Easy separation of homogeneous catalyst using membranes

In recent years, the application of membrane technology in homogeneous catalyst
recycling has received widespread attention. Homogeneous catalysts are frequently used in
highly selective organic transformations. Catalysts separation using membrane is an
attractive approach to achieve this goal.[170] Membrane separation technique is already
being used in different important reaction, such as metathesis, Kharasch addition, and
asymmetric hydrogenation reactions.[171] This approach will create catalytic processes that
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possess a high selectivity and activity, minimizing the need for processing of the product
stream, efficient use of the generally expensive homogeneous catalysts.
In the field of membrane filtration a distinction is made between different kinds of
membrane processes on the basis of the size of the particles to be retained, that is, microfiltration, ultra-filtration, nano-filtration and reverse osmosis. Ultra filtration (UF) and
nano-filtration (NF) are the two types of filtration techniques used a lot in the catalytic
applications and are defined to retain macromolecules with dimensions between 8-800 nm
and 0.5-8 nm, respectively.[172] Usually, the molecular weight cut off (MWCO) is used as
the quantitative criterion for the retention characteristics of a membrane and the retention
factor (R) is defined by the ratio of the concentration of a component in permeate and
retentate. However, for actual separation processes the pore-size distribution (which exists
in all UF and NF membranes), charge effects, hydrophilicity, hydrophobicity, and polarity
(of the solvent) can also greatly influence the permeability of the membrane. Mainly used
continuous membrane reactors are dead-end-filtration and cross flow filtration.[170, 173]
As for the membrane material itself, two types of membranes are frequently used:
organic (polymer) membranes and inorganic (ceramic) membranes.[149] The most widely
applied commercial organic membrane is the MPF series of Koch Int. with (MWCO range
of 400–700 Da), STARMEM series from MET (polyimidebased), with MWCOs in the
range of 200–400 Da. Ceramic membranes are much less common and have pore sizes
between 0.5 and 0.8 nm and consist of several support layers of Į- and Ȗ- alumina, while
the selective top layer at the outer wall of the tube is made of amorphous silica.[174]
Chapter 5, part B of this thesis deals with the use of ceramic membranes for Ru based
catalyst separation for industrially important transfer hydrogenation reactions.
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4. Motivation of this work

The motivation for the work presented in this thesis comes from different
objectives that we wanted to achieve mainly in the area of metal NPs and their applications
in the catalysis. Today nanochemistry is advancing fast but still there are some unsolved
questions and we tried to answer some of these questions.
Many studies showed different methods for preparing various metal NPs in
solution with uniform size distribution. Scientists are trying to study the major factors that
decide the size and shape of NPs. One of the aims of this work is to study the effect of
different factors such as different stabilizing agents and metal precursors on the
nanoparticle formation process by describing an appropriate kinetic model, using in-situ
UV-visible spectroscopy.
After studying the nanoparticle formation process, we were enthusiastic about
searching easy and simple methods for measuring the size of metal NPs especially
catalytically active noble metal NPs. Using our experience in in-situ UV-visible
spectroscopy and innumerable literature on optical properties of NPs, we came up with an
idea of coating Pd NPs with a gold layer. Then combining plasmon properties of NPs and
Mie theory for their visible light scattering we decided to find the size of Pd NPs. While
coating Pd NPs with gold we came across a very interesting observation: we obtained
different shapes of the gold NPs. Gold is emerging as a competitive candidate for catalysis,
and its catalytic properties depend on the shape of NPs. So we went ahead and studied in
detail the factors that affect the gold NPs shape.
At this moment we knew three important things in NP’s chemistry. 1st the detail
kinetic model for nanoparticle formation, 2nd, an easy method to obtain their size and the
3rd, unknown factor that decides the shape of the gold NPs. Then we were interested in
trapping these NPs in surfactant self assembly system. One of the bilayer phases is called
sponge phase and it is used as a template for making porous silica supports. These supports
are used for various metal NPs for heterogeneous catalysis and so we investigated the
stability of sponge phase in presence of NPs.
Finally, it is always interesting to search for an application of our knowledge about
NP’s. Since our group is very active in nanocatalysis, we wanted to strengthen our
knowledge further in this particular field. NPs are used in different reactions as a catalyst
and we were especially interested in C-C coupling reactions. Pd NPs are very active for
this reaction but one of the most important issues is the nature of the true catalytic species.
We used the new ceramic membrane for separating Pd NPs from active species. Further
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for showing the new application of this membrane in separation of homogeneous catalyst
we prepared special membrane cup. We investigated novel idea of “cat in a cup” for
separating a dendritic Ru catalyst in transfer hydrogenation of acetophenone.
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5. Outline
Chapter 2 “In Situ UV-visible spectroscopy: A simple method for understanding

nanoparticles’ formation and measuring their size in solution” A) This section of the
chapter gives an easy solution for predicting the growth mechanism of NPs. Here we
analyze the Pd nanoparticle formation reaction using in-situ UV-visible spectroscopy. We
used different Pd precursors such as PdCl2, Pd(OAc)2, and Pd(NO3)2 and various tetra-noctylammonium carboxylates as reducing and stabilizing agents. All reactions are followed
with respect to time using UV-visible spectroscopy. Then we analyzed the data using
chemometric techniques called as Net analyte signal (NAS) method and principle
component analysis (PCA). The extracted profiles of Pd NPs formation are fitted using
three step kinetic model.
Section B This section describes application of Mie theory for measuring the size

of Pd metal NPs using their surface plasmon resonance properties. Here, Pd/Au core/shell
particles are prepared and a computer model is developed using extended Mie theory for
core/shell particles, which is then used to predict the size of Pd NPs. The application of
this model for Pd/Au homogeneous NPs is also demonstrated.
Chapter 3 “Growing anisotropic gold nanoparticles in organic media”

demonstrates the effect of Au precursor aging, solvent reduction nature and reducing/
stabilizing agent concentration on the shape selectivity of the Au NPs.
Chapter 4 “Stable ‘soap and water’ sponges doped with metal NPs” shows the

stability of surfactant bilayer sponge phase in presence of Au, Pd and Ag NPs in organic
and aqueous layer. We studied its stability using small angle X-ray (SAXS) scattering and
rheological behaviour under applied external stress.
Chapter 5 “Detailed mechanistic studies of Pd nanoparticle-catalyzed cross-

coupling reactions” we studied the application of the ceramic membranes for separating
the true catalytic species from Pd NPs. By doing this we were able to study the actual
mechanism of Pd nanoparticle catalyzed Heck and Suzuki reactions.
Chapter 6 “‘Cat-in-a-cup’: Facile separation of nanocatalysts using ceramic

membranes” describes other application of these ceramic membranes for catalyst
separation. We developed a new “Cat-in-a-cup” approach for Ru based homogeneous
catalyst separation in transfer hydrogenation of acetophenone.
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Introduction
Palladium is perhaps the most important and certainly one of the most versatile of
the transition metals in catalysis applications. A large amount of data was gathered in the
past five decades on the activity and selectivity of Pd catalysts, with applications in
oxidation chemistry (including fuel cells[1]), hydrogenation,[2] and C–C coupling
reactions.[3] Most of the studies focus either on homogeneous (Pd-ligand) complexes or on
heterogeneous (supported) Pd crystallites. However, palladium nanoclusters are emerging
as key players in many of these systems.[4-8]
Given the almost ubiquitous presence of Pd nanoclusters in Pd-catalysed systems,
it is surprising that we know little about how these clusters actually form in solution, and
what role they play in the catalytic cycles.[9] The reason is that quantifying the transition
metal clusters’ properties in situ is difficult. Transmission electron microscopy (TEM),
energy dispersive x-ray analysis (EDX), and other ex situ methods give us valuable
information on the clusters’ size, shape, and composition after the reaction.[10, 11] However,
this information does not tell us how the clusters formed, nor how they function in
solution. It is also possible to measure the clusters’ electronic spectra in situ. The shape,
size, and surface composition of a colloidal metal particles determine the absorption in the
UV-visible range.[7] The idea of monitoring nanocluster formation using UV spectroscopy
was originally proposed by Reetz and Maase[12] Typically, electronic spectra of
nanoclusters show absorption bands due to the excitation of the plasmon resonance.[13, 14]
These bands can be correlated to physical properties using theoretical treatments such as
Mie theory.[15] Metals that give a distinct plasmon peak, such as Au, Ag ,Cu and Co, are
relatively easy to monitor.[16-18] The problem is that many transition metals do not show
distinct surface plasmon peaks, and the presence of metal ions, clusters, and stabilising
agent gives a plethora of spectra that is difficult to untangle.[19]
A second problem is fitting a mechanism and a kinetic model to the data. Some
reports recently proposed a new mechanism of cluster formation.[20-24] This mechanism
features a slow continuous nucleation step, followed by fast autocatalytic surface growth
and bimolecular agglomerative growth.[23] Recently, we presented a multivariate approach
to extract the clusters’ contribution to the spectra. By combining net analyte signal (NAS)
and principal components analysis (PCA) methods, we obtained quantitative and
qualitative kinetic profiles for the ion reduction process.[25] In this chapter we use the same
NAS/PCA approach to extract the reduction and clustering profiles in Pd systems. We
synthesize various palladium clusters using different precursors such as PdCl2, Pd(OAc)2,
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and Pd(NO3)2 and various tetra-n-octylammonium carboxylates as reducing and stabilising
agents. The UV-visible results are validated using transmission electron microscopy. We
then apply a derivative of three step model and simulate the clustering kinetics. This
kinetic model correlates well with the experimental data. Our results show that the
counteranions play a crucial role in the cluster stabilisation.[26]

Experimental
Materials and instrumentation. In situ UV-visible measurements were performed
using a Hewlett Packard 8453 spectrophotometer with a diode array detector. The quartz
cuvette (Hellma Benelux, approximately 3.5 mL, path length 1 cm) was mounted on a
sample holder with controlled heating (Neslab constant temperature bath) and stirring
(compressed air was used to turn the stirrer under the cuvette). The recorded wavelength
range was 190–1100 nm, at 1 nm resolution. TEM images were obtained with a JEOL
model JEM-1200 EXII instrument, operated at an accelerating voltage of 120 kV. Unless
stated otherwise, chemicals were purchased from commercial firms (>98% pure) and used
as received. All solvents were degassed for 10 min with dry N2 prior to use. Stock
solutions of tetra-n-octylammonium formate (TOAF), tetra-n-octylammonium glycolate
(TOAG), and tetra-n-octylammonium acetate (TOAA) were prepared according to a
previously published procedure.[27] Stock solutions (10 mM) of Pd2+ ions were prepared by
dissolving 17.7 mg of PdCl2 or 23.0 mg of Pd(NO3)2 or 22.4 mg of Pd(OAc)2 in 10.00 ml
of DMF (99.8%). Data analysis routines for NAS, PCA, and the kinetic models were
programmed in Matlab.[28]
Preparation of tetra-n-octylammonium carboxylates. Example: tetra-noctylammonium formate (TOAF). This is a modification of the procedure reported by
Reetz and Maase.[12] 40 g of ion exchange resin (Amberlite IRA 402, Cl– form) suspended
in a 1.5 M NaOH solution were charged to a column that was subsequently flushed with 3
L of 1.5 M NaOH. A slight N2 overpressure was applied. The elute was tested for Cl–
using AgNO3. The colour of the resin changed from yellow (Cl– form) to orange (OH–
form). The column was then flushed with 3 L of distilled water followed by 500 mL of 0.2
M formic acid solution. This was followed by 3 L distilled water and finally 1 L MeOH,
switching to an organic medium. The resin was left to swell for 1 h and the column was
subsequently flushed with an 18 mM solution of tetra-n-octylammonium bromide (TOAB)
in MeOH, until the elute tested positive for Br– using AgNO3. The MeOH was evaporated
on a rotavapor and the crude TOAF (light oil) was dried for 24 h under vacuum.
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TOAA and TOAG were similarly prepared, using acetic acid and glycolic acid in
place of formic acid.
Procedure for preparing Pd cluster calibration samples. A Schlenk-type glass
vessel equipped with a rubber septum and a magnetic stirrer was evacuated and refilled
with N2. The vessel was then charged with 20 ml of 0.5 mM PdCl2/DMF solution. This
vessel was stirred and heated at 65 °C for 1 h. Then, 0.5 ml of 100 mM of TOAF/DMF
was added in one portion into the vessel and the reaction was continued for 24 h. DMF
was then evaporated at 65 °C and 250 mm Hg. The dry clusters were weighed and then
redispersed in 25 ml of DMF.
Procedure for in situ monitoring of Pd cluster formation. Example: PdCl2
precursor. The UV-Visible spectrum of blank sample of PdCl2/DMF (0.5 mM) solution (2
ml) was first measured. This was used as a calibration sample for Pd2+ ions. Then, TOAF
(50 ȝl, 100 mM) was added to the cuvette in one portion. The reaction mixture was stirred
and heated at 65 °C. UV/Vis spectra were recorded every 1.1 min for 60 min. This data
was processed using NAS/PCA techniques, giving the reaction profiles for the initial
reduction process. Reproducibility was validated in triplicate experiments.
The same procedure was used for monitoring the Pd nanocluster formation using
Pd(NO3)2 and Pd(OAc)2 precursors in combination with the reducing agents TOAA, and
TOAG, respectively.

Results and Discussion
Cluster synthesis and spectroscopic measurements. The palladium clusters were
synthesised in solution using the salt reduction method.[29,

30]

All the reactions were

performed in degassed solvents and under an inert atmosphere. In a typical reaction (eq 1),
the Pd salt precursor was first dissolved in N,N,dimethylformamide (DMF) and
subsequently reduced by excess amount of tetraoctylammonium carboxylate salt (4–5
equivalents), that also functions as a stabiliser.[12] The stoichiometry was described by
Bönnemann and Richards[31] using eq 1, where the Pd n0 cluster is stabilised by the
tetraoctyl ammonium chloride species (the case of TOAF is more complicated, as
hydrogen can also in principle form via the formatebicarbonate equilibrium[32]).
Reaction progress was monitored by UV-visible spectrometry (Figure 1). We did not
observe any bulk metal precipitation that may affect the UV-visible properties of
nanoclusters.
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nPdCl2  2n[ RCOO – ][Oct4 N  ] o Pd n0  nR – R  2nCO2  2n[Oct4 N  ][Cl – ]

(1)

Figure 1 shows the time resolved spectra for Pd cluster formation. Pure PdCl2 in
DMF shows a maximum at 420 nm. As the reaction proceeds, Pd2+ ions are reduced to Pd°
atoms and further grow to form clusters. This transition decreases the absorbance at 420
nm.
1
Absorbance

0.6

Absorbance

0.8

0.4
Pure PdCl2

0.2

0.6
0
300

0.4

400
500
Wavelength /nm

t = 60 min

0.2

0
300

600

t = 0 min

400

500

600

700

800

Wavelength /nm

Figure 1 (colour available in online version). Time-resolved UV-visible spectra during the

reduction of Pd2+ ions with tetraoctylammonium formate (TOAF) in DMF. The inset
shows the spectrum of pure PdCl2 in DMF. Reaction conditions: PdCl2 (2 mL, 0.5 mM),
TOAF (0.05 mL, 100 mM), 65 °C, dry N2 atmosphere, magnetic stirring.
Metal nanoparticles absorb photons in the UV-visible region due to a coherent
oscillation of the conduction band electrons induced by the interacting electro-magnetic
fields. These resonances are known as surface plasmons.[33, 34] Several transition metals,
including Pd, do not show pronounced surface plasmon peaks due to d–d interband
transitions.[35,

36]

In our case, we observed the broad shoulder around 370–390 nm

corresponds to the formation of Pd nanoclusters.[15,

37]

Using transmission electron

microscopy (TEM) we found that the above synthesis procedure gives ~3 nm clusters
(Figure 2). The size distribution was ± 1.0 nm (> 75 % of the total particles counted were
in 2–3 nm range). The ‘tail’ in the size distribution graph is a consequence of the particle
counting algorithm.[38] This is in good agreement with the results observed by Reetz and
co-workers.[12, 39]
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Figure 2. Transmission electron micrograph (left) and corresponding size distribution of

Pd clusters prepared by reducing PdCl2 with TOAF. The Histogram for the size
distribution is based on 800 particles counted.

Extracting the concentration profiles from the raw spectra. Time-resolved

spectroscopic measurements generate large amounts of data. The spectrum contains all the
physical information about all of the absorbing species in the mixture, but extracting this
information is not trivial. Here we used a multivariate calibration model (the net analyte
signal or NAS approach) to isolate the contribution of the various absorbing species. Pd
clusters absorb in across a wide range of wavelengths (see Figure 1) but do not show a
clear absorption maximum. Thus, choosing a particular wavelength for following the
cluster formation is difficult. The NAS approach provides a simple way for isolating the
clusters contribution to the spectra. It requires a minimum of two spectra of the analyte of
interest, plus spectra of mixtures that contain only the interferents. One then calculates the
orthogonal projection of the vector that represents only the spectrum of the analyte on the
space spanned by the vectors representing the interferents.[40] From this NAS vector one
calculates the analyte concentration (a detailed description of this method is given
elsewhere[25, 41]). Using this method, we obtain the cumulative spectra of all of the known
analytes, and a remaining residual signal (Figure 3). PCA analysis on this residual signal
shows that > 90% of it is explained by introducing just one artificial species (continuous
curve in Figure 3). This indicates that the nanoclusters contain one main type of UVvisible active species.
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Figure 3. NAS/PCA approach showing the Pd2+ signal (dotted curve), the calculated

signal for the one artificial compound (continuous curve) and the remaining signal (dashed
curve).
In our case, the analytes are Pd2+ cations and Pd clusters, and the interferents are
the solvent (DMF) and the reducing/stabilising agents. The Pd2+ solution was calibrated
using known concentrations of PdX2 (X = Cl–, NO3–, AcO–). The Pd cluster calibration
solutions were prepared by synthesising the clusters as organosols in DMF using Reetz’s
method.[12,

42]

Although we do not know the clusters’ molecular weight, we know the

initial weight of the Pd and tetra-n-octylammonium carboxylate salts. By subtracting the
absorption spectra of the stabilizer and a uniform particle size (vide infra), we obtain
particles with a similar spectrum to that of the calibration samples (see figure 6). The
resulting spectra represent the Pd clusters. Using the NAS approach, we managed to
obtain, for the first time, quantitative concentration profiles for both the Pd2+ ions and the
Pd clusters (Figure 4).
Constructing a full calibration model is a lot of work.[43] Therefore, a key question
is whether one may use the calibration samples from one system in another, similar
system. We examined the reduction and clustering profiles, using PdCl2 as cluster
precursor and tetraoctylammonium formate (TOAF) as reducing agent/stabiliser. These
profiles were quantified using two calibration models: One based on cluster calibration
samples prepared using TOAF, and another based on cluster calibration samples prepared
using tetraoctylammonium glycolate (TOAG). As Figure 5 shows, the ‘similar’ calibration
model gives a biased profile, with a deviation of ca. 25%. This means that clusters
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prepared using TOAG and TOAF differ significantly in their size and/or shape (note that
both the concentrations and the number of the calibration samples in both cases were
identical).
0.7

Concentration /mM

0.6

Pd clusters

0.5
0.4
0.3
0.2
Pd2+

0.1
0
0

0.2

0.4

0.6

0.8

1

Time /h

Figure 4. Concentration profiles showing the reduction of PdCl2 (‘Ɣ’ symbols) and the

formation of Pd clusters (‘ż’ symbols) using TOAF as the reducing agent. Reaction
conditions are as in Figure 1.
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0.15
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1

1.5

2
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Time /h

Figure 5. Concentration profiles showing the formation of Pd clusters from the reduction

of Pd(OAc)2 with TOAF, obtained by using different cluster calibration samples. ‘ż’
symbols denote calibration samples prepared using TOAF and ‘Ɣ’ symbols denote cluster
calibration samples prepared using TOAG. Reaction conditions: PdCl2 (20 mL of 0.5 mM),
TOAF & TOAG (0.5 mL of 100 mM), 65 °C, dry N2 atmosphere, magnetic stirring.
To understand this difference, let us consider for example the two spectra of Pd
clusters prepared using equal concentrations of PdCl2 and either TOAF (Figure 6, solid
curve) or TOAG (Figure 6, broken curve). The differences between these spectra reflect
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the change in the plasmon resonance, which depends strongly on the cluster concentration
and geometry.[15] TOAF is a stronger reducing agent than TOAG. This means that the
reaction Pd2+ + 2e– ĺPd0 is faster with TOAF, yielding a large number of relatively small
clusters (cf. Wilcoxon et al. for the correlation between the size and the colour of Au
clusters[44]). Furthermore, the cluster calibration solutions prepared using different
precursors yielded different absorption spectra. Thus, one must use cluster calibration
solutions prepared using the same Pd precursor and the same reducing agent.
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0.6
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600
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Figure 6. Absorption of Pd cluster calibration solutions prepared from PdCl2 and either

TOAF (solid curve) or TOAG (dotted curve) as reducing/stabilising agent. Conditions are
the same as for Figure 5.
Reduction, nucleation and clustering kinetics. To find the rate constants of the

elementary reactions involved, we fitted a series of kinetic models to the experimental
reaction profiles. In principle, the system includes three reactions: ion reduction,
nucleation, and cluster formation. We used a similar approach that was reported in the case
of Pt clusters.[23] The simplest model uses two equations to describe the ion reduction and
cluster growth via autocatalysis (eqs 2 and 3). This gives a two-parameter model, with k1
and k2. A more complex model includes also an aggregation step (eq 4), with k3 as an extra
parameter (the Pt model also includes a fourth step, leading to the formation of Pt black,
but we did not observe any Pd black in this system owing to the excellent stabilisation by
the ammonium salts). In both cases, the first step is a slow continuous nucleation to give
the so-called ‘critical nucleus’, Pd n0 , followed by fast autocatalytic surface growth. The
autocatalytic growth consumes the available Pd2+ ions, shutting off the nucleation step and
separating nucleation and growth in time.[23]
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k1

nPd 2  2ne – o Pd no

(2)

k2

Pd no  Pd 2   2e – o Pd no1

(3)

k3

Pd no  Pd mo o Pd no m

(4)

The model was built with the following assumptions: (i) an excess of ammonium
salt is present, (ii) for a given reducing agent, kreduction >> knucleation, so that the reduction
and the nucleation are considered as one step, with k1 = knucleation; (iii) the scaling factor for
the cluster shell growth is dismissed (this does not affect the model’s performance, only
the absolute values of the rate constants[45]); (iv) in the aggregation step, n = m; and (v) the
nucleation is approximated as a first-order process. The model is then written as in eqs 5–
7, where, [ Pd 2  ]t

0

[ Pd n0 ]t

f

[ Pd 2  ]t  [ Pd n0 ]t



d [ Pd 2  ]
dt

k1[ Pd 2  ]

(5)



d [ Pd 2  ]
dt

k2 [ Pd 2  ][ Pd n0 ]

(6)



d [ Pd n0 ]
dt

k3[ Pd n0 ]2

(7)

Assumption (v) reflects the system’s complexity. In a separate series of reactions,
we followed the Pd2+ conversion in the presence of TOAA for initial PdCl2 concentrations
of 0.25 mM, 0.37 mM, 0.50 mM, and 0.75 mM. Our aim was to find the nucleation
reaction order but the kobs values were 3.8 h–1, 5.0 h–1, 4.2 h–1 and 4.0 h–1, respectively. The
problem is that here both the stabilizer and the reducing agent are the same compound,
with two effects playing against each other. Thus, we cannot say when the reduction
‘stops’ and the nucleation ‘starts’. We can only obtain via the model an overall picture of
the system.
Let us now consider the formation of Pd clusters using PdCl2 and different
reducing agents (tetraoctyl ammonium formate TOAF, tetraoctyl ammonium acetate
TOAA, and tetraoctyl ammonium glycolate TOAG). The experiments all gave typical Sshaped profiles with a short induction period (note that the spectra were measured
simultaneously with the addition of the reducing agent, so this induction period is not an
instrumental lag). This induction period is the time required for forming the critical nuclei,
which indirectly also depends on the Pd2+o Pd0 reduction rate.
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Figure 7, top, shows the experimental profiles together with the two-step model
results. The fit is excellent in the case of TOAF. This means that there is almost no
aggregation, and indeed fits with the very small clusters observed by TEM (3–4 nm). This
is not the case for TOAA and TOAG. However, by adding the aggregation step (Figure 7,
bottom), we obtain a very good fit also for these salts.
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Pd2+ conversion

Two-step model
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0.6
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Time /h
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Three-step model
TOAF

Pd2+ conversion

1
0.8

TOAA

0.6
0.4

TOAG
0.2
0
0
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0.6

0.8

Time /h

Figure 7. Experimental conversion profiles of Pd2+ ions (‘ż’ symbols, all measurements

were performed in triplicate), using PdCl2 as precursor and different reducing agents:
TOAF, TOAA, and TOAG, and the respective simulated profiles (continuous curves)
obtained from the two-step model (top) and the three-step model (bottom). Reaction
conditions: 2 mL of 0.5 mM of PdCl2, 0.05 mL of 100 mM of reducing agent, 65 °C, dry
N2 atmosphere, magnetic stirring.
Table 1 gives the corresponding rate constants for the different reducing/stabilising
agents. The nucleation rate constant k1 TOAA is quite higher than TOAF and TOAG.
Reetz and Maase showed that the reduction rate increases with the electron-donating
capacity of the carboxylate ion.[12] The corresponding pKa values are 4.75 for TOAA and
3.83 for TOAG (the lower k1 value in the case of TOAF may reflect the different reduction
mechanism via hydride transfer). Comparing the k3/k2 ratio helps to understand the extent
of the aggregation. This ratio decreases in order of TOAG (12.5) > TOAA (0.38) > TOAF
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(0.03). Thus, one would expect larger clusters when using TOAG. These results are in
good agreement with the extensive TEM studies published by Reetz and co-workers.[12, 39]

Table 1. Model rate constants for PdCl2 and different reducing/stabilising reagents.
Reagents

a

Nanocluster

k1 (h–1)

k2 (104 M–1h–1)

k3 (104 M–1h–1)

TOAF

1.20

4.10

0.15

TOAA

4.00

3.30

1.25

2.5

TOAG

0.70

0.10

1.25

5.0 (11.0b)

size (nm)a
1.6

The cluster sizes are given for comparison from the extensive TEM studies performed by Reetz and co-

workers.[12, 39]
b

TEM analysis of a Pd(NO3)2 sample (figure not shown) that was reduced by TOAG showed clusters of 11

nm ± 1.0 nm. The difference reflects the importance of the both the precursor and the reducing agent.

The role of anions and stabilisers. The reduction and clustering profiles can also

give valuable information on the role played by the counterions (Cl–, AcO–, NO3–). In ‘wet
chemical’ cluster synthesis, stabilisation is determined by electrostatic and steric
factors.[26] Anions from the precursor salts and reducing agents can adsorb on the cluster
surface, forming an electric double layer as shown by Bönnemann and coworkers.[46]
Colloidal suspensions stabilised by electrostatic repulsion are sensitive to disruptions of
this double layer.[47, 48] Earlier studies showed that metal clusters have a į+ surface charge
that is countered by anion adsorption.[26] To understand the counterion effects on the
aggregation process, we ran a series of experiments using PdCl2, Pd(OAc)2, and Pd(NO3)2
as precursors and TOAF as reducing/stabilising agent. We monitored the kinetics using
UV-visible spectroscopy, and applied the two-step and three-step kinetic schemes as
explained above (Figure 8). PdCl2 and Pd(OAc)2 gave a reasonable fit with both models,
but Pd(NO3)2 did not (Figure 8, bottom, the k-values are given in Table 2).
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Figure 8. Experimental conversion profiles (‘ż’ symbols, all measurements were

performed in triplicate) of Pd2+, using PdCl2, Pd(OAc)2, and Pd(NO3)2 as precursors and
TOAF as reducing and stabilising agent, and corresponding simulated profiles (continuous
curves) obtained from the two-step model (top) and the three-step model (bottom).
Reaction conditions: 2 mL of 0.5 mM of PdX2 precursor, 0.05 mL of 100 mM TOAF, 65
°C, dry N2 atmosphere, magnetic stirring.
Table 2. Model rate constants for the different Pd precursors and TOAF
Precursor

k1 (h–1)

k2 (104 M–1h–1)

k3 (104 M–1h–1)

PdCl2

1.20

4.10

0.15

Pd(OAc)2

0.40

2.20

5.10

Pd(NO3)2

4.00

3.00

1.20

For the aggregation process, k3,acetate > k3,chloride. Chloride ions are known to have a
higher affinity for palladium than acetate ions,[49] thus we would expect less stabilising and
more aggregation in the latter case. Although we cannot model the entire curve for the
nitrate precursor, the initial rate for nitrate is higher than that of acetate or chloride. This
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may reflect the tendency of PdCl2 and Pd(OAc)2 for forming dimeric and oligomeric
species in solution.

Conclusions

The NAS/PCA approach can be used to extract quantitative concentration profiles
of ion reduction and cluster formation for various Pd(II) salts and reducing/stabilising
agents. This enables the quantitative monitoring of Pd clustering using simple UV-visible
spectroscopy. Specific calibration models for each precursor/reducing agent combination
should be used. Although we cannot directly measure the clustering rates, we can fit a
model to overall reaction profiles. The kinetics of cluster formation fit to a simplified
three-step model, including a slow nucleation step followed by autocatalytic surface
growth and aggregation. The surface growth and aggregation steps are strongly influenced
by the precursor counterions.
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Introduction
In section A we demonstrated the in situ monitoring of Pd nanoparticle formation
using their surface plasmon properties in UV-visible region. In this section we will utilize this
property for measuring the Pd nanoparticles’ size. Surface plasmons originate due to their
distinct energy band structure that differs from the discrete energy levels of individual atoms
and the continuous energy bands of bulk metals. Clusters exhibit quantum-size confinement
effects, observable as a shift in the bulk plasmon frequency. Hence, the UV-visible
absorption spectrum contains information on the clusters’ actual size.
Understanding the clusters’ size-, structure-, and composition-activity relationships is
crucial. Cluster size is particularly important, because many of the special properties of
nanoparticles are size-dependent. There are several methods for measuring cluster sizes, the
most accurate of which are based on electron microscopy.[1] Transmission electron
microscopy (TEM), for example, gives the size, shape, and particle size distribution. It is
highly accurate and reliable, but also some disadvantages: First, it is performed ex situ, so
following the clusters during a reaction is difficult. Second, it requires expensive equipment
and special sample preparation.
Alternatively, one can use other spectroscopic methods based on light absorption[2, 3]
or scattering.[4] In case of Pd, however, there is a problem because the clusters do not show a
well defined peak in the UV-visible region. To solve this problem, we present here a new and
simple method for estimating palladium cluster sizes using UV-visible spectroscopy. In 1908,
Gustav Mie studied the interaction of visible light with nanoparticles and proposed a method
for estimating the particles’ size.[5] Now, by coating the Pd clusters with a gold shell, and
applying an extended version of Mie’s theory, we overcome the problem that the plasmon
maximum of Pd is not in the visible spectrum.
The worldwide interest in metal nanoparticles has resulted in a range of synthesis
techniques, from ‘wet chemistry’ and electrochemistry[6] to sonochemical synthesis and laser
ablation.[7] These techniques can also be combined, enabling the synthesis of bimetallic
particles with specific morphologies and compositions.[8-10] Bimetallic and core/shell type
particles such as Pd/Pt,[11] Pt/Au,[12] Au/Pd,[13-18] Ag/Pd[19] and Au/Ag[20-23] were also studied.
We prepared Pd/Au and Au/Pd core/shell as well as Au-Pd alloy clusters in an organic
solvent (to the best of our knowledge this is the first report for the synthesis of these types of
nanoclusters in organic solvent). In this chapter, we explain the concept behind our approach
using these organosols as examples. Further we validate the UV-visible experiments and the
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theoretical models using TEM measurements. For clarity and completeness, we also give
here a short theoretical basis as it applies to this problem.

Theory
When light hits a metal nanoparticle, the electric field polarizes the conduction
electrons on the particle surface, generating a surface plasmon resonance (SPR).[24] The
resonance spectra of dilute dispersions can be calculated using Mie theory.[5] Mie was the
first to solve Maxwell’s equation for light interacting with small spheres. Assuming that
nanoparticles behave as frequency-dependent dielectric media, Mie’s solution yields the
particle extinction cross-section, Cext.[25] For a dilute colloidal solution containing N particles
per unit volume, the measured attenuation of the incoming light of intensity Io over a path
length d is given by,
A
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For spherical particles with a frequency dependent dielectric function İ = İǯ + iİǯǯ, embedded
in a medium of dielectric function İm, Cext is given by,
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and  is the real part of the scattering coefficients an and bn, which

are functions of the cluster radius R and the wavelength Ȝ in terms of Ricatti-Bessel
functions. Cext is often normalized per unit area as Qext:
Qext

Cext

(3)

SR 2

If the nanoparticles are much smaller than the wavelength of light in the visible region (i.e.,
2R << Ȝ) only the dipole oscillations contribute significantly to Cext,[26]
3

Cext

24S 2 R 3H m 2

H ''

O

H '2H m 2  H ' '2

(4)

Such particles will respond as dielectric media in an optical field. Westcott et al. used bulk
metal dielectric constants for determining the absorption and scattering cross-section of both
solid and core/shell particles.[27] Most models assume that the dielectric constant depends on
the particle size below an average R ~ 10 nm.
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The most common models are based on size-dependent correction terms taken from
bulk solid theories such as Drude’s model.[28] According to this theory the real (İ’) and
imaginary (İ’’) parts of the dielectric function are

Zp2 º
2
2 »
¬« Z  Z d ¼»
ª

H ' H inf  «

H''

Z p2Z d
>Z Z 2  Zd2

Z p2

pe2
mH o

(5)

(6)

@

(7)

Here İinf is the high frequency dielectric constant due to interband and core transitions,

Ȧp the bulk plasma frequency, p the concentration of free electrons in the metal, m the
effective electron mass, and İo the dielectric constant in vacuum. Ȧd is the relaxation or
damping frequency. It is related to the mean-free path of the conduction electrons, lbulk, the
velocity of the electrons at the Fermi energy Vf, and the interaction parameter S by

Zd
Yd

Sv f

(8)

lbulk

Zdbulk  Z d

(9)

When R < lbulk, conduction electrons are scattered also by the surface. S is a theoretical
parameter that depends on the medium surrounding the particle.[29] Ȧdbulk signifies the bulk
collision frequency. It embodies a number of physical processes such as electron-electron,
electron-phonon and electron-impurity interactions. In a semi-classical model, Ȧd describes
the elastic electron scattering from the surface of the nanoparticle and the interface damping
due to adsorbate-induced resonant phases. Thus, summing the two terms in eq 9 is justified
only for independent scattering processes.

Surface plasmon properties of bimetallic clusters. Wescott et al. showed that for

core-shell bimetallic clusters, the SPR wavelength depends only on the ratio Rtotal:Rcore and
not on the absolute sizes.[27] Mie theory matches the electric and magnetic field boundary
conditions at the core/shell and the shell/solvent interfaces. This determines the particles’
scattering, absorption and extinction cross-sections.[30] The deposition of metal atoms on
metal particles (core/shell) causes dramatic optical shifts. Charge accumulation polarizes the
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particles, giving a blue shift. This blue shift distinguishes metal shell deposition from a
simple stabilizing layer.[26]
In the following section, we apply the above theory to estimate Cext for different
core/shell bimetallic particles. One can then simulate the SPR spectra, and ultimately
calculate the respective core and shell radii. This approach has some limitations:[31] It is not
known a priori whether the bulk properties that are used as starting parameters are indeed
valid for nanoparticles. There may be differences due to quantum mechanical confinement,
surface melting, and surface adsorbates. Furthermore, the model’s assumptions (e.g., sharp
boundaries; no many-body effects) may be unreasonable. Therefore we also include an
experimental validation of the SPR spectra.

Experimental
Materials and instrumentation. UV-visible spectra were measured using a Hewlett

Packard 8453 spectrophotometer with a diode array detector and a quartz cuvette (Hellma
Benelux, approximately 3.5 mL, path length 1 cm). Spectra were measured from 190–1100
nm at 1 nm resolution. Particle sizes were determined by Transmission electron microscopy
(TEM) using a JEOL model JEM-1200 EXII instrument operating at an accelerated voltage
of 120 kV. Samples for TEM analysis were prepared by placing a drop of colloid on a 300
mesh carbon-coated copper grid and evaporating the solvent (50 °C, 750 mm Hg). Unless
stated otherwise, chemicals were purchased from commercial firms (>98% pure) and used as
received. All solvents were degassed for 10 min with dry N2 prior to use. Tetra-noctylammonium formate (TOAF) was prepared according to a previously published
procedure.[32] Stock solutions (10 mM) of Pd2+ and Au3+ ions were prepared by dissolving
17.7 mg of PdCl2 or 33.0 mg of AuCl3 in 10.00 ml of DMF (99.8%).

Procedures for preparing bimetallic and alloy clusters.
Au clusters. A Schlenk-type glass vessel equipped with a rubber septum and a

magnetic stirrer was evacuated and refilled with N2. The vessel was then charged with 2 ml
of a 0.5 mM AuCl3/DMF solution, and was stirred and heated at 65 °C for 1 h. Then, 80 ȝl of
100 mM of TOAF in DMF was added in one portion into the vessel and the reaction was
continued for 1 h. The reaction mixture was analyzed by UV-visible spectroscopy.
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Suspensions of gold clusters with different diameters were similarly prepared, using
100 ȝl, 120 ȝl and 140 ȝl of 100 mM TOAF in DMF.
Pd coated on Au clusters. Au clusters with different diameters were first prepared

according to a standard procedure. Then, 250 ȝl of 0.5 mM of PdCl2/DMF solution was
injected and the vessel was heated for 1 h. These samples were analyzed by UV-visible
spectroscopy.
Au coated on Pd clusters. A Schlenk-type glass vessel equipped with a rubber

septum and a magnetic stirrer was evacuated and refilled with N2. The vessel was then
charged with 2 ml of 0.5 mM PdCl2/DMF solution. This vessel was stirred and heated at 65
°C for 1 h. Then, 50 ȝl of 100 mM of TOAF/DMF was added and the reaction was continued
for 1 h. Subsequently, 500 ȝl of 10 mM AuCl3/DMF was added (5:1 Au:Pd mole ratio) and
reaction was continued for 1 h. This procedure was repeated with 1000 ȝl, 1500 ȝl and 2000
ȝl 10 mM AuCl3/DMF, corresponding to 10:1, 15:1, 20:1 Au:Pd mole ratios, respectively.
Au-Pd alloy clusters. A Schlenk-type glass vessel equipped with a rubber septum

and a magnetic stirrer was evacuated and refilled with N2. The vessel was then charged with
2 ml of 0.5 mM AuCl3/DMF, 25 ȝl of 0.5 mM PdCl2/DMF. After stirring at 65 °C for 10 min
, 60 ȝl of 200 mM TOAF/DMF was added and the reaction was continued for 1 h. This
procedure was repeated for 75 ȝl, 125 ȝl, 175 ȝl ,250 ȝl, and 450 ȝl of 0.5mM PdCl2/DMF
for preparing Au-Pd alloy clusters with different Au:Pd mole ratio (26.6:1, 16:1, 11.5:1, 8:1
and 4:1 respectively).
Computational methods. MATLAB[33] scripts were used for computing the metal

clusters’ size by applying Mie’s theory (see flowchart in scheme 1). The size-dependent
dielectric function was determined from known physical bulk properties of both metals.
These include the plasmon frequency Ȧp (, the bulk dampening frequency Ȧd, the Fermi
velocity vf, the solvent refractive index n, the bulk dielectric constant İbulk and mean free path

lbulk.[34-36] The absorption and scattering coefficients an and bn in the Ricatti-Bessel function
were calculated using a modified version of Mätzler’s subroutine.[37] Inserting these
coefficients in eq 2 yields the Qext values for the wavelengths between 190–1100 nm. The
algorithm works with guessed string values and optimizes the core diameter a and the shell
diameter b, with the following assumptions:(i) all particles are spherical and have a uniform
size distribution; (ii) the parameter S { 1.
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START

input physical
bulk properties

guess size and
shell thickness

use Mie
subroutine
For Ȝ
190 to 1100

get Qext

No

Ȝmaxpre = Ȝmaxexp

Yes
END

Scheme 1. Flowchart of algorithm for predicting the absorption spectra and the core and shell

diameters of bimetallic nanoclusters.
Results and discussion
Core/shell Pd/Au clusters. There are several methods for making core/shell clusters.

Successive reduction in organic media was demonstrated by Kan and co-workers.[38] Huang
and co-workers prepared Au/Pd clusters in reverse micelles.[39] We used a modification of the
method described by Reetz and Maase,[8] preparing bimetallic clusters by successive
reduction using tetraoctylammonium formate (TOAF) in an organic solvent. This method
gives clusters with a narrow size distribution (± 1 nm). We prepared three types of clusters:
core/shell Au/Pd clusters, core/shell Pd/Au clusters, and Au-Pd alloy clusters. All
experiments were performed in degassed solvents in an inert atmosphere. In a typical
synthesis of core/shell Pd/Au clusters, the Pd2+ precursor was first dissolved in
dimethylformamide (DMF) and subsequently reduced using 5 equivalents of TOAF that also
functioned as a stabilizer. Au3+ ions were then similarly reduced and deposited on the Pd
cluster surface.
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The clusters were then analyzed using UV-visible spectroscopy. Figure 1 shows the
absorption spectra of Pd clusters and various core/shell Pd/Au combinations. Pure Pd clusters
do not show a distinct peak in the visible region.[19] However, the suspension is dark brown.
Adding Au3+ ions to the Pd cluster suspension changes the colour to pink. Since the core
radius of the Pd was the same, the increase in the amount of gold causes an increase in
intensity with a marginal red shift. No SPR was observed for clusters with a Au:Pd molar
ratio of less than 5:1, due to the effective d–d interband dampening of the Pd clusters.
In the above system, the Pd clusters are seed particles on which the Au shells grow.
Note that Au3+ ions reduce more easily and thus get adsorbed preferably onto the Pd clusters
instead of forming pure gold clusters. This process can be described as a surface catalyzed
growth of Au shell.[40] Pd/Au core/shell particles are also energetically more stable.[41] These
clusters show completely different spectral profiles both from the monometallic particles and
from their mixtures (vide infra). The Pd core also dampens the Au surface plasmon
absorption. As the Au3+ concentration increases, more Auż atoms adsorb, increasing the Au
shell thickness (Figure 1, top). The reason that the simulated spectra in Figure 1 are broader
than the experimental spectra is that the dampening frequency Ȧd is a given value taken from
literature.[36] However, the important point is that Ȝmax values match for the theory and the
experiment.

Table 1. Numerical and experimental core sizes and shell thicknesses of various Pd/Au

core/shell clusters.
Entry

a

Simulated Au shell Calculated Au shell Experimental Predicted
Au:Pd
Ȝmax (nm) Ȝmax (nm)
thickness (nm)a
thickness (nm)b
mole ratio

1

5:1

1.0

1.5

533

533

2

10:1

1.5

2.0

548

544

3

15:1

2.5

3.0

553

549

4

20:1

3.5

3.5

558

560

Represents the simulated Pd core size of 4 nm and various Au shell thickness using Mie theory for coated

particles. b Shows shell thickness calculated using the density, molar weight, and initial molar ratio of Au and
Pd.
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Figure 1. Zoom-in view of UV-visible spectra showing the experimental (top) and the

calculated absorption spectra (bottom) for pure Pd clusters of 4 nm diameter (dark curve) and
various core/shell Pd/Au clusters. The ‘ ’, ‘¸’, ‘¨’ and ‘ż’ represent Au:Pd mole ratios of
5:1, 10:1, 15:1 and 20:1, respectively. All spectra are normalized at the plasmon absorption
maximum.

Figure 1, bottom, shows the corresponding spectra that were calculated using our
algorithms (see the methods section for details). A good correlation is observed when
comparing these to the experimental spectra, and the results also fit well with TEM studies
(vide infra). Table 1 shows the experimental and the simulated Ȝmax values. Shell thicknesses
were calculated using the density, molar weight, and initial molar ratio of Au and Pd. This is
also in good agreement with the simulated shell thicknesses.
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Figure 2. Simulated gold shell thicknesses obtained with varying Au:Pd mole ratios. The
inset shows the fit between the experimental and the predicted surface plasmon maxima
values.
Determining the cluster size. We now apply Mie’s theory to determine the size of
the various Pd and Pd/Au clusters. First, an estimate of the Pd core diameter and the Au shell
thickness was guessed as 4 nm and 3.5 nm respectively (Au: Pd mole ratio is 20:1), and the
size-dependent dielectric constants for both metals were derived analytically. Then, the
absorption spectra were predicted, and the simulated max values for various shell thicknesses
were compared to experimental values. The good correlation (R2 = 0.94, see Figure 2)
demonstrates the power of this approach.
TEM analysis confirmed that the cluster sizes were in the 3- 4 nm range, matching the
simulated Pd core sizes. (Figure 3, top) moreover the TEM micrographs of Pd/Au core/shell
particles showed uniformly sized particles of 8 nm diameter. This increase in size can be
clearly attributed to the Au shell on the Pd-cluster surface and the Au shell thickness matches
well with simulated and calculated shell thicknesses (see entry 4 in Table 1).
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Figure 3 TEM micrographs of pure Pd clusters (top) and Pd/Au core/shell clusters bottom,

(the Au: Pd mole ratio is 20:1). The size distribution histograms are based on 800 particles
counted.

Core/shell Au/Pd clusters. These clusters were prepared as above, reversing the

order of the reduction steps. We synthesized Au cores of different diameters, examining the
size effects. The core diameter depends strongly on the number of TOAF equivalents.[8]
Figure 4 shows the absorption spectra of Au clusters prepared using different amounts of
reducing and stabilizing agents. The surface plasmon resonance dependence on the particle
size reflects several effects, including changes in the optical interband transition, changes of
electronic band structure and the ions adsorbed on the metal surface.[42, 43] For gold clusters,
the SPR shows a blue shift as the cluster size decreases.[44] Figure 5 shows the Omax values of
various Au clusters vs. TOAF equivalents. With more TOAF, the solution changes from
purple to red.
Following the UV-visible measurements we applied Mie’s theory to determine the Au
core sizes. For this, we first validated our algorithm using the theoretical correlation of Omax
and cluster size that was reported for Au clusters in water.[45] Then, we replaced the solvent
parameters with those of DMF, obtaining the Omax versus cluster size correlation in DMF.
Finally, we used the same correlation to determine the Au cluster size based on the
experimental Omax values. This gave an excellent fit (R2 = 0.98 for 4 observations, see Figure
5).
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Figure 4. Experimental UV-visible absorption spectra (zoomed in) of pure Au clusters

prepared using different mole equivalent of TOAF. (‘Ŷ’, ‘Ƒ’, ‘Ɣ’ and ‘ż’ denote 8, 10, 12 and
14 mole equivalents of TOAF respectively). Spectra were taken every 1 nm, the symbols are
shown for clarity.

14

Ȝmaxpred /nm

TOAF equivalents

18

d = 5 nm
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Ȝmaxexp /nm

Figure 5. SPR Omax wavelength for Au clusters of different sizes, prepared by reducing 0.5

mM AuCl3 in DMF using different amounts of TOAF. The inset shows the correlation of the
experimental and the predicted Omax values.
Pd2+ ions were then reduced and deposited on the Au surface. Figure 6 shows the UVvisible spectra for the core/shell Au/Pd clusters. When Pd coats Au-clusters it dampens the
SPR, giving a broader peak. Smaller clusters showed lesser dampening and less spectral shift.
Indeed, group 10 metals are known to dampen the SPR of group 11 metals in bimetallic
clusters.[46] We also observed a blue shift in the Au absorption spectra in the presence of Pd.
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Thicker Pd shells formed when larger Au cores were used. As the amount of gold was
identical in all experiments, there must be less but larger clusters and consequently more Pd
atoms per Au core. Our predicted spectra showed the same trend. For example, Pd shells, 0.8
nm and 0.6 nm thick, were predicted for Au cores 15 nm and 10 nm in diameter, respectively.
Experimental and predicted Omax values are given in Table 2. These predictions fit well with

Shell thickness /nm

our experimental results (R2 = 0.98 for 4 observations).
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Figure 6. Zoom-in view showing the UV-visible spectra of core/shell Au/Pd clusters with

different Au core sizes (‘Ŷ’, ‘Ƒ’, ‘Ɣ’ and ‘ż’ symbols denoting 20 nm, 10 nm, 8 nm and 5 nm,
respectively) and Au:Pd mole ratio of 8:1. The inset shows the simulated SPR Omax with
respect to different Pd shell thicknesses. Spectra were taken every 1 nm, the symbols are
shown for clarity.

Table 2. Numerical and experimental core sizes and shell thicknesses of various Pd/Au

core/shell clusters
Entry

a

Equivalents Predicted Au core Simulated Pd shell Calculated Pd shell Experimental Predicted
Ȝmax (nm) Ȝmax (nm)
size (nm)
thickness (nm)a
thickness (nm)b
of TOAF

1

8

20

0.8

1.1

558

559

2

10

10

0.6

0.5

537

536

3

12

8

0.5

0.4

532

528

4

14

5

0.2

0.3

532

522

Simulated Pd-core size and Au-shell thickness using Mie theory for coated particles.

calculated using the density, molar weight, and initial molar ratio of Au and Pd.
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Pure gold

Figure 7. TEM Micrograph of pure Au clusters (A and B) and Au/Pd core/shell clusters with

Au:Pd mole ratio of 8:1 (C and D), and the corresponding size distribution based on 300
particles counted.

We then used transmission electron microscopy to validate our simulations. Figure 7
shows the TEM image of pure Au clusters (A and B). It shows an average cluster size around
14 - 16 nm. C and D in Figure 7 show core/shell morphologies of Au/Pd clusters with a Pd
layer thickness around 0.8 - 1 nm, which agrees well with our predicted results of 0.8 nm,
(see Table 2 entry 1). The Pd shell is brighter than the Au core due to the lower electron
density in the d orbital. It is important to note that gold clusters were the same in both cases.

Au-Pd bimetallic clusters. These clusters were prepared by co-reducing AuCl3 and

PdCl2 in different mole ratios of Au:Pd (4:1 to 26.6:1) with excess TOAF. Figure 8 shows the
absorption spectra for respective alloy clusters. The increased amount of the Pd shifts the

62

Section B

Nanoparticles’ size

Omax more towards lower wavelength. Clusters with Au:Pd mole ratio less than 4:1 do not
show any significant plasmon absorption implying that the surface of Au-Pd bimetallic
clusters has more Pd atoms.[47]
2.5

Absorbance

2

1.5

1

0.5

0
400

500

600

700

800

900

1000

Wavelength /nm

Figure 8. Zoom-in view of experimental UV-visible spectra of Au-Pd alloy clusters with

various Au:Pd ratios ( ‘Ɣ’, ‘ż’, ‘Ŷ’,‘Ƒ’ and ‘¸’ symbols represent Au:Pd mole ratio of 26.6:1,
16:1, 11.5:1, 8:1 and 4:1 respectively). Spectra were taken every 1 nm, the symbols are
shown for clarity.

Since the reduction potential of Au is higher than that of Pd one can expect that the
co-reduction of Au and Pd will result into the formation of Au/Pd core/shell type clusters
instead of Au-Pd bimetallic clusters. Earlier studies of formation of Au/Pd core/shell and AuPd bimetallic clusters are not consistent, which could be attributed to the difference in the
nucleation process. This was dependent on the kind of materials, the reaction media and
reducing and stabilizing agent.[48,
alloy clusters is possible.

[39]

49]

Chen et al. have shown that the formation of Au-Pd

Total Gibb’s energy for the formation of nuclei might vary with

compositions due to the different bond enthalpies or interactions of Au-Au, Pd-Pd and AuPd. This can lead to a different number of atoms required for the formation of nuclei for
different compositions. In our system we use TOAF, a very strong reducing agent. The
reduction rates are so fast that the system becomes saturated with Pd° and Au° atoms. This
increases the probability of collision between the atoms to form rapidly many nuclei and
hence smaller clusters are formed. Another possibility is that, though the nuclei were
composed of Au° atoms, the number of Au atoms to form a stable nucleus is reduced due to
the presence of Pd atoms in the solution. Also Pd atoms will have a stronger influence on the
total Gibb’s energy of an atomic assembly when they are present in the nucleus rather than
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dispersed in the solution. Accordingly, the formation of Au-Pd bimetallic clusters composed
of a mixture of Au° and Pd° atoms will be favored in our system. Subsequently, Au and Pd
atoms co-deposited onto the nuclei and grew to their final size. Molecular dynamic studies of
Pal and co-workers showed that Au-Pd bimetallic clusters are energetically more
favorable.[41]
Pure Au clusters
2.5

Au/Pd core/shell clusters
Pd and Au cluster physical mixture

Absorbance

2

Au-Pd bimetallic clusters
1.5

1

0.5

0
400

500

600

700

800
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Figure 9. Zoom-in view of experimental UV-visible spectra of various types of clusters with

Au:Pd mole ratio of 8:1 ( ‘Ŷ’, ‘Ƒ’, ‘Ɣ’, and ‘ż’symbols represent pure Au clusters, Au/Pd
core shell structure, Pd and Au cluster mixture, and Au-Pd alloy clusters). Spectra were taken
every 1 nm, the symbols are shown for clarity.

UV-visible spectra also show that these Au/Pd core/shell Au-Pd alloy clusters are
different in nature. In Figure 9 we can observe that pure gold clusters show their surface
plasmon maxima (Omax) at 560 nm while the physical mixture of both clusters has the same
Omax but reduced absorption intensity. This proves that in the physical mixture the absorption
characteristics of both individual clusters are maintained, excluding significant contributions
from interparticle interaction. On the other hand the Au/Pd core/shell type clusters show a
Omax shift to lower wavelengths at 540 nm, while Au-Pd alloy clusters show a remarkable
blue shift with Omax at 510 nm.
These observations can be further verified by the TEM micrographs. TEM images of
Au/Pd core/shell and Au-Pd alloy clusters show clear differences in cluster size. Au-Pd alloy
clusters are smaller and more uniform in size than the Au/Pd core/shell type clusters (see
Figure 10). Both types of clusters were prepared using the same initial mole ratios of Au:Pd.ҏ
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Figure 10 TEM micrographs of Au-Pd bimetallic clusters prepared using a Au:Pd mole ratio

of 8:1. The size distribution histograms are based on 300 particles counted.
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Figure 11. Experimental Omax values for alloy clusters versus Au:Pd mole ratio. The inset

shows the fit between the experimental and predicted Omax values.

As both the d-band and the conduction electrons contribute to the SPR, most studies
assume that the dielectric function of an alloy is a linear combination of the molar fractions.
In this case H is given by

H x Au

1  x Au H Pd  xAuH Au

(11)

Then considering the above assumption we predicted the surface plasmon maxima Omax. As
shown in the Figure 11 the predicted and experimental values match well.

Conclusions

By coating non-absorbing palladium clusters with gold shells and employing a
modified version of Mie’s theory it is possible to estimate the Pd core size and the Au shell
thickness directly from UV-visible spectra. The sample preparation is simple and the
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computational costs are low. The prediction results correlate well with experiment and are
validated by TEM measurements. Although this technique is less accurate than electron
microscopy, it presents a viable ‘rough and fast’ alternative for estimating the size of
homometallic and bimetallic nanoparticles.
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Introduction
Synthesising metal nanoparticles using “bottom-up” techniques is attracting much
attention due to their applications in catalysis,[1-4] optoelectronics,[5,
[7]

labeling,

[8]

fuel cells

and materials science.

[9]

6]

biological

Nanometric metal crystals display unique

physico-chemical properties that stem from their size and shape. Several studies have
achieved excellent control over particle size for both metallic and semiconductor
nanocrystals. However, although scientists have managed to make a variety of nanosized
crystal shapes including rods,[10-13] triangular prisms,[14-17] disks,[18-20] and even cubes,[21]
understanding the factors that govern shape control remain a challenge.[22]
In many applications, crystal anisotropy is a key factor. Nanocrystals with different
shapes exhibit different optical and electronic properties, and consequently a variation in
the surface-plasmon resonance. To exploit those activities, branched and multipod
structures have been made. The most common recipe for making such crystals is the
seeded growth of anisotropic particles in water.[23-28] The formation of triangular,
hexagonal, decahedral and cubic particles, as well as nanowires, was also reported in DMF
and pyridine.[29-32] In all those studies, the interaction of the stabiliser with metal ions and
the form of the seeds play a crucial role in controlling the final particles’ size and
morphology (for example, El-Sayed et al. showed that the particles’ shape can be
controlled by changing the capping ratio of metal ions to stabiliser [33-35]).
Recently, we studied the preparation and catalytic applications of various metal
nanoparticles (Pd, Ru, Ni, Ag, and Cu) in DMF and toluene using tetraoctyl ammonium
carboxylate salts as reducing and stabilizing agents.[36-38] In all these cases, we obtained
spherical particles. Extending this work to gold nanocrystals, we were surprised to find,
using the same synthesis method, a variety of nanocrystal shapes. Although different well
defined shapes of gold nanocrystals are reported, the formation of branched particles for
this particular system in DMF was never reported. We thus began to investigate the cause
for these different morphologies. In contrast to aqueous solutions, where a reducing agent
is needed for initiating the nanoparticle formation, DMF and formamide can themselves
reduce silver and gold salts partially or completely.[39-43] In the present work, we
investigate the factors that govern the formation of anisotropic gold particles in DMF
using tetraoctylammonium ions as a stabiliser. We show that precursor aging and reducing
agent concentration influence the concentration of Au3+ and Au+ ions. This in turn affects
the rates of Au0 seed formation and nanoparticle growth.
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Experimental
Materials and instrumentation. In situ UV-visible measurements were performed
using a Hewlett Packard 8453 spectrophotometer with a diode array detector. The quartz
cuvette (Hellma Benelux, approximately 3.5 ml, path length 1 cm) was mounted on a
sample holder with controlled heating (Neslab constant temperature bath) and stirring
(compressed air was used to rotate the stirrer at the bottom of the cuvette). The recorded
wavelength range was 190–1100 nm, at 1 nm resolution. TEM images were obtained with
a JEOL model JEM-1200 EXII instrument, operated at an accelerating voltage of 120 kV.
Unless stated otherwise, chemicals were purchased from commercial firms (>98% pure)
and used as received. All solvents were degassed for 10 min with dry N2 prior to use. GCMS measurements were done using Agilent 6890/5793 instrument (with HP-5 MS
crosslink phase column, 30 m length, internal diameter 0.25 mm, film thickness 0.25 ȝm).
IR spectra were measured using Bruker Vortex 70 instrument using CaCl2 cell. Karl-fisher
titrations were performed using a Mettler Toledo DL 36 KF coulometer instrument. 250
ml of Hydraneal water standard (0.1% H2O) was used as internal standard. Cyclic
voltammograms were recorded with a PAR EG&G model 283 potentiostat, using an
airtight single-compartment cell placed in a Faraday cage. The working electrode was a Pt
microdisk (0.42 mm2 apparent surface area), polished with a 0.25 ȝm diamond paste
between the scans. Coiled Pt and Ag wires served as an auxiliary and pseudo reference
electrode, respectively. The concentration of the analyte was 1 mM. Ferrocene (Fc) was
used as the internal standard. The supporting electrolyte, [Bu4N][PF6], was recrystallized
twice from absolute EtOH and dried overnight under vacuum at 80 °C before use.
Procedure for in situ monitoring of Au nanoparticles and anisotropic particles
Four types of samples (A, B, C, and D) were prepared
Sample A. A quartz cuvette equipped with a rubber septum and a magnetic stirrer
was evacuated and refilled with N2. It was charged with 2 ml of a 0.5 mM AuCl3/DMF
aged solution. Then, 75 ȝl of 100 mM of TOAF in DMF was added in one portion into the
cuvette and stirred and heated at 65 °C for 1 h under N2. UV-vis spectra were recorded
every 1.1 min for 60 min.
Sample B was prepared using the same method, but using 2 ml of a fresh 0.5 mM
AuCl3/DMF solution and 60 ȝl of 100 mM of TOAF/DMF was added. The sample was
then heated to 65 °C and stirred under N2 for 1 h.
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Sample C Sample C: For control experiments 2 ml of fresh 0.5 mM AuCl solution
in DMF was prepared that contains only Au+ ions in contrast to sample B containing
mainly Au3+ ions. As in sample B, immediately after dissolution 60 ȝl of 100 mM TOAF
in DMF was added, and the mixture was heated to 65 °C and stirred under N2 for 1 h.
Sample D 2 ml of fresh 0.5 mM AuCl3 solution in DMF was mixed with 50 ȝl of
200 mM TOAF in DMF then heated and stirred for 1 h under the same conditions as in
sample A and B. This experiment was repeated with 60 ȝl and 70 ȝl of 200 mM TOAF in
DMF.
Results and discussion
We started by synthesizing gold nanoparticles following the method of Reetz and
Maase,[44] using AuCl3 in DMF as salt precursor solution and tetra-n-octylammonium
formate (TOAF) as reducing and stabilising agent. This method was expected to yield
spherical nanoparticles with a narrow size distribution. For sample A the colourless AuCl3
precursor solution was prepared a day in advance, a fact that at the time seemed
unimportant and innocuous. After nanoparticle formation this sample appeared blue and
clear in transmission but brown and turbid in reflection (we did not observe any aggregate
precipitation). In order to characterise the cluster growth we monitored the evolution of
sample A in situ using UV-visible spectroscopy. At t = 0, the moment the reducing agent
was added we observed neither the typical absorption peak of the Au3+ ion precursor (Ȝ =
322 nm) nor the surface-plasmon peak typical for Au spherical nanocrystals (Ȝ ~ 550 nm).
Instead, we observed the evolution of a surface plasmon peak at ca. 790 nm with a
shoulder at 590 nm (Figure 1), typical for samples containing anisotropic nanoparticles.[45,
46]

The reaction was completed after one hour rendering sample A stable for over four

weeks at 25 ºC. Further characterisation of sample A by HRTEM showed indeed variously
shaped particles, roughly 40–80 nm in diameter (Figure 2). A close up view showed
different particle shapes including bipods, tripods, tetrapods, and branched nanoparticles.

72

Chapter 3

Gold nanoparticles

Absorbance /a.u.

3

Time

t=1h

2

1

0

t=0

400

600

800

1000

Wavelength /nm

Figure 1. UV-visible spectra of anisotropic Au-nanoparticle formation in sample A. The
lowest curve indicates the starting situation, t = 0, of the nanoparticle growth.
To investigate this phenomenon further we prepared gold nanoparticles from a
freshly prepared AuCl3 precursor solution (sample B). Here, TOAF was immediately
added to the fresh solution and kept at 65 °C for 1 h, like in sample A. Monitoring this
reaction using UV-visible spectroscopy, initially (t = 0) we observed only the absorption
peak of the free Au3+ ions (Figure 3). However, within a few minutes this Au3+ peak
decreased to zero, followed by a clear surface plasmon peak emerging at ~ 600 nm. A
TEM analysis confirmed that sample B contains mainly spherical particles, with a narrow
size distribution of 14 nm ± 2.0 nm. To ensure reproducibility, triplicate experiments were
carried out in each case. In all cases, freshly prepared solutions of AuCl3 in DMF lead to
the formation of spherical gold nanocrystals with an average diameter of ~15 nm. For
control we also repeated the reduction experiments with aged (colourless) precursor
samples following the preparation protocol for sample A. Once again we obtained
anisotropic gold nanoparticles with similar shapes and size (Figure 2, top) as those shown
in Figure 2.
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Figure 2. (top left) TEM images of branched particles prepared using an aged AuCl3
precursor solution in DMF – sample A; (top right) Close ups of TEM images of different
shaped particles that can be distinguished: (I) bipod, (II) tripod, (III) tetrapod, and (IV)
branched gold nanocrystals. (Bottom) HRTEM image of branched gold nanocrystals
(sample A). (B) Blow up of the white square in image (A). The two parallel lines indicate
the packing distance between two hexagonally packed dense Au-planes.
2

fresh Au3+
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Figure 3. (top) Time-resolved in situ UV-visible spectra of precursor reduction and
nanoparticles formation using the freshly prepared AuCl3 precursor solution B.
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To understand this, we first investigated the aging behaviour of AuCl3 in DMF
prior to the addition of any reducing agent. Figure 4 shows the UV-visible absorption
spectra of AuCl3 (0.5 mM) in DMF at 25 ºC over 20 h under an inert atmosphere.
Although no external reducing agent was present, we observed a clear disappearance of
the Au3+ ion peak at 322 nm. It was reported that DMF reduces Au3+ ions under reflux
conditions in the presence of a stabilising agent such as (poly)vinylpyrrolidone, giving
spherical gold nanoparticles,43 so we presumed that some reduction could also occur at
room temperature. This reaction, however, requires also at least one equivalent of water
(eqs 1 and 2).[47] Karl-Fischer titrations confirmed that the DMF we used contained 0.04%
water, or 44 equivalents, sufficient for reducing the Au3+ ions to Au+ ions and Au0 atoms.
Moreover, while the fresh AuCl3 solution in DMF was neutral, the aged precursor solution
was acidic (pH = 4.5), supporting the formation of carbamic acid and H+ ions via eqs 1 or
2.
O
(CH3)2

N

3+
+ Au + H2O

C

250C

H

O
+

Au + (CH3)2

N

+ 2H+

C

(1)

OH

O
3(CH3)2

N

3+
+ 2Au + 3H2O

C

250C

H

O
2Au0 + 3(CH3)2

N

+ 6H+

C

(2)

OH

Whether Au3+ partially reduces to Au+ or completely to Au0 in DMF is unknown.
Pradeep and co-workers hypothesised that Au3+ reduces completely to Au0, in a similar
fashion to Ag, thereby producing carbamic acid.[48] Carbamic acid is unstable in DMF and
readily decomposes to (CH3)2NH and CO2. Similar to Tom et al.[48] we performed infra red
spectroscopy (IR) and gas chromatography-mass spectroscopy (GC-MS). However, their
weak signal was dominated by the strong contributions from DMF. We surmised that our
aged AuCl3 precursor solution contained both Au+ and Au0 species. This was confirmed
by cyclic voltammetry studies of aged and fresh gold precursor solutions. While the fresh
solution showed two reduction peaks for Au3+ o Au+ (Ev = 0.49 V) and Au+ o Au0 (Ev =
0.95 V) respectively, the aged solution showed only one, corresponding to Au+ĺ Au0 (Ev
= 1.05 V; the cyclic voltagrams are included in the supporting information, Figure 5).
Freshly dissolved AuCl-DMF solutions also showed only one reduction peak, agreeing
well with our observations in aged solutions. Based on these findings we hypothesise that
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next to Au+ ions the presence of Au0 atoms or neutral gold seed of less than 1nm in size is
necessary to initiate the formation of gold nanocrystals in DMF
t=0

0
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0.8
0.6
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Figure 4. Time-resolved UV-visible spectra of the reduction of Au3+ ions in DMF at 25
ºC. The inset shows the rate of reduction in terms of decrease in absorbance of Au3+ at Ȝmax
= 322 nm versus time.
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Figure 5. Cyclic voltamograms of fresh AuCl3 (A), fresh AuCl (B), and aged AuCl3 (C)
solution in DMF. The different value for Ev for Au+ in the fresh and aged solution may
arise from the presence of Au0 seeds in latter solution.
To test our hypothesis we then prepared sample C, starting from fresh AuCl
precursor solutions in DMF containing only Au+ ions similar to the aged solution, and
using the same amount of the reducing and stabilising agent TOAF as in sample B. As
expected we did not observe any nanoparticle formation. The reduction potential of Au+
ions to Au0 atoms is higher than that of Au3+ ions.[38] This showed that the aged solution
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contained both Au+ ions and Au0 that can form a complex with DMF. Gold nanoparticles
have a high electron affinity and can strip off electrons from the DMF molecules.[49] The
resulting complexes act as seeds for further reduction of Au+ ions (the so-called aurophilic
effect[50]) and grow to give branched particles when the reducing agent TOAF was added,
as demonstrated in Figure 1. Such particle growth in liquid media involves mainly two
factors: One is the influence of the capping agent, that controls the growth on the various
crystal facets.[51] The second is the rate of supply of Au0 to the crystal planes of the
growing seed particles. A third influence can arise due to surface autocatalytic reduction of
Au+ ions at the gold nanocrystals surface, but may not be as effective as the first two, as it
is limited to a rather small available surface area.[52-55] Thus, the shape and size of the seed
play an important role.[56] To understand the effect of the second factor we compared the

Normalized Absorbance

rate of increase in intensity of the surface plasmon peaks in samples A and B (Figure 6).
Sample A

1
0.8
0.6

Sample B

0.4
0.2
0
0

10

20

30

Time /min

Cluster growth

Reduction
and nucleation

Figure 6. Change in the normalised surface-plasmon absorption of sample A (500 – 650
nm) and B (500 – 700 nm) versus time. In each case the range of wavelengths was used to
compensate for the peak shift with particle growth.
Comparing the aged precursor (sample A) to the fresh precursor (sample B), we
see that in A the surface plasmon appears fast and the absorption increases, reaching a
plateau after ~ 5 min. Conversely, B exhibits a prolonged reduction period reaching a
plateau only after 25 min. Sample A shows almost no induction period. This probably
reflects the fact that some of the Au3+ ions are already reduced to Au0 atoms or Au1+ ions
in DMF, and subsequently form sub-nanometer seed particles that are too small to show a
plasmon peak.[57] When the external reducing agent is added (at t = 0), further reduction of
the remaining Au+ ions and subsequent particle growth are fast, and the different reduction
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rates at the various crystal surfaces ultimately yield different crystal shapes (vide infra).
Conversely, in case B, the nanoparticles grow uniformly in all directions and the increase
of the surface plasmon resonance shows a typical S-shaped curve. This type of curve
agrees well with the results of Gan et al.[41] The induction period denotes the time to
reduce Au3+ to Au0 atoms that nucleate and form sub-nanometric seed particles.[41, 58]
To study this effect of rate generation of Au0 atoms on the nanoparticles
morphology, we reduced a fresh Au3+ solution using higher TOAF concentrations than in
sample B (sample D). Here we obtained high yields of cubes (60 %), prisms (30 %), and
spherical particles (10 %) of 20–30 nm in size (Figure 7). Importantly, we did not observe
any branched particles. We conclude that the shape of the gold nanoparticles depends on
the reducing agent concentration as well as on the interaction of the stabiliser with the
different crystal surfaces.[59] In fact, a higher ratio of reducing agent to Au3+ ions causes
monomer super saturation. This leads to a simultaneous nucleation and growth process
resulting in anisotropic particles, especially with “soft metals” like gold. Conversely, hard
metal nanocrystals such as Pd, Pt and Cu yield mainly spherical nanoparticles, their size
depending only on the concentration of TOAF as reducing and stabilising agent.[58]
The formation of multipod shapes is associated with rate of supply of Au0 atoms to
(1,1,1), (1,1,0) and (1,0,0) crystal planes.[24,

60]

The corresponding surface energy

[61]

increases in the order Au(1,1,1) < Au(1,0,0) < Au(1,1,0). The tetraoctylammonium species adsorb
preferentially on the low-energy (1,1,1) surface, leaving the other surfaces open for further
crystal growth. The formation of spherical, cubic, prism, or branched shapes depends on
the local concentration of Au0 atoms. In the case of sample B, where the formation of Au0
atoms is slow and hence the local concentration is low, the rate of association/dissociation
of the tetraoctylammonium species is similar to that of the Au0 atoms, resulting in
spherical particles. Conversely, sample D has a high concentration of Au0, which causes
an imbalance that promotes growth on the available (1,1,0) and (1,0,0) planes, resulting in
cubes and prisms, respectively. In case of sample A, the crystals grow simultaneously on
the (1,0,0) and the (1,1,0) planes, resulting in multipod structures.25 Finally, we note that
the preferential adsorption of halide counterions onto the different crystallographic
surfaces of the gold particles may have an influence on the shape morphism.[62, 63] In the
present study this influence can be neglected as we only considered only Cl- counterions.
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50 nm

Figure 7. TEM images of nanoprisms and nanocubes prepared using fresh AuCl3
precursor solution with higher TOAF concentration (sample D, 60 % cubic, 30 %
triangular and 10 % spherical particles, based on 100 particles counted).
Conclusion
The shape and size of gold nanoparticles depend strongly on the concentration of
the reducing agent and the presence of sub-nanometric seed particles. While using DMF as
a solvent one should take into account that the solvent DMF can already reduce Au3+ ions
to Au+ /Au0 (even though this process is much slower than the reduction in the presence of
TOAF). The reduction processes of Au+ and Au3+ are distinct, and can be followed using
cyclic voltammetry. Changing the concentration of the reducing agent and controlling the
freshness of the precursor solution, gives access to isotropic or anisotropic gold
nanoparticles (including cubes, prisms, and branched particles).
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Stable ‘soap and water’ sponges doped
with metal nanoparticles

Part of this work is submitted to a journal as “Stable soap and water sponges doped with metal
nanoparticles”, A. V. Gaikwad, P. G. Verschuren, T. van der Loop, G. Rothenberg, and E. Eiser.
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Introduction
Surfactant-cosurfactant molecules in solution can self-organize into various
assemblies including lamellae, hexagonal or cubical crystals, and vesicles.[1-4] One
particularly fascinating phenomenon is the formation of “supramolecular sponges”,
technically known as bicontinious L3 phases.[5] Our first understanding of these strange
structures comes from the pioneering works of Porte[6] and Cates.[7] The L3 phase is a
bilayer membrane with a randomly connected interphase separating two interpenetrating
labyrinths of solvent (see Figure 1). L3 phases are typically transparent, and flow easily (in
contrast to the highly viscous LĮ lamellar phases).[8,

9]

They have been observed and

[10-14]

studied in various surfactant and polymer solutions,

as well as using computer

[7, 15]

simulations.

OR

Figure 1. Schematic image of pure and doped sponge phase.

Recently, the L3 sponge phases have attracted much attention in materials
science,[16-19] as templates for making novel porous materials.[20] The applications include
filtration,[21,

22]

biological separation,[23] drug delivery,[24] and making new catalysts and

supports.[16,

25-27]

The main problem, however, is that L3 phases are typically unstable,

especially over varied temperature ranges. Our experience with trapping metal
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nanoparticles in hexagonal soft crystal gels,[1, 28] has led us to the idea of stabilising L3
phases by doping them with metal nanoparticles.[29] Indeed, such stabilisation was
observed also for lamellar phases.[30-35]
In this paper, we study the stability of sponge phases doped with various metal
nanoparticles. To the best of our knowledge, this is the first report of such doped L3
phases. The nanoparticles, organosols as well as aquasols, are prepared and integrated into
the sponge phase. The role of shear-induced structural transitions and the effect of
temperature on this doped sponge phase is also reported and discussed.

Experimental section
Materials and Instrumentation. High-energy small-angle X-ray scattering
(SAXS) and wide angle X-ray scattering (WAXS) measurements were performed at the
BM26 High Brilliance Dutch-Belgium beam line (DUBBLE) at the European Synchrotron
Radiation Facility (ESRF) in Grenoble. The sample-to-detector distance was fixed at 3.5
m. The energy of the X-ray photons was 18 keV (Ȝ= 1.54 Å, exposure time 3 min). A
differential scattering calorimetry cell (Linkam optical DSC600) was used, allowing
simultaneous X-ray scattering and temperature measurements. Cross-polarized optical
microscopy was performed using an Olympus BH-2 microscope coupled to a Leica DMIRB digital camera. Centrifuging was performed using an Eppendorf 5412 centrifuge at
200 g. UV-visible measurements were performed using a Carry-50 spectrophotometer
(quartz cuvette, Hellma Benelux, approximately 3.5 mL, path length 1 cm). The recorded
wavelength range was 190–1100 nm, at 1 nm resolution. Rheometric measurements were
made using a Haake RS150 instrument. Unless noted otherwise, chemicals were purchased
from commercial sources (>99% pure) and used as received. All aqueous solutions were
made with Millipore water. Nanoparticles in aqueous and organic solvents were prepared
following published procedures.[41, 47, 48]
Preparation of sponge phase samples. Example: 70% cyclohexane. SDS/H2O
solution (20 ml, 1:2.5 weight ratio) was prepared by adding SDS (8 g, 0.02 mole) to water
(12 ml). 0.69 ml of this solution was thoroughly mixed with 0.21 ml of pentanol. Then, 2.1
ml of cyclohexane was slowly added while stirring. The sample was sealed and stored in
an oven at 25 oC. Other sponge phase samples were similarly prepared using the reagent
quantities given in Table 1.
Procedure for doping the sponge phase with metal nanoparticles. Au aquasols
were prepared using the method described by Turkevich et al.41 A stock solution of
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HAuCl4 (20 ml, 1 mM) was prepared in water and mixed with a sodium citrate solution (2
ml, 34 mM). The mixture was vigorously stirred and heated at 100 ºC for 5 min. The
resulting red suspension was concentrated to ca. 2 ml by centrifuging. 120 ȝl of the
suspension was added to a 3.0 ml sponge phase sample, prepared as above, and stirred for
30 min at 25 ºC. The color of the sponge phase changed from colorless to a transparent
pink. Sponge phase samples containing Pd and Ag aquasols were analogously prepared.
Au organosols were prepared using a modification of the method described by Yee
[48]

et al.

Here, 165 mg (0.82 mmol) of dodecanethiol was added under vigorous stirring to

a solution of 1.0 mmol HAuCl4 in 10 mL of freshly distilled, anhydrous THF. 1.00 ml of
1.0 M solution of lithium triethylborohydride in THF was added dropwise to the reaction
mixture until no more gas evolved, and the mixture was then stirred for 20 min at 25 ºC.
The resulting dark red-brown suspension was washed with 20 ml of ethanol and
concentrated to ca. 1 ml by centrifuging. 120 ȝl of this concentrated suspension was added
to a 3 ml sponge phase sample and stirred for 30 min at 25 ºC. Samples were analyzed by
cross-polarized microscopy, confirming the isotropic structure.

Results and Discussion
The sponge phases were prepared using a sodium dodecyl sulfate solution
(SDS:H2O, 1:2.5 w/w ratio), pentanol as co-surfactant and cyclohexane as the oil phase.
We prepared four samples with different cyclohexane amounts (Table 1)[36] and vigorous
stirring for 30 min yielded the transparent sponge phase, which was stable at 25–30 ºC.
The pentanol:(SDS/H2O) weight ratio was 0.9–1.2. Note that stirring is critical – improper
mixing results in an ordered phase, especially at lower cyclohexane concentrations. The L3
phase exists only in a very narrow range of the oil-rich corner in the phase diagram (>70%
cyclohexane). The pores of this phase contain cyclohexane, while the membrane contains
water. Cross-polarized optical microscopy confirmed that the samples were optically
isotropic. Samples with < 65% cyclohexane showed birefringence, i.e. formation of a
lamellar phase (Table 1, entry 4).[37]
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Table 1. Composition of L3 phase and their properties.

Entry

SDS/H2Oa %

Pentanol %a

Cyclohexane %a

Db (nm)

įc (nm)

1

23.0

6.9

70.1

31.4

3.6

2

18.7

6.4

74.9

35.0

3.5

3

14.8

6.4

79.1

40.8

3.0

d

28.7

7.6

63.7

27.3

3.9

4
a

The component fractions are given in terms of vol% at 25 ºC.

b

D is the characteristic distance

corresponding to the cell size calculated directly from the qmax values of the SAXS profiles.

c

į is the

d

membrane thickness. This sample did not yield a sponge phase.

Figure 2 shows the SAXS spectra of the three sponge phases prepared using
different amounts of cyclohexane at 25 ºC (Table 1, entries 1–3). At higher cyclohexane
concentrations, the intensity peaks move to lower length scales. Bilayer structures such as
LĮ and L3 phases are known to follow a q–2 dependence.[38-40] In all three samples, the peak
intensity showed a similar dependence (q–2.3, q–2.4, and q–2.6 for 70%, 75%, and 80%
cyclohexane, respectively). This dependence, combined with the broadness of the peaks,
confirms the formation of the L3 sponge phase. Above 30 ºC, all samples underwent a
phase change to an LĮ phase, showing sharp second- and third-order peaks. Porte et al.
demonstrated that the length scale at maximum intensity value (qmax) correlates with the
characteristic distance (D), or cell size in the case of sponge phase, according to

D

2S
qc

D

G
Iw

(1)

where Iw is the sheet volume fraction here as equal to the water volume fraction.[5] The
connectivity parameter Į is roughly 1.5 for smooth bicontinuous structures.[38] Table 1 lists
the corresponding D and į values. Note that at higher cyclohexane concentrations, the
sponge phase swells, increasing the cell size and decreasing the membrane thickness.

87

Chapter 4

Sponge phase
80%
70%
3

10

q–2.4

I (q)/ a.u.

75%

q–2.6
–2.3

q

2

10

0.1

0.2

0.3

0.4

q/ nm–1

Figure 2. Logarithmic SAXS spectra of sponge phases prepared using different amounts
of cyclohexane at 25 ºC.
Once we confirmed the sponge-like structure of our samples, we doped them with
small amounts of different metal nanoparticles. Aquasols of gold, palladium, and silver
nanoparticles were prepared following published protocols,[41] and analyzed using UVvisible spectroscopy.[42] The particle diameters were 8–10 nm, calculated using the surface
plasmon peak correlation method.[42,

43]

The colloidal suspensions were concentrated by

centrifuging, and 4% v/v of the concentrated suspension was added to each sponge phase
sample. The samples were then sealed and stirred at 25 ºC for 30 min, giving a clear liquid
that showed no birefringence under cross-polarized microscopy.
Figure 3 shows the SAXS spectra of sponge phase samples doped with gold
nanoparticle aquasols. The inset shows the Bragg rings of crystalline gold in these
samples. Optical microscopy showed no aggregation, confirming that the particles are well
dispersed. Additional wide angle X-ray scattering (WAXS) measurements confirmed the
presence of Au particles inside the samples. The nanoparticles cause the membrane to
swell, increasing qmax. The swelled regions of the membranes showed average į values of
13–15 nm.
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65%
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Figure 3. Logarithmic SAXS spectra of the sponge phase samples doped with 4% v/v of a
gold nanoparticle suspension. The inset shows the WAXS image of the Au-doped sample
made with 70% cyclohexane (image taken at 5 min exposure time).

These doped sponge phases also display interesting optical properties. The original
gold cluster suspension is pink, but the doped phase is violet in reflection and blue in
transmission. This change was confirmed with UV-visible spectroscopy measurements
(Figure 4). Aqueous suspensions of gold nanoparticles show a typical plasmon absorption
peak at Ȝ = 520 nm. Conversely, when the particles were dispersed in the sponge phase,
we observed two peaks at Ȝ = 511 and Ȝ = 700 nm. Indeed, gold nanoparticles are known
to have different plasmon peaks depending on their alignment and relative positioning.[43]
These two peaks may indicate that the nanoparticles that are confined in the membrane
align along two different pore directions. Extending the scope of this approach to other
metals, we prepared Pd-doped and Ag-doped sponge phases, as well as an Au-doped phase
using thiol-stabilized gold organosols (Figure 5). In all cases, the metal particle diameters
were much smaller than the gold aquasols above, ca. 2–3 nm. All samples were stable at
25 oC.
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Absorbance /a.u.

0.6
Au nanoparticles
suspension
reflection

0.4

0.2

transmission

same nanoparticles
dispersed in sponge phase

0.0
400

600
wavelength /nm

800

Figure 4. UV-Visible spectra of an aqueous gold nanoparticle suspension and the same
suspension doped in a sponge phase prepared with 70% v/v cyclohexane. The inset shows
the color changes under reflection and transmission conditions.
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2
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Figure 5. Logarithmic SAXS spectra of sponge phase samples (70% v/v cyclohexane),
doped with 4% v/v of metal nanoparticle suspension.

Having shown the possibility of doping sponge phases with different metal
clusters, we now focused on studying their stability, a key parameter in many practical
applications. We carried out rheometric studies for different samples, using a cylindrical
container and constant shear rates. Figure 6 shows the viscosity/shear dependence for the
pure (i.e., “empty”) sponge phase, as well as for the gold-doped sample. To obtain steadystate viscosities, every measuring point was taken after 30 s at a constant shear stress (note
that the relaxing time was determined only at the lowest shear stress). The increasing shear
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stress measurements for both samples showed a Newtonian behaviour (part I) and a shear
thinning behaviour (part II), with the transition at around 100 s–1 shear rate. This also
agrees with the optical measurements of Porcar et al.,[44] who attributed the first part to a
sponge phase and the second part to a lamellar phase.
0.12
I

II

Ș/ Pa.s

0.08

0.04

0
1

10

100

1000

10000

shear rate / s–1
0.12
I

II

Ș/ Pa.s

0.08

0.04

0
1

10

100

1000

10000

shear rate / s–1

Figure 6. Semi-logarithmic plot of viscosity vs. shear rate of a pure sponge phase sample
(top), and the same sample doped with 4% v/v gold nanoparticles suspension (bottom). ‘o’
symbols denote measurements at increasing shear rates, while ‘Ɣ’ symbols pertain to
measurements at decreasing shear rates. In both cases, the transition between the sponge
phase I and the lamellar phase II occurs at around 100 s–1 shear rate.
Decreasing the shear stress back for the “empty” sample did not regenerate the
sponge phase, in agreement with the observations of Mahjoub[45] and Porcar.[46] The latter
suggested that this irreversible transformation was due to pentanol evaporation.
Surprisingly, the gold-doped sample did revert to its original sponge structure when the
shear stress was decreased. We suggest that this reversibility stems from the increased
stability of the doped sponge phase. The presence of nanoparticles increases the
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membrane’s bending rigidity. Note that a similar behaviour was also observed for doped
lamellae.[31, 33]
We also examined the temperature stability of gold-doped sponge phase samples
(Figure 7). At 25 ºC, we obtained using SAXS the typical broad spectrum of the sponge
phase. At 40 ºC, an additional sharp ring appeared, and at 60 ºC a sharp ring was observed
(see inset photo). The sharp ring points to a lamellar phase. Re-cooling the sample down to
40 ºC, we observed again the broad peak, together with a less pronounced ring. This shows
that the transformation is indeed reversible. Additional WAXS measurements also
confirmed that the gold particles are crystalline, and that even at 60 ºC the particles are still
intact in the membrane.

25 ºC

40 ºC

3

10

I (q)/ a.u.

40 ºC

60 ºC

2

10

1

10

0.1

0.2

q/ nm–1

0.4

0.6

0.8 1

Figure 7. Logarithmic SAXS plot of the gold-doped sponge phase sample, prepared using
70% v/v cyclohexane, at different temperatures. The inset photo shows the SAXS image
taken at 60 ºC.

We then compiled the partial phase diagram of the doped and undoped samples
with different amounts of cyclohexane. Figure 8 shows the diagram for the “empty”
samples (top) and for samples doped with 4% v/v Pd nanoparticle aquasols suspension
(bottom). All these samples were studied with SAXS in a sealed capillary, to avoid any
evaporation. The Pd-free samples containing low cyclohexane amounts (60% and 65%)
yielded hexagonal phases at lower temperatures, and lamellae at higher temperatures. The
sponge phase exists only in a narrow range (between 70–80% cyclohexane), and
transforms to a lamellar phase above 40 ºC. Conversely, the Pd-doped samples containing
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low cyclohexane amounts maintained a hexagonal phase at lower as well as at higher
temperatures. Significantly, the sponge phases of Pd-doped sampled made with 70–80%
cyclohexane were stable upto 50 ºC. This clearly shows that doping the sponge phase with
a small amount of nanoparticles increases its stability at higher temperatures.

Temperature/ oC

60
50
L

40
S

30
H

25

60

65
70
75
Cyclohexane/ vol%

80

60
Temperature/ oC

H

50
40
S

30
25

60

65
75
70
Cyclohexane/ vol%

Sponge (S)

Lamellar (L)

80

Hexagonal (H)

Figure 8. Partial phase diagrams of “empty” (top) and Pd-doped samples (bottom),
prepared with different amounts of cyclohexane.

Conclusions.
We showed here that “soap and water” sponge phases are stabilised by the addition
of metal nanoparticles. These metal-doped sponges retain their phase composition and
structure over a much wider temperature range compared to the undoped, “empty”
samples. The stabilisation can be performed both with organosols and aquasols, and using
different metals. Furthermore, while the empty sponge phases are irreversibly changed
under shear stress, the metal-doped sponge samples show a reversible behaviour,
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switching between lamellar LD and sponge L3 phases. We envisage that simple synthetic
protocols presented here will open new avenues for applications in catalysis and materials
science. These applications will be the subject of future research in our laboratory.
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Introduction
Palladium-catalysed cross-coupling is a versatile synthetic protocol used in
producing drugs, agrochemicals and fragrances.[1-3] The main cross-coupling reactions in
this family are the Heck, Suzuki-Miyaura, Negishi, and Stille couplings.[1] Traditionally,
such reactions are catalysed by PdII/Pd0 complexes in the presence of phosphines, or other
ligands.[4-6] These ligands are costly, and require careful separation from the final product.
Moreover, many of them are air- and moisture-sensitive, making ‘ligand-free’ Pd catalysis
using heterogeneous Pd/C[7] or Pd colloid suspensions an attractive alternative.[8-10]
Nanocolloids are attracting considerable attention as C–C coupling catalysts.[10-12] They
are not ‘classical heterogeneous catalysts’, but their dimensions (2–20 nm) are near those
of the crystallites used in traditional gas/solid heterogeneous catalysis.[9, 12-14] Ligand-free
Heck and Suzuki catalysis was reported using Pd salt precursors,[15] nanocluster
suspensions[16,

17]

and supported nanoclusters.[14] In the last case, different types of

supports were used, including carbon,[13] (thiol-functionalised) silica,[18] zeolites,[19]
resins,[20] polymer incorporated nanoparticles.[21] The primary aims of these studies were
addressing the catalyst separation problem, and enabling reactions in diverse media, such
as water, mixed solvents,[7] or ionic liquids.[22]
Interestingly, many of the so-called Pd-complex-catalysed coupling reactions, and
especially those run at temperatures above 120 ºC, were later shown to be actually
catalysed by either Pd atoms or Pd clusters.[23] De Vries recently proposed a unifying
mechanism for all high-temperature Heck reactions, showing evidence that regardless of
the catalyst precursor type, the Pd is reduced at 120 ºC to Pd(0), and forms colloids.[24]
Similarly, our studies on more than 400 Heck reactions, using partial least squares (PLS)
and artificial neural networks (ANNs) data mining methods,[25] showed that the reaction
rate is indeed negatively correlated with the Pd precursor concentration, regardless of
which precursor was used, with a clear cut-off point at 120 ºC.[26]
Despite these important works, we still know very little about the mechanism of
cluster catalysis in the liquid phase.[27] The main problem is the leaching of Pd atoms
and/or ions from the clusters.[28] There has been much scientific argument about this point,
especially regarding the actual catalytic species.[13,

29, 30]

El-Sayed and co-workers and

Bradely et al. reported that low co-ordination sites on the cluster catalyse the reaction.[31-34]
Conversely, Shmidt and Mametova,[35] Arai and co-workers,[36] de Vries and co-workers
and Reetz et al. suggested a homogeneous mechanism, where the Pd clusters act as
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reservoir of active Pd atoms or ions.[15,

23, 24, 37, 38]

Combining these two views, the

II

mechanistic studies of Biffis et al. suggested that Pd species leach into solution, catalyse
the coupling reactions and then re-cluster.[39] Dupont and co-workers reported that aryl
iodide attacks the cluster surface and forms the oxidative complex which then leaches into
the solution and catalyses the reaction.[40] Richardson and Jones suggested very recently a
simple way to entrap those soluble species.[41] All in all, these studies show that finding the
true catalytic species is an important and relevant challenge.
In a recent preliminary communication, we presented the first direct and
unambiguous test that proves that leached Pd species are the true catalysts in Pd clustercatalysed C–C coupling reactions.[42] We did this using a special reactor, where the
clusters and the reactants are physically separated by an alumina membrane.[43] This
membrane allows Pd atoms and ions to pass, but not clusters. Here, we present a detailed
study of the possible leaching pathways, and the species involved. We explore three
hypotheses: First, that the leached species are Pd0 atoms that re-form into clusters on the
other side of the membrane. Second, that the leached species are PdII ions; and third, that
Pd forms an oxidative complex with the ArX substrate, that then transfers through the
membrane. We test these hypotheses by monitoring Heck and Suzuki reaction profiles in
our membrane reactor. Further experimental support is provided using 1H and

13

C NMR

spectroscopy, UV-visible spectroscopy, fast atomic bombardment mass spectrometry
(FAB-MS) and transmission electron microscopy (TEM).

Experimental Section.
Materials and instrumentation. In situ UV-visible measurements were performed
using a Hewlett Packard 8453 spectrophotometer with a diode array detector. The recorded
wavelength range was 190–1100 nm, at 1 nm resolution. 1H and 13C NMR were recorded
on a Bruker AMX 300 spectrometer at 300.1 MHz and 75.2 MHz, respectively and on a
Varian Inova 500 spectrometer at 499.8 MHz and 125.7 MHz, respectively. TEM images
were obtained with a JEOL JEM-1200 EXII instrument, operated at an accelerating
voltage of 120 kV. Samples were prepared by placing 150 ȝL of 1 mM Pd cluster
suspension on carbon-coated copper grids. The solvent was then evaporated at 50 ºC and
250 mm Hg. At least four images were taken for each sample. Inductive Coupled Plasma
(ICP) measurements were performed on a Perkin Optima 3000 XL ICP instrument.
Samples were first dried under vacuum at 65 ºC and then digested using 6 ml of HCl and
99

Nanoclusters leaching mechanisms

Chapter 5

2ml of HNO3 and heated at 220 ºC for 51 min. GC analysis was performed using an
Interscience Trace GC-8000 gas chromatograph with a 100% dimethylpolysiloxane
capillary column (VB-1, 30 m × 0.325 mm). GC/MS analysis was performed using a
Hewlett-Packard 5890/5971 GC/MS equipped with a ZB-5 (zebron) column (15 m × 0.25
mm). All products are known compounds and were identified by comparison of their GC
retention times to those of authentic samples and by MS analysis. GC conditions: isotherm
at 80 ºC (1 min); ramp at 30 ºC miní1 to 280 ºC; isotherm at 280 ºC (3 min). Fast Atom
in THF. Bombardment Mass Spectroscopy (FAB-MS) was carried out using JEOL
JMS SX/SX 102A four-sector mass spectrometer. Samples were loaded in a matrix
solution (3-nitrobenzyl alcohol) on to a stainless steel probe and bombarded with Xenon
atoms with energy of 3 KeV. During the high resolution FAB-MS measurements a
resolving power of 10,000 (10 % valley definition) was used. Chemicals were purchased
from commercial firms (>99% pure). All solvents were degassed and dried using
molecular sieves. Pd clusters were prepared according to the literature procedure.[10]
Pd Cluster and Pd oxidative complex (with iodobenzene 2) transportation
across membrane: Membrane reactor was evacuated and refilled with N2.70 ml DMF was
placed into both sides (A and B) of membrane reactor. Then 30 ml of Pd clusters (10 mM
in DMF) was added in side A and the solution was heated and stirred in the reactor at 100
°C for 144 h. 5 ml of sample was taken from B side after every 24 h. Above experiment
was repeated using same amount of Pd clusters on A side and then 100 equivalents of
iodobenzene 2 was added on both sides just to prevent the concentration gradients. 5 ml of
sample was taken from B side after every 24 h. It is important to keep the reactor always
under N2. All samples were then analyzed using ICP,

13

C NMR ,TEM, UV-Vis

spectrophotometer, and ES-MS. The experiments were carried out also
Heck coupling of n-butylacrylate 1 and iodobenzene 2 with sample I and II: A
Schlenk-type vessel equipped with a rubber septum and a magnetic stirrer was evacuated
and refilled with N2. Equal 1.5:1 mixtures of 1 (1.5 mmol, 0.19 g) and 2 (1.0 mmol, 0.2 g)
in 25 mL DMF were placed into reactor. NaOAc (1.5.0 mmol, 0.21 g) was then added. 7
ml of solution was taken from side B of membrane reactor after 6 days and then added to
the same reactor. The reactor was heated at 100 ºC and the sample was taken after 72 and
analyzed using GC (pentadecane internal standard). After each experiment, the membrane
was washed (acetone, 4 u 10 mL) and extracted for 24 h with EtOH.
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Suzuki coupling of phenylboronic acid 4 with 4-iodotoluene 5: Equal 1.5:1
mixtures of 4 (7.5 mmol, 1.1 g) and 5 (5 mmol, 1.1 g) in 50 mL DMF were placed on both
sides of the membrane reactor. NaOAc (15 mmol, 2.07 g) was then added to side B and the
Pd cluster suspension (10 ml, 10 mM, 2.0 mol%) to side A. The reactor was heated at 100
ºC and the samples were taken from both the compartments and analyzed using GC
(pentadecane internal standard).

Results and Discussion
Pd nanocolloids were synthesised by reducing Pd(OAc)2 with tetraoctylammonium
glycolate (TOAG), used both as reducing and stabilising agent.[31] This method gives
clusters with an average size of 15 nm and a narrow particle size distribution (14 nm ± 3
nm, see Figure 1). No particles smaller than 11 nm were observed.

20 nm

40
35

No. of particles

30
25
20
15
10
5
0
11

13

15

18

Size /nm

Figure 1. Transmission electron micrograph of Pd nanocolloids prior to the reaction (top)
and corresponding size distribution, based on 62 particles counted (bottom).
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The coupling reactions were studied using a special membrane reactor, designed
and built in-house.[44] This reactor consists of two stainless steel compartments separated
by a membrane (henceforth referred to as ‘side A’ and ‘side B’, see Figure 2). Each
compartment has a gas inlet and a sampling port. The alumina membrane was made by
coating mesoporous D-alumina with a layer of microporous J-alumina.[43] This give pores
of ca. 5 nm in diameter (the pore size distribution of the membrane was determined by
permporometry[45, 46]). A few pores were larger than 5 nm, with a maximum size of 11 nm.
However, due to the amorphous structure of the membrane, all the paths through it are
tortuous wormholes, and no path consists of only maximum-size pores. Thus, this
membrane also retains particles smaller than 11 nm (a detailed description of the reactor
and the membrane is given elsewhere[42]).

sampling port
N2 connection

15-nm clusters

5-nm pores

reaction mixture, no catalyst

Figure 2. Photo (top) and schematic (bottom) of the two-compartment membrane reactor.

First, we studied the Heck coupling of n-butyl acrylate 1 with iodobenzene 2 to nbutyl cinnamate 3 in DMF (eq 1). Identical starting mixtures, with an acrylate:iodobezene
mole ratio of 1.5:1.0, were placed on both sides of the membrane, avoiding concentration
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gradients. Then, 0.01 equiv of Pd clusters suspension was added to side A and 1.5 equiv
NaOAc was added to side B. The base is necessary for closing the catalytic cycle. Since
there is no base on side A, no product can form there. We then monitored the yield of nbutyl cinnamate on both sides 3 using GC. No reaction was observed for the first 5 h. This
is because the leached Pd species from side A must first diffuse through the membrane to
side B. After 120 h, the yield on side B was 88%, proving that some sort of Pd catalyst has
diffused there. Another 4.9% was observed on side A. Control experiments confirmed that
this product could not form on side A in the absence of a base (a detailed description of
these experiments is given in our preliminary communication[42]). Importantly, the
solubility of the base, NaOAc, is negligible (control experiments confirmed that the
amount of solid NaOAc that dissolves in 100 mL DMF under the reaction conditions gives
< 1.5% conversion). Thus, the product observed on side A must have diffused from side B.
No Pd precipitation was observed on either side.
I
100 oC
NaOAc

COOBu +
1

(1)

2

COOBu
3
B(OH)2

I
100 oC
NaOAc

+

(2)

CH3
4

5
CH3
6

To determine whether this applies also to other coupling reactions, we examined
also the Suzuki coupling between phenylboronic acid 4 and p-iodotoluene 5 (eq 2). Figure
3 shows the yield of p-methylbiphenyl 6 on sides A and B. Note that the Heck reaction
requires a stoichiometric amount of base, while in the Suzuki reaction does not. The role
of the base in the latter is more subtle – the base quaternises the boronic acid and thereby
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facilitates the transmetallation step. Because of this, the rates of product formation on sides
A and B are much closer in the case of the Suzuki reaction. Nevertheless, in both cases the
results show that leaching occurs (cf. with the studies of Hu and co-workers[47,

48]

).

However, these experiments do not give us precise information about the type and the
amount of the catalytic Pd species on side B.

% Yield p-methyl biphenyl

60
50
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40
30
20

side A

10
0
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50
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150

200
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Time /h

Figure 3. Reaction profile for the Suzuki coupling product, p-methylbiphenyl 6. The
product observed on side A has diffused from side B. Reaction conditions: 1.5 equiv
phenylboronic acid; 1 equiv p-iodotoluene; 3 equiv NaOAc; 0.02 equiv Pd clusters
suspension; DMF; 100 ºC; N2.
We then investigated whether Pd0 atoms or small Pd0 clusters leach through the
membrane. First, we examined if the original Pd clusters fragment, forming smaller
clusters (< 5 nm) that could then diffuse through the membrane.[49] In this experiment, a Pd
cluster suspension in DMF was placed on side A, while pure DMF was placed on side B.
The contents of both sides were stirred at 100 °C under nitrogen for 144 h. The Pd amount
on side B was quantified periodically by inductive coupled plasma (ICP) analysis. After
144 h, the metal species on side B were analysed using TEM. Figure 4 shows the amount
of Pd (ppm) transferred vs. time, as well as the TEM results after 144 h. Initially, the Pd
transfer rate is high, reaching a plateau after 120 h. A total of 140 ppm Pd was found on
side B, which is 20% of the Pd originally placed on side A. The TEM micrograph shows
irregularly-shaped particles, and no spherical clusters. We do not know why these irregular
shapes form. It may be because of the different stabiliser/reducing agent composition on
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side B. This shows that smaller clusters do not first form on side A and then diffuse to side
B. Moreover, it shows that Pd0 species (i.e. Pd atoms) do transfer across the membrane –
the experiments were performed under inert conditions and there was no oxidising agent
present that could oxidise the Pd0 to PdII. The mixture on side B was also analysed using
13

C and 1H NMR spectroscopy, showing the presence of tetraoctyl ammonium ions. These

are stabilising ions that were released from the cluster surface on side A and diffused to
side B due to the concentration gradient. Note that no precipitation of inactive Pd black
was observed on either side. The Pd aggregates formed on side B retained some catalytic
activity. Adding 2 ml (2.7 ȝmol Pd, 0.27 mol% relative to substrate) of the suspension
from side B to 1.5:1 mixtures of 1 and 2 yielded 90% conversion to the Heck coupling
product after 120 h. Although the reaction conditions differ from the original membrane
experiment, the similar outcome supports the conclusion that Pd atoms leaching from these
aggregates.

Pd on B side /ppm

160
120
80
40
0
0

50

100

1 50

Time /h

20 nm

Figure 4. (top) Amount of Pd (ppm) transferred to side B vs. time. Reaction conditions: 30
ml Pd clusters (10 mM in DMF) on side A, pure DMF on side B, 100 °C, N2 atmosphere;
(bottom) micrograph of the Pd species on side B after 144 h.
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To rule out any possibility of PdII transfer in this system, we also analysed after
144 h samples from both sides using UV-visible spectroscopy. PdII ions show an
absorption peak at 340–360 nm, while Pd clusters show a shoulder at 390 nm and Pd
aggregates do not show any peak in UV-Visible region.[50] Figure 5 shows the UV-visible
spectrum of the original cluster suspension that was added to side A as well that of the
sample taken from side B after 144 h. The sample on side B shows no shoulder, supporting
our hypothesis that Pd0 atoms transfer through the membrane and not PdII ions.

Absorbance /a.u.

0.6

Shoulder at 390 of
Pd clusters

0.5
0.4

Pd aggregates

0.3
0.2
0.1
0
320

420

520
620
Wavelength /nm

720

Figure 5. UV-visible absorption spectra of the original cluster suspension from side A
(continuous curve) and the mixture on side B after 144 h (broken curve). Reaction
conditions are same as in Figure 4.
We then examined whether PdII ions can leach from the clusters as a result of
oxidative addition, following the mechanisms originally put forward by Shmidt[35] and
Arai and co-workers,[36] and recently reviewed by de Vries and co-workers.[24] They
suggested that the aryl halide attacks the Pd cluster, extracting a PdII ion as a complex into
the solution. To check this hypothesis, we placed Pd clusters on side A together with 100
equivalents of iodobenzene in DMF, while on side B we placed only the same amount of
iodobenzene in DMF, thus avoiding concentration gradient effects. Because of the
sensitivity of the oxidative complexes to oxygen and water, extra care was taken in these
experiments using a dry N2 atmosphere and all solvents were freshly degassed and dried
prior to the reaction. Samples were taken every 24 h from both sides. After 24 h, the
typical black colour of the Pd clusters suspension changed to dark reddish on side A. One
day later, this red colour also appeared on side B. Figure 6 shows the UV-visible
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spectroscopy of the mixtures both sides after 144 h. We see absorption maxima at 320,
420, and 540 nm. These results agree with the observations of Dupont and co-workers.[40]
The spectra match those of PdXn– salts. Examining the sample from side B with TEM, one
sees some aggregation of Pd species (inset in Figure 6). Importantly, no spherical clusters
are observed on side B in this case. If we compare figure 4 with the inset in figure 6, we
see that the aggregate sizes are similar. Note that no complex formation was observed in
control experiments using a 1:1 PhI:Pd ratio.
20 nm

5

Absorbance /a.u.

4
3
2
1
0
300

400

500

600

700

800

Wavelength /nm

Figure 6. UV-visible spectra of oxidative complex formation on sides A and B. The blue,
black, green and red curves pertain to concentrated and diluted samples from side A and B,
respectively. The inset shows the TEM picture of the aggregates that form on side B after
144 h. Reaction conditions: 10 mM of 30 mL Pd clusters suspension on side A, 100
equivalents of iodobenzene on both sides, 100 °C, N2 atmosphere.
13

C NMR and FAB-MS studies of the clusters and complexes in DMF
Figure 7shows the 13C NMR spectrum of a mixture of Pd clusters and PhI in DMF

(top), and the corresponding control sample without Pd (inset). Comparing this with the
13

C NMR spectra of the reaction mixture from side B of the membrane reactor (bottom),

we observe the same peaks as in the Pd-containing solution. We observed the signals at
127.9, 128.5, 130.0 and 141.8 ppm. The signal at 141.8 ppm is typical for Pd-bound C
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atoms of arylpalladium compounds. These results are in agreement with the values
reported by Reetz et al.[37]

128.5 ppm

130.1 and 128.1 ppm
Pd

I

142.3 ppm

Figure 7. (Top) 13C NMR spectrum of a mixture of Pd clusters and PhI in DMF. The inset
shows the corresponding control sample without Pd. (Bottom)

13

C NMR spectrum of the

mixture from side B of the membrane reactor.

Furthermore, FAB-MS measurements showed polymeric species of oxidative
complexes, in agreement with the observations of de Vries et al.[15] see figure 8).
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PdI3

PdI2
Pd2I4

Pd2I5
Pd2I3

Pd2I2

Pd3I3

Pd3I4

PdI3

Figure 8. FAB-MS spectrum of the mixture from side B of the membrane reactor (top)
and zoom-in view on the polymeric iodopalladium species (bottom).

Oxidative complex formation in THF
To rule out the possibility of formate reduction originating from the DMF solvent,
we ran analogous experiments in THF. UV-visible spectroscopy confirmed that the same
processes occur, regardless of the solvent. Interestingly, the complex formation and the
PdII leaching depends strongly on the solvent: In THF, we observed the PdII complexes
even when using a 1:1 PhI:Pd ratio. The typical black color of Pd colloids changed to
brownish yellow. Figure 9 shows the UV-visible spectra of the sample in THF on side B
after 144 h. We see an absorption peak around 450 nm, which can be attributed to the
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(Ph)Pd(I)2– complex. The oxidative complex with Pd is stable in both THF and DMF. To
check the activity of this complex we ran Heck reaction using same sample in both
solvents. In DMF this complex was active but in THF we didn’t observe any reaction in
the presence of NaOAc. In presence of triethylamine as a base the conversion was 70%.

Absorbance /a.u.
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2
1.5
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1
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Figure 9. UV-Visible absorption spectra of Pd(OAc)2 in THF (continuous curve) and
oxidative arylpalladium complex on side B (dotted curve). Reaction conditions: 10 mM of
30 mL Pd clusters suspension on side A, 1 equivalents of iodobenzene on both sides, 100
°C, N2 atmosphere.
Based on these observations, we distinguish three different mechanisms by which a
palladium species can transfer from side A to side B (Figure 10). In the first, the Pd0
clusters may fragment, or decrease in size due to Pd atom leaching. The resulting small
clusters could then transfer across the membrane (Figure 10, top). However, our results
clearly show that this does not happen. No clusters are observed on side B in this case. Pd
atom- or ion-leaching does result in smaller clusters (as we showed earlier for the
Sonogashira cross-coupling[51]), but these clusters still cannot transfer through the
membrane. In the second scenario, Pd0 atoms leach from the clusters under non-oxidising
conditions, and transfer as Pd0 across the membrane (Figure 10, middle). Indeed, we
observe this under carefully controlled reaction conditions where no formation of PdII
oxidative complexes is possible. Transferring “naked Pd0” atoms incurs a high energy
penalty, and it may be that they form complex with a stabilising agent.
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transfer of small clusters

side A

side B

Pd0 atom leaching and transfer

II
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I

II

I
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Ph

I

I

I

II
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Ph

I

II
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I

PdII ion leaching and transfer

Figure 10. Suggested mechanisms for palladium transfer from side A to side B. Cluster
fragmentation followed by small cluster transfer (top); Pd0 atom leaching and transfer
under non-oxidising conditions (middle); Formation and subsequent transfer of PdII
complexes (bottom).

The third mechanism pertains to the situation where an oxidative reagent, such as
PhI, is present. This PhI can attack the cluster surface, forming PdII complexes that can
then leach into solution and transfer across the membrane to side B (Figure 10, bottom). In
this case, the aggregates observed on side B can come from two sources: Pd0 atoms (as in
the previous scenario) and {aryl–PdII–X} complexes. The formation of the oxidative
complex is solvent-dependent, and proceeds much better in THF than in DMF.[52] We
cannot say whether the oxidative addition occurs on the cluster surface or on Pd0 atoms
that are already in solution.
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Conclusion.
Using a simple approach based on physical separation, we prove here that Pd atoms
and ions do leach from Pd clusters under Heck and Suzuki coupling conditions. There are
two leaching mechanisms, depending on the reaction conditions. In the absence of any
oxidising agent, Pd0 atoms leach from the clusters. Conversely, in the presence of PhI, PdII
complexes can form by oxidative addition, either on the cluster surface or through reaction
with Pd0 atoms that have already leached into solution. Both the Pd0 atoms and the PdII
complexes can then enter the cross-coupling catalysis cycle. The remaining (smaller) Pd
clusters are not the catalytically active species.
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‘Cat-in-a-cup’: Facile separation of
nanocatalysts using ceramic membranes

Part of this work is published as “Cat-in-a-cup: Facile separation of large homogeneous
catalysts”, A. V. Gaikwad, V. Boffa, J. E. ten Elshof, G. Rothenberg, Angew. Chem. Int. Ed.,
2008, 47, 5407.
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Introduction
Catalyst separation and recycling is the bane of homogeneous catalysis. This is
true for both lab-scale experiments and large industrial processes.[1] A variety of
ingenious solutions is available: selective product crystallisation, catalyst precipitation
and filtration, flash distillation of the product, or extraction of the catalyst using e.g.
supercritical solvents[2] (one can also tether the homogeneous complex onto a solid
support, e.g. polymers[3-5], zeolites

[6, 7]

or silica,[8] but then it is no longer homogeneous

catalysis). One relatively new concept combines nanoporous membranes and high
molecular weight transition-metal complexes.[9] Such membranes can effectively filter
species a few nanometers in diameter (nanofiltration) to tens and hundreds of nanometers
(ultrafiltration).[10] These diameters match with those of dendrimers and macromolecules,
respectively. Current applications include hydrovinylation,[11] allylic amination,[12] and
Kharasch addition.[13]
Unfortunately, many of these solutions require dedicated membrane reactor
technology, which is often incompatible with conventional laboratory equipment.
Moreover, organic polymer membranes are prone to swelling and leaching. To solve this
problem, we turned to ceramic membranes.[14-17] As we recently showed, these can be
designed and tailored to nanometric dimensions.[16, 17] In this communication, we present
a novel and simple tool for separating homogeneous catalysts, using a multi-layered
porous membrane cylinder (Figure 1). We demonstrate the utility of this “cat-in-a-cup”
concept in the ruthenium-catalysed asymmetric transfer hydrogenation of acetophenone.
Our porous membrane cups are basically cylinders made of a thin nano-porous Ȗalumina layer, coated on a macro-porous Į-alumina membrane (Figure 1).[18, 19] They are
closed with Teflon caps on both sides. The cups are 15 mm tall, with an inner diameter of
7 mm. The molecular weight cut-off of the Ȗ-alumina layer is 1000 Da. Although this is
higher than most homogeneous complexes, it is well within the size range of dendrimers
and oligomers.
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Figure 1. (top) Photo and schematic of the two-layered porous catalyst separation cup (4
nm pore diameter) with MWCO 1000 Da; (bottom) HRSEM image of a cross-section of
the membrane cup, showing the Į-alumina and Ȗ-alumina layers.

Experimental Section
Methods and Instrumentation: 1H and

13

C NMR spectra were recorded on a

Bruker AMX 300 spectrometer at 300.1 MHz and 75.2 MHz, respectively. Inductive
Coupled Plasma (ICP) measurements were performed on a Perkin Optima 3000 XL ICP
instrument. Samples were first dried under vacuum at 65 ºC and then digested using 6 ml
of HCl and 2ml of HNO3 and heated at 220 ºC for 51 min. GC analysis was performed
using an Interscience GC- 8000 gas chromatograph with a fused silica chiral capillary
column (DBEXm, permethylated E-cyclodextrin doped into 14% cyanopropylphenyl /
86% dimethyl polysiloxane, 30 m u 0.25 mm u 0.25 mm ). GC conditions: isotherm at 80
ºC (5 min); ramp at 5 ºC/ min to 150 (5 min); ramp at 15 ºC/ min to 220 min (15 min).
Pentadecane was used as internal standard. All products are known compounds and were
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identified by comparison of their GC retention times to those of authentic samples and by
MS analysis. Chemicals were purchased from commercial firms (>99% pure).
Procedure for preparing the bilayer porous membrane cup: A porous Dalumina tube of 10 mm outer diameter, 1.5 mm wall thickness, and with an average pore
size of 80-120 nm (Pervatech, Netherlands) was coated on the inside with a boehmite sol,
following a procedure described elsewhere in more detail.[15] The layer was dried in air
and then heat-treated at 600°C, so that the boehmite film transformed into a J-alumina
phase with a porosity of ~55% and a pore diameter of 4.5-5 nm. A second layer of
boehmite was deposited and transformed into J-alumina using the same procedure. Then
the tube was cut into segments of 2.0 cm length with a circular diamond saw blade. The
cups were prepared from these segments by clamping flat Teflon disks on both sides of
the segments.
SEM analysis: The thickness and morphology of the J-alumina layer of the
rectors were analyzed by Scanning Electron Microscopy (SEM) using a LEO 1550 FEG
SEM. The SEM picture shows the cross section of the inner part of the tube. The Jalumina layer can be seen to have a total thickness of about 1.2 Pm. The top part of the Jalumina layer is very smooth, relatively dense and featureless, and has a thickness of
about 150 nm. The remaining part of the J- alumina layer has a spherical morphology and
some larger macropores are visible in the picture. The semi-permeability of the
membrane depends completely on the thin top layer.
General procedure for preparing the dendritic RuII catalyst: All reactions
were carried out in standard Schlenk vessels under nitrogen. Third generation dendrimer
1 was prepared exactly as described by Fréchet.[24] Ligands 2, 3 were prepared using the
method described by Chen et al.[27] Then, [RuCl2(cymene)]2 (6.5 mg, 0.01 mmol),
dendritic ligand 3 (1.1 equiv of Ru), and NEt3 (6.5 ȝL, 0.04 mmol) were stirred in THF at
room temperature for 2 h. All the intermediate dendrimers and ligands were analyzed
using 1H NMR and 13C NMR.
Procedure for asymmetric transfer hydrogenation of acetophenone in the
membrane reactor: The membrane pellet was kept under vacuum overnight to remove
the air from the pores and thus prevent any interference of oxygen. Then it was immersed
in the distilled and dry i-PrOH under nitrogen for 2 h. The catalyst solution in 0.6 ml THF
was injected into the cup under nitrogen, and the cup was sealed with a Teflon cap. The
cup was placed on the stand in the membrane reactor. 20 ml of i-PrOH was injected in the
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reactor and then acetophenone 4 (0.23 ml, 2 mmol), pentadecane (internal standard, 1
mmol) and i-PrOK (0.1 ml, 10 mmol) were added, and samples were analyzed by GC.

Results and Discussions
There are different approaches for making high-molecular-weight homogeneous
catalysts, e.g. the covalent binding of ligands to soluble oligomers or polymers
demonstrated by Plenio and co-workers.[5,

20]

[21-24]

anchor’ to the homogeneous complex.

Here, we chose to attach a ‘dendrimer

This creates a dendritic catalyst, with a

controllable structure, that can be separated using nanofiltration.[25] We synthesised a
third-generation Fréchet-type dendrimer scaffold (Mw 1240 Da),[24] attaching to it a
Ru(II)

complex

with

(s,s)-N-arenesulfonyl-1,2-diphenylethylenediamine
[26]

(TsDPEN). This complex, developed by Noyori and Ikariya,

ligands

is known as a good

asymmetric transfer hydrogenation catalyst. Moreover, Chen et al. showed that attaching
this complex to a dendrimer did not diminish its catalytic activity.[27-29] The core
functionalized dendritic ligand was prepared by condensing the chiral (s,s)-DPEN 2 with
third-generation polyether dendrons 1, followed by deprotection of the BOC group
(Scheme 1). The dendritic ruthenium complex was prepared by mixing the dendrimer
ligand with [RuCl2(cymene)]2 at 25 ºC in THF (see supporting information for full
experimental details).

Scheme 1. Ts-DPEN ligand formation with third generation dendrimer.
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We then tested the catalyst in the asymmetric transfer hydrogenation of
acetophenone 4 with i-PrOH, in the presence of i-PrOK as base (eq 1). The reaction
reached 65% conversion after 48 h, with high selectivity to (s)-1-phenylethanol 5 (95%
ee). No reverse reaction was observed. Subsequently, we tested the same catalyst using
our cat-in-a-cup system, under otherwise identical reaction conditions. For this, we used a
25 ml glass reactor, constructed in-house, where the alumina cylinder rests on a stainless
steel stand above the magnetic stirrer (Figure 2). The membrane ‘cup’ was first placed
under vacuum to remove oxygen from the pores. Then, it was immersed in i-PrOH for 2
h,[30] after which 0.6 ml of the Ru(II) complex were injected into the cup under N2. The
cup was then sealed with a teflon cap, and placed in the reactor, together with 20 ml of iPrOH. The reagents and base were added, and the mixture was stirred at 25 ºC. Samples
were taken every 2 h and analysed using GC. After 24 h, the membrane cup was removed
and kept in i-PrOH under N2 for 24 h. During this period, we continued sampling the
reaction mixture. The cup was then replaced in the reactor and the reaction was continued
for another 24 h. Figure 3 shows the results. The clear step-wise behaviour of the reaction
profile supports our hypothesis that the catalyst indeed stays inside the membrane cup
(ICP analysis of the reaction mixture at the end of the reaction showed that < 0.3% of the
Ru leached into solution). The slight increase observed in the second 12-hour period is
well within the experimental measurement error limits.
O
+

OH

1 mol%
3–[RuCl2(p-cymene)]2
5 mol% i-PrOK, 25 oC

4

OH
+
5
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Figure 2. Photo of the reactor used for the ‘cat-in-a-cup’ experiments.

Figure 3. Stepped reaction profile for acetophenone conversion, showing the removal and
replacement of the membrane cup at 24 h intervals. Reaction conditions: Acetophenone
(0.23 ml, 2 mmol), pentadecane (internal standard, 1 mmol) and i-PrOK (0.1 ml, 10
mmol) stirred under N2 in 20 ml of i-PrOH at 25 ºC under nitrogen.
A series of control experiments was run to examine the background reaction
effects (Figure 4). No conversion was observed in the absence of catalyst (‘ż’ symbols),
or when only the dendritic ligand was present (‘Ɣ’ symbols). Reactions in the presence of
121
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the ruthenium precursor salt, the Ru complex, and the Ru-dendrimer complex (‘¸’, ‘Ŷ’,
and ‘Ÿ’ symbols, respectively) all gave similar conversions, but only the latter two
showed enantioselectivity (93–95 ee in both cases). These reactions were also repeated
without the membrane cup, placing the various catalysts in standard Schlenk reactors. The
results were identical, affirming that the lack of enantioselectivity in the last three cases is
not due to diffusion processes through the membrane. A separate series of extraction
experiments followed by ICP analysis showed that the membrane cup retained > 99.7%
of the Ru metal after stirring for 3 days in i-PrOH. Preliminary studies show that the
ceramic membrane is highly stable at 3 < pH < 7, and that no membrane fouling was
observed.

Conversion /%

100
80
60
40
20
0
0

12

24

36

48

Time /h

Figure 4. Reaction profiles of the control experiments: ‘ż’ symbols: reaction without
catalyst; ‘Ɣ’ symbols: dendritic ligand only; ‘¸’ symbols: ruthenium salt precursor only;
‘Ŷ’ symbols: with catalyst but without dendritic ligand; ‘Ÿ’ symbols: with catalyst and
dendritic ligand. Reaction conditions are as in Figure 3.
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Figure 5. Time resolved reaction profiles for two consecutive experiments using the same
catalyst “cup” (‘Ɣ’ and ‘ż’ symbols denote the first and second run, respectively)
Reactions conditions for both runs are same as in Figure 3.
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Indeed, catalyst recovery is only part of the problem in homogeneous systems.
Recovery per se is often doable if you allow for catalyst destruction. Conversely,
recovery and recycling is more challenging. Our concept has the potential to allow this, as
shown by the recycling experiments in Figure 5. Here, the same catalyst “cup” was
employed in two different runs, giving practically identical conversions, selectivities, and
reaction rates. These results also show that the Ru catalyst retained in the membrane
remains in the form of the dendrimer-supported complex. Note that the experimental
system was cleaned carefully between the two runs, precluding any possibility of residual
activity due to catalyst contamination.

Conclusion
We showed that multilayered ceramic membranes can be combined with large
molecular ligands, giving a simple and effective separation tool for homogeneous
catalysis research. We hope that this cat-in-a-cup approach will be adopted and applied by
the general catalysis community.
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Summary
The first chapter gives the general background of nanochemistry and optical
properties of metal nanoparticles (NPs). This section is divided in three main parts: 1)
Metal NPs formation kinetics, their optical properties and different morphologies. 2) Self
assembly of NPs in surfactant phases. 3) NPs application in catalysis. In this chapter first
we discuss optical properties of metal NPs namely surface plasmon and Mie theory. Then
a theoretical approach and detail kinetic model for NPs formation process is discussed.
Subsequently our new method for determining the size of metal NPs using their optical
properties and their dependence on various parameters of NPs are presented. Various
studies for the incorporation of NPs in different surfactant soft assembly are also
discussed. In the end we discussed leaching mechanism of Pd NPs catalyzed C-C coupling
reaction and different methods for entrapping the homogeneous catalyst.
The second chapter, section A discusses in detail the nucleation and growth
mechanism of Pd NPs in solution. This system has two types of light-absorbing species:
Pd ions, that absorb light via electronic transitions, and Pd clusters and aggregates that
absorb light via valence–conduction transitions and also scatter light due to their
nanometric dimensions. The dynamic changes are monitored by combining in situ UVvisible spectroscopy. The reduction and clustering concentration profiles are extracted
from the raw data using a combination of net analyte signal (NAS) and principal
component analysis (PCA) methods. PdCl2, Pd(OAc)2, and Pd(NO3)2 are used as Pd2+
precursors, and various tetra-n-octylammonium carboxylates are applied as reducing and
stabilising agents. This in situ approach enables the quantification of both the reduction of
the Pd2+ ions and the growth of the Pd clusters. Kinetic models that account for ion
reduction, cluster growth and aggregation are presented and the influence of the
counteranions and the reducing agents on these processes is discussed.
In the section B the connection between quantum size effects and the surface
plasmon resonance of metal nanoclusters is introduced and the pros and cons of in situ and
ex situ cluster analysis methods are outlined. A new method for estimating the size of
nanoclusters is presented. This method combines core/shell cluster synthesis, UV-visible
spectroscopy and Mie theory. The core/shell approach enables the estimation of metal
cluster sizes directly from the UV-visible spectra, even for transition metal nanoclusters
like Pd that have no distinct surface-plasmon peak in UV-visible region. Pd/Au and Au/Pd
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core/shell clusters as well as Au-Pd alloy clusters are synthesized and used as test cases for
simulations and spectroscopic measurements. The results of the simulations and UVvisible spectroscopy experiments are validated using transmission electron microscopy.
In the third chapter, we investigated the influence of the reduction state of gold
ions on the growth of gold nanocrystals in N,N-dimethyl formamide (DMF). While freshly
prepared solutions of AuCl3 produce spherical nanocrystals, aged precursor solutions
containing mainly Au+ ions and Au0 atoms lead to various branched nanoparticles.
Furthermore, we show that also the amount of the reducing and stabilisation agent tetra-noctylammonium formate (TOAF) plays a decisive role on the shape of the nanocrystals,
allowing us to grow triangular and cubic nanoparticles.
Recently the surfactant sponge (L3) phase is attracting lot of attention in the soft
matter world. In the fourth chapter we described the preparation of the sponge phase
using (SDS/H2O)/ Pentanol/cyclohexane. We doped it with aquasols and organosols of
various metal nanoparticles and characterize them using small angle x-ray scattering
(SAXS) and optical microscopy. The stability of this phase is then studied against the
temperature and external stress. We developed a partial phase diagram of palladium
nanoparticle doped sponges.
In the fifth chapter the leaching of palladium species from Pd nanoparticles under
C–C coupling conditions is proven for both the Heck and the Suzuki reactions using a
special membrane reactor. The membrane allows the passage of Pd atoms and ions, but not
of species larger than 5 nm. Three possible mechanistic scenarios for palladium leaching
are investigated, with the aim of pinpointing the true catalytic species. First, we examine
whether Pdż atoms can leach from the clusters under non-oxidising conditions. Using our
membrane reactor, we prove that this indeed happens. We then investigate whether small
Pdż clusters can in fact be the active catalytic species, by analysing the reaction
composition and the Pd species that diffuse through the membrane. Neither TEM nor ICP
analysis support this scenario. Finally, we test whether PdII ions can leach in the presence
of PhI via oxidative addition and formation of Ar–PdII–I complexes. Using mass
spectrometry, UV-visible spectroscopy and

13

C NMR spectroscopy, we observe and

monitor the formation and diffusion of these complexes, showing that the first and the
third options are both possible, and indeed are likely to occur simultaneously. Based on
these findings, we maintain that Pd nanoparticles are not the true catalysts in C–C
coupling. Instead, catalysis is carried out by either Pdż atoms and/or PdII ions that leach
into solution.
128

Summary
The sixth chapter presents a simple and practical concept and device for
homogeneous catalyst separation. The device is a two-layered ceramic membrane cylinder
that allows the diffusion of reactant and product molecules in and out, but keeps the
catalyst trapped inside. The concept is demonstrated for the enantioselective transfer
hydrogenation of acetophenone to (s)-phenethyl alcohol, using large molecular catalysts,
that are anchored on Fréchet-type dendrimers. The robustness, low cost, and high precision
features of the ceramic membranes make them ideal for such practical applications.
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Samenvatting
Het eerste hoofdstuk geeft de algemene achtergrond van nanochemie en de
optische eigenschappen van metaal-nanodeeltjes (NDs). Dit hoofdstuk is opgesplitst in
drie delen: 1) De vormingskinetiek van metaal-NDs, hun optische eigenschappen en
verschillende morfologiën. 2) Zelfassemblage van NDs in fasen van oppervlakactieve
stoffen. 3) Toepassing van NDs in katalyse. In dit hoofdstuk bespreken wij eerst de
optische eigenschappen van de metaal-NDs, te weten de oppervlakte plasmon resonantie
(SPR) en de Mie theorie. Vervolgens wordt de theoretische benadering en een
gedetailleerd kinetische model voor het NDs vormingsproces besproken. Een methode om
de grootte van metaal-NDs te bepalen door gebruik te maken van hun optische
eigenschappen, en de afhankelijkheid van optische eigenschappen op diverse parameters
van NDs wordt gepresenteerd. Diverse studies voor het inbrengen van NDs in
verschillende zachte samenstellingen van oppervlakactieve stoffen worden ook besproken.
Uiteindelijk bespreken wij het uitloog mechanisme van de door palladium NDs
gekatalyseerde C-C koppelingsreactie en verschillende methodes om de homogene
katalysator in te vangen.
In het tweede hoofdstuk, sectie A wordt een gedetailleerde bestudering gegeven
van palladium nanoclusters die gevormd worden in oplossing. Dit systeem bestaat uit twee
verschillende licht absorberende onderdelen: palladium ionen, die licht absorberen via
electronenovergangen, en palladium clusters en aggregaten die licht absorberen via
valentie-conductie overgangen en daarnaast ook licht verstrooien vanwege hun extreem
kleine dimensies. De dynamische veranderingen kunnen worden waargenomen door in situ
UV-vis spectroscopie. De profielen van de concentratie afhankelijkheid van het reduceren
en het clusteren van de aggregaten kunnen worden afgeleid uit de onbewerkte data. Hierbij
worden twee methodes gecombineerd: het netto analyse signaal (NAS) en de principal
component analyse (PCA). Palladiumchloride, palladiumacetaat en palladiumnitraat
worden

gebruikt

als

uitgangsmateriaal,

en

verschillende

tetra-n-octylamonium

carboxylaten worden toegepast als reducerende en stabiliserende middelen. Door gebruik
te maken van in situ metingen wordt hiermee de weg opengemaakt voor de quantificatie
van zowel de reductie van de Pd ionen als het groeien van de Pd clusters. Kinetische
modellen die rekening houden met zowel de reductie van ionen als het groeien van de
clusters en aggregatie worden gepresenteerd en de invloed van de tegenionen en de
reductiemiddelen wordt besproken. In sectie B wordt het verband gelegd tussen het
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quantum grootte effect en de oppervlakte “plasmon” resonantie van de metaal
nanoclusters. Daarnaast worden de voor- en nadelen besproken van in situ en ex situ
cluster analyse. Ook wordt er een nieuwe manier voor het schatten van de grootte van
nanoclusters geïntroduceerd. Deze methode combineert de kern/schil cluster analyse, UVVis spectroscopie en de theorie van Mie. Deze benadering maakt het mogelijk de
clustergrootte direct uit de UV-vis spectra af te schatten. Zelfs overgangsmetal
nanoclusters, zoals Pd die geen specifieke oppervlakte plasmon resonantie vertonen
kunnen worden aangetoond met deze techniek. Pd/Au en Au/Pd kern/schil en Au-Pd
legering clusters worden gesynthetiseerd en gebruikt als test voor simulaties en
spectroscopische metingen. De resultaten van de simulaties en UV-vis spectroscopische
metingen worden gevalideerd door middel van transmissie electronenmicroscopie.
In hoofdstuk drie hebben we de invloed van de oxidatiestaat van goud ionen op de
groeisnelheid van nanokristallen in DMF onderzocht. Terwijl aan de ene kant in verse
oplossingen van AuCl3 sferische nanokristallen worden gevormd, worden in verouderde
oplossingen vanwege de aanwezigheid van Au+ ionen and Au0 atomen vertakte
nanokristallen gevormd. Daarnaast laten we zien dat de hoeveelheid van het reducerende
en stabiliserende tetra-n-octylammonium formaat (TOAF) een belangrijke rol speelt in de
formatie van de nanokristallen, waardoor het mogelijk is om zowel driehoekige als
kubische nanokristallen te maken.
Recentelijk is er veel aandacht in de wereld van zachte materialen voor de uit
oppervlakactieve stoffen samengestelde sponsfase (L3). In het vierde hoofdstuk
beschrijven wij de bereiding van een dergelijke sponsfase gebruik makend van
(SDS/H2O)/pentanol/cyclohexaan. Wij doteren deze fasen met hydrosols en organosols
van diverse metaal-nanodeeltjes en karakteriseren ze door middel van kleine hoek
röntgenverstrooiing (SAXS) en confocale microscopie. Vervolgens hebben we de invloed
van temperatuur en externe schuifspanning op de stabiliteit van deze gedoteerde fase
bestudeerd en werd een gedeeltelijk fasediagram van met palladium nanodeeltjes
gedoteerde sponsen ontwikkeld.
In het vijfde hoofdstuk wordt aan de hand van twee C-C koppelingssreacties
(Heck en Suzuki) bewezen dat er verlies is van palladium uit de palladiumclusters, waarbij
gebruik wordt gemaakt van speciale membraanreactoren. Het membraan laat wel
palladiumatomen en ionen door, maar geen deeltjes die groter zijn dan 5 nm. Hierdoor zijn
er drie mogelijke mechanismen te bedenken voor het verlies, waardoor het misschien
mogelijk is om de werkelijke katalytische route van deze twee reacties te beschrijven. Ten
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eerste, hebben we gekeken of er een mogelijkheid bestaat dat Pdż onder niet- oxiderende
omstandigheden kan lekken uit de clusters. Door gebruik te maken van genoemde
membranen, is dit inderdaad aangetoond. Daarna hebben we gekeken of er een
mogelijkheid bestaat dat er kleinere clusters van Pdż worden gevormd en of dit misschien
het actieve onderdeel is. Analyse met TEM noch ICP van het reactiemengsel en de Pd
deeltjes die door het membraan diffunderen onderschrijven dit verschijnsel. Als laatste
hebben we gekeken of er palladium(II) ionen kunnen lekken in de aanwezigheid van PhI,
door middel van oxidatieve additie en vorming van Ar-Pd-I complexen. We hebben dit
bestudeerd door middel van UV-vis,

13

C NMR en massaspectroscopie. Door deze laatste

studies zijn we tot de conclusie gekomen dat zowel de eerste als de laatste optie tot de
mogelijkheden behoren, en misschien zelfs gelijkertijd plaatsvinden. Door deze conclusies
blijven wij erbij dat palladium nanodeeltejes niet de echte katalysatoren van de reactie zijn.
In plaats daarvan wordt de reactie of door Pdż atomen en/of door PdII ionen gekatalyseerd.
In hoofdstuk zes presenteren we een simpel en praktisch concept, waarmee
homogene katalysatoren eenvoudig kunnen worden gescheiden van het reactie product.
Het betreft een tweelagige keramische membraancilinder, waarbij de diffusie van het
reactant en het product tussen de twee lagen mogelijk blijft, terwijl de katalysator er in
blijft. Dit concept is gebruikt in de enantioselectieve waterstof overdracht van acetophenon
naar (s)-fenethyl alcohol. Hierbij word een grote moleculaire katalysator gebruikt,
gebonden aan Fréchet-type dendrimeren. De lage kosten, stevigheid en de zeer hoge
nauwkeurigheid van keramische membranen, maken ze zeer geschikt voor praktisch
gebruik.
Ik hoop dat dit proefschrift heeft bijgedragen aan de nanochemie, maar in ieder
geval in deze drie gebieden. Ten eerste heeft het laten zien dat er een makkelijke methode
bestaat om een kinetisch model te vinden voor de synthese van nanomaterialen, door
gebruik te maken van relatief goedkope middelen als een UV-vis spectrometer. Ten
tweede is aangetoond dat nanomaterialen samenklonteren wanneer er een surfactant
aanwezig is. En als laatste hebben we aangetoond wat de mogelijke verbindingen zijn die
verantwoordelijk zijn voor katalyse in aanwezigheid van nanodeeltjes.
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