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Detroit, MI 48202, USA

The use of novel nanostructured materials for optical applications continues to
be an important issue for the creation of new devices. New materials including
metal nanoparticles have played an important role for applications in photonics,
biology, as well as medicine. This review primarily concerns the use of one
particular metal nanoparticle topology, dendrimer—metal nanocomposites. The
focus of this review is to describe the optical properties of dendrimer—metal
nanocomposites as well as functionalized dendrimer—metal nanocomposites. The
description of various synthetic methodologies to produce transition metal
(Au, Ag, Pd, Pt, and Cu) dendrimer nanocomposites as well as lanthanide ion-
cored dendrimers are presented in this review, with further details regarding the
basic characterization of these systems. The experimental procedures of the optical
measurements used to probe the steady-state and time-resolved dynamics in these
novel nanoparticle architectures are provided. Analysis of optical properties of
dendrimer nanocomposites (DNCs) includes a description of the characterization
of the metal nanoparticles as well as the size and distribution of metal nano-
particles formed by use of organic dendrimer template synthetic procedures (such
as PAMAM). The non-linear transmission properties of certain dendrimer—metal
nanocomposites show promising behaviour, which may be useful for applications
involving eye and sensor protection. Reports of non-linear transmission properties
of both Au and Ag dendrimer nanocomposites are discussed. Metal nanoparticles
have also been suggested as useful materials for biological fluorescence imaging
and sensing applications. However, it is well known that the efficiency of metal
emission is very small. Recent measurements using ultra-fast spectroscopic
techniques (fluorescence upconversion) have shed new light on this matter in
metal nanoparticles and in dendrimer—metal nanocomposites. Dendrimer—metal
nanocomposites have been used to investigate the dynamics of both metal particle
emission and the interaction of metal particles with dipolar chromophores. The
measurement and mechanism of ultra-fast transient absorption and emission
dynamics in metal topologies including dendrimer nanocomposites are also
discussed in the review. Future directions regarding the optical properties of
dendrimer nanocomposites in the areas of photonics, biology, and medicine are
also discussed in this review.
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1. Introduction

1.1.  Background on optical effects in metal particles

The search for new optical materials for device applications has inspired recent
developments in the creation of nanostructured molecular architectures [1-4].
Optical applications involving light emission [5], non-linear optical effects [6], optical
limiting [7], fluorescence imaging [8], and multi-photon absorption patterning [9] are
just some of the examples that have already received technological attention. The
types of materials used for these purposes range from organic polymers [10] and
dendrimers [11], molecular crystals [12], as well as nanoparticle architectures [13].
While there has been a great amount of activity in regards to the details of the optical
and electronic properties of semi-conducting nanoparticle architectures [14], there
has also been recent attention to transition metal nanoparticle architectures [15].
The recent emphasis on nanotechnology has produced for investigation a number of
new nanostructured metal topologies, which are created by a variety of successful
procedures [16]. While the applications are indeed inspiring, it is important to note
that the creation of metal particles with definite geometries and sizes (diameter) has
also allowed for the systematic investigation of the fundamental optical excitations
in metal objects [17-20]. Thus, the applications as well as the fundamental physics
involved in the optical properties of metal nanoparticles have attracted a wide degree
of interest [21]. Many of the optical applications of metal nanoparticles require
a detailed understanding of their excited state and emission dynamics. In terms of the
details of the optical excitations of metal nanostructures with different geometries,
there have been many important investigations that have provided significant insight
[22,23]. Understanding the details of such processes is not only of fundamental
interest but may also provide information regarding applications in surface
enhanced Raman scattering [24], non-linear optics [25], as well as surface enhanced
fluorescence [26].

1.2. Common aspects of the preparation of metal nanostructures

The preparation of metal nanoparticle systems has already established new
directions for both science and technology. The synthesis and characterization of
nanometre size metal nanoparticles have attracted substantial attention due to their
optical, electrical and catalytic properties [27]. While gold particles of nanometer size
have been synthesized since Faraday used surface-active molecules as stabilizers [28],
templating approaches have come into focus over the last few years [29]. In these,
polymers or pre-formed surfactant assemblies control size and shape of inorganic
nanostructures. A well-established methodology used for the formation of metal
nanoparticles is to use micelles of molecules, either surfactants or amphiphilic block
copolymers where precursors are solubilized inside a self-assembled template [30, 31].
It has been reported by Antonietti and Gréhn that the templating of metal nano-
structures can also be performed via an electrostatic approach in a hydrophilic
aqueous solution using polyelectrolytes, e.g. polyelectrolyte microgels as templates
[32]. In a precursor state, the polyelectrolyte microgel attracts oppositely charged
metal ions which can be chemically reduced in a second step resulting in metal
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Figure 1. A: Structure of the host PAMAM dendrimer. B: Fabrication procedure for metal—
dendrimer nanocomposites. C: Dendrimer encapsulated Au, Pd and Pt nanocompo-
sites prepared by displacement reactions [104]. D, E: External and internal dendrimer
nanocomposite topologies, respectively. Reprinted with permission from [104],
copyright (1999) of the American Chemical Society, and from [113], copyright (1999)
of Kluwer Academic Publishers B.V.

nanostructures embedded in the polyelectrolyte. Crooks, Balogh and Esumi have
recently shown that polyelectrolyte dendrimers can be used as organic stabilizers
or templates to produce a new type of nanocomposites [33-35]. It has been
demonstrated that polyamine dendrimers can serve to form different metal colloids
(zero-valent transition metals) and result in a variety of organic—inorganic hybrid
architectures [36-41]. A schematic diagram of the PAMAM dendrimer host plus the
formation and types of dendrimer—metal nanocomposites are shown in figure 1. The
reported encapsulation can be accomplished in either an internal (figure 1E) or
external (figure 1D) configuration. Furthermore, these dendrimer—inorganic nano-
composites incorporating transition metal particles have already shown to be of
interest for a variety of applications, in particular as selective catalysts for both
hydrogenation of alkenes in methanol/water solution and electrocatalysts for
O, reduction [42,43], as well as markers in biologic [44] and polymeric systems
[45, 46]. Furthermore, these novel structures have shown impressive optical-limiting
behaviour [47] as well as enhanced emission [48].

1.3.  Investigations of novel lanthanide ion-cored dendrimers
Transition metals are not the only metals employed in dendrimer nanocompo-
sites. Rare earth metals have also been considered in connection with emission in
dendrimers, and in most cases lanthanide ions have been used for this purpose [49].
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The chelation of a luminescent lanthanide ion into the core of a dendrimer can lead
to new molecular architectures, capable of demonstrating novel and unusual optical
properties [50]. In particular, the organic lanthanide systems demonstrate promising
applications in optical fibre lasers and amplifiers [51], electroluminescent materials
[52], and sensors [53]. The ability to efficiently encapsulate lanthanide metal ions into
dendrimers and characterize this material in detail would certainly offer new
possibilities to those interested in photonics and sensing applications. Many of the
reported investigations in this area have been towards the synthesis of new materials
under this motif. Less has been done for the understanding of the mechanism of
energy transfer and excitation in such systems. Early studies on Iuminescent
dynamics and other properties of lanthanide ions were primarily performed
on inorganic matrices that cannot be easily varied on the molecular level [54].
Recently, lanthanide—organic composite systems have been used in the fabrication of
near-infrared (NIR) electroluminescent devices for optical communication applica-
tions [55, 56]. One system which demonstrated impressive energy transfer efficiency
properties was found and figure 2 shows the synthetic pathway for the creation of
this lanthanide ion-cored dendrimer system. Here, a prascodymium ion was chosen
as the core luminescent centre with conjugated chromophores attached as dendrons.
The use of this type of topology permits the facile manipulation of the ligands at the
molecular level, which allows the compound to fulfil the design criteria for a given
application. Furthermore, an antenna effect (energy transfer) from the dendrons or
metal-centred ligands to the core can originate a remarkably sensitized fluorescence
of lanthanide cations within the lanthanide-cored cavity.

1.4.  Non-linear optical properties of dendrimer nanocomposites

Dendrimer—-metal nanocomposites have also demonstrated novel optical-limiting
effects [47]. Both gold and silver metal-dendrimer nanocomposites have demon-
strated this process at a variety of wavelengths as well as laser pulse durations
[47,57]. Owing to possible applications in eye and sensor protection the optical-
limiting properties of dendrimer—metal nanocomposites offer new avenues toward
the fabrication of solid-state devices with well-defined optical properties [58]. There
has also been some interest in the understanding of the mechanism of the optical-
limiting effects in these structures [59]. It has been suggested that ‘localized’ heating
and subsequent bubble formation could be significant in the optical-limiting process
in dendrimer—metal nanocomposites [47, 60]. This and other suggested mechanisms
have been investigated both theoretically and experimentally, and in some cases the
definite optical-limiting properties of DNCs have been compared to those observed
in other well-characterized metal topologies [59]. An understanding of the connec-
tion of the metal topology with the topical limiting behaviour is best gained by
closely analysing the dynamics of excitation and emission in metal nanoparticles in
general. As it was found that the intrinsic linear and non-linear optical properties
of different metal topologies are not the same [47,57,59], it is expected that the
dynamics of excitation and emission should also vary with particle dimensions [48].

1.5.  Optical excitations in metal nanoparticles
From the standpoint of optical excitations in dendrimer—metal nanocomposites,
some researchers have been most interested in the mechanism of excitation and
emission of the encapsulated metal particles. As it is well known in the case of
semi-conductors, the conduction and valence bands are separated by a well-defined
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Figure 2. The synthetic scheme for the synthesis of a Pr lanthanide ion-cored dendrimer
system. The conjugated stilbene units act as ligands/donors for energy transfer and
other optical applications.

band gap. However, metal nanoparticles have half-filled the conduction band and
the associated electrons are suggested to have the ability to move almost freely for
particles as large as a few tens of nanometres [61-63]. When the particle diameter
becomes smaller than the electronic mean-free path in the bulk metal (about 10 nm)
the scattering of free electrons at the particle surface should be taken into account
[63,21]. For even smaller sizes (<2nm for gold) the phenomenological description
of free electrons is anticipated to fail, as the fundamental assumption of infinite
lattice periodicity and continuous energy-level spectrum is not valid any more
[64, 65]. Such small clusters demonstrated a molecular type behaviour with optical
properties very different from those for metal nanoparticles of bigger sizes [65]. In
this review we focus on dendrimer—noble metal nanocomposites with metal particle
sizes large enough to possess the main conductive electron properties of the bulk
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metal. These conductive free electrons ultimately give rise to a surface plasmon band
in the metal cluster’s absorption, which depends on both the cluster size and the
chemical, and in some instances biological, surroundings [66, 67]. The application
of this property to dendrimer—metal nanocomposites has been the focus of a number
of new optical uses involving photonics, biological sensing, as well as medical
applications [68,69]. For example, applications involving laser-induced optical
breakdown have also been reported [60]. Here it was suggested that for biomedical
systems, dendrimer nanocomposites can be biochemically targeted to sites where
localized photodisruption can be induced, either by releasing encapsulated thera-
peutics or by ablating aberrant cells such as cancer cells or tissue [60,70]. While
this idea has been demonstrated for other metal-containing architectures involving
organic macromolecules, the defined volume of metal particles encapsulated
as well as the ability to tune the resonance may offer new opportunities in this
regard [71].

In order to probe the fundamental excitations in these novel metal nanoparticle
materials, it is important to understand the nature of the electron dynamics in metal
particles in general. Electron dynamics in small metal nanoparticles probed by
femtosecond transient absorption spectroscopy has been the subject of intense
activity [72-75]. This method made it possible to monitor processes like electron
thermalization [76], electron cooling and decay at high electron temperatures (see
figure 3) [77]. For example, the thermalization time of an initial non-Fermi electron
distribution in gold nanoparticles was estimated to be about 500 fs [78]. This is close
to that measured in gold films by a similar method [76] or by photoelectron emission
spectroscopy [79, 80]. Gold nanorods and nanospheres are two particular types of
metal nanoparticles that have recently attracted great attention in investigations
of particle shape effects on optical excitations [81]. Light scattering investigations

' !
= B
-r.,. .f*
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P,
F .
e—e scattering
(~ 500fs)

Excitation
&
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scattering
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Figure 3. An illustration of gold photoexcited electrons relaxation in the time of picoseconds
[181]. The electron—electron scattering process is caused by collisions of electrons
within 500 fs and the e—p scattering process is caused by energy transfer to phonons
during several picoseconds. Reprinted with permission from [181], copyright (2001) of
the Japan Society for Analytical Science.



16: 26 21 January 2011

Downl oaded At:

116 T. Goodson et al.

have been carried out with single nanorod particles and a ‘drastic’ reduction of the
plasmon dephasing rate in the rods (in comparison to nanospheres) was observed
[82]. The reason for this reduction was suggested to be due to suppression of
interband damping for the longitudinal resonance [82]. There have also been reports
on surface enhanced Raman scattering with metal nanorods [83] as well as on exci-
tation of anisotropic coherent vibrational motions in such systems [84]. However,
there have been only a limited number of reports on the time-resolved emission in
gold metal particles [48,57] and just one report of ultra-fast emission in gold
nanorods [85]. All of these give details that are characteristic of different metal
topologies, and are important in understanding the optical properties in the newly
created dendrimer—metal nanocomposites.

The local field effect or local field enhancement is a very important aspect of
electromagnetic field-metal nanoparticle interaction. Much attention to this effect
was initially generated by the observation of an enormous enhancement of the
Raman cross-section of the molecules absorbed onto a roughened metal surface,
a phenomenon which has become known as surface-enhanced Raman scattering
(SERS) [24,86-88]. It is now widely accepted that the enhancement of an electro-
magnetic field close to a surface is responsible for the major part of SERS [88]
(although a so-called ‘chemical’ effect can also contribute to SERS [89]). Near the
metal surface the local field strength can greatly exceed that of the applied field due
to excitation of localized surface plasmon resonances and shape (‘lightning rod’)
effects [90, 91]. Depending on the material and the coupling between different
surfaces, the enhancement of the local field can vary by several orders of magnitude
[88]. The theory of local field enhancement has been developed by a number of
authors to treat the specific surface optical process under consideration [90, 92-94].
In the simplest approximation, the enhancement of the local field near the metal
hemispheroid can be given by the correction factor L, which describes the ratio of the
macroscopic local field and the applied field [91]:

L(w) = Lir
(e1(w) + iea(w))/e — 1 4+ Lig * (1 + 472Vl — &x(w) — ie2(w)]e'/?) /(3 * 23))

(1

where £ and &, are the real and imaginary parts of the dielectric constant of the
metal, ¢ is the dielectric constant of the surrounding medium, V is the spheroid
volume and /4 is the wavelength. Ly g (lightning rod factor) is related to the spheroid
geometry as a function of aspect ratio b/a:

—-1,2
L E0L® & (BT REAY
ne=1-28 e =5m(;) -1 s-[l (a” @

Along with the SERS, the local-field effect is responsible for the variety of other
effects including the enhancement of the luminescence [26,81,95,96], surface-
enhanced second harmonic generation [94], and the increase of photochemical
activity of adsorbates [97]. Owing to small sizes and possible complex shapes of
the metal particles within the nanocomposites, the local field effects can strongly
affect the optical properties of metal nanocomposites and, therefore, should be
carefully accounted for in the theoretical and experimental investigations of the
optical properties of these systems.
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The details of time-resolved emission in metal nanocomposites and other metal
topologies are important for they can lead to a better understanding of the
enhancement process that is observed in different metal geometries, and may further
lead to information regarding the actual mechanism of emission in gold particles.
The two principal processes that may lead to emission in gold nanoparticles are:
(1) direct (intraband) excitation of the surface plasmon resonance and emission from
this collective electron motion [98,99], (2) excitation of an interband transition
followed by electron—d-holes recombination emission [81]. The second mechanism is
enhanced by a strong local electric field in the vicinity of the longitudinal surface
plasmon resonance for the case of gold nanorods [21,81]. The strong non-linear
optical properties and the enhanced optical emission in different metal topologies
share a common characteristic of the dependence of a strong contribution on the
surface plasmon resonance and the change in distribution of free electrons. Thus,
reports have shown a strong correlation between the fast non-linear optical processes
around the surface plasmon and electron distribution change and its dynamics
[100,101]. Alterations of the interband contributions to the dielectric function
combined with the change of the interband absorption spectrum due to Fermi
surface smearing are critical to this process. Understanding how these processes
change with a particular size and shape as well as environment is very important.
The shape and size of the metal clusters formed inside organic dendrimers are also
parameters that strongly affect the emission properties [71]. Ultra-fast emission in
gold— and silver—dendrimer nanocomposites suggests an emission process that is not
unlike that observed in metal nanospheres and nanorods [85]. Here, it is also
suggested that the dynamics of the emission process is dominated by a band-to-
band transition with enhanced local field contributions [85].

1.6.  The focus of this review

The purpose of this review is to report the current understanding and applica-
tions of a novel metal nanoparticle topology such as dendrimer—metal nanocompo-
sites. This includes efforts to synthesize new guest—host dendrimer nanostructured
materials with well-defined structure and composition. This also concerns the
functionalization of the branching macromolecule with organic chromophores on
the surface of the branching structure, which also holds the capacity to encapsulate
metal nanoparticles. Furthermore, the synthesis and characterization of lanthanide
ion centres are discussed as such systems constitute a very promising application
for dendrimer nanocomposites. Many of these metal-dendrimer nanocomposites
are normally characterized by their steady-state properties. Thus, the details and
analysis of the surface plasmon absorption from metal particles in dendrimer
nanocomposites are discussed. As we had discovered, certain dendrimer—metal
nanocomposites possess impressive optical-limiting properties in nanosecond green
light laser pulses [47]. This process is important for the creation of devices for eye
and sensor protection. The mechanism and analysis of the enhancement of the
optical-limiting behaviour in certain DNCs in comparison to other metal topologies
are important issues. As stated above, another major emphasis of our group has
been to characterize the dynamics of emission in DNC systems. A close analysis of
the dynamics of emission from pure (micelle) metal topologies is given first. This is
used as a comparison with the dynamics and magnitude of the enhanced emission
observed in dendrimer—metal nanocomposites. Close analysis of the dynamics of
emission of the dendrimer—-metal nanocomposites under different environmental
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conditions provides important information regarding the future use of the dendrimer
nanocomposites materials in biological (water soluble) and medical technological
applications. This and other possible future directions for optical applications and
fundamental investigations are presented in this review.

2. Synthesis and fabrication

2.1.  Background of fabrication of metal nanoparticles

The synthesis and characterization of transition metal topologies have enjoyed
great success in a number of different scientific areas. As stated above, gold particles
of nanometre size have been synthesized by using surface-active molecules as
stabilizers. While other reviews have presented full details of the fabrication of
metal topologies from micelles and other surface-active molecules [21], in this review
we will focus on the creation and optical properties of dendrimer—metal nanocom-
posites. Since the first report of a poly(amidoamine) (PAMAM) dendrimer system
encapsulating a metal nanoparticle, different nanocomposite systems have been pre-
pared by incorporating both large and small nanoparticles, as well as by using large
and small dendrimer macromolecules [33—41]. Metals such as gold, platinum, silver,
palladium and copper have all been used in this structure. As is often the case when
considering the creation of such structures, great emphasis is put on the characteri-
zation of the composite materials. Characterization techniques such as transmission
electron microscopy (TEM) [102], UV—Vis absorption [47,48], mass spectrometry
[103], as well as electrochemical [104] and chemical (stoichiometry) [105] methods
have been used in support of the reported nanocomposite architectures.

2.2.  Synthesis of metal nanospheres and nanorods

Before describing the synthesis and fabrication of metal particles encapsulated in
dendrimers, it is important to briefly discuss some of the basic metal particle
topologies formed initially by other well-established methods. As stated above, the
creation of metal topologies by micelle structures has been well documented in the
literature [21]. For example, considering the comparison of the optical excitations
in dendrimer—metal nanocomposites in this review, it is important to examine the
formation of different metal particles with distinct aspect ratios. In particular, gold
nanospheres (SP) have been created under an electrochemical methodology and can
show a wide variety of diameters. Additionally, gold nanorods of different aspect
ratios may also be prepared in micellular form as outlined in the literature [21]. These
systems are soluble in aqueous solution at room temperature. TEM measurements
have been extensively used to characterize the size and distribution of these and other
nanoparticle topologies. In the case of gold nanorods, an enhancement of the
emission by a factor of 10° has been observed. Other novel nanoparticle systems
such as cadmium sulphide have also been prepared [106]. Pelini ef al. [107] have
investigated interesting silver nanodisks and gold nanoboxes as well. While it is not
the aim of this review to discuss all the established methods of fabricating metal
nanoparticles, it is important to note that from the extensive literature regarding
this it is possible to compare and correlate certain characteristics observed in these
nanoparticle systems with those found in dendrimer nanocomposites as shown
below.
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2.3. Initial fabrications of dendrimer—metal nanocomposites

The fabrication of dendrimer—metal nanocomposites has been carried out using
a number of methodologies. In many ways these synthetic methods for creating DNCs
are fairly direct and allow for the use of different approaches to a common goal.
Many of these methods have employed poly(amidoamine) (PAMAM) dendrimers as
host of the metal nanoparticles [33, 34]. Nowadays, a variety of PAMAM dendrimer
generations are commercially available [108]. The host PAMAM dendrimers can be
tailored with the appropriate functional groups (on the surface or interior) for
further chemical alteration. The host PAMAM dendrimers have either amine func-
tional groups or a COOH group that can be functionalized on the surface [109, 110].
The fabrication method varies depending on the different type of architecture
desired, and on the different metals. However, the main procedure requires the
host dendrimer to be initially charged (see figure 1). The charged dendrimer is then
added to the appropriate metal salt to form a complex. The particles are conse-
quently formed by the addition of a reducing agent such as NaBH,. The rate of
reduction, dendrimer size (generation), weight ratio and concentration of dendrimer
are all important parameters in the fabrication of the dendrimer nanocomposites.
The type of metal is also very important in the fabrication of the particles. Crooks
et al. [111, 104] demonstrated that metal nanoclusters ranging in size from 1 to 2nm
could be prepared within dendrimer templates by a two-step synthesis process. It was
found that the Cu clusters were initially formed in the interior of certain PAMAM
(—OH terminated) dendrimers. The Cu clusters are then displaced by Ag, Au, Pt or
Pd nanoparticles and the remaining Ag nanoparticles can be exchanged with Au, Pt
and Pd as well (figure 1C) [104]. More recently, monodisperse Pd nanoparticles have
been prepared by another two-step process that involves first, the formation of a
nanoparticle inside the dendrimer and then, the extraction of these particles from Pd
dendrimer nanocomposites by n-alkanethiols [111].

Other literature reports [43] have shown that the nanocomposite preparation
procedure is partitioning of a particular number of metal ions into the dendrimer’s
interior. The success of these chemical reactions is suggestively due to associative
properties of amines or other terminal groups. It has also been reported that
dendrimer-encapsulated metal nanoclusters can undergo multiple in situ displace-
ment reactions [104]. The dendrimer nanocomposites encapsulated Pd and Pt
nanoparticles prepared by direct reduction [43], and by primary or secondary
displacement reactions [104], are catalytically active for electrochemical reduction
of O, [112]. These structures were characterized by TEM, X-ray photoelectron
spectroscopy, as well as UV—Vis spectroscopy [112]. With precise functionalization,
it may be possible to prepare different types of dendrimer nanocomposite
architectures. Balogh and Tomalia have used the functionalization of PAMAM
dendrimers to create external and internal dendrimer nanocomposite structures
[113,114]. They suggested that the dendrimer hosts are monodisperse nano-reactors,
possessing the architecture and ligand sites that allow the preorganization of metal
ions within their interiors. It was also reported that the use of PAMAM dendrimers
as templated containers allows ‘in situ’ generated reaction products to be dispersed as
amorphous or slightly ordered domains within the dendrimer interior [114]. Several
interesting applications have been suggested given the flexibility of the synthesis in
this manner, including encapsulating semi-conductors, noble metals, environmental
cleanup, as well as magnetic and electronic applications [1].



16: 26 21 January 2011

Downl oaded At:

120 T. Goodson et al.

108 0 2 4r/nms8 10 12 N A
0.0 0.5 1.0 15 2.0 25 3.0 35

1

q/nm”

Figure 4. TEM (left) for PAMAM G9 dendrimer nanocomposites [102] and SAXS of gold
nanocomposites with PAMAM dendrimers of (a) the fifth generation NGS5, and
(b) the ninth generation NG9 [71].

2.4. Fabrication of dendrimer—metal nanocomposites with different morphologies

Some reports have devoted great attention to the characterization of the formed
nanocomposites. In a report by Amis and Bauer, several generations (from G2 to G10)
of PAMAM dendrimers were used as potential nano templates for the formation
of inorganic—organic hybrid colloids in aqueous solution [102]. The reduction of
gold with sodium borohydride was used in the synthesis, since it was previously
shown that the reaction speed could be controlled. While it was not reported that
AuCl} ions exhibit any specific coordination to amine groups, it has been shown
with polyelectrolyte microgels that AuCl; has sufficient electrostatic attraction of
precursor ions to form inorganic—organic hybrid structures. The different structures
formed with the diverse dendrimer—metal combinations were characterized by TEM
and SAXS (see figure 4) and found to be very inclusive of several different types of
structures [102]. Gold/dendrimer ratios, as well as dendrimer mass fraction, and
reaction rate are all important in determining the desired structures. It was also
found that under certain experimental conditions PAMAM dendrimers in the range
of G2 to G4 may behave like molecular mass colloid stabilizers. The suggestion for
these systems is that several dendrimers surround the surface of the metal particles
formed. The higher generation systems were found to be very different for several
cases. For G6 to G9, the PAMAM dendrimers act as effective ‘polymeric’ templates
[102]. Metal particles are completely formed inside individual dendrimers (figure 4).
The metal particle was shown to be somewhat off centre inside the dendrimer host.
This work demonstrated that the size of the inorganic colloid can be precisely con-
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trolled by the number of precursor ions added per dendrimer molecule; and this may
be done without changing the morphology of the hybrid particle.

The action of a template synthesis has also been reported for different dendrimers
and different generation numbers. Bauer ez al. [71, 102] have fabricated and charac-
terized DNCs of generation 5 and 9 (NG5 and NG9 in their notation) [71]. In the
case of the NG5 the loading ratio was of 1:1 in terms of gold ions per dendrimer
surface groups. For the NG9 the loading ratio was about 1:2. For generation 9,
from TEM and SAXS measurements the gold particle diameter is found to be
3.2+£0.2nm [102]. This diameter corresponds to that expected for ‘fixed loading’, i.e.
formation of one gold cluster consisting of 1024 atoms. For the NG5 sample a ‘“fixed
loading” would imply 128 gold ions forming a single particle of 1.6 nm in diameter.
However, they observed an average diameter larger than expected for fixed loading
for the metal particles (associated with the aggregated dendrimers) formed with G5
dendrimer. These results suggest that the sample is at a transition between the
‘stabilizing’ and the ‘templating’ mechanism of colloid formation [71]. In addition to
the loading ratio, another important factor concerning the two samples investigated
here is the concentration of their preparation. The initial concentration of
dendrimers in the solution was about 0.14% (mass fraction dendrimers in H,O)
for the NG9 and about 0.33% for the NGS. The lower concentration, applied for the
NG9 sample allows the dendrimer to act as true template and thus the formation of
well-defined hybrid particles. In contrast, particle formation at higher concentration
had led to less defined nanoparticles, e.g. higher polydispersity [71, 102].

2.5. Synthesis of chromophore—PAMAM dendrimer nanocomposites

The optical properties of PAMAM dendrimers appear to be intrinsically
interesting [115, 116]. However, they are not the focus of this review. It is important
to note that when chromophores are attached to the surface of dendrimers and metal
nanoparticles, new properties and questions arise [59, 111-122]. For example, using
PAMAM dendrimers bearing multi-chromophores on the periphery could possibly
enhance fluorescence emission. Since functionalizations are performed by attaching
fluorescent chromophores on the external surface of the dendrimers, a well-defined
number of chromophores in a confined volume element can be obtained and easily
controlled [120]. Other functional groups such as specific receptors, antibodies,
ligands, even DNA itself can couple or possible form complexes with the partially
functionalized dendrimers [123, 124]. Such multi-functional architecture may be the
basis for their application as sensors, affinity assay components, and in fluorescence
imaging in cell biology. The non-linear optical building blocks can be also placed at
the periphery of the dendritic scaffold to enhance non-linear optical effects [59].
Furthermore, anionic starburst dendrimers have been used as templates for investi-
gation of the adsorption and aggregation of organic dyes. Kaifer et al. [120] used
a variety of molecular and ionic quenching measurements to assess the relative
structural permeability of a single pyrenyl residue attached to the tertiary amino
within a series of asymmetric PAMAM dendrimers possessing carboxylate moieties
on their periphery. From their quenching measurements, chain segmental densities
and pyrene accessibility are probed as a function of dendrimer generation number
provided insight in the role of size and electrostatics in this process. Stern—Volmer
behaviour was observed during the different quenching experiments carried out with
their system. Balzani et al. have also prepared chromophore-functionalized dendritic
architectures for the purposes of light-emitting and -sensing applications [122].
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Motivated by these potential applications and attractive fundamental questions
concerning macromolecular structure functionalization, there is significant interest in
the fabrication and characterization of novel functionalized dendrimer structures.
In many cases, the quenching and enhancement of metal emission from organic
chromophores by metal particles have been also theoretically considered. Quenching
by Forster transfer to the surface plasmon absorption of the metal has been well
described in the literature [26]. This is strongly dependent on the distance between
the metal surface and the chromophore [96, 125] and on the metal nanoparticle size
as well [126]. In a very general model one may simply consider the effect on the
fluorescence quantum yield which can be understood by the relationship [96],

o L@
Q0| L(@ )| +00 A€ — &) + (1 — Qo)

Here L(w g,) corresponds to the local field factor (see equation (1)), Q, is the initial
quantum yield of fluorescence of the organic chromophore without the presence of
the metal particle, the & terms describe the distance between the two components and
A is an amplitude term. The use of this expression can be considered in limiting cases
that are related to the initial quantum yield of the dye and distances from the metal.
As for intermediate distances and small Q, the expression leads to a limiting value
of 1/Q, for enhancement [96,92]. While there are still important parameters to be
determined from the precise manner in which the rate and quantum yield change in
this process, it is certain that the enhanced field and increased radiative rates occur at
longer distances from the metal than quenching. Thus, it is predicted that in the
region between 5 to 20nm from the metal surfaces the emission of chromophores
may be enhanced [96].
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Figure 5. Schematic diagram of the synthesis for the rhodamine-functionalized dendrimer.
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We have functionalized a starburst PAMAM dendrimer G2 by a rhodamine
chromophore (see figure 5) [127]. This functionalized dendrimer has been used as a
template or stabilizer to encapsulate gold nanoparticles. The fluorescence dynamics
of this dendrimer, model compound and the gold nanocomposites were compared.
A rising time and a fast component in G2-LRSC system indicate strong interactions
among peripheral chromophores. The encapsulation of gold nanoparticles leads to
disappearance of the rise time and the faster decay compared to G2-LRSC, sugges-
ting the strong interactions occurred through the energy transfer from dendritic
chromophores to metal nanoparticles. The gold nanoparticles strongly quench the
steady-state fluorescence of G2-rhodamine (G2-LRSC). From the discussion above,
it is clear then that in this case of the chromophore-functionalized dendrimer—metal
nanocomposites (G2-LRSC—-Au) the encapsulated metal nanoparticles are too close
to the chromophores for enhanced emission to be observed.

PAMAM dendrimers are not the only host branched structures used to prepare
metal nanocomposites, and there have been a number of different structures used
for the purpose of encapsulating metal nanoparticles. For example, Fox et al. [117]
have devised novel synthetic routes where new nanoparticle-cored dendrimers were
prepared by the reduction of hydrogen tetrachloroaurate phase-transferred into
toluene in the presence of Fréchet-type polyaryl ether dendritic disulphide wedges of
generation 1-5. These gold-cored dendrimer nanocomposites are radially connected
by Au-S bonds that occurred through nanometre-sized gold clusters at the core and
dendritic wedges. The structures of these nanocomposites are well characterized by
TEM, TGA, and steady-state spectra [117]. Miillen et a/l. [118] have also prepared
metal nanostructures using a stiff polyphenylene dendrimers functionalized with
16 thioethyl groups on the outside. They used dendrimer-controlled ‘one—pot’
synthesis of gold nanostructures [118], and a bimodal particle size distribution was
observed. The small nanoparticles are subjected to aggregation in the solid state due
to the cross-linking ability of the dendrimer. The gold—dendron nanocomposites
have been fabricated by use of poly(oxymethyphenylene) dendrons of generation
1-4 functionalized with a thiol group at the focal point as a capping ligand [119].
Using this particular method fairly small particles (~1.5nm) could be consistently
prepared [119].

2.6.  Synthesis of lanthanide ion-cored dendrimer composite

The unique optical properties of lanthanide ions (Ln*") have contributed to the
development of a number of applications such as photoluminescence and electro-
luminescence materials, laser sources, and optical amplifiers. For those applications,
one needs to dope lanthanide ions into polymers, sol-gel, or inorganic crystal and
inorganic nanoparticles. To overcome the poor solubility of lanthanide salts in
polymer matrices and in inorganic media, two methods were used for the fabrication
of polymer-based lanthanide composites. One is to dope an organic cage-like
complex that encapsulates the Ln®" into the polymer, the other is to combine the
Ln*" that was hosted by the excellent properties of SiO, with the easy processing
of polymer [128]. The attachment of highly absorbing sensitizers, such as lissamine
[128], fluorescein, eosin, and erythrosine [129], and porphyrin [130] to the complexes
can sensitize the NIR emission of lanthanides and solve the problem of using very
high powers to achieve population inversion. However, the lower quantum efficiency
is an intrinsic problem for the polymer systems that doped organic complexes. The
solving of photostability of dyes and optimization the preparation SiO,~Ln>*—
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polymer nanocomposite may make these materials a reality for optically pumped
lanthanide-doped polymer amplifiers.

The blend of conjugated polymer with dye-functionalized lanthanide complexes
provides an opportunity to use these composites to fabricate an electrically pumped
polymer waveguide amplifier operating in the near infrared. Lanthanide complexes
with m-conjugated ligands such as B-diketonate, bipyridine, etc., have also been
synthesized for the emitting layer in electroluminescence devices that emit visible
light [52]. Recently, great efforts have been devoted to the synthesis of dendrimer-
based lanthanide composites for preventing self-quenching and improving the
heterogeneous dispersion of lanthanide ions in the polymeric and inorganic
matrix. We have synthesized a praseodymium ion-cored dendrimer composite (see
figure 2) and investigated the optical properties of this system. It was found that the
line emission of Pr’* resulted from very efficient energy transfer from the dendrons
to metal centre [131]. Fréchet et al. [132] also prepared lanthanide ion-cored
dendrimer composites, which consist of Ln** (Er**, Tb**, and Eu®") cores and a
surrounding dendritic carboxylate shell. These systems show an enhancement of the
lanthanide ion emission through site-isolation and antenna effects. An amphiphilic
copolymer synthesized from hydrophilic block poly(acrylic acid) and hydrophobic
block polyether dendron can encapsulate Tb** and possibly self-assemble into
micelle-like aggregates in aqueous solution. Therefore, the enhancement of lumines-
cence has been attributed to both the microenvironment and antenna effects [133].
Furthermore, Yamashita ez al. synthesized a new type of dendritic macromolecule as
functionalized ligands for encapsulating Gd** [134]. In the case of the lanthanide
dendrimer mentioned above, the antenna effects are not particularly efficient as
sensitizers for lanthanide emission, therefore, a phosphinoxide ligand that possesses
strong binding properties and excellent sensitizing capabilities has been synthesized
to complex lanthanide [135]. Recently, Balzani er al. [136,137,49] synthesized
dansylated dendrimers to encapsulate lanthanide ions. Such composites have been
used to study the antenna-like sensitization of visible and near-infrared emission of
lanthanide ions.

3. Optical methods

3.1. UV=Vis absorption measurements

Perhaps the most common manner in which the different metal nanostructures
have been characterized is through their UV-Vis spectra [21, 57, 138], as it is the
measurement of the surface plasmon resonance (SPR) band that sheds light on:
(a) the identity of the metal particles [139] or particles’ array [140], (b) the existence
of a metal particle 2nm or larger in size [21, 102], (c¢) the shape or aspect ratio of
the metal particle [21,81], and (d) in some cases the size distribution of the metal
particles. Different particles show distinct surface plasmon resonance. For gold
particles (2 nm or larger) the resonance is near 520 nm [21], for silver it is near 440 nm
[106], and for copper it is at 625 nm [17]. The significant optical density of the SPR is
a good measure of the approximate extent of particle (colloid) formation. For metal
particles with different aspect ratios, a longitudinal plasmon resonance is observed
[21,81,85]. This occurs in general at lower energies (depending on the diameter and
length of the particle) from the transverse resonance. In some cases, particularly for
the larger particles formed in PAMAM dendrimers, the width of the SPR can give
information on metal aggregates with complex shapes [48, 71]. This is not in any way
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a substitute for more sensitive measurements of distribution such as TEM, SAXS
(see figure 4), and SANS.

However, the best option for characterization of these systems is to use optical
measurements such as UV—Vis absorption in combination with sensitive microscopy
and scattering techniques, to obtain a clear picture of size distribution and the shape
of prepared nanoparticle systems.

3.2. Steady-state emission

While it is known that the steady-state emission efficiency of pure bulk metal is
small (~1071%) [141], new particle shapes and properties have suggested significant
enhancement of the quantum yield [21]. In metal nanorods, El-Sayed has reported
enhancement of the steady-state emission on the order of 10°, which gives rise to
easily observable emission spectra [81]. The suggested mechanism is due to local field
enhancement [81]. In metal-dendrimer nanocomposites (gold and silver particles
inside dendrimers of sizes larger than 2 nm) the enhancement factors have not been
so significant as to allow the emission to be observed by conventional steady-
state spectroscopic methods [48]. While relatively small contributions of steady-state
emission have been reported for the case of the pure PAMAM dendrimer or
residual emission in the nanocomposite due to the PAMAM host [115, 116, 142],
this method seems to be most appropriate for metal particles with significantly larger
aspect ratios and larger enhancement factors.

3.3.  Non-linear transmission measurements

Dendrimer—metal nanocomposites demonstrate novel optical-limiting effects that
can be examined by non-linear transmission measurements [47, 59]. Laser excitations
and energies that are particularly relevant to the applications involving eye and
sensor protection use ns pulses of green light. For example, for the measurements of
the non-linear transmission effects in these novel gold nanostructures, a non-linear
transmission apparatus with similar parameters to those reported in the test beds
of other interesting optical-limiting materials were reported [59]. A Nd:YAG laser
operating at 1064nm (or at 532nm using second harmonic unit) with a pulse
duration of ~6.5ns and 10 Hz repetition rate is generally used [47]. Many of the
measurements were carried out at 532 nm since this allows direct excitation of the
transverse absorption resonance in the gold or silver nanostructures. The laser beam
is focused with a ~f/25 lens in order to produce a beam spot of ~40 um in diameter.
The sample is positioned in the focal plane [47, 59]. Two photo-diode detectors are
commonly used for the reference input and transmitted output intensities. The output
photo-diode is placed away from the sample. A boxcar integrator and associated
electronics is commonly used to collect and analyse the transmitted light.

3.4. Pump-probe transient absorption measurements

As mentioned above, the relaxation of the optical excitations in metal particles
involve many different processes, which occur on different time-scales. This requires
the use of fast dynamics measurements of the excitations such as in the case of
pump—probe transient absorption measurements. As there have been a number of
reports of pump—probe measurements in gold and silver metal particles [143—147],
the use of this technique has been well documented in the literature [143—147]. For
the case of metal-dendrimer nanocomposites, pump—probe measurements have also
been carried out with amplified pulses in the visible and near IR spectral regions
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Figure 6. Pump-probe and three-pulse photon echo setup.

[148]. Recent pump—probe transient absorption measurements in DNCs have been
carried out using a cavity dumped Ti:sapphire laser system, which was spectrally
centred at 830 nm with a repetition rate of 192 kHz and 20 fs pulse width (see figure 6)
[149]. The fundamental is passed through a non-linear BBO crystal and the second
harmonic is generated which is then split into pump and probe beams using a beam
splitter. Pump pulse energy is below 0.5 nJ where as probe pulse has energy < 0.05nJ.
The pump beam was chopped using an optical chopper at a rate of 1.067kHz (an
optical chopper was synchronized to a locking amplifier) and focused on to the
sample cell using a 10cm lens. The probe beam is passed through an optical delay
line and a 10cm lens, and then it is overlapped with the pump beam in the sample
cell and is detected at the photo-diode. Modulations in the probe beam with respect
to the chopper are measured with the use of a lock-in amplifier and this signal is
recorded as a function of the delay line on a PC. The width of the instrument
response function is 60 fs.

3.5.  Fluorescence upconversion measurements

Because of the very inefficient emission in dendrimer—metal nanocomposites
continuous wave (CW), emission measurements give very little information about
the excitations and dynamics in these systems. However, with ultra-fast time-
resolved measurements it is possible to observe the very short-lived excited states
in dendrimer nanocomposites [48, 57]. Recently, femtosecond upconversion spectro-
scopy was employed to temporally resolve the fluorescence and its polarization of the
metal-dendrimer nanocomposites (see figure 7). The optical arrangement for a typical
fluorescence upconversion experiment has been reported in the literature [150, 151].
For the measurements with the dendrimer nanocomposites the laser source was a
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Figure 7. Fluorescence upconversion setup.

Ti:sapphire laser with an average pulse width of 70fs tuned at 790-860 nm, and
a repetition rate of 82 MHz (Tsunami, Spectra Physics). The sample was excited with
light pulses delivered by the frequency-doubled output of the laser at 395430 nm.
The fluorescence emitted from the sample was focused with an achromatic lens
into a non-linear crystal made of beta-barium borate (BBO). A temporal profile of
the fluorescence was monitored by sum-frequency generation with the reference
pulse from the laser at 790-860 nm that was first passed through a variable delay line.
Sum frequency light was dispersed by a monochromator and detected by a single
photon counting system. The time resolution was determined by the pulse width of
the laser and group velocity dispersion within optical elements of the system [152].
The FWHM of the cross-correlation function at 790/395nm was estimated to be
190 fs. It is important to note that we could observe the fluorescence dynamics on the
time scale covering almost 4 decades (200 fs—1 ns) in one measurement. The rotating
sample cell and holder (1 mm thickness in the case of solutions, ~1 um thick in the
case of thin films) were used to avoid thermal and photochemical accumulative
effects. The excitation average power was kept at a level of a few mW. We found
that there was no excitation intensity dependence of the decay dynamics when input
powers were below 10 mW. The energy of the excitation pulse did not exceed 0.5nJ/
pulse. The measured fluorescence decay curves were fitted by the result of the
convolution of the instrument response function with an exponential decay model in
order to minimize the sum of weighted residuals (y%). The quality of the fit was
monitored by the values of the reduced y°, the inspection of the residuals, and the
monitoring of the auto-correlation function of the residuals. For low-temperature
measurements we used an Oxford instrument with continuous flow He cryostat,
which was interfaced (optically and electronically) to the upconversion unit [152].
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Figure 8. Absorption spectrum for the gold—dendrimer nanocomposite. Inset: absorption
spectrum for PAMAM dendrimer (generation 5).

4. Steady-state properties
4.1. Linear absorption in gold— and silver—dendrimer nanocomposites

Linear optical absorption has been used to characterize the metal particle
morphology in the case of gold— and silver—dendrimer nanocomposites [33, 47,48,
57,59]. Shown in figure 8 are the linear optical spectra for the Au dendrimer
nanocomposite as well as the pure PAMAM dendrimer (generation 5). The absorp-
tion of the pure PAMAM dendrimer has a maximum at 230 nm. The absorption
of the highly concentrated aliphatic amine groups is very strong. For comparison,
the absorption spectrum of the dendrimer nanocomposite is normalized to unity.
The surface plasmon resonance is clearly seen for the gold—dendrimer nanoparticles
with a maximum at 530 nm. The FWHM of the surface plasmon for this particular
dendrimer nanocomposite sample was ~80nm [71]. It was found that the width of
the surface plasmon changes with the particular dendrimer nanocomposite archi-
tecture. Silver—dendrimer nanocomposites have also been prepared and show
a surface plasmon resonance at wavelengths shifted to the blue of the gold systems,
as expected.

4.2.  Metal particle size and linear absorption

As stated above, there is a connection between the size of the particles and the
character of the surface plasmon resonance [21, 59]. The electric field of an incoming
light wave induces a polarization of the ‘free’ conduction electrons with respect to
the much heavier ionic core of the spherical nanoparticle [153]. The net charge
difference occurs at the nanoparticle boundaries (the surface) which in turn acts as
a restoring force. In this manner a dipolar oscillation of the electrons is created
within a particular time period [153]. It was shown by Mie [154] that a series of multi-
pole oscillations may be responsible for the extinction cross-section of metal
nanoparticles [139,154]. For nanoparticles much smaller than the wavelength of
light, only the dipole oscillation contributes significantly to the extinction cross-
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section. For larger nanoparticles the dipole approximation may no longer be valid,
and the plasmon resonance will depend explicitly on the particle size [155]. The larger
the particles become, the more important the higher order polar contributions.
The plasmon bandwidth increases with increasing particle size.

4.3. Linear absorption in other dendrimer—metal nanocomposites

For other metal-dendrimer nanoparticles, such as those made of Pt>™, (figure 1(c))
strong absorption in the ultraviolet has been observed [104]. Crooks et al. [43] have
investigated changes in the linear absorption spectra of PtCI3~ and its addition to
G4-OH PAMAM dendrimer. When the two are mixed for sufficient time a new band
at 250 nm is formed. This band was interpreted as being proportional to the number
of Pt*" jons in the dendrimer, with the number of atoms ranging from 0 to 60. In
this case, the titration-like behaviour also suggests that it is possible to control the
dendrimer—metal ratio [43]. The linear absorption spectra were also used to show
that Pt particles arising from Pt>" ions bound to the terminal primary amine ligands
agglomerate, and only the intra-dendrimer bound Pt*" ions yield stable soluble
clusters. Crook’s absorption results support the suggestion of the very high degree of
stability in these dendrimer nanoparticles, in that no agglomeration was detected for
up to 150 days and the material could be re-dissolved after repeated drying.

The linear absorption of dendrimer nanocomposite thin films has also shown
interesting features. Tripathy er al. [156] have used the processes of electrostatic
multi-layer deposition to form thin films of gold—dendrimer nanocomposites mixed
with layers of poly(sodium 4-styrenesulphonate) (PSS). UV-Vis spectra of PSS/
gold—dendrimer nanocomposites showed that in the UV region of the spectrum the
amplitude of the absorption increased with increasing number of bi-layers. For these
thin films the absorption of the gold could be monitored by UV—Vis spectroscopy as
well. The number of cycles of adsorption was critical in observing the surface
plasmon resonance [156]. The UV data suggested that the gold—dendrimer nano-
composite could be adsorbed onto the PSS film after a certain number of cycles had
been completed. A uniform array of the gold—dendrimer nanocomposite on the PSS
layer was further confirmed by AFM studies.

4.4. Linear absorption and other techniques used in combination

Some more recent reports have combined the use of linear absorption in
dendrimer nanocomposites with other techniques sensitive to the particle’s structure.
For example, SAXS characterization of dendrimer—gold nanoparticles NG9 and
NGS5 (generation 9 and generation 5) has been carried out [71, 102]. An upturn at
small ¢ indicated an aggregated structure of the generation 5 sample. For this system
the SAXS data revealed a radius of gyration of the hybrid particles (aggregates of
dendrimers with associated gold) of ry=7.5nm as compared to r,=2.5nm for the
initial G5 dendrimer. In contrast, for the generation 9 sample the SAXS suggested
a layered sphere structure with a total diameter of 13nm. This confirmed the
suggestion that gold particles of 3.2nm diameter are formed inside individual G9
dendrimer molecules. Modelling showed that the gold particles are located off-centre
inside the spherical dendrimer molecule. It should be noted again that the dendrimer
molecule does not have a hollow interior a priori but behaves like a ‘homogeneous
sphere’ of dendrimer swollen with water [157]. Upon particle formation, parts of the
dendrimer molecule can rearrange and some of the water is replaced by the gold
colloid formed [158]. In this particular case the volume of the pure dendrimer was
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about 750 nm® and the volume of water inside the dendrimer was about 1150 nm?.
The calculated volume of gold particle was about 17 nm® [71]. The absorption of the
G9 system was very different to that obtained for the G5 sample. The generation
9 sample only showed a very small sloped absorption peak near 520 nm, suggesting
that very small metal particles had formed in the host dendrimer. However, for the
generation 5 system, a very broad and intense absorption band near 520 nm was
observed. This may be due to the larger distribution of particles formed with the
generation 5 system. Indeed, reports of this nature point out the important and
necessary details and characteristics of dendrimer nanocomposites that are useful
for optical and biological applications.

5. Non-linear absorption properties
5.1.  Non-linear absorption properties in silver—dendrimer nanocomposites

It is now generally accepted that optical-limiting materials in the visible spectral
region with broad non-linear spectra and short response times are required for eye
protection and switching applications [159]. While the search for superior optical
materials has enjoyed a long history of successful activity, there has been recent
interest in the use of semi-conductor and metal clusters for this same purpose
[160-162]. Different metal topologies have shown good optical-limiting behaviour
where in some cases a size-dependent effect was observed. It was found that for
particular size gold particles, the fluence threshold of the limiting effect decreases and
its amplitude increases with increasing particle size. The first report of the non-linear
optical properties of these novel nanocomposites was investigated with 6.5 ns laser
pulses from a frequency doubled Nd:YAG laser at 532 nm [47]. The repetition rate
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Figure 9. Non-linear transmission of silver-dendrimer nanocomposites {Ag(0)}g at 532 nm.
Pulse repetition rate: 10Hz. Inset: non-linear transmission results for {Ag(0)}g
in a concentration of 2.95 x 10™*mol/l at 532nm, with the variation of the pulse
repetition rate; ¢ indicates the specific repetition periods. Reprinted with permission
from [47], copyright (2000) of the American Chemical Society.
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of the laser pulses was varied between 2 and 10 Hz. The result of the non-linear
transmission measurement, with a pulse repetition rate of 10 Hz for a solution in
a relatively low concentration of 2.0 x 10~*mol/l is shown in figure 9 [47]. When the
input fluence varies from 0.7 to 10.0J/cm? (equivalent to the increase of the peak
irradiance from 0.2 to 1.3 GW/cm?) the transmission decreases by 62% [47]. The
threshold fluence for optical limiting is around 2.0J/cm?®. The optical-limiting
performance of the silver—-dendrimer nanocomposites compares well to the results
obtained with novel organic structures such as: EHO-OPPE [163] (where a
transmission drop of 65% was obtained between 0 and 0.6 GW/cm?); the AF-380
dye [164] (exhibiting a threshold fluence of ~2 J/cm? and a transmission loss of 60%
for an input fluence increase up to 13J/cm?); and single-walled carbon nanotube
suspensions [165] (showing a threshold fluence of ~2J/cm® and transmission
decrease of 70% for fluence increasing up to 6J/cm?). Thus, it is now established
that the Ag dendrimer nanocomposite system exhibits strong optical-limiting
effects at 532 nm.

5.2.  The mechanism of non-linear transmission in dendrimer nanocomposites

There have been investigations into the mechanism of the non-linear transmis-
sion properties in dendrimer nanocomposites [47,59]. However, owing to the
complexity of the metal particle morphology, there has not been a completely self-
consistent mechanism that could explain the results obtained from all dendrimer
nanocomposite architectures [59, 166]. There are certain important characteristics
that may offer a plausible explanation for the mechanism. For example, the
dependence of the solution concentration on the non-linear transmission behaviour
has been investigated. The measurement of the optical-limiting effect with increasing
concentration or ratio of the metal has been reported [47,166]. As expected, the
transmission’s decrease was less effective with the reduction of the solution
concentration [47]. Repeated measurement of several cycles by increasing and
decreasing the peak irradiance between 0 and ~1.3GW/cm? was also reported.
The optical-limiting processes occurring in the silver—dendrimer nanocomposites
structure at 532nm has also been investigated by using the open z-scan technique
[47] in the same optical setup configuration, with 10 Hz pulse repetition rate. From
the open z-scan results it can be concluded that drastic optical extinction, by a factor
of 115, occurs for a concentrated solution (5.9 x 10~*mol/l) of silver—dendrimer
nanocomposites at the laser beam focus for a fluence of 3.3J/cm? (relatively
moderate input irradiance of 0.42 GW/cm?) [47].

5.3.  The mechanism of non-linear transmission in other similar metal topologies

There have been a number of reports which have probed the mechanism of
non-linear transmission in other metal topologies as well. For example, the optical-
limiting performance of gold nanoclusters protected by Cgo—tpy have been investi-
gated with 8 ns pulses at 532 nm by Zhu et al. [167]. The experimental results showed
that the nanocomposite possesses an impressive optical-limiting effect in comparison
to Cg in toluene [167]. The main mechanism of optical-limiting was attributed to the
non-linear absorption and subsequently induced non-linear scattering during excita-
tion of the pulse [167]. The optical-limiting performance of PVP-stabilized platinum
nanoparticles in methanol has also been reported [101]. Here, a theoretical model
based on Mie extinction theory was used to describe the strong non-linear optical-
limiting behaviour of metal nanoparticles [101]. The theoretical analysis and experi-
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mental results show that the principal mechanism for the optical-limiting effect in the
platinum nanoparticles can be attributed to interband transition of platinum during
the excitation of nanosecond pulses. These results offer the suggestion that strong
non-linear absorption processes may arise in certain metal nanoparticle systems by
either strong non-linear scattering mechanisms or interband excitations in the
metal’s electronic structure. Both of these processes are certainly possible in metal
topologies contained in dendrimer nanocomposites.

5.4. The time-dependence of the non-linear transmission effect

Further understanding of the mechanisms of the optical-limiting effect in den-
drimer nanocomposites may also require an understanding the time-scale of the
effect [47,57,59]. In general, for optical excitation close to the linear absorption
band, such as at 532 nm for the silver—-dendrimer nanocomposites, the cross-sections
for reverse saturable absorption (RSA) and non-linear scattering should be much
higher than the cross-section for two-photon absorption [168]. Time-resolved
photoluminescence measurements on silver—dendrimer nanocomposites have shown
that the excited state lifetimes in metal-dendrimer nanocomposites are very short, of
the order of picoseconds (see next section) [48]. RSA processes were seen to develop
on a time-scale similar to the excited state lifetime. For example, Perry ef al. [169]
investigated phthalocyanine complexes bearing heavy atoms or paramagnetic
groups, or in solvents containing heavy atoms, and showed these system exhibits
enhanced optical limiting by excited triplet-state absorption. As in the case of certain
nanocomposite systems, the excited state lifetime is usually in the nanosecond range
[170]. It was thus suggested that the contribution of RSA is small for the silver—
dendrimer nanocomposites since the lifetime of the excited state is extremely short
[57]. Another approach when trying to explain the relatively slow optical-limiting
effect observed in dendrimer nanocomposites is to consider processes that originate
from absorption induced non-linear scattering [171]. As was mentioned before, for
the case of Pt nanoparticles this effect can lead to impressive optical-limiting
behaviour in metal particle topologies.

5.5. Non-linear transmission in thin metal films

There have been measurements on thin films containing metal nanoparticle
architectures and these results seem to vary from the effects observed in the solution
phase of dendrimer—metal nanocomposites. Smith et al. [172] used the z-scan
technique at a similar wavelength (532nm) to measure the non-linear absorption
coefficient of approximately continuous 50 A thick gold films, deposited on surface-
modified quartz substrates. As was found with the dendrimer—metal nanocompo-
sites, the highly absorbing metal films required analysis of both the real and
imaginary parts of the susceptibility, using both open and closed z-scan mea-
surements. Interestingly, when peak intensities of the order of 0.1 GW/cm? were
used, a transmission decrease of ~8% was detected [172]. For intensities greater than
0.16 GW/cm? ablative damage occurred, which was observed by a sharp peak in the
z-scan transmission which increased with each scan. This instability to intense laser
pulses of the metal thin film material was also noted by an asymmetry in the baseline
of the z-scan. While the magnitude of the effect may have been small in the metal
thin film, the measured non-linear response could be described relatively well by
mean field theories and a Fermi smearing mechanism [173]. The dendrimer
nanocomposites appear to have much better stability to intense laser pulses and
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larger non-linear optical responses as well. The dendrimer nanocomposites show
smooth non-linear transmission and open z-scan curves. The silver—dendrimer
nanocomposite too seems to be quite stable up to 1 GW/cm? [47]. This high stability
was also seen in the ultra-fast time-resolved measurements [48].

5.6. Non-linear transmission measurements in the infrared

Non-linear transmission measurements of dendrimer nanocomposites have also
been investigated at infrared wavelengths. For example, the non-linear transmission
for both gold— and silver—dendrimer nanocomposites was reported with ns pulses at
1064 nm [166]. A significant effect was observed in both systems (although certainly
not as strong as in the case of 532nm excitation). For the gold nanocomposite
system a decrease by 10% in the transmission was observed while for the silver
nanocomposite a decrease of 12% was observed as the input fluence was varied
from 1 to 15J/cm? (which is proportional to an input irradiance range from 0.3 to
1.9GW/cm?) [166]. It is important to note that the pure dendrimer showed no
significant non-linear transmission effect in comparison to the metal nanocomposites
at the infrared excitation wavelength. This strongly suggests that the non-linear
optical effects observed here for external structures originate mainly due in the con-
tribution of the metal nanocomposites. In both cases (silver— and gold—dendrimer
metal nanocomposites at 1064 nm) the data could be readily fitted to the model of
two-photon absorption (TPA) [166]. The TPA coefficients thus obtained were
0.7cm/GW for the silver and 0.5cm/GW for the gold nanocomposites. According
to previous theoretical work on the mechanisms responsible for large non-linear
transmission (two-photon absorption) coefficients in organic polymers [174], the
results at 1064 nm can be explained by possible resonantly enhanced TPA when the
systems exhibit linear absorption peaks close to exactly half the TPA wavelength.
Another possible mechanism of the non-linear absorption at 1064 nm is related to
the geometry of the metal particle. For example in the case of metal nanorods, the
process of infrared photochemical aggregation may be connected with the non-linear
transmission results of the rods at 1064 nm [59]. In one report of non-linear trans-
mission measurements of gold nanorods of aspect ratio 5.0, a small but measurable
non-linear effect was observed, but no effect was reported for the sample with an
aspect ratio of 3 [59]. This may be due to the fact that the surface plasmon
absorption of the aspect ratio 3.0 rods is blue-shifted very much in comparison to
the longer rod sample, and there was hardly any linear absorption at 1064 nm. It
should be noted that the mechanism derived from the NLT results, which describes
the effect observed from the rods, only involved aggregation of metal particles.
However, this aggregation mechanism was not seen in the case of metal spheres or
metal nanocomposites.

5.7. Non-linear transmission in different metal-dendrimer topologies

The non-linear transmission of different metal topologies have also been com-
pared in a recent report [59]. The comparison of the non-linear effect of gold
nanorods, spheres, and gold—dendrimer nanocomposites was investigated. The
chromophore-functionalized dendrimer—metal nanocomposite, which contained
an organic chromophore (dansyl) attached to the periphery of the dendrimer, was
also investigated with and without the encapsulation of gold metal nanoparticles.
This was done in order to compare the contribution of the gold metal particles to
the non-linear transmission effect to that of the non-linear optical chromophore.
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Figure 10. The comparison of NLT effects of gold rods, spheres, G2-NH,-Au, DNS-G2,
and DNS—-G2-Au. In all the experiments the optical density at 532 nm was similar for
the different metal topologies. Reprinted with permission from [59], copyright (2003)
of the American Chemical Society.

The composite non-linear transmission result can be seen in figure 10. What was
found from these measurements was that at 532 nm (and again with ns pulses), the
functionalized dendrimer system (without metal nanoparticles) showed only a weak
non-linear transmission effect (see figure 10). However, DNS—-G2-Au showed a
much stronger non-linear transmission effect [59]. The mechanism of this enhanced
non-linear transmission effect may relate to the interaction of the metal particle with
the attached chromophores. Steady-state fluorescence measurements were carried
out for the investigation of these interactions. Fluorescence measurements showed
the quenching processes to increase with increasing concentration of gold nano-
particles. It was suggested that the quenching results from the excited-state inter-
actions via non-radiative energy transfer from the dye to the metal [126]. Thus, we
would expect to observe a larger NLT effect for the chromophore-functionalized
dendrimer—-metal nanocomposite in comparison to the G2-NH,—Au. However, the
results of the two nanocomposites are comparable when metal concentrations are
similar. This implies that the dominate NLT effect is due to the characteristics of
the gold nanoparticles and that the NLT attributed to excited state absorption is
relatively weak for the case of the chromophore-functionalized dendrimer system.

6. Pump-probe measurements of dendrimer nanocomposites
The excited-state dynamics of metal particles embedded in dendrimers has pro-
vided new information concerning the mechanism of electronic relaxation pathways
in metal particles. As for other metal topologies, the field of ultra-fast dynamics has
been paid much attention. The hot electron dynamics of gold particles as well as
silver colloids in solution or in the solid state have been major issues in discerning
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the mechanisms involved in the dynamics of the non-Fermi electron distribution
relaxation back to an equilibrium distribution. A basic mechanism of the ultra-fast
in-resonance (surface plasmon resonance) excitation involves the establishment
of a non-Fermi distribution, which initially relaxes through electron—eclectron and
electron—phonon relaxation steps giving rise to an excitation of the metal lattice
(phonons). As the non-linear optical processes described above may involve the
relaxation of excitation energy through energy transfer to the surrounding medium,
this effect in metal particles in general is still an important and unanswered question.

6.1.  Pump—probe measurements in gold—dendrimer nanocomposites

There has been one report of ultra-fast pump—probe measurements in dendrimer—
metal nanocomposites. Kleiman et al. [148] have investigated gold dendrimer—-metal
nanostructures using ultra-fast two-colour pump—probe measurements at 800 nm.
One representative dependence from this measurement is shown in figure 11. These
measurements primarily probed the transient bleaching signals of the metal particles
encapsulated in the PAMAM dendrimers. The transient bleaching signals corre-
sponding to the gold—dendrimer nanocomposites showed primarily a single rapidly
decaying component that recovers to equilibrium in less than 5 ps. It was also shown
that the time constant for the transient bleaching signal increases with pump fluence
[148]. This report confirmed suggestions that the dendrimer macromolecule can act
as a stable passivating environment for the gold nanoparticles. This investigation
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Figure 11. Gold—dendrimer metal nanocomposites investigated by transient absorption
measurements for a G9 host of PAMAM [148]. The curves are for different excitation
fluence, for example, 100, 200, 300, 400, 500, 600, and the biggest change in
transmission was for 800J/cm?. Reprinted with permission from [148], copyright
(2003) of the American Chemical Society.
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suggested that the vibrational manifold of the dendrimer may act as a reservoir for
the cooling processes electron—phonon and phonon—phonon interactions in the
system.

6.2. Electron—phonon coupling in metal particles

It appears that the electron—phonon coupling process is indeed critical to
understanding the excitation in metal nanoparticles. Although there have been no
reports of ultra-fast emission investigations detailing this process, there have been
reports of ultra-fast transient absorption measurements. Hartland et al. [175] have
used femtosecond pump—probe methods to investigate the electron—phonon coupling
process in metal particles. In this report, ultra-fast laser spectroscopy was used to
characterize the low frequency acoustic breathing modes of Au particles, with
diameters between 8 and 120nm. It was shown that these modes are impulsively
excited by the rapid heating of the particle lattice that occurs after laser excitation.
This excitation mechanism is a two-step process: the pump laser deposits energy into
the electron distribution, and this energy is subsequently transferred to the lattice via
electron—phonon coupling. The measured frequencies of the acoustic modes are
inversely proportional to the particle radius. Analysis of the data showed that an
inhomogeneous decay dominates the damping, even for high quality samples
(8-10% dispersion in the size distribution). The size dependence of the electron—
phonon coupling constant was also examined for these particles. The results show
that, within the signal noise of these measurements, the electron—phonon coupling
constant does not vary with size for particles with diameters between 4 and 120 nm.
Furthermore, the value obtained is the same as that measured for bulk gold [175].

7. Emission of nanoparticle topologies

The ultra-fast emission of metal nanocomposites has given new insight toward
the understanding of enhanced emission in different metal particles of various
geometrical shapes, as well as the mechanism of the emission in smaller metal
particles. As stated above, the relatively low emission efficiency in metal nanopar-
ticles suggests that continuous wave measurements without the aid of significant
local field enhancement may not give much information concerning the emission
properties of nanocomposites. There have been reports concerning the field
enhancement as a result of the close proximity of the metal to organic molecules,
where the emission of the organic molecule could be quantitatively monitored [176].
But, owing to the low efficiency in dendrimer nanocomposites, ultra-fast time-
resolved emission measurements have been used to observe the very short-lived
excited states and emission.

7.1.  Ultra-fast emission in gold— and silver—dendrimer nanocomposites

The dynamics of emission for both silver and gold were reported first. A repre-
sentative curve of the ultra-fast emission observed from the gold—dendrimer metal
nanocomposite system is shown in figure 12. In this case the time-resolved emission
from the gold nanocomposite sample was taken from excitation at 395 nm [48]. It is
seen that the dynamics of the emission signal has at least two decay components.
One of these decay components is comparable in duration with the width of the
instrument response function (IRF) (also shown in figure 12 by the dashed line)
while the second one is relatively long, on a time-scale of several picoseconds [48].
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Figure 12. Fluorescence dynamics of {Au(0)};, for excitation at 395nm, and emission at
570 nm. The corresponding numerical fits to the data are indicated by the thin solid
lines. The residuals of the fit are shown at the top of the graph.
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Figure 13. Fluorescence dynamics of {Ag(0)};, for excitation at 395nm, and emission at
480 nm. The corresponding numerical fits to the data are indicated by the thin solid
lines. Reprinted with permission from [48], copyright (2001) of the American Institute
of Physics.

The emission dynamics of the nanocomposites was directly compared with the time-
resolved emission from the host (PAMAM) dendrimer. The host dendrimer revealed
a weak and slowly decaying fluorescence signal similar to the long decay component
of the nanocomposite emission. This result, along with the polarization measure-
ments that have also been carried out strongly suggests that the relatively long-lived
fluorescence decay component may be connected with the host dendrimer, whereas
the fast decaying component is associated with the metal emission [57].
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It is interesting to note that the fast emission dynamics of silver—dendrimer metal
nanocomposites are somewhat different from those obtained for gold nanocompo-
sites when all other experimental parameters are held constant [48, 57]. For example,
for optical excitation at 395 nm the gold—dendrimer nanocomposite ultra-fast emis-
sion could be reasonably well fitted by a two-exponential decay function with time
constants of 74 fs, 5.5 ps and relative amplitudes 0.95, 0.05, respectively (best fit curve
shown in figure 12) [48]. While the silver—dendrimer nanocomposite system did
exhibit these two processes as well (an initial fast component followed by a slower
decaying component, see figure 13), there was an additional intermediate decay
component of approximately 650 fs. This additional component may be related to
possible charge transfer processes that may occur from association of the silver
nanoparticles with the PAMAM dendrimer host. The silver—-dendrimer nanocom-
posites seemed to provide a stable environment for excitation by ultra-short pulses
as well. This correlates well with the non-linear transmission measurements for
the dendrimer—-metal nanocomposites described above. The processes of excited state
absorption or reverse saturable absorption may have some effect on the dynamics of
emission in these systems as well.

7.2.  Ultra-fast emission in different metal topologies
The ultra-fast dynamics in gold nanospheres and nanorods has been observed
to be very similar to what was found with gold—dendrimer metal nanocomposites.
The study of gold nanorods and nanospheres has also been carried out with ultra—
fast upconversion setup [85]. A representative curve for the dynamics in this well-
characterized metal topology is shown in figure 14. The observed emission (excited at
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Figure 14. Spectrum of the fast component of gold nanospheres (SP). Solid squares:
for excitation at 410nm (3.02¢V), open circles: for excitation at 267nm (4.65¢V).
Insert: time-resolved emission from nanorods NR1. The best fit curve and instrument
response function are also shown. Reprinted with permission from [85], copyright
(2003) of the American Chemical Society.
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400 nm) was found to be very fast. Estimation of the decay time by deconvolution
procedures resulted in an emission decay time <50fs. A very weak, long-lived
component is also seen, which is similar to the case of gold—dendrimer metal
nanocomposites. It was found in these experiments that the emission intensity was
strictly and linearly dependent on the excitation power in the power range we used
for excitation as expected. It was concluded that the measured fast emission dyna-
mics was similar for both gold nanorods and nanospheres, and was not dependent
on the emission wavelength. Further investigations with both gold nanorods and
spheres also showed that when UV excitation pulses are used, the same fast dynamics
of the observed emission was obtained. Ultra-fast anisotropy measurements were
also carried out at both excitation regimes. It was found that the ultra-fast emission
is depolarized with a residual anisotropy value close to zero, as was also the case with
gold—dendrimer nanocomposites [85].

The fast emission spectrum of nanospheres obtained with 410 and 267 nm
excitations has been reported in terms of understanding the mechanism of emission
for gold nanoparticles [85]. It was observed that the fast emission peak emerges at
about 530 nm independently of the excitation wavelength (see figure 14). This gives
strong evidence that the observed emission is real luminescence originating from
the relaxed state rather than scattering. The fact that the quantum efficiency of the
emission excited at 267 nm was the same as that for excitation at 410 nm, as well as
the depolarized character of the emission is inconsistent with the suggestion that the
observed emission stems from the surface plasmon dipole emission after direct
surface plasmon excitation by an incoming field. It was thus suggested that the
ultra-fast emission originated from sp-electron—d-hole recombination, with the
enhancement of the incoming and outgoing fields via plasmon resonances, as was
proposed for the steady-state emission from copper and gold [95].

The ultra-fast emission spectra of gold nanorods also give information concern-
ing the field enhancement effect observed in metal particles of different topologies.
Reports have also shown the ultra-fast emission spectra of metal particles of different
aspect ratios (as observed in figure 15). For example, for the two nanorod samples
shown in figure 15, the spectra show broad peaks near the longitudinal SP resonance
and a shoulder at about 530 nm. The calculated emission spectra for both nanorod
samples have also been reported [85]. The initial recombination emission spectrum
for bulk gold is taken either from Mooradian’s experiment [141] or from a theore-
tical model developed by Apell et al. [177] (which are very close to each other). This
spectrum has been multiplied by the enhancement factor calculated in accordance
with the procedure described above. The result of these calculations fits relatively
well to the experimental wavelength dependence of the ultra-fast emission. The
strong correlation with the experimental data may give further evidence of an
electron—d-hole recombination mechanism of the observed ultra-fast emission.

7.3.  Ultra-fast emission mechanism

As mentioned above, various suggestions have contributed to the understanding
of emission and transient absorption in gold nanoparticles. Part of the discussion has
focused on the thermalization process of the non-Fermi distribution of electrons to
a Fermi distribution, which may occur on a time-scale of hundreds of femtoseconds
[20, 76, 78-80]. Interestingly, the ultra-fast emission observed here with both the gold
nanorods and nanospheres occurs on a timescale of 50 fs (or faster), without detect-
able delay after excitation even for excitation far above Fermi level (267 nm,
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Figure 15. The ratio of the emission intensity from nanorods NRI (a) and NR2 (b) to
that of nanospheres. Spectra of the fast component of gold nanorods are shown
in the respective insets. The result of numerical calculations for each case is also
shown. Reprinted with permission from [85], copyright (2003) of the American
Chemical Society.

hw,.=4.65eV). This suggested that the formation and thermalization of ‘hot’
electrons in the excitation process may not be contributing processes to the emission
we have investigated. Instead, the emission is strongly related to the dynamics of the
d-holes created immediately after excitation. The interesting conclusion is that the
hole relaxation within the d-band in momentum space to meet the momentum
conservation for the radiative recombination for the electron near the Fermi level
[95, 141] proceeds extremely fast, resulting in no detectable delay in the appearance
of the emission in our experiment. It is also possible that the confinement in small
particles lift the strict momentum conservation requirement and make the immediate
recombination feasible. The lifetime of the recombination emission is limited by the
lifetime of the d-holes. Although recent two-photon photoemission studies indicated
that the holes in noble metals exhibit considerably longer lifetimes than electrons
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Figure 16. Comparison of the surface plasmon absorption resonance (solid line) with the
wavelength dependence of the ultra-fast emission peak intensity (scatter graph) for
excitation at 3.14eV (395nm). Intrinsic fluorescence spectra of pure G9 and G5
PAMAM dendrimers are also shown (dash lines).

of the same excitation energy, the electron—electron scattering into the empty states
into the d-band holes remains on time-scales less than 100fs [100, 178]. The fast
nonradiative hole-filling process most likely happens through a process similar to the
Auger process, as a result of energy conservation for electron—electron scattering,
and it may lead to highly excited non-thermal electrons [78, 95, 177]. The lifetime of
d-holes was estimated for copper to be about 20-30 fs [66, 100]. But the time-resolved
emission measurements of the gold nanorods can give an upper limit of the lifetime
of d-holes in gold nanoparticles of about 50 fs.

7.4. Time-resolved emission in different dendrimer nanocomposite morphologies

Time-resolved measurements have been used to describe the differences in metal
topologies when different template methodologies are used. For example, when
either PAMAM generations 5 or 9 (NG5 or NG9) were used, the dynamics of emis-
sion was found to be different. The relatively smaller nanoparticles were formed in
the case of NG9 and relatively weak emission was observed. The wavelength depen-
dence of the peak amplitude of the NG9 time-resolved emission was also reported
(as seen in figure 16). The fluorescence spectrum of pure PAMAM dendrimer and
absorption spectrum of NG9 were also given for comparison. It was observed that
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there is a correlation of peak emission amplitude spectrum with the fluorescence
spectrum of pure dendrimer rather than with surface plasmon resonance (SPR) of
the nanocomposite NG9. This indicates that weak emission from NG9 is the intrinsic
fluorescence from pure PAMAM G9. The fast and depolarized NGS5 emission result,
as well as the NGS5 absorption spectrum is shown in figure 16(b). In this case the
spectrum of the fast emission component correlates quite well with the SPR, but
not with the emission spectrum of pure dendrimer (also shown in figure 16). This
observation along with the depolarized character (see below) of the emission strongly
suggests that the fast component in the NGS5 emission is associated with the metal
nanoparticle. The ultra-fast emission results for the dendrimer—metal nanocompo-
sites correlate well with the model of intrinsic metal fluorescence strongly enhanced
by the local field [21,81, 157,48, 85]. In both the NG5 and NG9 cases, the local
environment of the metal particle is about the same, while the geometry is rather
different for these nanocomposites. It is also important to note that the metal
concentrations are about the same in both cases. Metal nanoparticles of complex,
fractal-like shape with possible sharp edges in the case of NG5 might be one possible
explanation that could bring about the much stronger local field enhancement,
as compared to that of almost ideally spherical metal nanoparticles in the case of
NG9 [71].

7.5.  Fluorescence anisotropy measurements in dendrimer nanocomposites

The fluorescence anisotropy has also been used to provide information about the
dipolar orientational dynamics occurring after the excitation of the nanocomposite
systems. This technique has been successfully used to probe ultra-fast dynamics
of energy transfer in organic conjugated dendrimers as well [151]. The anisotropy
decay result for gold—dendrimer metal nanocomposites has been reported [48]. It
was observed that the polarization state of the emission during the first 300 fs after
excitation is quite different from that for longer times. The ‘dip’ and ‘rise’ in the
anisotropy curve observed usually suggests that there are more than one species in
the system whose contributions to the effective anisotropy have different time-scales
[179]. Indeed, depolarized emission has been observed for metals [141], while initially
highly polarized emission is typical for organics. From these observations we can
attribute the polarized long decay to the emission of the dendrimer template and the
fast (and nearly depolarized) component to the emission of the metal nanoparticle.
This result is in agreement with the measurements of the pure dendrimer fluorescence
decay described above. The nearly depolarized fast component in the emission
dynamics suggests an incoherent character of the metal emission. This strongly
supports the conclusion that the observed fast emission is indeed the fluorescence
of the metal nanoparticle. The anisotropy in metal particles has also been investi-
gated by other spectroscopic techniques. Pileni ez a/l. [180] compared the optical
properties of spherical particles organized in a two-dimensional (2D) structure with
disordered and coalesced particles. Both particle preparations were deposited on
cleaved graphite substrates. When particles are arranged in a hexagonal array, the
optical measurements under p-polarization show a new high-energy resonance which
is interpreted as a collective effect, resulting from optical anisotropy due to the
mutual interactions between particles [180]. For disordered and coalesced particles,
a low-energy resonance appears instead of the high-energy resonance observed for
spherical and organized particles.
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8. Future applications of dendrimer nanocomposites

The use of dendrimer—metal nanocomposites for novel optical applications has
been demonstrated as the above discussion points out. However, for future device
applications it is desired to move these composite materials into the solid state.
Making solid-state thin films of these materials is not trivial, however, as most of
the synthetic procedures involve aqueous solutions or dendrimer nanocomposite
systems dissolved in methanol. However, there have been reports of procedures
which have successfully made gold thin films of PAMAM dendrimer—-metal nano-
composites. Balogh et al. [182] have used Langmuir-Blodgett techniques to
produce thin solid films of gold—dendrimer nanocomposites which were ultimately
transferred to hydrophilic silicon wafers. These systems were investigated by
atomic force microscopy (AFM). From reflectivity measurements it was found
that the thickness of the layers was smaller when transferred on silicon at the air—
water interface because of bonding between the dendrimer nanocomposite groups
and the substrate. Vossmeyer et al. [183] have used another methodology to prepare
gold—dendrimer nanocomposite films which may subsequently be used for vapour-
sensing applications. An assembly method of layer-by-layer fabrication was used
involving alternating and repetitive exposure of amino-functionalized glass sub-
strates to nanoparticle and dendrimer solutions. The resulting films appeared both
porous and grainy. A striking feature observed here was the approximately linear
increase in surface plasmon absorbance with the number of cycles. Also, compared
to the solution measurements the absorption of the plasmon resonance in the film
was red-shifted and it was suggested this was due to a change in the interaction of
nanoparticles as well as a change in the dielectric environment [183]. This relatively
high degree of surface roughness may be useful for future applications in the surface
sensing of various chemical and biological agents as well as for surface-enhanced
optical effects.

Dendrimer—metal nanocomposites have also been used in biological or medical
applications. There appears to be growing interest in this direction owing to the
immense opportunities offered to researchers for drug delivery and therapeutic
procedures. For example, Balogh ez al. [109] have used silver complexes of
poly(amidoamine) (PAMAM) dendrimers as well as different {silver—-PAMAM}
dendrimer nanocomposite solutions for in vitro testing against Staphylococcus
aureus, Pseudomonas aeruginosa, and Escherichia coli bacteria, using the standard
agar overlay method. Both PAMAM silver salts and nanocomposites displayed
considerable antimicrobial activity without any loss of solubility and activity, even in
the presence of sulphate or chloride ions. It was also found that there was increased
antimicrobial activity with dendrimer carboxylate salts. This was attributed to the
very high local concentration (256 carboxylate groups around a 54 A diameter
sphere) of nanoscopic size silver composite particles that are accessible by micro-
organisms [109]. The silver domains are suggested to bind to the dendrimer with
a calculated specific surface area of several thousand m?/g. Mecking er al. [184] have
also demonstrated the process of such antimicrobial behaviour of metal nanocom-
posites involving branched macromolecules. It was found from their investigation
that hybrids of silver particles of 1 to 2nm in size with highly branched amphiphi-
lically modified polyethyleneimines adhere effectively to polar substrates providing
environmentally friendly antimicrobial coatings [184]. Other dendrimer encapsu-
lating particles have been used for biomedical applications such as probe moieties.
In diagnostics, dendrimers that contain Gd(III) complexes have been used as
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contrast agents in magnetic resonance imaging [185]. There is certainly more to be
investigated about these novel materials; however, at this point the structural
requirements of these processes and possible applications of dendrimer nanocompo-
sites are evident. With further investigations in this area and new insight into the
mechanisms and rational design, the area of biological and medical applications of
dendrimer—-metal nanocomposites may continue to be an emerging area of research
and technology.

9. Conclusions

The intended message of this review was to illustrate the fact that the synthesis,
measurements, and properties of the nanocomposite systems differ greatly from
those of their bulk and surfactant-based nanoparticle counterparts. It is not accurate
to say, however, that the properties of dendrimer—metal nanocomposites replace
those of other small metal particle topologies or that the functionalized systems
would replace the use of organic chromophores in certain optical applications.
Instead, it is found that the optical properties of these systems allow for enhanced
effects that had not been established previously. For example, the dendrimer—metal
nanocomposites, which possess impressive optical-limiting properties of nanosecond
green light laser pulses, were actually shown to have larger effects than their
inorganic surfactant counterparts as well as particles of different aspect ratios.
Perhaps the most significant way in which the optical-limiting properties of
dendrimer nanocomposites differ from those of other nanoparticle topologies is
through the analysis of the mechanism. Indeed, the mechanism and analysis of the
enhancement of the optical-limiting behaviour in certain DNCs in comparison to
other metal topologies are important issues that require the inclusion of parameters
such as size, void space, pH, as well as functionalization of PAMAM. It appears that
all of these parameters are very important in understanding the complexity of the
optical effects in these materials. This ultimately leads back to the question of the
electron dynamics in the excitation and relaxation of small metal particles. There had
been a number of reports in this connection for other metal topologies; however,
there was only one report of ultra-fast absorption in the literature. This investigation
did demonstrate the possibility that the PAMAM could be acting as a void or host
for the metal nanoparticles. While the absorption properties are important, in
relation to understanding the mechanism of dynamics as well as enhancement of
emission and sensing applications, there have been very extensive investigations of
the ultra-fast emission in dendrimer—metal nanocomposites. Also, an important
comparison has been carried out by us where we have characterized the ultra-fast
emission decay and spectrum for different metal particles of different aspect ratios.
After great analysis of the dynamics of emission from pure (micelle) metal topol-
ogies, it has been shown that the ultra-fast emission in dendrimer—metal nanocom-
posites behaves very similarly to the emission obtained from metal rods and spheres
using surfactants. This is used as a comparison to the dynamics and magnitude of the
enhanced emission observed in dendrimer—-metal nanocomposites. The close analysis
of the dynamics of emission of the dendrimer—metal nanocomposites, under different
environmental conditions, gives important information regarding the future use of
the dendrimer nanocomposite materials in biological (water-soluble) and techno-
logical applications in medicine. It is thus believed that the understanding obtained
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from these detailed investigations will lead to further applications of dendrimer—
metal nanocomposites.
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