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ABSTRACT: Functional ligand-protected metal cluster nanomaterials with increased two-photon absorption
and two-photon excited emission might result in new technologies within the fields of bio-imaging
applications. During this article, I review the two-photon absorption/emission properties of atomically precise
ligand-protected silver and gold nanoclusters, coined “ligand-core” NLO-phores. This includes quantum-
chemical methodologies using time-dependent density theory. I will analyze physical phenomena and trends
resulting in giant two-photon absorption/emission responses of a number of series of model nanoclusters. I
will then focus my review on the effects of the relaxation pathways within the linear and nonlinear optical
regime, similarly as innovative ways aiming at enhancing their two-photon emission responses.
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1 INTRODUCTION

Recent developments in optical imaging techniques,
especially the multi-photon excitation (MPE) technique
that permits studies of biological interactions at a deep cel-
lular level, has intended intensive analysis in developing
multi-photon absorption fluorophores. Biological tissues
are optically transparent in the near-infrared region. Flu-
orophores that may absorb light within the NIR region by
multi-photon absorption become significantly helpful in
bio-imaging. The MPE technique permits molecular imag-
ing by using either exogenous markers or endogenous sig-
nals. Endogenous non-linear optics (NLO) signals are usu-
ally weak and frequently need improvements of the instru-
ments detection threshold and the development of scientif-
ic innovative targets, like endogenous fluorescent proteins’
to be applicable to MPE microscopy. Likewise, exogenous
markers like organic dyes are synthesized for MPE research
however their use remains restricted by their comparative-
ly low two-photon excited visible radiation cross sections
in liquid environments and their fast photo-bleaching.’ In
addition, alternative probes are possible such as quantum
dots with broad absorption and separate, tunable emission
wavelengths withstanding photo-bleaching’. Preliminary
studies have shown that gold or silver nanoclusters (Au
or Ag NCs), nanomaterial fabricated from few to hundred
gold or silver protected by thiolated molecules exhibiting
molecular-like properties’, could also provide a valuable
route in the nonlinear optical regime and MPE in particu-
lar.

Multi-photon optics stems from the nonlinear light-mat-
ter interaction, induced by an intense optical electric field
E and is described by a medium polarization P=y"" E4x®
EE+x”EEE+..., where x"is the linear susceptibility tensor
representing effects such as linear absorption and refrac-

tion, x* is the second-order nonlinear optical susceptibility,

x?is the third-order nonlinear susceptibility and so on. Sec-

ond Harmonic Generation (SHG) is a second-order process
whereas Two-Photon Excitation Fluorescence (TPEF) and
Third Harmonic Generation (THG) are both third-order
processes. The combination of the three processes intrinsi-
cally provides different contrasts for living matter micros-
copy (see Figure 1, left)’. Of note, the use of THG in the
second NIR region (1 - 1.4 um and 1.5 - 1.7 wm) is one of
the strategy of choice for non-linear imaging in scattering
tissue.’

Designing highly efficient second () and third order
(x*)) NLO chromophores is basically a matter of finely
combining a high density of delocalized electrons in a sym-
metrical or unsymmetrical environment. Gold and silver
NCs constitute therefore smart candidates (see Figure 1,
right panel), though the reported (x*) efficiencies are still
weaker than those of push-pull dyes’ and are not currently
competitive as contrast agents for MPE applications. Our
investigation on ligand protected silver and gold clusters® "’
has shown that the structure of the metal atom core, its
charge and symmetry, dramatically influence the NLO
cross-sections and the core stabilizing ligands play a key
role in NLO efficiencies. We coined this new class of NLO
materials : “Ligand-Core” NLO-phores'* "',

This feature article overviews mainly methodologies
used for addressing the two-photon absorption (TPA) and
two-photon excited (TPEF) emission properties of atomi-
cally precise clusters of gold and silver. In particular I will
describe some strategies that have been suggested recently
to enhance TPEF properties. This includes metal core-dop-
ing'®, a promising strategy as it distorts the metallic atom
core, as well as strategies able to rigidify the protective shell
", Using results obtained on atomically precise clusters of
silver, we get an extensive comprehension of the physics
underlying the two-photon process and its amplitude, as
well as to suggest an exploratory root for novel molecular

engineering for further enhancement of TPA™.

2 ATOMICALLY PRECISE CLUSTERS OF GOLD
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Figure 1. (left) Non-linear optics (NLO) processes: 2PF are used to image fluorescent dyes or endogenous molecules. SHG
is used to image non-centrosymmetric structures such as collagen fibers and THG is used to visualize the refractive index
differences such as the interface of lipid droplets. (right) Selected protected metal clusters that may display different NLO

signals.

SILVER: SYNTHESIS, CHARACTERIZATION AND
OPTICAL PROPERTIES

2.1 Atomically precise clusters of gold and silver

For small noble metal clusters -in the size range where
each atom counts-, Mie-Drude-like model, that predicts the
optical response of free-electron metals in the bulk state, is
no longer appropriate to discuss absorption spectra in the
details. The geometry of the clusters must be determined
by quantum chemistry methods that often use group theory
and the optic response are described in terms of molecular
transitions whose positions and intensities are predicted by
sophisticated calculations of quantum mechanics (vide in-
fra). As a pioneering work, the absorption spectra obtained
with the EOM-CCSD and STEOM-CCSD methods for the
most stable structures of Ag, (nicely illustrated the molec-
ular-like behavior of nanoclusters leading to an electronic
energy quantization and the changes in the leading features
of the patterns as a function of the cluster size”. While the
optical properties of such small metal clusters have been
largely investigated in the gas phase, their study in the solid
and liquid phase requires some “stabilization” that prevent
them from fragmentation or degradation. The use of solid
gas or inorganic matrices permits to protect gold or silver
clusters from photodissociation™ . Also, the large excit-
ed state charge separation is also a possible process in the
photophysics of metals clusters composed by few atoms.
Organic scaffolds allow the formation and stabilization of
metal clusters in solution. The use of organic scaffolds for
fluorescent metal nanoclusters are relatively new, first re-
ported by the group of Dickson in 2002 for silver nanoclus-
ter”. These organic scaffolds have tremendous potentials,
as the interaction between the ligands and metal clusters
can be adjusted leading to tunability in their spectroscopic
properties. For example by using DNA oligomers as organic
scaffolds and by playing with the nucleotide sequence of
DNA oligomers it is possible to synthesize silver nanoclus-
ters that emit from the blue to near-infrared region”.

Ligands play very important roles in the formation of
NCs as protective agents, which can prevent the metal clus-
ters from aggregation and then keep the size-dependent

fluorescence property. The formation and stabilization of
gold or silver nanoclusters in solution have been accom-
plished in various ways (see Figure 2). The proper choice
of parameters for the reaction, including the temperature,
the reducing method, the stabilizers and the initial ratio of
metal salt:stabilizer, plays a crucial role for the successful
synthesis of nanoclusters and to limit the size to few-atom
nanoclusters. In addition to the ultrasmall size, the ligands
used for NCs preparation also have impacts on their flu-
orescence properties. Jin and coworkers™ demonstrated
that for gold NCs, the surface ligands of NCs not only can
be used as capping agent but also largely affect the fluores-
cence of NCs through charge transfer from surface ligand
to the gold core. When the surface ligands have strong elec-
tron donation capability, the fluorescence can be enhanced.
And the ligands with electron-rich atoms or groups have
been found as a very effective choice for promising surface
ligand of NCs to enhance the fluorescence.

2.2 Atomically precise clusters of gold and silver: synthetic
routes

The production of silver and gold nanoclusters can be
performed following several routes. The metal ions from
dissolved metal salts can be reduced, either by a chemical
reductant (e.g. sodium borohydride, ...), (see Figure 3) by
light (photoreduction with near-ultraviolet light) or by
y-rays (by radiolysis of water). The chemical reduction and
the photoreduction are the most commonly used methods™.
The specific properties of metal nanoclusters, such as the
composition, stability and fluorescence quantum yield, de-
pend largely on the scaffold used during reduction.

Thiols are frequently used on noble metal substrates be-
cause of the strong affinity of sulfur for these metals. And
thiolated ligands (-SR) have appeared to be extremely good
candidates to produce ultrasmall nanocluster sizes, in par-
ticular for gold”. Following the pioneering work of Brust et
al. based on the reduction of the metal precursors and the
formation of metal core, thiol-containing small molecules
were extensively used to stabilize gold and silver nanoclus-
ters in the aqueous solution’" *’. The use of thiol-containing
small molecules as stabilizers permits to better control the
production of AuNCs than phosphine-capped ones, con-
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Figure 2. Protected metal nanoclusters with possible scaffolds.

tributing to the stronger Au-S covalent bonding. Generally, ing reduction of Au** ions into Au* ions and form Au*-SR°
the method of synthesizing thiolate-capped AuNCs has  complexes or polymers; then the Au* polymers are reduced
processes as follows. Gold salts [AuCl,} are dissolved in by adding the reducing agent and lead to thiolate-protective
water and then transferred to an organic solvent by phase  gold nanoclusters.

transfer agent; the thiols are added to the mixture induc- Glutathione (GSH), a ubiquitous low-molecular weight

Figure 3. (top panel) General route to produce thiolate protected nanoclusters by a chemical reductant.(bottom panel)
PAGE for Ag:SG clusters by (left) Bigioni synthesis (see ref. 43) and (right) our focused Ag:SG synthesis.
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thiol, played a significant role in producing gold NCs
which showed good water solubility, bioactive surface, and
high stability. Whetten and coworkers have proposed an
unprecedented thiol-protective AuNC route by using the
GSH (N-y-glutamyl-cysteinyl-glycine) as the stabilizer. The
as-synthesized AuNCs were fractionated by using poly-
acrylamide gel electrophoresis (PAGE) and characterized
by mass spectrometry (MS)*”. Tsukuda and colleagues have
also reported the characterization of fractionated AuNCs
protected by GSH monolayers. The as-prepared AuNCs
were isolated into single-sized Au,(SR),, clusters by the
PAGE method and characterized using electrospray mass
spectrometry™ *.

While the routes for producing metal NCs lead to a mix-
ture of Au,(SR),, cluster size, achieving atomic precision
and molecular purity is challenging because the nanoclus-
ter growth is extremely complicated and remains poorly
understood. Nevertheless, a systematic methodology called
“size focusing”, for achieving atomically precise clusters of
gold and silver with molecular purity has been proposed.
This methodology consists of two primary steps, (i) kinet-
ically controlled synthesis of an M, (SR),, mixture with a
properly controlled size range and (ii) thermodynamically
dictated size-focusing of the mixture to single-sized nano-
clusters. In parallel, a new approach, which is to utilize li-
gand exchange to induce size and structure transformation
and, hence, to attain new M, (SR),, nanoclusters was also
proposed ™.

Concerning the characterization techniques, X-ray crys-
tallography is the “holy-grail” technique to solve the crystal
structure of nanoclusters and reveals the nature of bonding
and the packing of atoms”*"*. Recently, complete struc-
tures have been experimentally resolved for many gold and
silver nanoclusters, including the most popular Au,;(SR);s,
Au,(SR),,, and Au,,,(SR),, NCs by X-ray crystallography’. Many
other methods are used to characterize Au-NCs. X-ray
photoelectron spectroscopy (XPS) is a valuable tool for
confirming the oxidation state of gold in the sample, based
on the Au-Au and Au-S binding energies. Various imaging
techniques are widely employed to determine nanoparticle
size and sample dispersity, such as transmission electron
microscopy (TEM) and atomic force microscopy (AFM). Au
NC composition is best resolved by high resolution mass
spectrometry (MS). The most widely used ionization meth-
ods for Au NC characterization by MS are matrix-assisted
laser desorption ionization (MALDI) and electrospray ion-
ization (ESI)"*.

2.3 Atomically precise clusters of gold and silver: Optical
properties

One-photon excited fluorescence (OPEF) of metal
nanoparticles is of considerable interest due to their po-
tential applications in biomedicine for instance. However,
the origin and underlying mechanism of OPEF in these
clusters is still poorly understood, although some recent
theoretical investigations by Christine M. Aikens, using
time-dependent density functional theory (TD-DFT), shed
some new lights on the key process for photon emission*".
Unravelling the crystal structure has to better evaluate the
structure—absorption relationships of some thiolate pro-
tected gold clusters. Time-dependent density functional

theory (TDDFT) calculations on the electronic structure
of Au, clusters (using the reported structure with the sin-
gle-crystal X-ray crystallographic analysis) have shown
that the HOMO and the lowest three LUMOs are mainly
composed of 6sp atomic orbitals of gold and a certain degree
of the S (3p)”’. The other higher HOMO orbitals are mainly
constructed from the 5d" atomic orbitals of gold and hence
constitute the d-band. The calculated absorption transitions
are in agreement with the experimental observations. Re-
cent ultrafast spectroscopic studies on relaxation of higher
excited states have provided more insights into understand-
ing the photoluminescence mechanism of Au,s clusters.
Goodson et al. found that 500 nm emission fundamentally
arises from the electron-hole recombination in the Au,,
core with little perturbation from surface ligands, but NIR
emission at 700 nm originates from the recombination of
holes in the ground core state and electron decay from core
excited states to S—~Au-S- Au-S semi rings*. Jin et al. re-
cently found that charge state and surface ligands also have
a significant influence on the NIR emission wavelength and
QYs of Au,; clusters”. Clearly, more detailed photophysi-
cal studies are required for evaluating how surface ligands
influence the photoluminescence mechanisms of such sys-
tems. The last ten years, some general trends have been fig-
ured out concerning the de-excitation pathways following a
visible or near-UV absorption. The following experimental
and theoretical findings were assembled from the present
work and literature to derive the energy diagram in Figure 4*.

Near-ultraviolet and visible absorbance may arise from
transitions between molecular orbitals with high ligand
contribution to orbitals with high metal character (LMCT)
and from metal—metal electronic transitions. A rapid (<1
ps lifetime) decay pathway for clusters which have a core of
metal atoms, that may lead to an emission in the visible. A
long-lived (>100 ns lifetime), charge-transfer component
is exhibited for all clusters. NIR emission in the clusters is
related to the surface states and originates from the charge
transfer excited state (see Figure 4).

3 ATOMICALLY PRECISE CLUSTERS OF
GOLD AND SILVER AS NEW NLO CHRO-
MOPHORES: BACKGROUND AND DESIGN

The understanding of the structure-property relationship
of molecular TPA is of great importance for the rational de-
sign of optimized two-photon chromophores. We will use
the analogy with push-pull molecules in order to describe
how theoretical data can be used to get an extensive com-
prehension of the physics underlying the two-photon pro-
cess and its amplitude, as well as to suggest an exploratory
root for novel chemical engineering for further enhance-
ment of TPA in atomically precise clusters of silver and
gold.

Push-pull dipolar molecules are characterized by a
low-lying, high-intensity absorption band, related to the
intramolecular charge transfer (ICT) between the electron
donor (D) and acceptor (A) groups (see Figure 5).

The TPA cross section of such molecules is considered

to be governed basically by two factors: transition dipole
moments and transition energies of the molecule. As seen
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below, the theoretical expression of TPA cross section (8.
ra(@)) based on the perturbation expansion is comprised
of the numerator including transition dipole moments
and the denominator including the transition energies and
the incident photon energy. The energy term governs the
wavelength dispersion of §p5(®w) Whereas the dipole mo-
ment term governs the overall magnitude of §ps(w).Thus,
the structure—property relationship for the molecules with
large d;ps(®) can be reduced by optimizing the transition
dipole moments and frequencies involved in the TPA pro-
cess.

It is commonly accepted that from the perturbation theo-
ry, the TPA cross section at the laser frequency of w is given
aSSl
(2m)? w?

(ch)2

g(@)S.,|" O

where c and h are the speed of light and the Planck con-
stant, respectively. g(w) denotes the normalized lineshape
function of the TPA transition, |S,,| is so-called two-photon
tensor.

The TPA cross section &;p,(®w) can be written in SI units
as:”

d TPA(CU) =

1 (hw)?

|i'-‘e |2|A#|2Fe
g g

Figure 4. Cartoon diagram showing the relaxation
pathways in gold nanoclusters following one photon
absorption.

2 2
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The main parameters 8.,,(w) responsible for are: change
in the permanent dipole moment Ay; transition dipole mo-
ments [, M angles between dipole moments; linewidth
T, and detuning energies from intermediate and final states,
(hw.,-hw) and (h,.,-2hw).

Enhancement of 8.p,(w) can be obtained by playing with
the following factors :

1. Increasing the transition dipole moments. In mo-
lecular design, this can be realized by increasing the
m-conjugation length, or by introducing electron do-
nor/acceptor groups. In non-centrosymmetric mol-
ecules, increasing the difference of the ground and
excited state permanent dipole moments can also
increase Sppp(®).

2. Maximizing resonance terms. Decreasing the detun-
ing energy between intermediate and ground states
can significantly enhance 8.p,(w). If the intermediate
state is located halfway between ground state and
final state, a “double resonance” condition can be
achieved, which can lead to a dramatic enhancement
Of ppa(e).

3. Reducing the linewidth of the lowest energy
one-photon transition.

Such factors have been figured out in details for design
strategies and structure-property relations of cyanine and
cyanine-like molecular structures with the goal of enhanc-
ing TPA in the near-IR for multiphoton fluorescence sens-
ing applications™.

Atomically precise nanoclusters of silver or gold can be
viewed as a “multi-shell system” composed by (1) a me-
tallic core, (2) a metal-ligand interface, in particular with
staple motifs leading to metal-sulfur bonds, and (3) the

(hweg 2hw) +leg (hme,g_zhm) +I‘i,g

@

surface ligand molecules. These three shells may commu-
nicate in two different ways: charge transfer from ligand to
metal core (analogy with ligand-to-metal charge transfer
(LMCT) or ligand-to metal-metal charge transfer (LMMCT)
observed in metal complexes) and through direct bonding
or direct donation of delocalized electrons of electron-rich
groups of the ligands'’. Such “communications” between
ligands and metal core may increase the transition dipole
moments leading to enhanced Sp,(w).

Density functional theory (DFT) and its time-dependent
version (TDDFT) have been used for determination of the
structural and optical properties of ligand-protected silver
and gold clusters (see Figure 6). There are two approach-
es for addressing two-photon absorption within analytic
response method: First, the calculation of third-order
frequency-dependent response function from the second
hyperpolarizability in which imaginary part is related to
TPA cross section; the second approach involves the single
residue of the second-order response function or the first
hyperpolarizability. The latter represents more practical
way of computing the TPA cross section. In spite of the suc-
cess, it is necessary to notice that in standard response the-
ory, the response functions can diverge, since the response
function has poles whenever one or more of the optical fre-
quencies equal an excitation energy. This can lead to non-

Figure 5. Schematic illustration of (left) a nonlinear optical
(NLO), push-pull chromophore and (right) a “ligand-core”
NLO-phore with ligand-protected silver and gold clusters.
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Figure 6. TDDFT TPA spectra of a) Ag;,(SCH,),, b) Ag,;s(SCH,),; and c) Ag,,(SCH,),, nanoclusters for the lowest energy
structures involving 4, 8 and 12 delocalized electrons in the metal core.

physical behavior for molecular properties in the resonance
region. However, introducing damping terms in different
ways the singularities of the response functions can be cor-
rected or effectively removed .

The two-photon absorption cross section for an excitation
from the ground state 10> to a final state |f> is defined
in terms of normalized shape function g(w,+w,) and the
two-photon absorption transition amplitude tensor T**

(27e) 0,0 p

Orpy = g(a)v to, XT%%J @

2

‘2
C

In order to obtain this tensor, the quadratic density func-
tional response theory was applied. Two-photon absorption

transition amplitude tensor | 7"/ ‘ |* between the ground
and the excited state is defined as
Al )|,

20.f 2,
| 0l kK|, ) (0
T _Zk: W, —@,/2 i W, —®,/2

/)

“)

where it is assumed that frequency of incident radiation
is equal to half of excitation energy from ground to excit-
ed state, i.e. w=w;/2. In the above equation u, and w, are
Cartesian components of dipole moment operator u, and
w, and w; are the frequencies of excitation from 0> to k>
and If> respectively. Thus application of this formula in-
cludes explicit summation over excited states and requires
computation of dipole moment operator u between excited
states. Of note, in order to prevent the TPA cross sections
from blowing up near the one-photon resonances, the SOSs
approach uses a damping factor I'. More details about com-
putational details can be found in ref. 14, 17.

We conducted a theoretical investigation of the nonlinear
optical properties for the lowest energy structures of the
Ag,.L,, AG;;L,; and Ag;,L,, nanoclusters, where L stands
for the SCH, group (Figure 6)'°. They contain respectively
4, 8 and 12 delocalized electrons within the core. Several

factors influencing the TPA cross-sections have been figure
out: (i) the excitation between ligands and the metal core
are characteristic of the nonlinear transitions, (ii) the “dou-
ble resonance” between states involved in the OPA and
TPA processes is required to obtain giant TPA cross-sec-
tions, (iii) large dipole transition moments are related to a
non-uniform electron distribution within the metal core.
The role of the structural properties, i.e. of the geometry of
the metal core in determining this electron distribution, is
therefore crucial.

In the case of the TPA cross-sections, interplay between
a resonance effect and large transition dipole moments is
essential. As the size of the silver nanoclusters increases,
transition dipole moments should continue to increase due
to larger core size (and thus larger core-to-ligand distances)
and/or non-uniform electronic distribution in the metal
core. Also, the optical band gap decreases as the size of the
nanoclusters increases”, shifting the spectra towards the
NIR spectral region, a feature useful for bio-imaging appli-
cations.

4 “LIGAND-CORE” NLO-PHORES

4.1 NLO emission of Ag,,(DHLA),,. Playing with photons and
colors

A general observation: these NCs have huge two-photon
absorption cross sections typically 50,000 GM" for Ag,,
against their cross section for two-photon emission is only
0.5GM". For NLO applications, they are still less efficient
than dyes but they are biocompatible and present low tox-
icity unlike dyes. We have also observed for the Ag,, an
interesting behavior for potential applications, which con-
cerns its emission properties following the absorption of
one or two photons, as shown in Figure 7. With a photon
at 400 nm or 2 photons at 800 nm, an emission spectrum of
either blue or red is obtained. So we have one single nanoo-
bject with two colors, using linear or nonlinear optics. This
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Figure 7. (left panel) Spectroscopic characterization of the synthesized Ag,,(DHLA),, clusters dispersed in water. Absorp-
tion spectrum (black), OPEF spectrum (top) and TPEF spectrum (bottom). The arrows represent the wavelength of exci-
tation by OPE and TPE processes (right panel) Schematics showing the proposed excited state relaxation dynamics in the

Ag,(DHLA),, clusters in TPEF experiments.

behavior is still poorly understood and probably reflects
the complexity of the relaxation of excited electronic states
characteristic of the molecular or quantum regime.

For organic molecules, the emission typically occurs from
its lowest excited energy level for a given spin multiplicity
(referred to as Kasha’s rule). However nanoclusters as well
as certain organic molecules tend to break this rule and
emit at more than one possible wavelength depending on
the electronic structure, density of states and excited state
dynamics involved. Regardless of whether a molecule/
nanocluster obeys the Kasha’s rule or not, in order to gain a
more detailed understanding of the excited state emission
dynamics of a chromophore, one may carry out the time
resolved experiments.

Note that the emission spectra upon one- and two-pho-
ton excitation (Figure 4) are almost identical except for the
region below 400 nm, such deviations might be the “signa-
ture” of a deviation from the Kasha’s rule... Note that the
photochemistry of gold nanoclusters is more complex than
S1, S2 m-w* states of organic molecules, where excitations
within the gold core as well as couplings with surface states
(through LMCT and LMMCT) may occur.

4.2 Bulky counterions. A simple route to enhance the TPEF
efficiencies

At this stage, we reckon that protected gold quan-

tum clusters are excellent two-photon absorbers but
rather poor two-photon excited emitters™. To enhance
emission efficiencies, the ligand shell rigidity is an in-
teresting strategy that would allow for enhanced photon
emission as compared to non-radiative relaxation upon
photo-excitation. Pyo et al."” have shown that it is possible
to achieve luminescence quantum yield >60% by rigidi-
fying the metal-sulfur interface with the binding of bulky
groups. It is possible to push forward these concepts, using
either core-doping or rigidification, to the nonlinear optical
regime.

The strategy developed recently is to use voluminous
ammonium counter-ions, a nitrogen cation surrounded
by four alkyl chains. In solution, the fluorescence yields
of NCs are often affected by the solvent (in particular wa-
ter), the counter-ions will come by electrostatic interaction
(between the counterions and the carboxylates of the glu-
tatione) to stick to the surface of the NCs which will have
the effect of protecting it from the environment and also
to “rigidify” its surface. The effect is spectacular on the
one-photon fluorescence, as shown on Au,, in water, which
then complexed with tetrabutylammonium becomes ex-
tremely fluorescent (see Figure 8). We extended this study
to the NLO regime and were able to show that the same
dramatic effect is observed for TPEF and with a variety of
large counterions, the best candidate to date remains tetra-
butylammonium (see Figure 8). The TPEF cross sections

“Maria Goeppert-Mayer, Nobel Prize in Physics 1963. Her name is now known for the unit of the molecular TPA cross-section (GM) : 1 GM = 10" cm*.s.photons™.
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Figure 8. (left panels) (top) TPEF image of Au NCs containing methanol droplets in heptane and (bottom) structure of
bulky counterions used to bind to glutathione-protected gold clusters. (right panels) (top) One-photon excited fluorescence
spectra of Au,s(SG),; in water and TBA-Au,5(SG),; in methanol. (bottom) Two-photon excited fluorescence spectra at
excitation wavelength 780 nm of Au,;(SG),; in aqueous solution compared to different bulky cations- Au,;;(SG),; in

methanol.

of these objects then become interesting for multiphoton
optics and we have crossed the road towards 2-photon con-
focal microscopy.

Factors ~30 gained on TPEF cross-sections allowed con-
focal imaging under 780 nm excitation. As a proof of con-
cept and before going to cell imaging, we made an emul-
sion from a water-heptane mixture, it gives rise to droplets
of water trapped in heptane of micrometric size. NCs, in
this case gold in the presence of counterions are soluble in
water and were used to image the droplets. The image of
TPEF in false blue color is shown in Figure 8, where we
recognize the droplet containing the NCs. The pause time
for stack images is only few seconds, which shows the effi-
ciency for two-photon imaging.

5 CONCLUDING REMARKS

The aim of the present study was to gain fundamental
knowledges on the mechanism involved in multiphoton
processes in atomically precise gold and silver nanoclusters
(NCs). By measuring two photon absorption, two photon
excited fluorescence cross sections and first hyperpolariz-
ability for such NCs, we have provided unique benchmarks
for theoretical modeling of the origin of enhanced NLO
properties of ultra-small ligated metal clusters, as well as
the interplay between the cluster core and the interface be-
tween the ligand shell and the metallic part.

It will also serve as a basis for further developments in
the design of high efficiency NLO-phores with good stabil-
ity and low toxicity for in vitro (and possibly ultimately in

vivo) bio-imaging applications. One of the technological
objective of this study will be to bridge the gap between
new cell biomarkers and two-photon NLO-phores design.
Designing highly efficient second- and third-order non-
linear optical (NLO) chromophores is largely a matter of
finely combining a high density of delocalized electrons
in a symmetrical or unsymmetrical environment. For en-
hancing NLO efficiencies, innovative strategies should be
explored in the future. To enhance second order x® effi-
ciencies, metal core-doping is a promising strategy as it dis-
torts the metallic atom core™. Also, enhanced fluorescence
of AuNCs by silver doping was reported by Le Guével et al.”>
Therefore to enhance third order X(B) efficiencies, silver
doping can be coupled to ligand shell rigidity as the latter
favors the radiative properties of AuNCs. This route was
recently explored by Olesiak-Banska et al. who showed that
Au/Ag NCs exhibit two-photon excited luminescence emis-
sion and second-harmonic generation (SHG) and that these
properties remain the same in liquid crystalline matrix™.
An alternative route to enhance TPEF efficiencies, is to use
the concept of “rigidity”. We recently pushed forward this
strategy consisting in using bulky counterions to enhance
the luminescence in the nonlinear optical regime. We
showed that by an appropriate choice of bulky counterions
and of solvent, a 30-fold increase in TPEF signal in the red
for glutathione-protected gold clusters could be obtained. A
simple way to increase rigidity of the protective shell is to
replace thiolated ligands by proteins instead. Bovine serum
albumin-Au,; NCs indeed exhibit an efficient two-photon
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absorption followed by blue’’ to red to near-infrared pho-
toluminescence™. Using (bio)organic thiolate templates,
further enhancement can be achieved by the increasing
rigidity of the metal-sulfur interface. The precise tailoring
of the hydrophilicity/hydrophobicity balance on the Au NC
surfaces can be a way to increase the fluorescence signal™ .
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