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Introduction

Seeing is fascinating -Since the advent of the first microscopes in the early 17th century, imaging technology has become the "eyes of science", which give biomedical sciences an exquisite sense of vision. As a result, active efforts have been made to improve the resolution, sensitivity, depth of penetration, precision and acquisition time of biological imaging by means of ingenious innovations and advances in imaging targets and instruments. Biological materials such as blood, fat, and skin absorb and disperse any incident light in varying degrees (see Fig. 1a). 1 Because of this, NIR light (NIR-I window between 700 and 900 nm) is usually preferred due to a deeper penetration of biological entities, particularly skin and blood. 2 Furthermore, imaging in the NIR-II window (between 1000 and 1700 nm) allows significantly reduced biological tissue light dispersion and reduced autofluorescence in the background. 3,4 Understandably, a first strategy consists of developing chromophores with small optical gaps (see Fig. 1b). [5][6][7] And recent activities have been focused on the design and development of novel exogenous imaging contrast agents with NIR-I or even NIR-II absorption or emission, including inorganic imaging contrast agents, such as single-walled carbon nanotubes (SWCNTs), 8 metal chalcogenide quantum dots, 9 wide bandgap semiconducting quantum dots, 10,11 rare-earth nanoparticles, 12 and organic probes in particular organic dyes. 13 Luminescent ligated noble metal nanoclusters, 14 especially gold and silver nanoclusters (AuNCs and AgNCs), 15,16 composed of several up to a few hundreds of Au or Ag atoms and protected by ligands, exhibit quantum confinement effects and moleculelike properties. 17,18 Au NCs with tuneable emission from blue to the near-IR (NIR-I) region have been reported in the last several decades, [19][20][21][22][23][24][25][26][27][28][29][30][31][32][33] and utilization of those NCs for in vitro cell labelling and in vivo fluorescence imaging applications has been a rich area of research. [34][35][36][37] In recent reports, ligated gold nanoclusters with emission in the NIR-II region have been particularly investigated for in vivo imaging applications. 37,38 A second strategy consists of decreasing the photon energy of the excitation light (to reach the IR windows) by using nonlinear optical processes (see Fig. 1b). [START_REF] Boyd | Nonlinear Optics[END_REF] Multiphoton absorption is a nonlinear process based on two or more photons simultaneously absorbed in one event. The most common processes for multiphoton absorption are two and threephoton absorption. Two-photon absorption (2PA or TPA) has found multiple applications in bioimaging mainly because of its high spatial resolution. [START_REF] Kim | [END_REF][41][42] Furthermore, the wavelengths typically used for TPA excitation are in the NIR-I window (i.e. 700-800 nm). In order to reach the NIR-II window, nonlinear processes of a higher order, such as three-photon absorption (3PA) can be employed. 43,44 Over the last decade, considerable efforts have been made to develop organic dye molecules, ranging from well-known push-pull dipolar molecular structures, to quadrupoles and complex molecular architectures with large two-photon absorption (TPA) for fluorescence sensing and biological imaging applications. 45,46 A significant effort has also been made in the past decade for developing organic molecules and semiconductor quantum dots with large two-photon absorption (TPA) 47 for applications in fluorescence sensing and biological imaging. 48 Although nonlinear optics has a long history in organic chemistry, the field of NLO in ligated noble metal nanoclusters is relatively new 49,50 , but fast-growing. [51][START_REF] Antoine | Molecular Spectroscopy-Experiment and Theory: From Molecules to Functional Materials[END_REF][START_REF] Antoine | Liganded silver and gold quantum clusters[END_REF] Due to molecular-like properties, it is expected that their NLO behaviour, in particular, their nonlinear refraction and absorption (including two-photon absorption, TPA) properties, could be understood in a way analogue to molecular materials. [START_REF] Antoine | Molecular Spectroscopy-Experiment and Theory: From Molecules to Functional Materials[END_REF][START_REF] Russier-Antoine | [END_REF]55 In this feature article, we consider the current status of these investigations, with an emphasis on the joint work performed in our two groups. The present feature article presents an elementary description of nonlinear optics focused on two-photon absorption. Current state-of-theart quantum chemistry approaches will be described and the results illustrated by several practical examples that show how ligated gold and silver nanoclusters are interesting candidates as a new class of nonlinear optical nanomaterials.

Theoretical Approaches

Fundamental principles.

Two-photon absorption (TPA) is the third order,  (3) , nonlinear optical process whereby, for frequency degenerate TPA, two photons are simultaneously absorbed to raise a system into an excited state of energy equal to that of the sum of the two photons. In this article, we focus on degenerate TPA, which corresponds to two photons of equal energy. The propagation of incident light I, through a sample of thickness z with one-and two-photon absorptions is written as:

𝑑𝐼 𝑑𝑧 = -𝛼 1 𝐼 -𝛼 2 𝐼 2 (𝑡) -⋯ (1) 
where 1 and 2 are the one-and two-photon absorption coefficients. Higher order nonlinear absorptions are not discussed here. For a given frequency, , degenerate TPA is proportional to the imaginary part of third-order susceptibility tensor  (3) , expressed in SI units as 56 

𝛼 2 (𝜔) = 3𝜔 2𝑛 2 𝑐 2 𝜀 0 𝐼𝑚[𝜒 𝐼𝐽 (3) (-𝜔; 𝜔, -𝜔, 𝜔)] (2) 
where n is the refractive index and c is the speed of light. To characterize the TPA of individual molecules, one can define the TPA cross-section, 𝜎 𝑇𝑃𝐴 (𝜔), which is given in units of 1 x 10 50 cm 4 sphoton -1 molecule -1 . This unit is called "Göppert-Mayer" or "GM" in honour of the author Maria Göppert-Mayer, who developed the theory of two-photon absorption in the 1930s. 57 𝜎 𝑇𝑃𝐴 (𝜔) for an individual molecule can be expressed in SI units by:

𝜎 𝑇𝑃𝐴 (𝜔) = 𝛼 2 (𝜔)ℏ𝜔 𝑁 ( 3 
)
where N is the number of molecules per unit volume. Below, we will discuss the quantum mechanical approach advanced and used in our theoretical group to model TPA in nanoclusters providing a comprehensive picture of the physics involved in the interaction.

Quantum chemical approach

Two different approaches can be used to evaluate the nonlinear response of molecular systems: the analytical response theory and sum-over-states (SOS) methods, both based on the perturbation theory. The two-photon cross section for excitation from the ground state |0⟩ to the final state |𝑓⟩ corresponding to experimental measurements is defined as: [START_REF] Antoine | Liganded silver and gold quantum clusters[END_REF] 𝛿 𝑇𝑃𝐴 = (2𝜋𝑒) 4 

where g(ων + ωμ) is a normalized line-shaped function and 𝑇 𝜔 𝜈 𝜔 𝜇 ,𝑓 is the two-photon absorption amplitude tensor. Experimental measurement produces an average TPA crosssection, which can be evaluated by averaging the two-photon transition amplitude tensor |𝑇 𝜔 𝜈 𝜔 𝜇 ,𝑓 | 2 over all orientations.

Cartesian components 𝑇 𝑎𝑏 2𝜔,𝑓 between the ground state |0⟩ and the excited state |𝑓⟩ are defined as:

𝑇 𝑎𝑏 2𝜔,𝑓 = ∑ [ ⟨0|𝜇̂𝑎|𝑘⟩⟨𝑘|𝜇̂𝑏|𝑓⟩ 𝜔 𝑘 -𝜔 𝑓 2 ⁄ + ⟨0|𝜇̂𝑏|𝑘⟩⟨𝑘|𝜇̂𝑎|𝑓⟩ 𝜔 𝑘 -𝜔 𝑓 2 ⁄ ] 𝑘>0 (𝑎, 𝑏 = 𝑥, 𝑦, 𝑧) (5) 
where the frequency of incoming radiation is equal to half of this excitation energy from the ground state |0⟩ to the excited state |𝑓⟩, with 𝜔 𝑘 = 𝜔 𝑓 2 ⁄ . Quantities μa and μb are the Cartesian components of the dipole moments operator 𝜇 ̂ and 𝜔 𝑘 and 𝜔 𝑓 are the frequencies of the excitation from |0⟩ to |𝑘⟩ and |𝑓⟩, respectively. The application of Eq. 5 has limitations because it requires both summations over excited states of the system and computation of matrix elements of dipole moment operator 𝜇 ̂ between excited states. In order to simplify the procedure, the "few states model", in which dominating terms are considered, became attractive, but calculations nevertheless involve determining transition dipole moments within adequate quantum chemical methods. A more rigorous way of evaluating TPA transition amplitudes tensor 𝑇 2𝜔,𝑓 is to use the response theory in which a set of coupled equations have to be solved instead of summation over excited states. In this way, necessary information about excited states can be determined by time evaluation of wave function or electron density. Especially in the latter case, the calculation of TPA transition amplitude tensors can be determined for larger molecules and systems and has been implemented in a number of quantum chemical packages. Environmental effects such as the influence of solvent on nonlinear properties with the polarizable continuum model have also been included in the response theory. For instance, a set of prototypical two-photon chromophores (i.e. pure system, and its substituted homologs obtained employing donor and acceptor groups) have been selected to probe solvent effects. The results show a significant solvent dependence of the TPA cross-section and an unusual trend when passing from cyclohexane to water. 58 The single residue of the quadratic response function can be rewritten as:

𝑙𝑖𝑚 𝜔 𝐶 →𝜔 𝑓 (𝜔 𝐶 -𝜔 𝑓 )⟪𝜇 ̂𝑎; 𝜇 ̂𝑏, 𝜇 ̂𝑐⟫𝜔𝑓 2 ,𝜔 𝐶 = -𝑇 𝑎𝑏 2𝜔,𝑓 ⟨𝑓|𝜇 ̂𝐶|0⟩ (6) 
where 𝜇 ̂𝑎; 𝜇 ̂𝑏, 𝜇 ̂𝑐are Cartesian components of the dipole moment operator. The right-hand side of Eq. 6 corresponds to the product of a Cartesian tensor element and one-photon absorption Cartesian vector element ⟨𝑓|𝜇 ̂𝐶|0⟩. Therefore it can be used to obtain 𝑇 𝑎𝑏 2𝜔,𝑓 from the single residue of the quadratic response function. [START_REF] Norman | Non-Linear Optical Properties of Matter: From Molecules to Condensed Phases[END_REF] Using spectral representation, it can be shown that 𝑇 𝑎𝑏 2𝜔,𝑓 determined from Eq. 6 is equivalent to the TPA amplitude tensor from Eq. 4, and therefore connects theoretical and experimental observables.

In order to obtain the TPA amplitude tensor, we need to solve a set of response equations which determine the single residue of ⟪𝜇 ̂𝑎; 𝜇 ̂𝑏, 𝜇 ̂𝑐⟫𝜔𝑓 2 ,𝜔 𝐶

. For this purpose, the description of the quadratic response equations for evaluation of TPA tensors together with the numerical procedures for their solution, are implemented in different quantum chemistry packages. A quadratic response-DFT approach is the most frequently used approach. To prevent TPA cross-sections from blowing up close to the onephoton resonances, the SOS approach with the damping factor Γ can be used, which requires an explicit calculation of all transition dipole moments between excited states as well as between excited states and the ground state:

|𝑇 𝑓0 | 2 ~∑ ∑ [ (⟨𝑘|𝜇|0⟩•⟨𝑓|𝜇|𝑘⟩)(⟨𝑗|𝜇|0⟩•⟨𝑓|𝜇|𝑗⟩) [(𝜔 𝑘 -𝜔)(𝜔 𝑗 -𝜔)+Γ 2 ] + 𝑁 𝑘 𝑁 𝑗 (⟨𝑘|𝜇|0⟩•⟨𝑗|𝜇|0⟩)(⟨𝑓|𝜇|𝑘⟩•⟨𝑓|𝜇|𝑗⟩) [(𝜔 𝑘 -𝜔)(𝜔 𝑗 -𝜔)+Γ 2 ] + (⟨𝑘|𝜇|0⟩•⟨𝑓|𝜇|𝑗⟩)(⟨𝑓|𝜇|𝑘⟩•⟨𝑗|𝜇|0⟩) [(𝜔 𝑘 -𝜔)(𝜔 𝑗 -𝜔)+Γ 2 ] ] (7) 
Equation ( 7) is an orientation-averaged expression for the twophoton transition amplitude tensor and is valid only for the degenerate case (i.e. both photons have the same energy Eλ) and for linearly polarised photons with parallel polarisation. 58 Concerning the theoretical results presented in this feature article, the SOS approach (Equation ( 7)) was adapted and implemented within the DALTON programme [START_REF]A Molecular Electronic Structure Program[END_REF][START_REF] Aidas | [END_REF] in the framework of the double residue (DR) approach. Therefore, TPA cross-sections were adequately corrected by damping factor Γ with the inclusion of the necessary manifold of states, usually 20-30 excited states. In this manner, a 'few states' model was avoided in which only the dominating terms in the TPA transition amplitude tensor are included. 62 The truncation of the SOS from e.g. 20 to 15 states on the values of cross sections was tested and no influence has been found.

Qualitative assessment of TPA cross-sections.

From a computational point of view, since a usually large number of excited states has to be calculated within a timedependent density functional theory, the accuracy of the results will depend on limitations of DFT approach such as the choice of functionals and inclusion of only single excitations. Therefore, the calculated nonlinear properties such as TPA cross-sections should be considered to be more of a qualitative nature. However, they should provide the basis for designing systems with large TPA cross-sections stimulating experimental verification. Day and co-workers did extensive work on calculating twophoton absorption spectra of ligated gold 62 and silver nanoclusters 63,64 using TDDFT. 65 They investigated on the example of Ag15(SCH3)11 the influence of different functionals on geometry as well as TPA spectra and found that structural properties are considerably less sensitive than two-photon cross-sections on the choice of functional 63 . A similar conclusion can be drawn for the TPA spectra of Au25(SH)18 -with different functionals and different basis sets. 62 The damping factor used in equation 7 (to prevent TPA cross sections from blowing up close to one-photon resonance) may also lead to strong variation in TPA band intensities. While this factor generally has a negligible effect on the TPA cross-section for organic dyes, the higher density of states in the metal nanoclusters makes nearresonance conditions more likely, and this damping factor may influence TPA enhancements quantitatively (see Fig. 1b in ref. 55 ), which, in the end, may produce large unphysical TPA cross-sections at double-resonances. Note, in the frame of the damped response theory, that the two-photon transition moments remain finite and may better describe the doubleresonance effect. 66 However, conceptual conclusions can be drawn using the theoretical investigations on TPA crosssections.

Qualitative design of TPA cross-sections.

Based on the theoretical description of TPA cross-sections (see Equation 6), it is evident that two factors contribute to enhancing cross-sections, entering as the numerator and denominator in a two-photon absorption amplitude tensor: (i) large dipole transition moments between ground and excited states, as well as among excited states, and (ii) resonance between states involved in the OPA and TPA processes (doubleresonance effects). In order to achieve the required conditions, in particularly large transition dipole moments, the structural, electronic properties, charge and composition of the nanoclusters has to be tuned accordingly. Note also that accurate prediction of OPA is important for predicting the spectral range for TPA enhancement due to determined values of excitation energies (see section 4).

Experimental Methodology

In this section, we will focus on the experimental methodologies developed to extract nonlinear absorption and nonlinear refraction processes. Z-scan and two-photon upconverted fluorescence techniques are among the most used experimental methods for determining optical nonlinearities. The experimental TPA cross-sections we develop in our group have been derived by the P-scan technique. These three techniques are summarized in Figure 2. The Z-scan method (fig. 2a) measures the nonlinear transmittance of a sample. 67 In the open-aperture configuration, transmittance is measured as a function of intensity, as the sample is scanned (Z-position) through the focal plane of a tightly focused Gaussian laser beam. The change in transmission as a function of the beam waist gives access to nonlinear absorption. Adding an aperture after the sample (close-aperture configuration), the nonlinear phase change can be detected by changes in transmittance through the aperture onto the detector (related to the nonlinear refraction). 68,69 The main advantage of the Z-scan technique is that this method enables direct nonlinearity measurements to be made without using reference samples and it therefore minimizes experimental errors. However, the Gaussian laser beams need to be fully characterized (spatially and temporally) along with a perfect alignment at each wavelength, which makes the technique time-consuming.

We have developed an alternative technique named P-scan (or Power-scan) as a simple and rapid technique for measuring nonlinear absorption of samples (see Fig. 2b). In this method, the incident power is directly varied and the induced changes in the sample transmission are measured. 70 For small nonlinear effects, the absorption coefficients' expansion can be reduced to Eq. ( 8). The transmission factor T of the sample can then be expressed as a function of the laser pulse power Pm:

𝑇(𝑃 𝑚 ) ≈ 𝑇(0) -𝑇(0)𝛼 2 𝐿 𝑒𝑓𝑓 (1-𝑅)𝑃 𝑚 𝜋𝜔 0 2 (8)
Where the effective length Leff is used to correct the intensity decrease along the depth of the sample due to linear absorption. R is the sample front interface reflection coefficient and ω0 is the beam waist. It is possible to extract α 2 from the slope of the transmitted intensity vs. Pm dependence. The P-scan configuration offers at least two advantages over the traditional Z-scan measurements, namely, it is less timeconsuming and is less sensitive to geometry issues (parallelism, reflections, dust, etc.). For metal nanoclusters, we reported some femtosecond P-scan measurements using a mode-locked femtosecond Ti:sapphire laser. [START_REF] Russier-Antoine | [END_REF]55,[71][72][73][74][75] The two-photon excited fluorescence (TPEF) technique (Fig. 2c) measures the fluorescence signal induced by two-photon absorption and derives the TPEF action cross section by comparison with a reference compound or with the one-photon excited fluorescence of the same compound. 76,77 Note that the TPA cross sections are calculated using one-photon quantum yields (1PQY). 78 While this assumption is commonly accepted in the photochemistry community, it might be erroneous for ligated gold and silver nanoclusters, where one-photon quantum yields are usually different from their two-photon quantum yields. [START_REF] Russier-Antoine | [END_REF]74,75 The two-photon excited femtosecond timeresolved fluorescence up-conversion was proposed by Goodson et al. 49,79 for ensuring accurate measurement of the TPA cross-section of gold nanoclusters.

"Ligand-core" NLO-phores

As already mentioned, due to the extreme sensitivity to excitation energies, an accurate prediction of OPA is an important prerequisite for making assessments on the spectral range for TPA enhancement. As an illustration, the experimental and theoretical OPA spectra of Ag31(SG)19 are displayed in fig. 3 a). The absorption spectrum presents an intense characteristic peak centred at about 490 nm with an absorption onset close to 700 nm. This band is well reproduced both in intensity and wavelength position by the TDDFT linear absorption spectra. Here, theoretical modelling of glutathione (SG) is simplified by using the SCH3 group. In the Ag31(SCH3)19 structure, the core is formed by 21 silver atoms and contains 12 delocalised electrons. The TDDFT linear absorption spectrum for Ag31(SCH3)19 shows a large characteristic peak located at 500 nm. This band arises due to core-to-core excitation within the metal core (from D-cluster-core orbital to F-cluster-core orbital), as shown on the right-hand side of Fig. 3 a). [START_REF] Russier-Antoine | [END_REF]80,81 The two-photon absorption (TPA) spectrum for the optimized structure of Ag31(SCH3)19 obtained with the quadratic response QR-DFT method and the sum-over-states (SOS) approach for each one-photon transition is presented in Fig. 3b. Significant TPA enhancement occurs when the excitation energy of an OPA state is close to half that of a TPA state (double-resonance effect). This is well illustrated on the right-hand side of Fig. 3c, with the resonance of OPA and TPA states close to the 700-740 nm range. In fact, the fourth excited state at 718 nm is in resonance with several states close to 360 nm, resulting in an extremely large calculated TPA of over 10 6 GM (see Fig. 3b). In addition, large transition dipole moments have been obtained and are due to ligand-to-core or inversely core-to-ligand excitations. They are induced by a non-uniform electronic distribution in the metal core as shown on the left-hand side of the Fig. 3c). [START_REF] Russier-Antoine | [END_REF]82 Our thorough investigations on ligand-protected silver and gold clusters have shown that the structure of the metal atom core, its charge, and its symmetry, dramatically influence NLO crosssections. Moreover, the core stabilizing ligands play a key role in NLO efficiencies, particularly due to ligand-to-core or inversely core-to-ligand excitations. Therefore, we call this new class of NLO materials: "Ligand-Core" NLO-phores. 51,[START_REF] Antoine | Molecular Spectroscopy-Experiment and Theory: From Molecules to Functional Materials[END_REF][START_REF] Russier-Antoine | [END_REF] As illustrated with ligated silver nanoclusters, the interplay between the resonance of OPA and TPA states and large transition dipole moments is essential for enhanced TPA crosssections. Large transition dipole moments are induced by a nonuniform electronic distribution in the metal core. As the size of the nanoclusters increases, it is expected that transition dipole moments should continue to increase due to larger core sizes (and thus larger core-to-ligand distances) and/or non-uniform electronic distribution in the metal core. The ground state charge of nanoclusters can be tuned (as demonstrated for Au25 q clusters with q = -1, 0, +1), 83,84 enabling the impact on NLO properties of charged active sites to be probed. Also, the optical band gap decreases as the size of the nanoclusters increases, 18 shifting the bands in OPA spectra, and consequently double-resonance effects, towards the NIR spectral region, a feature useful for bio-imaging applications. Finally, by increasing the size of nanoclusters, a transition from "molecular-like" to "metal-like" is expected as recently reported by Pradeep and collaborators where metallicity in silver nanoclusters emerges for core sizes of about 150 atoms. 85 For such sizes governed by plasmon-like excitations, ligands will have a moderate role. Interesting new NLO behaviours are supposed to occur at this transition from "molecular-like" to "metal-like" behaviours for which surface vs volume contributions will be different. [86][87][88][89] 

Two-photon absorption and two-photon emission cross-sections of ligated gold and silver nanoclusters

Since the pioneering work of Goodson and co-workers 49 , who were the first to reveal giant TPA cross-sections for Au25(SR)18 nanoclusters, several works have been reported on the twophoton absorption and/or two-photon excited fluorescence cross-sections, as summarized in Table 1. 49,72,75,[90][91][92][93][94][95] In line with these reported results, we can determine certain figures of merit for the NLO properties of gold NCs. First, with the increase in nanocluster size, NLO cross-sections also increase (compare TPA cross sections at 800 nm for Au10, Au15, and Au25 with glutathione as a ligand). However, it is often difficult to make a quantitative comparison of the results reported in Table 1, because of the use of different techniques and different TPA quantities. For a given size (i.e. Au25 largely explored), large deviations in TPA cross sections are observed (from 830 GM to 427 000 GM at 800 nm !). This may be partly be explained by the different techniques used. For instance, Liu et al. compared TPA cross sections measured for 1.33 nm Au NCs protected by 11-mercaptoundecanoic acid with Z-scan and 2PEF methods and obtained values of 8761 GM and 3426 GM, respectively. 96 However, more subtle effects such as the nature of ligands, the structure and charge of the gold core, as well as the solvent might influence TPA cross-sections. Thus, a more rigorous exploration of the ligand effect for example, as we did for the second harmonic response of Au25SR18 73,75 could offer a better explanation of reported discrepancies. Secondly, we note that protected gold quantum clusters are excellent two-photon absorbers, but poor two-photon excited emitters (compare TPA and TPEF cross-sections in Table 1). However, we must note that some groups have reported both TPA and TPEF cross-sections using the assumption that OPE QY= TPE QY. Most of the people working in the photochemistry field generally accept Kasha's rule and Vavilov's rule. 97,[START_REF] Turro | Modern Molecular Photochemistry of Organic Molecules[END_REF] Briefly, in a condensed phase, if fluorescence spectrum and the lifetime by two-photoexcitation are respectively the same as those created by onephoton excitation, fluorescence would originate from thermally equilibrated excited states irrespective of the excitation wavelength. We have shown (by measuring TPA and TPEF crosssections independently) that this assumption is not necessarily true in the NLO regime. We have also investigated two-photon excited fluorescence and two-photon absorption of Ag29(DHLA)12. A giant two-photon absorption cross-section of ~ 5 10 4 GM was reported for Ag29 while the corresponding twophoton excited fluorescence cross-section is only 0.5 GM. Thus TPE QY=10 -5 while OPE QY=2 10 -2 . We have also observed for the Ag29 interesting behaviour concerning its emission properties following absorption of 1 or 2 photons, as shown in figure 4. With excitation by one photon at 400 nm or by two photons at 800 nm, the resulting emission spectrum is either blue or red. Thus, it seems that ligated gold and silver nanoclusters, as well as certain organic molecules, tend to break Kasha's rule and emit at more than one possible wavelength depending on the electronic structure, density of states and the excited state dynamics involved. Note that the photochemistry of nanoclusters is more complex than the de-excitation of  states of organic molecules, where excitations within the gold core as well as couplings with surface states (through LMCT and LMMCT), singlet to triplet states conversion, are supposed to occur (see Fig. 4). Even if ligated gold nanoclusters possess moderate TPEF crosssections in the near-IR range, they were considered to be good candidates for applications in two-photon cellular imaging. Polavarapu et al. 95 pioneered this field by reporting two-photon excitation fluorescence imaging of SH-SY5Y human neuroblastoma cells incubated with glutathione-protected gold nanoclusters under excitation of femtosecond laser pulses at 800 nm. Water-soluble fluorescent gold nanoclusters for cellular imaging by two-photon excited fluorescence were also reported by Nienhaus and coworkers. 36,[START_REF] Shang | [END_REF] The biological utility of gold nanoclusters was demonstrated by bio-conjugating 300 400 500 600 700 800 wavelength (nm) 300 400 500 600 700 800 wavelength (nm) them with cell penetrating peptides permitting subsequent endocytic uptake in COS-1 and HeLa cells followed by imaging with multiphoton microscopy. 92 Also, strategies aiming at protecting gold nanoclusters by protein templates for imaging cells by two-photon excitation in the near IR were successfully reported by Khandelia et al. 100,101 and Liu et al. 102 

Outlook and Conclusions

This feature article highlights recent advances in the rapidly growing field of nonlinear optics in ligated gold and silver nanoclusters. We chose to focus this paper on their two-photon absorption properties for which a complementary theoretical and experimental investigation has enabled general rules to be drawn up. The concept of "ligand-core NLO-phore" can be used as a design strategy for enhancing two-photon absorption of small ligated gold and silver nanoclusters. Indeed, such nanoclusters can be viewed as a "multi-shell system" composed by a metallic core, a metal-ligand interface, (through the metalsulphur bonds) and the surface ligand molecules. These shells may communicate either by 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) or through direct bonding or direct donation of delocalized electrons of electron-rich groups of ligands. 103 Such "communications" between ligands and the metal core are the key ingredients for increasing transition dipole moments leading to enhanced TPA cross-sections. Furthermore, the molecular-like behaviour of such nanoclusters allows for a small optical gap that can reach the near IR range and can push the limit of enhanced TPA cross-sections towards near-infrared biological windows. Even if some preliminary studies have shown that outstanding TPA cross-sections render nanoclusters good candidates for applications in two-photon cellular imaging, there is still a lot of room for making further improvements. Indeed, reported TPE QY for ligated silver and gold nanoclusters are extremely weak (<10 -4 ), which preclude their use as biphotonic imaging probes. A first strategy for obtaining high quantum yield consists of minimizing the nonradiative relaxation process. Indeed, ligands generally used for protecting nanoclusters are "floppy", enabling significant relaxation of excited states to take place on photon excitation. To enhance quantum yields, ligand shell rigidity is an interesting strategy that would allow for enhanced photon emission when compared to non-radiative relaxation upon photo-excitation. Pyo et al. 104 have reported OPEF quantum yield >60% for glutathione-protected gold nanoclusters by rigidifying the metal-sulphur interface by binding bulky groups. We recently pushed this strategy even further to the nonlinear optical regime. 71 The strategy uses bulky ammonium counterions which interact with the NC surface by electrostatic interaction to protect it from the environment and also to "rigidify" its surface. The effect is spectacular both on OPEF and TPEF spectra, as shown with Au15SG13 (see Fig. 5), and the TPEF cross section at 800 nm in the range of 0.1 to 1 GM can be obtained. This rigidification effect could be further explored by engineering ligand flexibility (cross-linking, electrostatic interactions,…). Other recent advances in tailoring one-photon excited fluorescence of nanoclusters have been proposed (and have been summarized in Manzhou Zhu's recent review 105 ) by ( 1) engineering the peripheral ligands on the nanocluster surface; 2) modifying the core shape and size or alloying the metal core with heterometals; 3) exploiting aggregation-induced emission; 4) self-assembling nanocluster units into cluster-based networks. These strategies could be "translated" to the nonlinear optical regime (2-photon excited fluorescence for instance) useful for multi-photon excitation microscopy. Currently, using gold or silver nanoclusters for multiphoton imaging is still a challenging issue as their luminescence quantum yields are relatively small. There are also several twophoton absorption applications other than two-photon bioimaging, such as optical data storage, 106 and optical limiting, 94,107 where gold and silver nanoclusters might be useful. The drawback of "floppy" ligands, leading to moderate quantum yields, can become a serious advantage for therapeutic purposes. Indeed, Large TPA means that the clusters are efficient light absorbers. The absorbed photon energy (light) can be converted into strong localized heat, which may ultimately destroy cancer cells via hyperthermia. This process, called 2-Photon thermal therapy (2PTT) 108 -is somewhat similar to plasmonic photothermal therapy (PPTT), 109 using linear absorption of nanoparticles. It may be interesting to compare the efficiency of both processes to evaluate the added value of using NLO and ligated gold or silver NCs. On the other hand, photodynamic therapy (PDT) is a noninvasive medical treatment technique for many diseases. Upon activating drug molecules or nanoparticles by absorbing light of a particular wavelength (both by one-or two-photon processes), excitation energy is eventually transferred to the nearby oxygen molecules after a series of photophysical processes in order to generate cytotoxic reactive oxygen species, mostly singlet oxygen, for cell apoptosis. Recently Goodson and co-workers 110 investigated three different metal nanoclusters, Au25, Ag32, and Au144, for their 1 O2 generation efficiency. They showed that nanoclusters (in particular) present a 1 O2 generation rate that is several orders of magnitude higher than nanoparticles (>5 nm) due to a high absorption cross-section-to-volume ratio for nanoclusters. The effectiveness of PDT in live cells with nanoclusters was demonstrated by two-photon excitation compared to onephoton excitation for Au25 nanoclusters as shown in Fig. 6. The implication of the above results points toward new efficient two-photon targets both for photothermal and photodynamic therapies. Finally, metal nanoclusters have been extensively studied in solution for their distinctive optical properties. However, many applications of nanoclusters involve their use in the solid state like films. Au25 NCs in polystyrene hosts was used as the model for studying the optical properties of nanocluster films. In particular, the formation of nanocluster films enormously reduces the cluster-cluster distances to a few nanometers, providing huge two-photon absorption cross sections. 111 From a theoretical point of view, it is important to correct artefacts such as unrealistically large TPA values due to the resonance between one-photon and two-photon excitation as well as to avoid quantitative aspects which depend on calculation details. Nevertheless, the role played by theoretical contributions is crucial for the design of new "ligand-core NLOphores". There are several aspects for molecular-like ligated quantum clusters which have to be considered: (i) The ratio of a number of metallic atoms versus the number of ligands which is important for the formation of metallic cores with nonuniform electronic distribution in the context of nonlinear properties as well as inducing one-photon absorption on desired wavelengths important for the application. (ii) The introduction of hetero-atom (e.g. silver in ligated gold clusters) might be an important issue for the future which can be easily investigated theoretically. (iii) The role of ligands is also crucial for applications. For example, increasing the fluorescence quantum yield by increasing the rigidity of ligated nanoclusters by the proper choice of ligands can be predicted theoretically. In short, the theoretical approach is important for proposing concepts for building up new NLO-phores, by stimulating their experimental realization. With in-depth research on the nonlinear optical characteristics of atomically precise nanoclusters, correlations between the structure and nonlinear properties will hopefully be elucidated and there should be more optical applications in particular in biological imaging and therapy.

Figure 1 :

 1 Figure 1: (a) Attenuation of various biological entities, such as oxygenated and deoxygenated whole blood, skin, and fat, over optical wavelengths. Absorption and scattering of these entities are significantly lower in either the first near-infrared window (NIR-I, 700-900 nm, shaded in pink) or the second near-infrared window (NIR-II, 1000-1700 nm, shaded in grey). This figure has been reproduced from ref. 1 with permission from Springer Nature. (b) Strategies for reaching the NIR-I, NIR-II windows, either by developing chromophores with small optical gaps or by using NLO processes with ligated nanoclusters (right-hand panel).

Figure 2 :

 2 Figure 2: Schematic view of a set-up able to measure two-photon absorption cross-sections. (a) Classical z-scan set-up geometry. Open and Close aperture z-scan principles, along with corresponding transmittance as a function of distance Z. (b) P-scan set-up geometry and (c) Two-photon excited fluorescence set-up geometry.

Figure 3 :

 3 Figure 3: a) Comparison of experimental and TDDFT OPA spectra of Ag31(SCH3)19 nanoclusters for the lowest energy structure. (b) TDDFT TPA spectrum. Red asterisks label experimental values, while the black ones label theoretical values. Leading excitations responsible for OPA and TPA cross-sections illustrating the participation of the ligands and the core are also shown. (c) Structure of the cluster together with electron localization function (ELF) representing delocalized electrons within the core plotted for the isovalue 0.20 (left). Illustration of the resonance between OPA and TPA states (right).

Figure 4 :

 4 Figure 4: OPEF spectrum (top) and TPEF spectrum (bottom) of the synthesized Ag29(DHLA)12 clusters dispersed in water. The arrows represent the wavelength of excitation by OPE and TPE processes. (inset) Illustrative presentation of DFT optimized structures of Ag29(DHLA)12 showing two different structural classes. The DHLA is represented by S-(CH2)3-S and carboxylic tail is replaced by one H atom. On the left hand side: the central silver atom and twelve silver atoms are labelled by grey balls bound twelve S atoms (yellow balls) forming highly symmetrical subunit. Additional silver atoms involved in staples S-Ag-S are labelled by blue spheres, while green lines denote 3 CH2 groups.

Figure 5 :

 5 Figure 5: (top) Schematic structure of bulky counterions used to bind to glutathione-protected gold clusters. (middle) One-photon excited fluorescence spectra of Au15(SG)13 in water and TBA-Au15(SG)13 in methanol. (bottom) Twophoton excited fluorescence spectra at excitation wavelength 780 nm of Au15(SG)13 in aqueous solution compared to different bulky cations-Au15(SG)13 in methanol.

Figure 6 :

 6 Figure 6: Comparison of one-(top panel) and two-photon (middle and bottom panels) excited fluorescence microscopy images of NIH/3T3 mouse fibroblast cells with 400 mg/mL Au25(GSH)18 (Au25 NCs). The increase in fluorescence intensity is due to NADH, converted from NAD+.(Top panel) Under one-photon excitation (400 nm) with Au25 NCs, the energy was not sufficient to trigger PDT within a 20 min time frame, as evidenced by the integrity of the cell after 18 min. (middle panel) Under two-photon excitation (800 nm) without Au25 nanoclusters, the control experiment shows that the cells remain intact after excitation in the absence of the nanoclusters. (bottom panel) Under two-photon excitation (800 nm) with Au25 NCs. This experiment confirms that cell death is triggered by photodynamic therapy with the nanoclusters (see the deformation and, ultimately, shrinkage of the cells indicating membrane rupture and release of cell contents in to the surrounding). This figure has been reproduced from ref. 110 with permission from American Chemical Society.

Table 1 :

 1 Summary of NLO properties of gold NCs.

	references	Nanoclusters	Technique	TPA results	TPEF results
	Ramakrishna et al	Au 25 SR 18 ; SR : hexane	one and two-photon excited	(800 nm) 427 000 GM, (1290 nm) 2700 GM	
	Ref. 49	thiolate in hexane	femtosecond time-resolved		
			fluorescence upconversion		
	Philip et al. Ref. 94	Au 25 SR 18 , Au 38 SR 24 , Au 144 SR 60 ; SR : CH 2 CH 2 Ph in toluene	nanosecond Z-scan	Two photon absorption coefficient b (532 nm) : Au 25 : 2.0 x 10 -10 m/W, Au 38 : 3.5 x 10 -10 m/W, Au 144 : 7.5 x 10 -10 m/W	
	Polavarapu et al.	Au 25 SR 18 ; SR :	femtosecond Z-scan	(800 nm) 189 740 GM	
	Ref. 94	glutathione in water			
		(assigment based on			
		optical spectra)			
	Oh et al.	~Au 102 SR 22 ; SR:TA-PEG-	femtosecond	decreasing from 670 GM at 870 nm, to 130	decreasing from 32 GM at 870
	Ref. 92	NH 2 in water	fluorescence :, 870-1300 nm fluorescence excited	= TPEF cross section / OPE QY) GM at 1300 nm (assuming TPA cross section	nm, to 6 GM at 1300 nm
	Russier-Antoine et al.	Au 15 SR 13 , Au 25 SR 18 ; SR :	Femtosecond P-scan,	Au 15 (780 nm) : 65 700 GM	Au 15 (780 nm) : 0.82 GM, Au 25
	Ref. 75	glutathione in water	femtosecond fluorescence		(780 nm) : 4.99 GM
			excited fluorescence		
	Hamanaka et al.	Au 25 SR 18 ; SR:1-	Femtosecond Pump-probe	Imc(3)/a: Au 25 : 2 x 10 -15 esu.cm	
	Ref. 91	dodecanethiol in	differential		
		toluene			
	Olesiak-Banska et al.	Au 25 SR 18 ; SR:Captopril	femtosecond Z-scan	(550 nm) 23 800 GM, (800 nm) 830 GM and	
	Ref. 93	in water		(900 nm) 1510 GM	
	Al Kindi et al.	(Au 8 ) n BSA; BSA :	Femtosecond fluorescence	(740 nm) Au 8 : 188 GM, 2Au 8 : 294 GM, 3Au 8 :	(740 nm) Au 8 : 2.40 GM, 2Au 8 :
	Ref. 90	bovine serum albumin	excited fluorescence	537 GM (assuming TPA cross section = TPEF cross section / OPE QY)	3.42 GM, 3Au 8 : 5.16 GM
	Bertorelle et al.	Au 10 SR 10 , SR :	Femtosecond P-scan and	(800 nm) 10 GM	(800 nm) 0.012 GM
	Ref. 72	glutathione in water	femtosecond fluorescence		
			excited fluorescence		
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