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Experimental section
Materials

All materials were used as purchased, without additional purification steps. Sodium borohydride (>98.0%,
NaBHa), tetrachloroauric(lll) acid (99,9%, HAuCl4 x 3 H,0), tetraoctylammonium bromide (98%, TOABr) and
HPLC-grade solvents (tetrahydrofuran, toluene, dichloromethane) were sourced from Merck. The SEC
column stationary phase (SX1 BioBeds) was bought from Bio-Rads.

Gold nanoclusters synthesis

Gold nanoclusters (monomers, dimers and trimers) were synthesized according to the protocol described
by Swierczewski et al.l . Inshort, [Auas(PET)1g]®clusters were prepared by NaBH,4 (0.917g, 50 mL aqueous)
mediated reduction of HAuCl, x 3 H,O (1g), TOABr (1.641 g) mixture in THF. The product of the reaction,
after two days of aging, was dried under a rotary evaporator and subsequently washed with methanol to
remove free thiols. The resulting powder (containing [Aus(PET)1] *[TOA]*) was dissolved in minimal
amount of toluene and passed through a SEC column (stationary phase: SX1 BioBeads, Bio-Rad). After that,
chosen fractions with [Au,s(PET)1s] 1[TOA]* (based on UV-Vis spectra) were oxidized over a silica column in
dichloromethane. Neutral [Au,s(PET):s]° was collected and subsequently purified over a second SEC
column. To obtain multimers diBINAS linker was used and ligand exchange reaction was conducted. In brief,
5 mg of [Aus(PET)15]° was dissolved in DCM alongside 0.48 mg of DIBINAS (1:3 ratio) and left mildly stirred
under N for 24h at room temperature. The reaction product was dried under rotavapor, dissolved in small
amount of DCM and passed through a SEC column, where narrow fractions were collected and analyzed
using a Varian Cary 5000 spectrophotometer and MALDI-TOF mass spectrometry.

Linear and nonlinear (z-scan) optical properties measurements

A Jasco V-670 spectrophotometer was utilized to measure the absorption spectra of gold
nanoclusters toluene solutions, placed in glass cuvettes: StarnaScientific, path length: 10 mm.

The corresponding gold nanoclusters were re-dissolved in toluene and placed in the thin cuvettes
(StarnaScientific, path length: 1 mm). To perform the nonlinear optical properties characterization the z-
scan technique was employed. In detail, the closed and open aperture curves (CA, OA, respectively) were
measured simultaneously as a function of position along the z axis (corresponding to the propagation
direction of a laser beam focused by a lens) of the sample placed on a stage which was moved in the range
z=-30 to 30 mm where the focal point of the lens corresponded to z = 0. Three Si or InGaAs photodetectors
were utilized (ThorlLabs Inc.) for the 600 — 900 and 900 — 1450 nm ranges, respectively for CA, OA and a
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reference (the intensity of incident light monitored with a beam splitter before the lens). The photodiode
signals were fed into a National Instruments PCI-6143 Multifunction 1/O Device and transferred to a
computer. The employed laser system was a Coherent Ti: Sapphire Astrella regenerative amplifier
combined with an OPA TOPAS Prime (Coherent) optical parametric amplifier providing tunable ~ 60 fs
pulses at 1 kHz. The laser power output was attenuated with a polarizer — halfwave plate combination and
neutral density filters to obtain intensities in the range from 10 to 300 GW/cm? at the focal point. To take
into account the contribution of the solvent, a cuvette with toluene was measured for each corresponding
wavelength (Fig. S2) along with those of the solutions and a measurement of CA Z-scan on a fused silica
plate served as a way to calibrate the system?3. For the fused silica plate we assume that the nonlinear
refractive index can be approximated by the equation

N2silica = 2.8203x10%-3x10%Y +2x10%y 2 (sz/W )

where v = 1/A is the wavenumber (cm™) , which is a fit to the n, data given by Milam?®. This
equation is a good approximation for values of naiicain the range of A = 500 — 1500 nm and can be used to
determine the light intensity at the focal point from a CA trace obtained on the reference silica plate.

Overall, the collected data were analyzed with a custom-written MatLab script (see our previous
works®>®), according to the theory developed by Sheik-Bahae et al.”. In detail, since the investigated samples
are typically solutions placed in glass cuvettes, to account for the contribution of the solvent and the glass
walls of the cuvette we perform the measurements for the cuvette filled with the solvent alone. Typically,
such a sample does not show nonlinear absorption in most of the spectral ranges, but its nonlinear
refraction often dominates over the contribution coming from the solute. The CA and OA curves for a
sample and respective solvent are obtained under the same conditions as in the silica measurement. In
general, both the real and imaginary components of the third-order susceptibility of the sample or the
second hyperpolarizability (y) of the solute can then be computed with an assumption that the nonlinear
contributions of the solvent and dissolved substance are additive. In the present case the main interest
was in the nonlinear absorption which can be quantified assuming that there are two main contributions
to it, coming from the two-photon absorption and from saturation of one-photon absorption, as follows:

dl
-, = —a(DI = —agal - a,I? (1)
where: sy = aol;, (2)
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Fitting of the open aperture Z-scan curves in the case of competition between various processes
contributing to nonlinear absorption has been performed using several approaches, the most general
being:

1) at each position z of the sample in the Z-scan setup the incident light intensity, at the sample
front face, i.e. x = 0 is calculated as

r 2
I(z,r,x) = %6_2("”—2) (3)



where [, is the maximum light intensity (determined in a closed-aperture Z-scan experiment
performed on a silica plate sample), r isthe radial coordinate, w, isthe focused beam spot radius at the
focus (z = 0), also determined from the scan performed on silica, w,is the beam radius at z, given by

w, =wo |1+ (i)2 (4)

w3

A

where zgis the Rayleigh length, zp =

2) Equation (1) is numerically integrated over the thickness of the sample i.e. from x =0to x =1L
for all positions of the sample and for concentring rings of the radius r from 0 to the arbitrary
limit of — = 4

Wz

3) The transmittance is calculated at each z as

Wz (zr,L)dr

T(2) =5%—"—— 5
( ) f:wz ri(z,r,0)dr (3)
The computed curves were compared to the experimental ones, the parameters I,,,, and w, being
fixed. ag was taken to be that obtained from spectrophotometer measurements and essentially equal to
the value determined directly in the Z-scan setup by comparing the transmittance of the sample and that
of pure solvent at positions far from z =0

Exemplary measurements and calculations results
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Figure S1. Additional exemplary open-aperture (OA) z-scan traces assigned to two-photon absorption
phenomenon, as registered for [Au,s(PET)1s]° a) monomer, b) dimer, and c) trimer (linked by bidentate
dithiol (diBINAS) and measured in toluene).
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Figure S2. Exemplary closed-aperture (CA) z-scan traces of a) silica (1 mm), and b) toluene. Excitation 925
nm, wo= 40.63 um, | = 18.63 GW/cm?.
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Figure S3. Exemplary open-aperture (OA) z-scan trace assigned to combination of two-photon absorption

and saturable absorption phenomenon, as registered for [Au,s(PET)1s]° dimer (linked by bidentate dithiol
(diBINAS) and measured in toluene) — 700 nm.



Table S1. One-photon excitation energies, oscillator strengths and 2PA cross sections to 5 lowest excited
state for diBINAS in the gas phase computed at the CAM-B3LYP/6-31G** level of theory. Lorentzian
broadening was set to 0.2 eV for all excited states. The calculations were performed using GAMESS US
program based on the method implemented by Zahariev and Gordon®.

Transition One-photon excitation Oscillator strength Two-photon absorption
energy [eV] cross section [GM]
So—S1 4.086 0.93 <0.1
So—S2 4.196 0.07 0.43
So—S3 4.307 0.56 0.31
So—>Sa 4.357 0.01 0.54
So—Ss 4.361 0.09 0.28

Table S2. Overview on two-photon absorption cross sections (g2 [GM]) of gold nanoclusters.

Sample 02 [GM] A [nm] Technique Excitation Solvent
Auzs(SR)18? : : Ti:Sapphire,
Ref ® two-photon excited time- (100 fs) hexane
’ 427 000 800 resolved fluorescence up-
conversion
two-photon excited Ti:sapphire,
4.99 755 P (140fs 76 | water
Auas(SG)1s™ fluorescence
MHz)
Ref 1011 T hi
. i:sapphire,
189740 800 z-scan technique (1 kHz) water
23 000 550 Ti:sapphire
4 (<130fs, 1
Aqu(R(i;[:;t)lg 830 800 z-scan technique kHz, 35 — water
' 180
1510 900 GW/cm?)
Nd:YAG
AUzs(PET)m'l Beff =2.010 . (5 ns, 15 W
Ref 12 10 /W 532 z-scan technique oulse toluene
energy)
L-Arg/ATT-AuNCs 1743 Ti:Sapphire
Ref.13 (02°=1102) two-photon excited (~140fs, 80
800 water
D-Arg/ATT-AuNCs 1453 fluorescence MHz, 22-30
Ref.13 (0% = 848) mW)
AugNCs @ BSA 537 two-photon-excited Ti:Sapphire
1 off 740 (155 fs, 80 water
Ref. (02" =5.16) fluorescence
MHz)
Au1o(SG) 10 two-photon excited
I;(:ef s (02" = 800 fIEorescence No data water
' 0.012)
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