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Atomically-precise gold nanoclusters covered with thiol ligands are
attractive candidates for advanced photonics, sensing and bioimaging
applications. We show that covalent linking of Au,s(PET);g (PET —
phenylethylmercaptan) with (1R,1'R)-6,6’-(1,4-phenylene)di-1,1'-binap-
hthyl-2,2’-dithiol (diBINAS) may offer a pathway towards
atomically-precise materials with enhanced nonlinear optical prop-
erties. Interestingly, nanocluster oligomerization leads to moderate
modification of the linear optical properties, but has a significant
impact on their two-photon absorption performance. Two photon
absorption cross-sections ¢, of the monomers, dimers and trimers
were measured via the z-scan technique in a wide range of wave-
lengths. The relative values of ¢, are different from a simple additive
scheme, i.e. in the resonance region the ¢, enhancement is equal to
factors of ~4 and ~ 8 for the dimer and trimer, respectively. In the
off-resonance spectral region, the trimers exhibit 4 times higher
two-photon absorption cross-section values than the monomers,
while the dimers are characterized by enhancement factors slightly
larger than 2.

Introduction

Controlled assembly of microscale and macroscopic materials
from molecules and nanosized objects is of great importance
for molecular electronics, advanced photonics, sensing, tele-
communications and other technological applications." Often, a
specific building blocks assembly may result in the emergence of
unique physicochemical properties, which cannot be attained by
modifying the superstructure’s building blocks alone. For exam-
ple, plasmonic gold nanoparticles assembled into well-controlled
aggregates exhibit new optical properties, e.g. plasmon band
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shifts, circular dichroism activity and the emergence of strongly
coupled plasmon-exciton mixed states.> However, mastery over
nano-sized building block organization within superstructures —
ergo control over system functionality - is still challenging and
has been attracting ever growing attention.’

While a variety of distinctive types of nano-objects can be
obtained, atomically-precise gold nanoclusters (GNCs) are
unique due to their physicochemical properties directly corre-
lated with the number of gold atoms.* Their strictly defined
structure and size places them on the bridge between molecular
and metal-like structures,” which makes them perfect building
blocks for functional superstructures with programmable
properties.® Recently, a variety of experimental protocols based
on dithiol linkers (e.g. benzene-1,4-dithiol) were used to prepare
and then separate covalently linked aggregates of atomically-
precise GNCs (e.g. Au,s5(SR);5 [SR: thiolate: phenylethane thiol or
butanethiol], Au;g,(p-MBA),, and Au ~ ,54(p-MBA) [MBA - mer-
captobenzoic acid]), and remarkable control over the obtained
superstructure sizes was achieved.”® However, the emergence of
new optical features within atomically-precise aggregates still
remains poorly understood.

GNCs present an impressive level of core size and ligand-
dependent fine-tuning of optical properties, also in the non-
linear optics regime.”"* Numerous cluster systems have been
reported to have high two-photon absorption (2PA) cross-
sections, making them interesting alternatives to organic dyes
or other nanoparticles. For instance Au,s(SR);s (Where SR -
captopril) is characterized by two-photon absorption cross-
sections reaching ~25000 GM (the Goeppert-Mayer unit,
1 GM = 10°° em* s !)."? Overall, the nonlinear optical proper-
ties of GNCs are structure-dependent and the concept of a
“multi-shell system” composed of a metallic core and metal-
ligand interface as well as surface ligand molecules is useful in
interpreting them.'® The aforementioned structural compo-
nents of GNCs may communicate with each other by electronic
charge transfer, which may result in high transition dipole
moments, and thus elevated two-photon absorption cross-
sections are expected. Efficient two-photon absorption of GNCs
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was reported, but no work has been done in terms of nonlinear
optical characterization of GNC oligomers and superstructures
which, due to the structural similarities, have the potential to
compete with the best two-photon absorbers, such as organo-
metallic dendrimers.'* So far, however, the lack of data in the
literature on nonlinear optical properties of atomically-precise
nanoclusters and superstructures persists as a limiting factor
for the development of novel applications in the field of
optoelectronics, sensing and photonic technologies.">*®

Herein, we focus on the determination of two-photon absorp-
tion cross sections of atomically-precise [Au,5(PET);5]° covalently
linked with bidentate dithiol ((1R,1'R)-6,6"-(1,4-phenylene)di-1,1'-
binaphthyl-2,2'-dithiol (diBINAS)) into dimers and trimers. Some
of us have recently shown that nanoclusters connected with a
diBINAS linker formed very stable oligomers thanks to the
bidentate nature of the linker.'” We show that covalent linking
of atomically-precise gold nanoclusters leads to relatively weak
modification of one-photon optical properties, but has a signifi-
cant impact on two-photon properties. The two-photon spectra of
the superstructures do not correspond to the simple sum of
properties of the [Au,s(PET)ys]” building blocks: shifts and
enhancements of the two-photon absorption cross section max-
ima are observed.

Results and discussion

The [Au,5(PET),5] GNCs at 0 oxidation state were synthesized
and linked into oligomers with bidentate dithiol, namely

.
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(1R,1'R)-6,6'-(1,4-phenylene)di-1,1’-binaphthyl-2,2-dithiol (diBINAS),
according to the protocol described by Swierczewski et al.'’
Herein, three separated cluster species will be discussed
(see Fig. 1a), i.e.: monomer - [Au,s(PET);5]°, dimer -
[Au,5(PET);6]°-diBINAS-[Au,5(PET)16]°, and  [Au,s(PET)y6) -
diBINAS-[AU,5(PET),4]°-diBINAS-[Au,5(PET)]° - trimer, all of
them studied as solutions in toluene. Due to their dimensions
being comparable to the Fermi wavelength of electrons in gold
(<2 nm),"® the nanoclusters are characterized by distinct
molecular-like electronic transitions. For [AuZS(PET)lg]O, char-
acteristic absorption bands are located at 3.1 eV, 2.7 eV and
1.8 eV'®?° (see Fig. 1b). The atomically-precise nature of our
samples is also confirmed with MALTI-TOF MS measurements,
where characteristic peaks at 7391 and 6055 m/z were found
and assigned to the molecular peaks of Au,sPET;g and
Au,,PET,. The latter is a typical fragment after loss of Au,PET,.
In the case of oligomers, peaks characteristic of the terminal
moiety (i.e. -Au,s-PET,-) were identified for dimers, as well as
for trimers with the addition of signals arising from the
-Au,sPET 4~ central building block."”

Distinctive structural changes arising due to the diBINAS
bridging of [Au,s(PET);s]® units are manifested in the one-
photon absorption spectra of the oligomers. Upon the for-
mation of oligomers, the electronic transitions of
[(Au,s(PET);4]° in the 1.6-3.1 eV range become less intense, as
shown in Fig. 1b. This can be explained by the reduction of the
cluster symmetry, as the presence of multiple possible structural
oligomeric isomers broadens and shifts the corresponding
absorption features. Moreover, new electronic excited states

— diBINAS
~—— Monomer
—— Dimer
Trimer

a: 400 nm (3.1 eV)

\__ b:450 nm (2.7 V)

1690 nm (1.8 eV)

[Au,5(PET),6]0-diBINAS-[Au,5(PET),,]0-diBINAS-[Au,s(PET)46]°
TRIMER

T T T T 1
600 700 800 900 1000

A (nm)

I I 1
300 400 500

Fig. 1 (a) Simplified structures of the [Au,s(PET)15]° monomer, dimer, and trimer depicted with corresponding color code: yellow — gold atoms, green —
sulfur atoms, grey — carbon atoms (from diBINAS). PET (2-phenylethanethiol) ligands are omitted for clarity. The structures presented herein are not
optimized and are included for illustrative purposes only. (b) Normalized optical absorption spectra of the corresponding structures: black line — diBINAS,
orange line — monomer, purple line — dimer, green line — trimer, as measured in toluene. Characteristic electronic transitions are marked with dotted

lines: a = 400 nm (3.1 eV), b — 450 nm (2.7 eV) and ¢ — 690 nm (1.8 eV).
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might appear due to metal-ligand interactions, thus contribut-
ing to broadening of the existing bands. As described in our
previous work,"” the Au,slinker-Au,s unit length is 3.28 +
0.37 nm and 3.15 + 0.35 nm for the dimer and trimer, respectively.
The cluster’s core-to-core distance was reported to be in the 2.0-
2.2 nm range. Moreover, TEM imaging of trimers showed that a
trigonal orientation of nanoclusters is possible. Among the afore-
mentioned structures, trimers are characterized by a unique
central building block, namely a nonterminal -[Au,sPET;,]’-
moiety. On the other hand, the dimers are composed solely of
two terminal —[Au,s-PET;¢]’- units (see Fig. 1a). Therefore, the
ligand shell of the trimers is expected to be rigidified, in contrast to
the dimeric, and even more profoundly rigidified in comparison to
the monomeric [Au,5(PET);5]°. Thus, nonradiative relaxation is
moderated due to the incorporation of a bulky bidentate dithiol
ligand, which enhances the dimer and trimer quantum yields
(registered for a 370 nm excitation) by the factor, respectively, of
12 and 50."

Herein, we discuss the influence of gold nanoclusters brid-
ging with diBINAS into oligomers on their nonlinear optical
properties. The nonlinear optical property, i.e. the two-photon
absorption cross-section (o,), of the gold nanocluster monomer,
dimer and trimer were determined with the z-scan technique for
the 600-1500 nm spectral range. Detailed descriptions of the
z-scan measurement procedure and calculation of the two-
photon absorption cross-sections are described in the ESL+>"**
Exemplary open-aperture (OA) z-scan traces of the nanoclusters
and their multimers are presented in Fig. 2 (additional OA and
closed-aperture (CA) z-scan traces, including 3 mm silica refer-
ence, are also available in Fig. S1 and S2 (ESIt), respectively).

Fig. 3 incorporates the 1PA spectra plotted against the
double wavelength, which is useful to assess whether a 2PA
transition leads to a state that is also reachable by a 1PA
transition. In the present case, the 2PA spectral characteristics
of the monomer (red lines and points with error bars) do not
match those of the 1PA spectrum (orange lines), but this is
actually what may be expected for the centrosymmetric struc-
ture of the Au,s(PET);s nanocluster'®? since in the case of the
presence of the center of symmetry, one- and two-photon
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allowed transitions are mutually exclusive. For dimers and
trimers, we do observe a better overlap between the 2PA spectra
and the corresponding 1PA bands plotted at the doubled
wavelength (Fig. 3(b) and (c)). As only a small fraction of
possible conformers may have a center of inversion, transitions
to the new electronic excited states that will appear upon dimer/
trimer formation should be symmetry allowed in both one-
and two-photon absorption spectra. However, for oligomers (i.e.
dimers and trimers), the chromophore may weakly perturb
local transitions corresponding to ‘“monomeric” dark states
and thus symmetry relaxation will be weak (on passing from a
monomer to a dimer or trimer).

A common feature of the 2PA spectra presented in Fig. 3a-c is
a strong two-photon absorption for wavelengths <900 nm. Sig-
nificant one-photon absorption is still present in this spectral
range, which can largely influence the values of ¢, in the range
600-900 nm through resonant enhancement or by contribution
from excited state absorption. The changes of two-photon cross-
section values are qualitatively similar for all the samples; how-
ever, quantitatively they are more pronounced for the dimer and
trimer, especially for the band at ~690 nm. One possible explana-
tion could be the strong 1PA of the diBINAS linker around 340 nm
(compare to Fig. 1b, black curve) giving rise to two-photon
absorption around 680 nm, so the neighboring spectral features
in the 2PA spectra of the nanoclusters would exhibit smaller
relative intensities (see pronounced new bands in the 1PA spectra
of dimer and trimer ~ 340 nm). However, the electronic-structure
calculations demonstrated that 2PA transition to a bright 1PA
state at 340 nm of the isolated diBINAS linker is weak (see
Table S1 in the ESIT), thus ruling out this possibility.

The 2PA spectra of the dimer and trimer show a significant
drop of o, at the wavelength ~700 nm, corresponding to the
maximum of their lowest absorption band. Careful analysis of
z-scan traces revealed that the contribution of saturable one-
photon absorption (SA), which acts opposite to two-photon
absorption, influences the nonlinear absorption effects at these
wavelengths (see Fig. S3 (ESIt), and fitting procedure descrip-
tion). Similar effects were described in the previous studies on
2PA of gold Au,s nanoclusters.'>?*

a) b) c)
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Fig. 2 Exemplary open-aperture (OA) z-scan traces assigned to the two-photon absorption phenomenon, as registered at 825 nm excitation for
[AuL5(PET)151° (@) monomer, (b) dimer, and (c) trimer (linked by bidentate dithiol (diBINAS) and measured in toluene under 255 GW cm™2 laser

illumination).
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Fig. 3 Two-photon absorption cross sections (a,) — of the (a) monomer (red line and points), (b) dimer (blue line and points) and (c) trimer (green line
and points) of [Aus(PET)151%. Simultaneously, one-photon absorption spectra are presented at 1PA wavelength and at twice the wavelength with orange,
violet and mint shades and lines. Panel (d) compares the o, curves in the out-of-resonance region (in reference to 1PA).

High values of o, for all three samples are registered upon
resonant excitation in the 1PA absorption range. The corres-
ponding ¢, values, presented herein, are comparable with other
nanocluster systems composed of 25 atoms, e.g water-soluble
glutathione-stabilized ones or as measured in thin films.>**® The
general overview of the o, values registered for gold nanoclusters is
available in the ESIt (see Table S2). Thus, we indicate that cluster
oligomerization might be a new route to boost the nonlinear
response of atomically-precise structures. For the monomer, dimer
and trimer the g, values at 600 nm are equal to ~9000 + 600 GM,
50000 £ 4000 GM and 66 000 = 6500 GM, respectively. Previous
reports on the NLO properties of gold nanoclusters suggest that
a one-photon double-resonance effect could lead to the large
2PA cross-sections observed experimentally.>”*®* We indicate that
due to the complex nature of electronic states available for
most of the atomically-precise gold nanocluster systems (usually
expanding over the entire UV-vis wavelength range), it is challen-
ging to unambiguously assign detected nonlinearities to two-
photon absorption solely and detailed time-resolved studies will
be beneficial to determine the contribution of excited states in
the process.

In order to assess the effect of resonance enhancement of the
two-photon absorption cross section, we invoke the quantum
mechanical expressions defining purely molecular two-photon
absorption transition matrix S from the ground state 0 to an

9574 | J Mater. Chem. C, 2024,12, 9571-9577

excited state f:

Sw=3" Olita|m) (nl oS> <OI%\n><nJ]%|f> 0

n Wpo — T Wuo — T

where (i|i;|j) is the electronic transition moment operator
between states 7 and j. The summation runs over all excited states,
from the ground to the final state. In the case of linearly polarized
light, the two-photon absorption strength for an isotropic sample
can then be expressed as:***°

1 * *
(8) = EZ(SaaSbb + 28w Sp,) 2
ab

Finally, the two-photon absorption cross section is propor-
tional to (6°"):

3 aed o2
(2n) aa’ w* Hpa
oy =—"—""—9 3
: cnl )
where « is the fine structure constant, a, is the Bohr radius, w is
the frequency corresponding to the photon energy (half of the
transition energy). The symbol L refers to Lorentzian broad-
ening, arising from the distribution of electron movement in

high electric fields and typically equal to 0.1-0.2 eV.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Schematic energy diagram of two-photon excitation and the
corresponding detuning factor (4). For the [Au,s(PET)15]° monomer, the
lowest excited state lies at 1.8 eV (690 nm), and the excitation is shown at
650 nm (wy).

The analysis of the two-photon transition matrix S,, might be
helpful in understanding the 2PA strength in systems studied
herein. In particular, the expression can be rewritten with an
angular term between transition moment vectors taken into
account.® 1t follows from the definition of S,, that when the
angular frequency of a photon (wg/2) in the 2PA process
approaches the energy difference between one of the excited states
and the ground state (w,), there is a resonance enhancement of
the two-photon response (1/2mp-y is also referred to as the
detuning factor, 4, see Fig. 4). In fact, one finds enhanced 2PA
cross sections around 600 nm. This can be explained by a small
value of the detuning factor, 4, as the photon wavelength in a two-
photon experiment equal to ~600 nm approaches a one-photon
allowed state with maximum at 690 nm. The energy difference
in the denominator of eqn (1) is one of the factors determining
the 2PA response. Although Au,s cores are found to be non-
communicating electronically,"” they might still be influenced by
the diBINAS linker characterized by the lowest excited state near
~335 nm, corresponding to the energy from two photons.

As can be seen in Table 1, quantitatively, oligomerization of
[Au,5(PET)y5]° with diBINAS strongly enhances the o, values
over the entire 600-1500 nm spectral range.

In the resonance wavelength range, the g, is ~4 and ~8
times stronger than ¢, of the monomer, for the dimer and
trimer, respectively. On the other hand, in the “off resonance”
part of the spectra, the enhancement factor is much lower, but
still the ¢, values of the dimers and trimers are larger than
doubled and tripled o, values in comparison to the monomer
[Au,s(PET),5]°. It should be highlighted that the 2PA cross
section enhancement may be due to both changes in the
transition dipole moments and relative location of the first

This journal is © The Royal Society of Chemistry 2024
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Table 1 Enhancement factor (F,) of [Au,s(PET)15]° dimers (n = 2) and

trimers (n = 3), calculated as: F, = o, dimer/(a, monomer) or Fz = ¢, trimer/
(6, monomer)

Wavelength Energy Enhancement factor (F,,)
nm ev n=2 n=3
600 2.0 5.5 7.4
700-725 1.71-1.77 3.8¢ 8.2¢
825 1.50 4.7 8.5
1000 1.24 2.3 4.5

¢ For wavelengths where the SA contribution is not present (compare
with ESI, Fig. S1 and S3)

and higher excited states, which may strongly influence the
resonance conditions (detuning factor). Thus, even though the
changes observed in the one-photon absorption upon oligomer-
ization of nanoclusters with diBINAS are moderate, they may
result in significant differences in the enhancement on passing
from monomer to dimer/trimer, as presented in Table 1.

Linking of Au,s; GNCs with the diBINAS molecule may
contribute strongly to the observed 2PA characteristics. As
diBINAS presents an extended m-conjugation system, it might
contribute to the electron delocalization within the entire
superstructure system.*” Even when the oligomer cluster to
cluster distance does not allow for electronic communication
between the GNC cores,'” their electronic structure may be
influenced by diBINAS. It should be noted that, while the
[Au,5(PET);5] monomer has a radical character (it contains a
half-filled orbital), the system of two GNC cores linked by
diBINAS is a biradical. Biradical systems, however, with no
metal centers, are already known to be superior in NLO
response to corresponding radical equivalents.*® Independent
charge redistribution between two [Au,s(PET)6]° terminating
moieties and a single diBINAS molecule may be responsible
for high enhancement factors for dimers, especially below
900 nm, where the lowest excited states of the diBINAS linker
as well as one of the gold cores are near to the energy provided
via simultaneous absorption of two photons. As early as in 1999,
Chung et al** showed that multi-branched organic structures
linked together by a common center exhibit cooperative
enhancement of 2PA and, at the same time, a similar enhance-
ment was found for organometallic dendrimers.* In the present
case, for trimers, state of the art levels of enhancement factors
over the entire wavelength range might also be attributed to the
cooperative enhancement effects observed for multi-branched
structures.”® Further theoretical work should be performed to
establish the factors responsible for NLO enhancement in di-
thiol linked atomically-precise nanoclusters.

Conclusions

We conclude that, even as covalent linking of [Au,s(PET);]° with
diBINAS into oligomers leads to relatively small modification of
the one-photon absorption spectra, their corresponding non-
linear optical properties are greatly enhanced. We show that in
the one-photon resonant spectral region (i.e. below 900 nm) the
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two-photon absorption cross section can reach the state of
the art range values of 50000 GM and 66 000 GM (at 600 nm)
for dimers and trimers, respectively, in comparison to 9000 GM
determined for the monomer. The relative values are thus very
different from a simple additive scheme being enhanced by
factors ~4 and ~8 for the dimer and the trimer, respectively.
In the off-resonance spectral region, the trimers exhibit 4 times
higher two-photon absorption cross-section values than the
monomers, while the dimers are characterized by an enhance-
ment factor slightly larger than 2. Additionally, we showed that
two-photon transitions to bright one-photon states of the iso-
lated diBINAS linker are weak, and thus quantitative changes of
the two-photon absorption cross-sections between the oligomers
and linker-free monomer are not governed by 2PA of the linker.
A possible factor contributing to the nonlinear optical properties
enhancement can be charge delocalization within the frames of
[Au,s5(PET);6]*-diBINAS terminal units. Therefore, the nanoclus-
ter core number or gold-sulfur staple-like motif alteration might
be crucial to design efficient and functional multiphoton absor-
bers composed of atomically-precise gold nanocluster subunits.
Our results contribute to a better understanding of GNCs’ non-
linear optical properties, as well as open up new pathways for the
design of atomically-precise superstructures with superior non-
linear optical performance.
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