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Progress in syntheses and understanding of the intriguing pro-
perties of chiral noble metal nanoclusters sparks interest to extend
investigations of their chiroptical response to the nonlinear optics
regime. We present a quantitative determination of two-photon
circular dichroism of chiral gold nanoclusters with ATT and L- or
p-Arg ligands (ATT = 6-aza-2-thiotymine and Arg = arginine).
Introduction of arginine ligands enables the formation of two
enantiomers of the nanoclusters, with strong chiroptical effects in
both linear and nonlinear regime. We present two-photon absorp-
tion and luminescent properties measured in a wide range of
wavelengths, with the two-photon absorption cross section reach-
ing 1743 GM and two-photon brightness ~1102 GM at 825 nm. We
report strong, 245-fold enhancement of the two-photon circular
dichroism of nanoclusters with respect to the one-photon absorp-
tion counterpart — the dissymmetry factor. The presence of mul-
tiple advantages of nanoclusters: high fluorescence quantum yield,
strong nonlinear optical properties and well-controlled chirality is
a powerful combination for applications of such clusters in multi-
photon microscopy.

Chirality is a common natural attribute, which refers to the
objects with non-superimposable mirror image' and, since it
is exhibited by biomolecules such as amino acids, proteins,
sugars and nucleic acids, there is much interest in both
exploiting the properties arising from the chirality in bio-appli-
cations and in mimicking the natural chirality in new func-
tional nanomaterials and nanostructures. Recent raise of the
interest in chirality at nanoscale is motivated by the needs of
chirality-based applications, e.g. enantioselective separation,’
catalysis,® bioimaging,* sensing,” and theranostics.®

Inspired by this significant interest in fundamental studies
and emerging applications of chiral nanomaterials, we have
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decided to explore in detail the chiroptical properties of gold
nanoclusters (AuNCs) taking advantage of their luminescent
properties. Nanoclusters are defined as ultra-small, 1-2 nm
sized nanoobjects. They consist of a few to a few hundred
noble metal atoms, stabilized by a precise number of ligands.
Due to discrete character of their electronic energy levels and
the absence of localized surface plasmon excitations, the gold
nanoclusters differ from the bigger metal nanoparticles and
demonstrate unusual optical properties in both linear and
nonlinear regime.” Features like high luminescence yield and
several orders of magnitude stronger two-photon absorption
cross sections of nanoclusters® against other, well-known non-
linear absorbers® initiated the development of strategies for
fabrication of nanoclusters with the desired enhanced optical
properties.

Chiroptical activity of AuNCs was observed for the first time
by Schaaff and Whetten.’® Up to date a significant progress
has been made concerning introduction and investigation of
chiroptical properties of such clusters."'> A common strategy
for inducing chirality of nanoclusters is protection of their
metal core with optically active ligands, e.g. i-glutathione
(1-GSH),"® 1-captopril,"® p-/i-penicillamine (Pen),"* 2,2-bis
(diphenylphosphino)-1,1-binaphthyl (BINAP)"® and bidentate
1,1"-binaphthyl-2,2"-dithiol (BINAS).'® However, the chiral pro-
perties of NCs (the circular dichroism) are predominantly
established in the UV/Vis range, while various applications,
e.g. in vivo bioimaging, biosensing, and theranostics favour
near-infrared (NIR) excitation. Therefore, one is tempted to
consider the multiphoton excitation, which provides low
phototoxicity, deeper penetration into samples and higher
axial resolution: the features that are strongly beneficial for
those applications. AuNCs present a combination of character-
istics favourable for multiphoton microscopy: large two-
photon absorption cross-sections”® and bright luminescence,
together with ultra-small sizes and good biocompability.'”"*®
Owing to the listed features, gold nanoclusters have already
proved to be robust biosensors and biomarkers for multipho-
ton applications.*°
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Arg/ATT-AuNCs, i.e. clusters stabilized with two ligands:
6-aza-2-thiotymine (ATT) and arginine (Arg) are water soluble
nanoclusters with particularly high photoluminescent
quantum yield, which has recently been successfully applied
in imaging®"**> and detection of arginase activity.>* Large non-
linear optical (NLO) potential of proposed nanoclusters was
recently found in multiphoton in vivo bioimaging of living
cells with Arg/ATT-AuNCs>* and silver doped ATT-AuNCs.”
Despite impressive multiphoton investigations, chiroptical
properties of these clusters have not been investigated, neither
in linear nor nonlinear regime. In fact, NLO chirality of nano-
clusters have been yet poorly investigated, although one-
photon chirality of nanoclusters already gained a lot of
interests.

Our previous studies on two-photon circular dichroism of
Au,;5(Capt);3 NCs was first and currently the only work on NLO
chirality of nanoclusters. It have shown a significantly higher
anisotropy factor in the regime of two-photon vs. one-photon
absorption, which inspired us to further investigation of two-
photon circular dichroism in gold nanoclusters."® Two-photon
circular dichroism (TP-CD) denoted here as Orpcp, can be
defined as the difference in the two-photon absorption cross-
section (o) for left-handed and right-handed circularly polar-
ized incident light, normalized with the average two-photon
absorption cross-section:

021, — O2R
Orpcp = 2———— (1)

021 + O2R

More generally, the nonlinear circular dichroism can be
defined to include other types of nonlinear absorption, like
multiphoton absorption or absorption saturation. The non-
linear circular dichroism has been discussed in theoretical
works,*®*” but the experimental studies of the phenomenon
have been scarce and concerned a limited group of materials,
e.g. lanthanides,”® naphthols,”® helicene derivatives,*® and
ruthenium salts,*' which not include nanoclusters.

In this work we propose for the first time the use of fluo-
rescence-detected circular dichroism (FDCD) for examination
of nonlinear chiroptical properties of nanoclusters. In general,
one-photon FDCD can serve as a complementary technique to
absorption based measurements of the circular dichroism
(Scheme 1). Fluorescence intensity is directly proportional to
the rate of absorption of photons, where the proportionality
constant involves the quantum yield of emission. When the
quantum yield is assumed to be independent on the polariz-
ation of light, the circular dichroism strength can be derived
from a difference of fluorescence intensity for left and right-
handed circularly polarized light illumination.*” Introducing
higher order processes of circular excitation presumably
affects the magnitude of processes observed in linear regime.

While the technique of FDCD is applicable solely to opti-
cally active fluorescent samples, it is attractive since it assures
better sensitivity and selectivity than absorption-based CD
measurements.**?* Many sources claim that fluorescence-
based techniques provide superior sensitivity since the
measurements can be performed at lower concentrations.**?”
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Scheme 1 Scheme of one-photon (OP) and two-photon (TP) circular
dichroism (CD) and fluorescence detected circular dichroism (FDCD)
effects. Left and right circularly polarized OP and TP excitation can be
formed by periodically modulating polarization of the beam (e.g. using a
photoelastic modulator, PEM) or created separately (e.g. using a
quarter-wave plate or a Babinet—Soleil compensator). The linear polariz-
ation of the photoluminescence indicated by the arrows in the picture
does not implicate that it has this polarization as emitted, but that it is
detected after passing through a polarizer positioned at a magic angle.

Moreover, FDCD eliminates scattering artifacts generated in
absorption detected CD and provides stronger CD response as
soon as the samples exhibit quantum yield (QY) > 0.1-0.2.3>3*
Despite the appealing potential of this technique, application
of FDCD is limited by complex conditions of measurements in
order to obtain explicit results. One must be aware that major
artifacts may be generated in FDCD by the presence of residual
linear polarization in incident circularly polarized light.*®*”
Yet, FDCD already appeared as a useful tool for determination
of conformational and structural changes of the samples,
unmeasurable using common CD spectroscopy.®*>”

Here, we introduce the fluorescence-based technique of
chirality measurements to nonlinear optical spectroscopy. We
established a protocol of TP-FDCD measurements on a modi-
fied two-photon excited luminescence (TPEL) optical set-up.
We present an expanded characterization of TP-FDCD of
specifically chosen - strongly luminescent and chiral gold
nanoclusters of - and p-Arg/ATT-AuNCs, which optical pro-
perties have not been yet considered in two enantiomeric
forms of ligands, neither in linear and nonlinear regime.
Multiphoton studies have been provided in broad NIR range
instead of common characterization at single excitation wave-
length. We also compare TP-FDCD to one-photon CD charac-
terization of gold nanoclusters. Our study shows more than
245-times enhanced two-photon luminescence-detected circu-
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lar dichroism (frpcp) compared to the one-photon dissymme-
try factor (gaps)-

Results and discussion

Chiral gold nanoclusters Arg/ATT-AuNCs, stabilized with 6-aza-
2-thiotymine and arginine, were synthesized according to the
previously reported procedure®® with minor modifications (see
ESIt). We established their average diameter to be equal to
1.89 + 0.28 nm and 1.94 + 0.29 nm for ATT-AuNCs and r-Arg/
ATT-AuNCs, respectively, wusing Transmission Electron
Microscopy (TEM) (Fig. S11). Thus, no significant change in
the diameters of nanoclusters before and after addition of Arg
was observed.

One-photon absorption spectrum of ATT-protected nano-
clusters presents two absorption bands, at 415 nm and
480 nm. Addition of Arg causes sharpening and shifting of the
former band to 405 nm and splitting of the latter band into
well resolved peaks around 466 nm and 505 nm for r/p-Arg/
ATT-AuNCs (Fig. 1), which is in good agreement with recent
reports.*®*° Fig. S21 present differences in band-gap energies.
Excitation spectra shown in Fig. S31 resemble the same well
separated transition bands.

Addition of Arg does not shift the emission maximum (4ax
= 528 nm), however, it strongly influences the photo-
luminescence (PL) intensity: 45- and 43-fold enhancement of
PL for 1-Arg/ATT-AuNCs and p-Arg/ATT-AuNCs, respectively, is
observed, with respect to ATT-Au NCs. The strong green fluo-
rescence observed under UV light irradiation is shown in the
inset of Fig. 1. Dramatically enhanced PL properties of NCs
stabilized with Arg can be explained by rigidification of their
structure via host-guest assemblies, formed by hydrogen
bonds between ATT ligand and guanidine group of Arg.*®
Supramolecular interaction of Arg and ATT-AuNCs hinders the

0.3
— L-Arg/ATT-AuNCs D-AuNCs L-AuNCs .
—— D-Arg/ATT-AuNCs " E A ? il 1x10
ATT-AuNCs —
~ \
2 b y - 8X106
8 0.2 -
& r
£ -6x10° 5"
£ | Tates << IR 1 S —— - 2
2 -
E .2
®0.11 ) L ax108ZF
Ll | |ATT-AuNCs |
.  2x108
%10
0.0 : AN\ s
300 400 500 600 700
A (nm)

Fig. 1 Absorption and emission spectra of ATT-AuNCs and two enan-
tiomeric forms of Arg/ATT-AuNCs. Solid black arrow indicates PL
enhancement of nanoclusters after addition of Arg to ATT-AuNCs.
Photographs in the inset present eye-visible green luminescence.
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intramolecular vibration and rotation of ATT and reduces the
non-radiative relaxation of excited states, resulting in
enhanced photoluminescence. Strong improvement of lumi-
nescent properties is also observed in PL lifetime characteriz-
ation: 7 ns PL decay time of AuATT NCs is elongated to 42 ns
after functionalization with Arginine. The PL decay curves of
the NCs are well fitted with biexponential model (eqn (7) and
(8), ESI{) as shown in Fig. S4 and Table S1.T We also examined
the QY in a direct QY measurement using an integrating
sphere. The values determined for L-Arg/ATT-AuNCs and p-Arg/
ATT-AuNCs were @ = 63.2 + 2.0% and @ = 58.4 + 2.0%, respect-
ively. The QY of AUATT NCs was below the integrating sphere
sensitivity, therefore the QY of uncoated AuNCs was deter-
mined using a comparative method with respect to fluorescein,
obtaining @ = 1.4 + 0.3%. Our values of QY and PL lifetime of
both enantiomers correspond well with the values determined
for 1-Arg/ATT-AuNCs reported previously.>® Analysis of radia-
tive and nonradiative rate constants (k. and k) from QY and
PL lifetime confirm enhanced radiative or reduced non-
radiative processes after functionalization with Arg (Table S17).

Fig. S5f shows CD spectra of Arg/ATT-AuNCs, which
present distinct mirror images for 1- and p-form of Arg/
ATT-AuNCs with strongest CD peaks around 350 nm, 415 nm
and 470 nm, which differ from the CD response of pure r-Arg
and p-Arg ligands themselves. ATT-AuNCs are nonchiral nano-
clusters therefore they do not generate any CD signal. The one-
photon anisotropy factor g,ps (Fig. 2a) was determined accord-
ing to eqn (1) in Experimental section, ESL.{ The chiroptical
properties of any enantiomeric forms of Arg/ATT-AuNCs have
not been reported in the literature, but the magnitude of gaps
is comparable with the values common for other gold nano-
clusters stabilized with chiral ligands.’®*' Zhong et al. pro-
posed most probable structure of ATT-AuNCs and Arg/
ATT-AuNCs,*” which shows unique structure organisation, that
may suggest the origin of chirality being in chiral arrangement
of ligands.

Fluorescence detected circular dichroism was measured on
a custom-built TP-FDCD system presented in Fig. S6.1 We opti-
mized the procedure of TP-FDCD measurements in order to
compensate for any depolarization and artefacts, as described
in detail in the ESIL.} Briefly, left- and right-circularly polarized
laser beam was formed using a Babinet-Soleil compensator to
eliminate any linear polarization contribution. To ensure the
best quality of polarization, a Glan-Thompson polarizer was
introduced at the entrance of the optical path. Following the
principles given by Tinoco® and Bain,*® during one-photon
and two-photon FDCD measurements the luminescence was
collected at so-called magic angle of 54.7°, which is positioned
between the propagation vector of the laser and the polarizer
axis,**?® as shown in Fig. S6.1 It is assumed that the fluo-
rescence of axially symmetric systems provides equivalent
response in every direction of luminescence polarization.

Examples of two-photon excited luminescence spectra of
the chiral nanoclusters and achiral fluorescein are collected in
Fig. S71 to indicate the impact of left- and right-circularly
polarized excitation. Owing to the opposite chirality of two
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Fig. 2 (a) Two-photon circular dichroism (blue and red dots and lines,

left and bottom axes) correlated with one-photon dissymmetry factor
(blue and red areas, right and upper axes). (b) Two-photon brightness
spectra of L-Arg/ATT-AuNCs and p-Arg/ATT-AuNCs (blue and red dots
and lines, left and bottom axes) correlated with absorption of those
nanoclusters(blue and red areas, right and upper axes).

enantiomeric nanoclusters, different PL intensities
detected depending on the direction of circularly polarized
excitation (Fig. S7a and bt}). We used fluorescein solution as a
reference sample, which, in a properly calibrated FDCD set-up,
provides identical two-photon luminescence intensity for left-
and right-handed circular polarization (Fig. S7ct). To validate
two-photon character of luminescence we performed laser
power-dependent photoluminescence intensity measurements,
which results in quadratic dependence of log-log plots
(Fig. S87).

To evaluate the potential of nanoclusters in two-photon
chiroptical sensing and imaging via luminescence we deter-

are
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mined the left- and right-handed two-photon brightness
(62,et¢), as the product of two-photon absorption cross-section
(62) and PL quantum yield, according to eqn (2):

F 5(hexe) Cr 1

62. ) (2)
For(ioCs

O3 effs = 025P5 =

where ¢ is the quantum yield, C is the concentration and F is
the integrated fluorescence at a particular excitation wave-
length for s — sample and r - reference solution. TPA cross-sec-
tions are usually quoted in the units of Goppert-Mayer, where
1 GM refers to 107°° em* per s per photon. We determined the
two-photon absorption properties in a wide range of
700-930 nm excitation wavelengths. Both enantiomeric forms
of nanoclusters present strong two-photon absorption around
750-800 nm that corresponds to respective (one-photon)
absorption bands plotted at doubled wavelength (Fig. S97).
The highest values are o, = 1743 GM and 1453 GM for r- and
p-Arg/ATT-AuNCs, respectively, they compare favorably with o,
reported for other gold nanoclusters examined with the same
method of TPEL.? Due to strong QY of the fluorescent nano-
clusters described here, also their o, ¢ values are very respect-
able: 1102 GM and 848 GM (Fig. 2b) for - and b-Arg/
ATT-AuNCs samples, respectively, which are several times
higher than o,.¢ of other nanoclusters reported in the
literature.**** Furthermore, the reported o, . are significantly
larger than those for commonly used fluorophores, e.g. dyes*®
and fluorescent proteins,*® suggesting that Arg/ATT-AuNCs are
outstanding candidates for multiphoton imaging applications.

Having the left- and right-handed circularly polarized two-
photon absorption cross-sections, we could calculate the two-
photon circular dichroism 6ppcp according to eqn (1) and con-
trast it with the one-photon anisotropy factor g.ns (Fig. 2a).
Orpcp follows the mirror-image of respective negative and posi-
tive bands of g.ps L/D-Arg/ATT-AuNCs. It is expected for non-
centrosymmetric systems of chiral nanoclusters since OPA and
TPA involve the same excited states. The strongest Orpcp =
—0.27 is obtained at 825 nm. It presents ~245-times increased
chiroptical response in comparison to the one-photon an-
isotropy factor at a corresponding wavelength (Table 1). To the
best of our knowledge rpcp of nanoclusters was studied only
once previously, by the Z-scan technique. For Au,s gold nano-
clusters, two orders of magnitude enhancement of the two-
photon anisotropy factor was found, as compared to one-
photon chiral response."? It corresponds well with our findings
of Orpcp, determined with the TP-FDCD technique. The deeper
discussion on the nonlinear chiroptical properties would
require extensive theoretical study, going beyond the usual
point dipoles approximation. Already the first theoretical
descriptions of two-photon CD by Power*® and Bain®*® involved
multipolar and magnetic transitions, and further investi-
gations were performed by Rizzo.?” However, as there are no
theoretical and computational studies of circular dichroism of
Arg/ATT-AuNCs nanoclusters and no two-photon circular
dichroism simulations of any of atomically-precise nano-
clusters, a question whether universal theories provide satis-

This journal is © The Royal Society of Chemistry 2023
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Table 1 One-photon and two-photon optical and chiroptical characterization of L/p-Arg/ATT-AuNCs

One-photon Two-photon
Sample integrating sphere QY [%] Zabs (415 nm) o, [GM] (800 nm) 03,1 [GM] (800 nm) Orpcp [GM] (825 nm)
L-Arg/ATT-AuNCs 63.2 +2.0% -1.1x107° 1743 + 52 1102 £ 33 —0.27 £ 0.04
D-Arg/ATT-AuNCs 58.4 +2.0% 7.8x107* 1453 + 44 848 + 25 0.19 + 0.03

factory explanation for nonlinear chiroptic effects in complex
systems of chiral nanoclusters cannot be currently answered.

One-photon FDCD of various types of materials proved to
follow the CD response with the same quantitative
features.*>*® Determination if two-photon CD enhancement
presents a more general trend among nanoclusters and other
materials will require in-depth analysis of the chirality of
ground and excited electronic energy levels in one-photon and
two-photon absorption. As two-photon FDCD is yet poorly
examined in the literature, comparison between experimental
CD and FDCD studies is lacking, especially for nanomaterials.
Thus, our contribution gives a valuable input to the descrip-
tion of chiroptical properties of nanoclusters and we hope it
will stimulate further research in this area.

Conclusions

In this work we presented the quantitative description of two-
photon circular dichroism of gold nanoclusters established via
luminescence in a wide range of wavelengths. We evaluated
linear and nonlinear optical properties of chiral r-Arg/
ATT-AuNCs and p-Arg/ATT-AuNCs. Large two-photon absorp-
tion cross-sections (~1743 GM) and two-photon brightness
(~1102 GM) confirm excellent NLO properties of these AuNCs.
Subsequently, we determined TP-FDCD spectra of these clus-
ters, obtaining maximum values of Oypcp = —0.27 and 0.19 for
L-Arg/ATT-AuNCs and p-Arg/ATT-AuNCs, respectively. Our two-
photon FDCD findings revealed over two orders of magnitude
enhanced circular dichroism vs. one-photon characteristics of
L/p-Arg/ATT-AuNCs. Similarity of this finding to the enhance-
ment factor reported for Au,; nanoclusters™ rises a question
about how general such boosting of the chiroptical response
in two-photon regime is in nanoscale structures. Comparing
results of CD and FDCD, the fluorescent technique is indeed
found to present stronger sensitivity than the absorption-
based one, offering prospective applications in enantio-
selective imaging, catalysis, sensing or biomedicine.
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