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Enantiomerically pure Au nanoclusters exhibiting dual-emission
corresponding to fluorescence and phosphorescence were synthe-
sized by adopting a facile approach. Chiral luminescence was
observed for the triplet emission leading to circularly polarized
phosphorescence, both in solution and in solid states. The
nanoclusters exhibited aggregation induced emission, and the
aggregated clusters exhibited chiral phosphorescence.

Chirality is a unique geometrical property exhibited by materi-
als on varying length scales.'™ Research interest towards
optically active materials has seen a surge over the years due
to the direct correlation between homochirality and the origin
of life.* Emissive materials with optically active centres possess
a combination of luminescence and chirality, thus exhibiting
the phenomenon of circularly polarized luminescence (CPL).>®
Fundamental research in this field has been focused on under-
standing the mechanism of excited state chirality.”" In this
regard phosphorescent emitters with optically active centres
possess an exclusive amalgamation of luminescence and chir-
ality, thus exhibiting the phenomenon of circularly polarized
phosphorescence (CPP). The systems exhibiting CPP, due to
their long-lived excited states, are considered as promising for
its applications in anti-glare filters and data encryption. CPP
has been reported in several organic molecules and inorganic
complexes, however, such an effect is rather uncommon at the
nanoscale due to the difficulties in synthesizing nanomaterials
that can effectively harvest longer excited state lifetimes.
Atomically precise metal nanoclusters (NCs), due to their
quantized energy levels and well-defined transitions, are best
suited for such investigations.'*™*” The challenge is to synthe-
size inherently chiral clusters that exhibit intense CPL activity
with prolonged excited state lifetimes. Ning Feng et al. probed
CPP in water soluble silver NCs with a high dissymmetric factor
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of up to 1.05 x 10~ %" Yu-Zin Kong et al. have set an example in
this field by synthesizing bimetallic Ag-Au NCs exhibiting CPP."?
However, comprehensive studies to unravel the mechanism of
chiral luminescence in nanosystems are scarce.'® Herein, we
report CPP in a set of atomically precise gold nanoclusters
(AuNCs) capped with p/i-cysteine (Fig. 1). The NCs exhibited
chiral emission, both in the solution state and solid films.
Moreover, the NCs showed aggregation-induced enhanced emis-
sion (AIEE), offering a unique combination of CPP and AIEE that
can find excellent potential for the material to be used in display
devices and bioimaging applications.

AuNCs were synthesized by mixing an aqueous solution of
the Au salt with cysteine under stirring (details in ESI{)."® The
reducing ability of cysteine and strong Au-thiol binding facilitate
the formation of stable NCs in solution. HRMS analysis in positive
ion mode showed an intense peak at m/z = 1074.5596 a.m.u.,
which corresponds to a reported cluster composition of [Aug(C3He.
NO,S)g]" (Fig. S1a, ESIT).?° The residual peaks at m/z values of
975.5221 a.m.u. and 953.5448 a.m.u. match well with [Aug(CsHe
NO,S)s]"*Na and [Aue(C3;HeNO,S)s]"?, respectively. Similar m/z
patterns observed for the - and p-AuNCs confirmed a similar
structural composition for the NCs (Fig. S1b, ESIT). FT-IR measure-
ments showed strong peaks confirming the presence of a chiral
ligand on the NC surface (Fig. S2, ESIT). The absence of thiol
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Fig. 1 Schematic representation of the CPP effect in metal NCs.
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(a) UV-vis and (b) emission spectra of the AuUNCs dispersed in water. (c) The PL lifetime decay plot of L-AuNC solution corresponding to the red

emission. The inset shows the photograph of the AuNC solution under 365 nm UV illumination. (d) Temperature dependent PL spectra of the clusters
incorporated in PVA film. (e) and (f) Temperature dependent lifetime mapping corresponding to (e) 625 and (f) 430 nm photoemission.

stretching (-SH) at around 2584-2598 cm™ " suggested a strong Au-
thiol interaction in the clusters. The stability of the AuNCs
investigated at various temperatures revealed that the clusters
decompose at elevated temperatures (Fig. S3 and S4, ESIt). The
PpH dependent investigations showed cluster stability at a highly
acidic pH of 1.5 (Fig. S5, ESIT).

The optical properties of the AuNCs were investigated using
UV-visible spectroscopy, which showed a characteristic peak at
377 nm with a shoulder at around 350 nm attributed to the Au
5d'-6sp inter-band transition due to the presence of ligands on
the metal surface (Fig. 2a).>’ The absence of plasmonic bands
in the absorption spectra or large particles in the TEM image
rules out the formation of plasmonic nanoparticles (Fig. S6,
ESIYT). The NC formation was further established by the intense
emission peaks centred at around 655 and 442 nm under
375 nm excitation (Fig. 2b). The excitation plot corresponding
to both blue and red emissions matches the absorption plot
pointing to the same HOMO-LUMO excitation leading to dual
emission (Fig. S7, ESIf). The absolute photoluminescence
quantum yields (PLQYs) of 1- and p-AuNCs were estimated to
be 1.27% and 1.43%, respectively. The luminescence lifetime of
the L-AuNCs under ambient conditions displayed a biexponen-
tial decay with an average lifetime of 2.68 us and 3.24 ns for the
emission monitored at 655 nm and 442 nm, respectively (Fig. 2¢
and Fig. S8a, ESIT). A similar trend was also observed for the p-
AuNCs (Fig. S8b and c, ESIf). The lifetime in microseconds is
indicative of spin-forbidden transitions and demands further
investigation.

To explore the origin of photoemission in the AuNCs,
temperature dependent studies were carried out. Low tempera-
ture investigations on transparent self-standing composite
films showed features similar to those observed in solution
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with an absolute PLQY of 2.2%. The NCs in polymeric films
exhibited a slightly blue shifted emission relative to that in
solution. For emission centred at around 625 nm, the lumines-
cence profile in an inert environment showed a gradual increase in
the intensity accompanied by a hypsochromic shift of 70 nm upon
decreasing the temperature from 300 to 80 K (Fig. 2d). In contrast,
no such shift was observed for the photoemission centred at
430 nm. The hypsochromic shift upon decreasing the temperature
can be ascribed to the diminishing electron-phonon coupling that
was dominant at higher temperature.”>** At room temperature,
the average PL lifetime decay of the film was calculated to be 3.1 us
for emission monitored at 625 nm and 4.64 ns for emission at
430 nm (Fig. 2e and f). Interesting results were obtained for the
temperature dependent lifetime measurements. The decay profiles
corresponding to the 625 nm emission band exhibited a gradual
increase in the lifetime with decreasing temperature reaching a
value of 18.71 ps at 80 K, around 6 times enhancement compared
to the value at room temperature (Fig. 2e). In contrast, negligible
changes in the lifetime was observed for the decay corresponding
to the 430 nm emission band (Fig. 2f).

It is evident that the lifetime in nanoseconds arises due to the
spin allowed emission from the S; to S, state, hence characterized
as fluorescence. In contrast, the excited state lifetime in micro-
seconds point towards the spin forbidden transition either due to
phosphorescence or due to thermally activated delayed fluores-
cence (TADF). To acquire a better insight into the emission
mechanism, we collected the time-resolved emission spectra
(TRES) of the clusters in water. The deconvoluted PL spectra
with a 5 ns time interval showed a gradual descend in the blue-
emitting peak after a time interval of 20 ns, whereas ascension
was observed for the red-emitting peak (Fig. 3a). This is indicative
of a short lived blue-emitting state and a long-lived red-emitting

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) TRES spectra of L-AuNCs dispersed in water with a time interval
of 5 ns. (b) Emission spectra with a delay time of 500 ns.

state. Similarly, the deconvoluted spectra obtained from TRES with
a delay time of 500 ns showed the absence of blue-emitting peaks,
validating the occurrence of room temperature red-emitting phos-
phorescence and blue-emitting fluorescence (Fig. 3b).>* The decon-
voluted PL spectra along with the blue shifted PL at lower
temperature rule out the possibility of TADF; however, a minor
contribution from the mixed singlet-triplet states due to spin-
orbital coupling cannot be ruled out and needs further investiga-
tion. Selective quenching of the red emission peak in the presence
of oxygen further confirms the involvement of the triplet state (Fig.
S9, ESIt). It can be concluded that the PL at 430 nm arises due to
the decay from the singlet and that at 625 nm primarily from the
triplet. Hence, the former can be assigned as fluorescence and the
latter phosphorescence.

The main focus of the project is to study the optical activity
of the AuNCs. Ground state chiral investigations revealed mirror
image CD profiles for the 1- and p-AuNCs. The CD signals were
consistent with the absorption peaks (Fig. 4a). The PL intensity
and chiral nature of the clusters prompted us to investigate the
excited state optical activity. Interestingly, the p- and 1-AuNCs
exhibited positive and negative CPL responses respectively
corresponding to the red emission (Fig. 4b). The signs of CD
and CPL signals were in agreement, indicating a similar nature
for the transitions. A gi.m value of —8.1 x 10~ was observed for
the L-AuUNCs and a g1, value of +6.2 x 10> was observed for the
p-AuNCs (Fig. S10a, ESIt). The chiral anisotropy is comparable
with the typical values reported for organic systems and lumi-
nescent nanomaterials. The room temperature emission of the
clusters is characterized as phosphorescence, and the observed
chiral luminescence can be referred to as CPP.

Inspired by the attractive chiroptical properties of the AuNCs
in solution, we investigated the CPL on a solid surface, which
widens their scope for a plethora of applications. Interestingly,
the AuNC incorporated PVA films exhibited mirror image CPP
responses (Fig. 4c and d) with the gium values of —6.9 x 10~ and
+5.1 x 10> for the films prepared from the 1- and p-AuNCs,
respectively (Fig. S10b, ESIt). The CPP collected from different
points by flipping and rotating the film showed consistent
signals establishing the reproducibility and ruling out the
possibility of any artefacts (Fig. S11, ESIt). Thus, the CPP effect
in enantiomerically pure AuNCs could be established both in
the solution state and free-standing films.

AIEE is an interesting phenomenon observed in a few metal
clusters, which can enhance their luminescence, thereby
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Fig. 4 (a) CD and the corresponding UV-visible spectra and (b) CPL and

the corresponding PL spectra of aqueous AuNC solution. Black and red
traces correspond to p- and L-AuNCs, respectively. (c) CPL and the (d)
luminescence plot of the AuNC incorporated PVA film. The positive and
negative CPL plot corresponds to b- and t-AuNC, respectively. The inset in
'd" shows the photograph of the film under 365 nm UV illumination.

finding a wider application in the field of light emitting
materials.”® To study the assembly of the AuNCs, the optical
characteristics of the clusters were monitored in different
solvents (Fig. S12, ESIt). While most solvents showed either
no change or quenching, PL enhancement was observed for the
NCs dispersed in acetone (Fig. 5b). The absorption spectra
showed no noticeable changes in the peak position; however,
broadening was observed due to aggregation and increased
scattering (Fig. 5a). The aggregates exhibited a PLQY of 4.57%,
a 3-fold enhancement relative to the monomeric clusters.
Acetone being a weakly polar solvent compared to water dis-
rupts the hydration shell of the monomeric AuNCs, thus
inducing destabilization and charge neutralization leading to
aggregation.”® The self-assembly led to the formation of larger
aggregates of irregular morphology as evident from the TEM
images (inset Fig. 5a). The FT-IR spectra of the assembled
structures showed a less intense N-H bending along with the
enhanced amide stretches suggesting the formation of amide
linkages during aggregation (Fig. S13b, ESIT). The aggregated
NCs exhibited a biexponential PL decay with an average lifetime
of 1.17 pus and 2.87 ns for the emission at 650 and 430 nm,
respectively (Fig. 5¢ and Fig. S14, ESIt). While the aggregated
clusters showed enhanced PL, no noticeable enhancement was
observed in their chiral properties (Fig. S15, ESIT). Chirality in
metal NCs arises due to the discrete arrangement of the ligands
around the metal centre. Aggregation can result in an alteration
of the fine structure, thereby affecting the chirality. The CPL
plot for the enantiomeric NCs showed mirror image signals
analogous to the monomeric clusters; however, the spectra
were relatively noisy due to the settling of larger aggregates
(Fig. 5d). The aggregated clusters exhibited an average gium
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Fig. 5 (a) UV-vis and (b) PL spectra of AuNCs in water (black trace) and

acetone (red trace). (c) Lifetime decay of clusters in acetone monitored at
the red emitting PL maxima. (d) CPL plot of AUNC assemblies in acetone.
Black and red traces correspond to p- and L-AuNCs. The inset in ‘a’ shows
the TEM image of the aggregated NCs.

values of +9 x 10> and —7 x 10> for the assemblies formed
from the p- and 1-AuNCs, respectively (Fig. S16, ESIT).

Phosphorescence in the monomeric NCs inspired us to
investigate a similar effect in the aggregated state. Temperature
dependent emission of PVA film incorporated with aggregated
NCs showed an effect analogous to the monomeric NCs (Fig.
S17a, ESIT). The excited state lifetime showed an enhancement
from 2.33 to 9.67 us upon lowering the temperature (Fig. S17b,
ESIT). Likewise, emission at 430 nm exhibited no noticeable
change in the lifetime with temperature (Fig. S17c, ESIT).
Hence, the observed chiral emission of the red peak could be
assigned primarily to the CPP effect, both in the monomeric
and aggregated AuNCs.

In summary, we have successfully synthesized a pair of
enantiomeric AuNCs using cysteine ligands. The long PL life-
time in conjunction with the chirality of the clusters led to CPP,
a rather unusual observation in metal NCs. Chiral emission
could be demonstrated in the free-standing polymeric films of
the NCs. The solvent induced assembly of the AuNCs assisted
in modulating their optical properties through AIE. The basic
understanding of the mechanism of chiral luminescence in the
NCs can open newer avenues for fundamental research on a
similar class of nanomaterials. The observation of CPP and AIE
in the AuNCs has led to exciting properties opening wider
possibilities for their application in security tags, data encryp-
tion and light emitting devices.
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