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of Chemistry Understanding the origin and structural basis of the photoluminescence (PL) phenomenon in thiolate-
protected metal nanoclusters is of paramount importance for both fundamental science and practical
applications. It remains a major challenge to correlate the PL properties with the atomic-level structure
due to the complex interplay of the metal core (i.e. the inner kernel) and the exterior shell (i.e. surface
Au(i)-thiolate staple motifs). Decoupling these two intertwined structural factors is critical in order to
understand the PL origin. Herein, we utilize two Au,g(SR),0 nanoclusters with different —R groups, which
possess the same core but different shell structures and thus provide an ideal system for the PL study.
We discover that the Au,g(CHT),9 (CHT: cyclohexanethiolate) nanocluster exhibits a more than 15-fold
higher PL quantum yield than the Au,g(TBBT),o nanocluster (TBBT: p-tert-butylbenzenethiolate). Such an
enhancement is found to originate from the different structural arrangement of the staple motifs in the
shell, which modifies the electron relaxation dynamics in the inner core to different extents for the two
nanoclusters. The emergence of a long PL lifetime component in the more emissive Au,g(CHT)so
nanocluster reveals that its PL is enhanced by suppressing the nonradiative pathway. The presence of
long, interlocked staple motifs is further identified as a key structural parameter that favors the
luminescence. Overall, this work offers structural insights into the PL origin in Au,g(SR)>o nanoclusters
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Introduction

Atomically precise metal nanoclusters have emerged as a new
class of nanomaterials in recent years and hold promise in
many applications such as chemical sensing, biological
imaging, and catalysis."" Luminescent metal nanoclusters are
of particular interest owing to their unique properties,
including their high stability, low toxicity, large Stokes shift,
and long luminescence lifetime, and thus such nanoclusters
have attracted significant research interest in recent years."*>*

A major effort in current research on luminescent nano-
clusters protected by thiolates is focused on the development of
effective strategies to enhance their luminescence. To improve
the quantum yield of photoluminescence (PL), it is of para-
mount importance to understand the PL mechanism and, in
particular, the structural basis."® Toward this goal, significant
efforts have been made in recent years.***” Wu et al. identified
that the presence of electron-rich atoms (e.g., oxygen and
nitrogen) or functional groups (e.g., the carboxyl or amine
group) in the thiolate ligands could enhance the PL of
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and provides some guidelines for designing

luminescent metal nanoclusters for sensing and

Au,;5(SR);5 nanoclusters via ligand to metal core charge trans-
fer.” Xie et al. reported an aggregation induced emission (AIE)
mechanism in gold nanoclusters.?®? Lee et al. reported that
rigidifying the gold shell of the nanocluster can efficiently
enhance PL.** Foreign metal doping and alloying is also an
important strategy for boosting the PL in metal nano-
clusters.*”**° Theoretical insights into PL have been obtained by
Aikens et al?*® Despite such progress, atomic-level under-
standing of the origin and structural basis for the PL mecha-
nism in metal nanoclusters still remains a challenge.

Intense research on gold nanoclusters have created a series
of atomically precise nanoclusters with diverse and tunable
structures.»*™* For example, by utilizing ligand-based
synthetic strategies, atomic-level control has been achieved
in manipulating the cluster size,* shape®* (such as hexagonal
prism shaped Auy, vs. tetragonal rod shaped Aus,), surface
structure,**** and core structure.’*** With the valuable struc-
tural information, it has become possible to precisely correlate
the PL properties of gold nanoclusters with the atomic
structure.*

For thiolate-protected Au,(SR),, nanoclusters, both the inner
gold kernel (hereafter referred to as core) and surface Au,(SR),+1
motifs (hereafter referred to as shell) are considered as impor-
tant contributors to their PL properties.*®*® For the well-studied
icosahedral Au,s5(SR);g nanocluster, the core-to-shell relaxation

This journal is © The Royal Society of Chemistry 2020
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was observed in ultrafast electron dynamics and the PL mech-
anism was interpreted,” ** including the theoretical insights.*
However, the PL origin and mechanism for other Au,(SR),,
nanoclusters with non-icosahedral structures largely remain
unclear, albeit all possess the core-shell structures. In consid-
eration of the coupling between the core and the shell, the
individual roles of these two intertwined structural parameters
have not been elucidated. Thus, an important step toward
atomic-level understanding of PL is to decouple these two
structural parts by selectively changing one while retaining the
other and then investigate the effect to identify the mechanistic
pathway. The 28-gold-atom nanocluster,® ie., Au,g(CHT),
(CHT = cyclohexanethiolate) and Au,g(TBBT),, (TBBT = p-tert-
butylbenzenethiolate), which share the same core but different
shell structures, can serve as an ideal system for such a purpose.
Herein, the luminescence origin of the two Au,g(SR),
nanoclusters is investigated. Interestingly, the Au,g(CHT),
nanocluster exhibits more than 15-fold higher PL quantum
yield than Au,g(TBBT),,. Time-resolved PL measurements
identify a long lifetime component in Au,g(CHT),, indicating
that the nonradiative pathway is suppressed compared to that
in Au,g(TBBT),. To understand the enhancement of PL, ultra-
fast transient absorption spectroscopy is employed to probe the
electron dynamics of these two correlated nanoclusters. Based
on all the results, we present a shell-mediated core emission
mechanism to explain the structural origin of the PL in
Au,g(SR),o nanoclusters. In such a luminescence pathway, the
emission solely arises from the metal core while the electron
dynamics of the core is distinctly influenced by the shell.
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Results and discussion

The synthesis of the Au,4(TBBT),, nanocluster followed
a previously reported approach,* and the Au,g(CHT),, was ob-
tained by a ligand-induced isomerization reaction of Au,g(-
TBBT),, with excess cyclohexanethiol at 80 °C.*> Both Au,g(SR),0
nanoclusters are thermally robust and their total structures
were determined by X-ray crystallography**>** as shown in Fig. 1.
The Au,g4(CHT),o and Au,g(TBBT),, nanoclusters have the same
inner Au,, core structure (Fig. 1a and d) but distinctly different
shell structures (i.e., surface staple motifs, Fig. 1b and e). It is
worth noting that, for face-centered cubic (FCC) gold nano-
clusters, there are several alternative ways to categorize the core
and shell gold atoms.®” Here we consider the gold atoms with
the shortest Au-Au bond lengths (ie., average 2.83 A in
Au,g(CHT),o and 2.84 A in Au,(TBBT),,) as the core (Fig. 1a and
d). In this view, both Au,g(SR),, isomers have the same Auy,
core, which consists of a dimer of bitetrahedral Au,. The Au,
unit can further be dissected into two Au, units that share one
common vertex (see the ESI, Fig. S1). This view of the core
structure is supported by X-ray absorption spectroscopy,® Bader
charge analysis,”* and other theoretical analyses.®>* Of note,
other views (e.g., cuboctahedron or a cubic box)*®* do not affect
the fact that the two Au,g(SR),, nanoclusters have the same gold
core but different shells.

The shell structure exhibits completely different arrange-
ments between the two Auyg(SR),, nanoclusters. In the
Au,g(CHT),, nanocluster, the Au,, core is surrounded by two
monomeric staple motifs (SR-Au-SR) and four trimeric staple

(c)

Au,g(CHT),, Nanocluster

(f)

—

Au,g(TBBT),, Nanocluster

Fig.1 X-ray structures of (a—c) Au,g(CHT),o and (d—f) Au,g(TBBT),o featuring the “core” and “shell” components. Color labels: purple = core Au
atoms; other colors = shell Au atoms. The carbon tails in (b and e) are omitted for clarity. Redrawn from ref. 49 and 52.
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motifs (SR-Au-SR-Au-SR-Au-SR), Fig. 1b. The trimeric motifs
form two pairs of interlocked configuration (highlighted with
red arrows in Fig. 1b). In contrast, the shell of Au,g(TBBT)y,
contains four dimeric staples (SR-Au-SR-Au-SR) and two
trimeric staples (SR-Au-SR-Au-SR-Au-SR), Fig. le. The total
structures of Au,g(CHT), and Au,g(TBBT),, are shown in Fig. 1c
and f. The two Au,g(SR),, nanoclusters motivate us to investi-
gate their PL properties in the current work.

The optical absorption spectra of the Au,g(CHT),, and
Au,g(TBBT),, nanoclusters are shown in Fig. 2a and c, respec-
tively. Both Au,g(SR),, nanoclusters exhibit very similar UV-vis
optical features despite the blue shifting of the absorption
bands for Au,g(CHT),, compared with those of Au,g(TBBT),,. It
is worth noting that these two Au,g(SR),, isomers also exhibit
a similar HOMO-LUMO band gap around 1.7 eV as determined
from their optical spectra and differential pulse voltammo-
gram.®® The closely resembling optical absorption spectra
indicate that the core structure dictates the absorption spectra.

The photo excitation and emission spectra of Au,g(CHT),,
and Au,g(TBBT),, are shown in Fig. 2b and d, respectively. The
PL emission spectrum of Au,g(CHT),, is centered at ~784 nm
(Fig. 2b, red profile). The PL excitation spectrum exhibits three
peaks with the highest peak at 372 nm (Fig. 2b, blue profile). For
Au,g(TBBT),,, the PL spectrum is centered at 756 nm which is
blue shifted compared with Au,g(CHT),, (Fig. 2d). The PL
excitation spectrum of Au,4(TBBT),, also shows three bands but
less distinct, in comparison to Au,g(CHT),, (Fig. 2d). Interest-
ingly, the PL intensity of Au,g(CHT),, is significantly higher
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than that of Au,5(TBBT),, as revealed in the excitation/emission
contour maps (Fig. 3a and b). The PL excitation was scanned
from 300 to 700 nm and the emission profile was recorded from
600 to 900 nm. As shown in Fig. 3, although both Au,5(SR),,
nanoclusters emit in the 725 to 825 nm region, the quantum
yield (QY) of Au,g(CHT), is more than 15-fold higher than that
of Au,g(TBBT),, Z.e. 1.6% vs. 0.1%. Herein, the QY measure-
ments used Au,5(SG)1s (QY = 0.2%)> as the reference. We note
that gold nanoclusters protected by Aydrophobic thiolates are
often weak in luminescence (QY < 1%). Only a few gold nano-
clusters, ie., the present Au,4(CHT),, and the previously re-
ported Au,4(SR),, (R = CH,Ph-Bu, CH,Ph, C,H,Ph) have QYs
greater than 1%.">"%*

To gain insight into the luminescence behavior of the two
nanoclusters, the PL lifetime was measured by time-correlated
single photon counting (TCSPC). As shown in Fig. 4, multi-
exponential fitting of the PL decay profiles gives rise to two
lifetime components for each nanocluster, ie., 7, = 264 ns
(25%) and 1, = 1.70 ps (75%) for Au,g(CHT),g, and 7; = 59 ns
(56%) and t, = 285 ns (44%) for Au,g(TBBT),,. It is clear that
Au,g(CHT),, exhibits a significantly longer PL lifetime than
Au,g(TBBT),, (Fig. 4). The long-lived component explains the
higher QY of Au,g(CHT),,. The average lifetime (t*) and QY are
related by eqn (1),

QY = t*kg (1)
where kg is the radiative decay rate. The average lifetime (¢*) can
be calculated using eqn (2),
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Fig. 2 UV-vis absorption spectra of (a) Au,g(CHT),o and (c) Au,g(TBBT),o. Photoluminescence excitation (Ex, monitored emission at the
maximum intensity) and emission (Em, excited at 372 nm) spectra of (b) Au,g(CHT),0 and (d) Auxg(TBBT)0.
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Fig. 3 Excitation/emission contour maps of (a) Au,g(CHT),q and (b) Au,g(TBBT),q. (c) Comparison of the emission spectra of Au,g(CHT),o and
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Fig. 4 Comparison of the photoluminescence decays of Au,g(CHT)2o
and Au,g(TBBT),o nanoclusters at the emission maxima measured by
TCSPC.
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where 4; is the relative amplitude and t; is the individual i
lifetime. Therefore, the radiative decay rate (kg) can be ob-
tained. With the experimentally measured QY and calculated kg,
the non-radiative decay rate (kyg) can also be obtained accord-
ing to the relation shown in eqn (3).

kR
kr + knr

*

(2)

T

QY = )

The measured and calculated parameters are summarized in
Table 1.

Generally, PL can be increased by (i) enhancing the radiative
rate (accordingly, the PL lifetime becomes shorter), and/or (ii)
suppressing the nonradiative rate (accordingly, the PL lifetime

This journal is © The Royal Society of Chemistry 2020

becomes longer). In our system, apparently the PL enhance-
ment in Au,g(CHT),, falls in the second category since the
lifetime becomes much longer. The mechanism for suppressing
the non-radiative decay rate (kyg) in the Au,g(CHT),, nano-
cluster is further discussed below.

To further understand the origin of the difference in the PL
intensity and lifetime for the two Au,g(SR),, nanoclusters,
femtosecond and nanosecond transient absorption (TA) spec-
troscopy measurements were performed to probe the detailed
excited state relaxation and dynamics. As shown in Fig. 5a and
b, the two Au,g(SR),, isomers exhibit very similar TA spectra at
At = 1 ns. The excited state absorption (ESA) overlaps with
ground state bleaching (GSB) in both Au,g(SR),, isomers. All the
GSB and ESA peaks of Au,g(CHT),, are blue-shifted compared
with those of Au,g(TBBT),,, which agrees well with the trend in
their steady-state absorption spectra (Fig. 2a and c). Signifi-
cantly, despite the two nanoclusters having similar TA spectra,
drastic differences were observed in their excited state lifetimes
(Fig. 5¢ and d), that is, the ESA of Au,4(TBBT),, decays to zero
within ~300 ns while the decay of ESA in Au,g(CHT),, at
a similar probe wavelength takes a significantly longer time
(~10 us). Global fitting shows that the excited state lifetime of
Au,g(CHT),, has three components (8 ns, 105 ns and 1.7 ps),
while Au,g(TBBT),, shows two components (58 ns and 200 ns).
The significantly longer excited state lifetime of Au,g(CHT),,

Table 1 Parameters obtained from photoluminescence
measurements®

QY (%) T* ke (57h) kng (571
Au,g(CHT)y 1.6 1341 ns 1.19 x 10* 7.32 x 10°
Au,5(TBBT),0 0.1 158 ns 6.33 x 10° 6.32 x 10°

“ QY: quantum yield, t*: average lifetime, kg: radiative decay rate, kyg:
non-radiative decay rate.

Chem. Sci., 2020, 1, 8176-8183 | 8179
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Fig. 5 Nanosecond transient absorption spectra of (a) Au,g(CHT),0 and (b) Aupg(TBBT),q at selected time delays pumped at 360 nm. Kinetic
traces probed at 700 nm for (c) Au,g(CHT),0 and (d) Au,g(TBBT),o. The corresponding fits are obtained from global fitting.

from TA measurements is in line with the PL lifetime results
measured by TCSPC, which further supports that the long-lived
excited state is responsible for the stronger PL in the
Au,g(CHT),, nanocluster, that is, the PL enhancement mecha-
nism is via suppressing the nonradiative rate, as opposed to
enhancing the radiative rate. The resemblance of the excited
state lifetimes measured by nanosecond TA spectroscopy and
the TCSPC explicitly indicates that the TA and PL signals have
a similar geometrical and electronic origin.

In addition to the above nanosecond dynamics, femtosecond
transient absorption measurements with a pump at 600 nm
(near-bandgap excitation) were also carried out to probe the
ultrafast electron dynamics of the two Au,g(SR),, nanoclusters.
Interestingly, both Au,s(SR),, nanoclusters did not exhibit any
~1 ps component that corresponds to the core-shell relaxation
observed in a Au,s(SR);s nanocluster.”””* Since no additional
spectral features with near-bandgap excitation was observed
(Fig. 6), we conclude that there is no core-to-shell electron
transfer (or core-shell relaxation) in both Au,g(SR),o nano-
clusters. As shown in Fig. 6, both Au,4(SR),, nanoclusters

8180 | Chem. Sci, 2020, N, 8176-8183

exhibit picosecond and nanosecond decaying components with
similar evolution associated spectral (EAS) features. Therefore,
the picosecond relaxation can be attributed to the structural
relaxation.®® These results are distinctly different from the core-
shell relaxation mode previously observed in Au,s(SR);g and
Ausg(SR),4 nanoclusters.””>%°

Based on the femtosecond and nanosecond transient
absorption measurements, the relaxation pathway for both
Au,g(SR), isomers is summarized in Scheme 1 with respective
time constants. Such a relaxation pathway is completely
different from the previously observed two-state relaxation for
Au,5(SR);5 and Auzg(SR),4 nanoclusters.”>**® The absence of
core-shell electronic relaxation in both Au,g(SR),, nanoclusters
suggests that the electrons are mostly localized in the metal core
where the TA signals originated. Therefore, the inner metal core
is the key and constitutes the structural origin for the distinct
differences in the PL intensity and excited state lifetime
between the two Au,g(SR),o nanoclusters. As both Au,g(SR),
nanoclusters have the same Auy, core (note: the Au-Au bond
length difference between the two Auy, cores is less than 0.4%),

This journal is © The Royal Society of Chemistry 2020
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(EAS) obtained from global fitting of (c) Au,g(TBBT),0 and (d) Au,g(CHT),o. Note: scattering around 600 nm due to the pump pulse was cut off in

both Auzg(SR)20 nanoclusters.

we conclude that the shell structures heavily influence or even
dictate the electronic relaxation and dynamics of the metal core,
which indirectly affects the PL properties. These results suggest
that the PL originated from the metal core, instead of the shell.

Based on the above results, we propose a shell-mediated core
emission mechanism to explain the structural origin of the PL

in the Auyg(SR),o nanoclusters. In such a luminescence
pathway, the emission solely arises from the metal core while
the electron dynamics of the core is modulated by the shell.
This core-originated PL mechanism in Au,g(SR),, nanoclusters
is quite unique, and it is distinctly different from the previously
observed surface-initiated emission behavior for Au,5(SR);s and

|
s, ' I
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100-200 fs 100-200 fs
11 ps 11 ps
8ns, 105 ns 58 ns,
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Scheme 1 Relaxation diagram of Au,g(SR),o nanoclusters and time constants obtained from transient absorption measurements.
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other water soluble glutathione (SG)-protected gold nano-
clusters.*?** Such a different origin of PL (i.e., core vs. surface) is
attributed to the unique Au,-assembled or FCC core structure in
Au,g(SR),o nanoclusters as opposed to the icosahedron-based
structures in Au,s5(SR);s and other related nanoclusters. This
core-originated emission may also exist in other FCC based gold
nanoclusters. Other than the core-originated PL, the 15-fold
enhancement in Au,g(CHT),, compared to Auyg(TBBT)y,
implies that the shell structure also plays an important role,
which is due to the electronic interactions between the core and
the shell.

Finally, it is worth noting that Au(i)-SR complexes”™ and
polymers™ could be luminescent. Thus, we prepared’ and
tested both Au(1))CHT and Au(1)TBBT for PL, but no appreciable
PL was found (see the ESI, Fig. S2t). Upon correlating with the
X-ray structures of Au,g(CHT), and Au,g(TBBT),,, one can find
that, in Au,5(CHT),,, the staples are quite dangling out, which
leads to less interactions with the kernel and thus slower
excitation energy dumping through the surface (to solvent),
whereas the Au,g(TBBT),, has a tighter interaction between
staples and the kernel, which leads to faster dumping of
electronic excitation energy. The interlocking of staple motifs
also enhances the PL owing to surface rigidification. In
summary, given the structure-dependence of PL, the origins of
PL in metal nanoclusters are most probably multi-fold (e.g.
FCC-related origin vs. icosahedral structure origin), and future
work is expected to map out more mechanisms through
structure-PL correlations.

Conclusion

Using the pair of Au,g(CHT), and Au,g(TBBT),, nanoclusters as
a model system, we have investigated the photoluminescence
origin. Interestingly, we find that the QY of the Au,g(CHT)y,
nanocluster is more than 15-fold higher than that of Au,g(-
TBBT),,. Correlating the PL and the excited state electron
dynamics with the atomic structures of the two Au,g(SR)s
nanoclusters reveals a shell-mediated core emission mecha-
nism. The discovery of the core-originated emission mechanism
in FCC based Au,g(SR),, nanoclusters is significant since it
provides new insights into the intriguing PL phenomenon in
non-icosahedral gold nanoclusters. The present study offers
important guidelines for rationally enhancing the lumines-
cence of metal nanoclusters for various applications.
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