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Two triplet emitting states in one emitter: Near-infrared
dual-phosphorescent Au,, nanocluster

Wei-Dan Si't, Chengkai Zhang't, Meng Zhou?, Wei-Dong Tian', Zhi Wang’, Qingsong Hu?,
Ke-Peng Song’, Lei Feng', Xian-Qiang Huang®, Zhi-Yong Gao®, Chen-Ho Tung', Di Sun*

Intrinsic dual-emission (DE) of gold nanoclusters in the near-infrared (NIR) are fascinating for fundamental im-
portance and practical applications, but their synthesis remains a formidable challenge and sophisticated
excited-state processes make elucidating DE mechanisms much more arduous. Here, we report an all-
alkynyl-protected gold nanocluster, Au20, showing a prolate Au,, tri-octahedral kernel surrounded by two
Au,(CZ-PrA); dimers, four Au(CZ-PrA), monomers, and two CZ-PrA™ bridges. Au20 exhibits distinguished pho-
tophysical properties including NIR DE at 820 and 940 nm, microsecond radiative relaxation, and 6.26% photo-
luminescent quantum yield at ambient environment in nondegassed solution. Combining systematic studies on
steady/transient spectroscopy and theoretical calculation, we identified two triplet charge transfer (CT) states,
ligand-to-kernel and kernel-based CT states as DE origins. Furthermore, this NIR DE exhibits highly independent
and sensitive response to surrounding environments, which well coincide with its mechanism. This work not
only provides a substantial structure model to understand a distinctive DE mechanism but also motivates the
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further development of NIR DE materials.

INTRODUCTION

Near-infrared (NIR) luminescent materials have a wide range of ap-
plications in biological systems owing to their excellent penetration,
less photodamage, and high signal-to-noise ratio (1, 2). In particu-
lar, the intrinsic NIR dual-emission (DE) materials exhibit superior
in accurate and quantitative analysis compared to single-emissive
nanomaterials (3). Because of the simple structure and facile mod-
ification of the organic molecules, a large number of purely mole-
cules have been found to exhibit DE, and considerable efforts have
been devoted to unravel their complicated and mysterious DE
mechanisms (4, 5). Systematic perceptions between the dual-emis-
sive organic molecules and the underlying photophysical processes
have been proposed (4). However, most DE organic molecules face
the limitation of short emission wavelengths; thus, it is difficult to
achieve NIR DE for them.

Compared to organic molecules, atomically precise gold nano-
clusters composed of inorganic metal core and organic ligand
shell have structural diversity and stability, especially the large
Stoke shift due to the heavy atom effects, making them promising
candidates for NIR DE materials (6-9). Although a variety of gold
nanoclusters exhibit unique NIR characteristic (10-15), there are
rare examples of DE in NIR region (16). Moreover, the lack of fun-
damental and evidence-based understanding correlation between
structure and NIR DE properties impedes the exploration of how
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to purposefully design and synthesize NIR DE gold nanoclusters.
To date, only few impressive progresses have been made in revealing
underlying NIR DE mechanism of gold nanoclusters in the recent
literatures (17-21). Primitively, an intramolecular charge transfer
(CT) between core and protective shell in monolayer-stabilized
gold nanoclusters was proposed (17, 18). Li et al. (19) deciphered
that the slow process of excited-state transformation induces con-
trollable DE behaviors in Au,,(S-TBBM),, and Au,;,Cd(SAdm),,
nanoclusters with bi-tetrahedral Aug core from an experimental
perspective, followed by Havenridge and Aikens (20) who further
explained the DE mechanism of Au;,Cd using time-dependent
density functional theory (TD-DFT) plus tight binding. More
recently, Zhou and Song (21) revealed that core-shell CT state
and the Au,; core state result in visible and NIR emissions of
[Au,5(SR);5]” nanoclusters. Luo et al. (16) found that DE in
Auy,(PET);, (PET = 2-phenylethanethiolate) is from first excited
singlet state (S;) and excited triplet state (T), between which inter-
system crossing (ISC) occurs. The above cases provide well-under-
stood explanations for the DE phenomena in thiolate-protected
gold nanoclusters, but it is still undetermined whether these DE
mechanisms are universally applicable to other types of gold nano-
clusters, such as alkynyl-protected gold nanoclusters. Thus, obtain-
ing suitable structure models with NIR DE properties is prerequisite
to solve above question.

Here, we report a new type of NIR DE gold nanocluster,
[Auy(CZ-PrA),¢]*~ [Au20; CZ-PrAH = 9-(prop-2-yn-1-yl)-9H-
carbazole], which constitutes a nonclosed metal-ligand shell. It con-
sists of a prolate Au, kernel fused by three Aug octahedra and two
V-shaped Au,(CZ-PrA); “staple” motifs, four linear Au(CZ-PrA),
motifs, and two bridging CZ-PrA™ ligands. Unlike other reported
DE gold-thiolate nanoclusters (Fig. 1) (16, 19, 21), Au20 exhibits
not only NIR DE but also microsecond radiative relaxation and a
relatively high photoluminescent quantum yield (PLQY) up to
6.26%. A systematic study of optical spectroscopy and DFT calcula-
tions revealed two triplet CT states in one nanocluster, which had
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Fig. 1. Comparisons of DE mechanisms of gold nanoclusters. DE mechanisms
of thiolate-protected Au,s, Auyg, and Auy, nanoclusters in previous reports (16, 19,
21) and alkynyl-protected [Auzo(CZ-PrA)w]z‘ in this work. FL, fluorescence; PH,
phosphorescence.

never been observed before in Au-thiolate nanoclusters. Moreover,
these two NIR emission bands exhibit different sensitive responses
to the surrounding environments. This work not only sheds light on
previously unknown insight into the NIR DE mechanism of gold-
alkynyl nanocluster but also opens the avenues for the exploration
of NIR DE gold-alkynyl nanoclusters.

RESULTS
Synthesis discussion
In this study, we choose CZ-PrAH as protective ligand to passivate
gold kernel surface, according to our previous work (22). The choice
of CZ-PrAH is based on the unique parent structural advantages of
carbazole. (i) Nitrogen atom of carbazole is easily modified by prop-
argyl group through nucleophilic substitution reaction to coordi-
nate with gold atoms, thus regulating the geometric/electronic
structures of nanoclusters (23). (ii) Carbazole and its derivatives,
as a good electronic donor with a rigid n-conjugated plane and het-
eroatom N, are promising candidates for tuning photoluminescence
(PL) properties of nanoclusters (24). (iii) Aromatic rings of CZ-
PrAH ligands on nanoclusters surface would provide an ideal plat-
form to establish intra- and intermolecular interactions, which play
a crucial role in stabilizing nanoclusters or their packing in crys-
tals (25).

Subsequently, Au20 nanocluster was synthesized through a one-
pot method as described in Fig. 2A. In brief, a mixed solution of
CH,Cl, and CH;0H containing [Au(SMe,)Cl], CZ-PrAH, and
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"BuyNPF4 was directly reduced with NaBH, in the presence of trie-
thylamine (Et;N). After 3 weeks, dark green crystals were obtained
by slow diffusion of n-hexane into the reaction solution. In the syn-
thetic process, "BuyNPFy is indispensable for the whole system, pro-
viding "Bu,N" counterions to balance the charge of nanoclusters.
Because of their high disorder in the crystal lattice, "BuyN" coun-
terions are difficult to be located by crystallography but have been
detected by electrospray ionization mass spectrometry (ESI-MS)
(vide infra).

The molecular composition and the charge state of Au20 were
further verified by ESI-MS. As shown in Fig. 2B, the spectrum
shows a predominant peak at mass/charge ratio (m/z) 3603.326
(caled. m/z 3603.319) in negative mode, corresponding to the mo-
lecular ion [Au,(CZ-PrA),¢]*>~. The existence of "Bu,N* counter-
ions is confirmed by ESI-MS in positive mode (Fig. 2C). In addition,
DFT studies were also performed to verify the charge state of Au20
with the cases of anionic [Au,o(CZ-PrA),¢]*>~ and neutral
[Au,s0(CZ-PrA),6)° (fig. S1). The calculated absorption spectrum
of [Au,o(CZ-PrA),4)*~ matches well with the experimental absorp-
tion spectrum. In contrast, the calculated absorption spectrum of
the [Auyo(CZ-PrA),4]° is far different from the experimental spec-
trum (fig. S1B), indicating that the charge state of Au20 is —2. Thus,
the total number of free electrons of Au20 can be determined to be 6
(N* =20 + 2 — 16 = 6), which suggests that Au20 is a superatom
with an oblate configuration of 1S*1P* according to Mingos' rule
(26). The high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) was performed to confirm the
morphology and mono-dispersity of Au20 in solution (fig. S2).
Powder x-ray diffraction (PXRD) confirms the phase purity of
bulk sample of Au20 (fig. S3).

X-ray crystal structure of Au20
Single-crystal x-ray diffraction analysis reveals that Au20 crystallizes
in the monoclinic space group C2/c at 100 K (table S1). The
approximate dimension of the total Au20 nanocluster is
2.3 x 1.8 x 1.8 nm, while it is about 1.3 x 0.66 x 0.66 nm when
the organic shell is removed (Fig. 3, A and B). Structurally, Au20
has a C; symmetry and is composed of a ladder-shaped Auy
metallic framework and 16 CZ-PrA™ ligands (Fig. 3). According
to the “divide and protect” concept (27), the structure of Au20
can be viewed as a prolate Au;, kernel surrounded by two V-
shape "CZ—CH,—C=C—Au—C=C(—CH,—CZ)—Au—C=C—CH,_
—CZ" dimeric “staple” motifs and four linear "CZ—CH,.
—C=C—Au—C=C—CH,—CZ" motifs, along with two u,-CZ-
PrA™ ligands (Fig. 3, C to E, and fig. S4). The prolate Au,, kernel
can be identified as an assemble of three face-fused Aug octahedra
(Fig. 3, C and D), which gives an average Au---Au distance of 2.84 A,
being 1.4% shorter as compared to that of 2.88 A in bulk gold (28).
Similar Auj, trioctahedral units are also observed in the higher nu-
clearity gold nanoclusters, Auso(S-Adm);g and Ausy(Et;P);5Cl;,
nanoclusters (29, 30). Contributed by the centrosymmetric nature
of Au20, these V-shape, linear motifs, and simple terminal
ligands in a diagonal or oblique position of Au;, are identical.
With the ligation of these coordinated motifs, the Au---Au distances
of the total Au,, metallic core are obviously stretched (average,
2.97 A).

On the periphery of the ladder-shaped Au,, metallic core, 16
CZ-PrA~ ligands display two types of coordinated modes: ,-n',
n’ or 6 mode (fig. S5). These alkynyl ligands adopt an anistropic
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Fig. 2. Synthesis and characterization of the Au20 nanocluster. (A) Synthetic
route for Au20. ESI-MS of Au20 dissolved in CHCl3/CH;OH collected in negative (B)
and positive mode (C). Inset: the experimental (faint blue trace) and simulated
(pink trace) isotopic patterns.

distribution based on coordinated modes. Among them, 12 CZ-
PrA~ take p,-n',n® mode lying prone on the surface of the metallic
core in the horizontal direction, and the remaining four CZ-PrA™~
are in a perpendicular arrangement on the left and right sides of
ladder-shaped Au,, through o bonding. The Au—C bond lengths
for 0 bonds and m bonds fall in the range of 1.840(18) to
2.033(16) A (dug =1.99 A) and 2.214(13) to 2.348(14) A (dpyg =
2.28 A), respectively. To our knowledge, it is the first time that
the anistropic distribution of alkynyl ligands is observed in all-
alkynyl-protected gold nanoclusters.

Such a well-organized arrangement of the CZ-PrA~ ligands with
large m-conjugated carbazole rings serves as an essential role in
long-range ordered packing of the Au20. As shown in figs. S6
and S7, the close-packing diagram of Au20 displays abundant
intra- and intermolecular interactions, including noncovalent inter-
actions and van der Waals forces. Within the individual nanoclus-
ter, offset parallel CZ-PrA™ ligands engage in m---m interactions
between m-conjugated carbazole rings, and C(sp3)—H---m interac-
tions between methylene group and carbazole rings. Some carba-
zole rings of CZ-PrA~ ligands in edge-to-face positions facilitate
the formation of tilted T-shaped C(sp2)—H---1t interaction (fig. S6
and S8). In addition, the methylene groups of two CZ-PrA™
ligands are closed enough to the Au atoms to form intramolecular
C(sp3)—H--Au interactions. In crystal lattice (fig. S7), neighboring
Au20 nanoclusters are tightly locked together via a multitude of in-
teractions, involving tilted T-shaped edge-to-face stacking
C(sp2)—H--m interactions, C(sp2)—H--Au, and H--H interactions.
The abovementioned interactions are crucial for the stability and
formation of crystals of Au20.

It is noteworthy that Au20 has same metal-to-ligands ratio as the
previously reported neutral Au,o(SR);s composed of one bi-
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Fig. 3. Structural anatomy of Au20. The front (A) and side (B) views of the overall
structure of Au20. (C) Three Aug octahedral kernel; (D) Au;; kernel constructed by
face fusion of three Aug octahedra; (E) The Au,; kernel surrounded by two V-
shaped RC=C—Au—C=C(R)—Au—C=CR dimeric “staple” motifs. (F) The Au;,
kernel surrounded by four linear RC=C—Au—C=CR motifs and two RC=C"
ligands. R= CZ—CH,. All hydrogen atoms are omitted for clarity. Color codes:
yellow, Au; blue, N; pink, green, and gray, C.

tetrahedral Au; kernel and one giant octameric Aug(SR)g ring, tri-
meric Aus(SR)4, and two monomeric Au(SR), motifs (31) but ex-
hibits completely different geometric and electronic structures. This
again confirms that the different coordination mode of alkynyl and
thiolate ligands have a marked influence on the molecular and elec-
tronic structures of gold nanoclusters (32).

Dual emission and excitation-state dynamic of Au20

Among the various properties of gold nanoclusters, NIR PL is of
great interest (10-15). Here, we systematically investigated the
optical properties of Au20 nanocluster. To ensure the high purity
of samples, the Au20 crystals were used to perform a series of
optical measurements. Figure 4A displays the ultraviolet-visible
(UV-vis) absorption (green) and PL (red) spectra of Au20 in 2-
methyl tetrahydrofuran (2-Me-THF) under ambient conditions.
By contrast, the CZ-PrAH ligand shows an emission peak in the
visible region instead of the NIR region (fig. S9) under the same
test conditions. In the steady-state absorption spectrum, the solu-
tion of Au20 shows a major absorption band at 600 nm in the
low-energy region and two shoulder peaks at ~330 and 725 nm.
The absorption edge at ~1.84 eV corresponds to the highest occu-
pied molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO) gap (E,), which is consistent with electrochemical
gap (1.90 eV) from differential pulse voltammetry (DPV)
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Fig. 4. Excitation-dependent emission spectra of Au20. (A) Absorption and emission spectra of Au20 in 2-Me-THF. (B) Photoluminescence (PL) decay curves of 750 (PL
1) and 1050 nm (PL II). (C) PL excitation (PLE) spectrum of Au20 at different emission wavelength. (D) 2D consecutive PLE/PL map of Au20. (E) PL spectra under four
selected excitation wavelengths. (F) Relative amplitude of the lifetime of dual emission under four excitation wavelengths.

measurement (fig. $10). In combination of the E, value and the
quantum confinement effects due to the diameter approach the
electron’s Fermi wavelength, this nanocluster starts to exhibit mol-
ecule-like optical transitions and NIR luminescence (18, 33). Upon
excitation with 365-nm UV light, Au20 exhibits a NIR DE with two
maximum wavelengths located at ~820 nm (PL1, 1.51 eV) and ~940
nm (PLII, 1.32 eV) at room temperature (Fig. 4A), with large Stocks
shifts (i.e., 1239.83/820 to 1239.83/600 = 0.55 eV for PL I and
1239.83/940 to 1239.83/600 = 0.75 eV for PL II). The PLQY of
Au20 was determined to be 6.26% (Cy7.5 as standard). The PL
spectra were deconvoluted into two Voigt profiles to extract the con-
tribution from each peak, in which PL II shows a higher PLQY than
PLI(1.42% for PLIand 4.84% for PL II). The DE dynamics of Au20
were studied by time-correlated single-photon counting (TCSPC)
technique. By fitting the decays of PL I and PL II, their average life-
times are determined to be ~7.53 and 7.34 ps, respectively, manifest-
ing that PL I and PL II should be triplet emission (decays around
750 and 1050 nm are monitored to reduce mutual interference in
overlapping emission bands) (Fig. 4B and Table 1). To verify this
speculation, the emission spectra of N,- and O,-purged solution
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of Au20 were measured (fig. S11), which are identical to that of
Au20 under ambient conditions. By comparison, the emission in-
tensities of PL I and PL II were enhanced and reduced under N, and
0, atmosphere, respectively. The singlet oxygen ('O,) production is
confirmed by a rapid decrease in the characteristic absorption band
of 1,3-diphenyliso-benzofuran (DPBF) solution containing Au20
(fig. S12). These results indicate that Au20 can be used as a photo-
sensitizer for 'O, generation, and both PL I and PL II are phospho-
rescence. The decay lifetime of its DE is neither like [Au,5(SR),5]™
nor like Auy,(PET)s,, in which the former has nanosecond-scale
decay time in visible and NIR emission (21), while the latter gives
a singlet and triplet emission with nanosecond (ns) and microsec-
ond lifetimes, respectively (16). Therefore, the mechanism of
kernel-shell CT and singlet/triplet states may be ruled out.
Besides, such NIR dual long-lived PL bands have not been observed
in any thiolate-protected gold nanoclusters.

Moreover, the PL excitation (PLE) spectra of Au20 for emission
at PLTand PL IT have the same maximum excitation band located at
340 nm (Fig. 4C) but different excitation bands at low-energy region
(600 and 660 nm for PL I and 720 nm for PL II.), which are not
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Table 1. PL parameters of PL | and PL Il of Au20. t,,., average lifetime; k,,
radiative decay rate; k,,,, nonradiative decay rate; PLQY = k/(kn, + k.);
7= 1/(kn, + k).

PL peak PLQY (%) Tave (115) ke (s Knr (s77)
PLI 1.42 7.53 1.89 x 10° 1.31 x 10°
PLII 484 7.34 6.60 x 10° 1.30 x 10°

consistent with its absorption spectrum. This is different obviously
from previously reported Au,,(S-TBBM),, and Au,;,Cd(SAdm);,
nanoclusters, whose PLE and absorption spectra show a high
similarity (24). Thus, the excited-state transformation mechanism
is further excluded for NIR DE in Au20. To probe the underlying
mechanism of NIR DE of Au20, we further studied the wavelength-
dependence PL/PLE spectra, from which an obvious spectral differ-
ence between PL I and PL II was observed in two-dimensional (2D)
PL/PLE maps (Fig. 4D). The intensity of PL I under different exci-
tation wavelengths from 300 to 740 nm shows dynamic fluctuations
and is relatively strong at three excitation wavelengths (340, 600 and
660 nm), wherein the spectra exhibit nearly single emission under
the excitation of 600 and 660 nm (Fig. 4E), which is consistent with
its PLE spectrum. In contrast, the intensity of PL II suffers a stron-
gest emission at 340 and 720 nm and appears single emission under
the excitation of 720 nm (Fig. 4E), which shows an entirely different
trend from PL I in PL/PLE spectra. Considering the relevance
between two PL bands, we deduce that two PL bands may origin
from two different emitting states/centers, namely, there are two
emitting states existing in one emitter (Au20) (4, 6, 34, 35).
Besides, the excitation-dependent decays of PL I and PL II were
also performed, and their relative amplitudes of two-exponential
lifetime show both the positive and negative correlation with exci-
tation wavelength (Fig. 4F, fig. S13, and table S$3), indicating that the
different PL decay curves of PL I and PL II are actually combined
results with different contributions from two mono-exponential
decays due to the overlap of two PL bands in emission region.

In addition to the above experimental data, TD-DFT calcula-
tions were further performed to investigate the attributions of
charge transition of two emitting states. Figure 5A shows the calcu-
lations of the ground states (Sp) of Au20, which gives an energy gap
of 1.86 eV between the HOMO and the LUMO. The slight variation
of the gap compared to those in experimental data can be attributed
to the overestimation of the excitation energy by the B3LYP func-
tional. The HOMO and LUMO orbitals of Au20 are partially over-
lapping with a relatively high overlap integral ((yy|y;)) of 0.26, in
which the HOMO orbital is mainly distributed around the CZ-
PrA™ m* (aromatic aryl) orbitals and partly located on the Au 6sp
orbitals of the outer shell of Au20, exhibiting typical P characters;
the LUMO orbital has significant contributions from the d orbitals
of Au in the ladder-shaped Au,, kernel with a superatomic d-like
character, suggesting the incorporation of ligand-to-Au,, kernel
CT (LMCT) and eight outer Au atoms to Au;, kernel CT
(MMCT) components. Four excitation states with relatively high os-
cillator strength, named as a, B, y, and §, corresponding to the four
excitation wavelengths discussed above, were selected (Fig. 5B). The
excitation state o is mainly contributed by the HOMO-60
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((\[JHNJL) = 024), HOMO-70 ((\PHI\PL) = 042), and HOMO-71
({yylwL) = 0.37) to LUMO orbitals transitions, in which LMCT
and MMCT proportions of 59.65 and 40.34%, respectively
(Fig. 5C and fig. S14). The excitation state  is mostly attributed
to the HOMO-36 ({(yy|yL) = 0.51) to LUMO orbitals transition,
with small amount of the HOMO-34 ({(yy|y) = 0.38) to LUMO
orbitals, giving LMCT and MMCT nearly the same proportions
of 48.45 and 51.55%, respectively (fig. S15). The excitation state y
with the highest oscillator strength is simply involved in the transi-
tion from HOMO-36 ({yy|yr) = 0.51) to LUMO orbitals, with
98.44 and 1.50% for LMCT and MMCT, respectively (fig. S16).
Last, the excitation state § is ascribed to the HOMO to LUMO or-
bitals transition, with LMCT and MMCT proportions of 95.72 and
4.26%, respectively (Fig. 5C and fig. S17). Notably, the proportion of
MMCT decreases upon wavelength varying from 368 to 615 nm and
increases upon wavelength varying from 615 to 670 nm, with the
lowest proportion occurring at 615 nm, which coincides with the
evolution trend of PL II intensity in the 2D PLE/PL map
(Fig. 4D). Meanwhile, the evolution trend in the proportion of
LMCT is also coincided with that of PL I in PLE/PL map. On the
basis of the above analyses, the consistency of PLE/PL map and
LMCT/MMCT proportions implies that the origin of two emitting
states corresponds to the two spatially separated CT states, that is,
LMCT and MMCT, respectively.

To probe the excited-state dynamics of two emitting states, fem-
tosecond (fs) and ns TA spectroscopy were performed on Au20 in
the visible region (36). The fs/ns-TA spectra of Au20 pumped at 400
nm are displayed in Fig. 5D. Upon excitation with 400-nm laser
pulse, rich electronic dynamics can be observed within the 20-pus
time window. Three strong and net ground-state bleaching (GSB)
signals around 600 (GSB I), 660 (GSB II), and 720 nm (GSB III)
corresponding to the Au20 absorption bands were observed,
along with two obvious excited-state absorption (ESA) signals,
ESA T and ESA II, around 500 and 675 nm in the visible range. In
terms of the time-dependent evolution, within 0 to 0.15 ps, the ESA
I and ESA II arise rapidly to distinct bands, and then the latter
decays to nearly disappear from 0.15 to 0.4 ps. Nevertheless, the
ESA T remains unchanged within 0.15 to 0.4 ps and slightly
decays to a flat band more than 7 ns (Fig. 5E). Therefore, the
decay of ESA II around 700 nm but no rise of ESA I at ~500 nm
were observed in the early time delay due to ultrafast ISC (37, 38).

The three net GSB signals keep rising in the time domain of 0 ps
to 7 ns, indicating that no excited electrons decay back to the ground
state in this time window. As for their evolution in ns-TA, starting
from ~12 nsto 0.17 ys, there is a decrease of GSB I and GSB II center
at 600 and 660 nm, respectively, accompanied by the rise of GSB III
around 720 nm, suggesting the partial relaxation from one emissive
state to another (Fig. 5, F and G). In combination with the 2D PL/
PLE results (single emission of PL I under 600/660-nm excitations
and single emission of PL IT under 720-nm excitation), we proposed
that the transition from the triplet CT state of PL I (T1') to that of PL
II (T1). These three GSB signals show decay time constants compa-
rable to the microsecond lifetimes of PL bands measured by TCSPC
(Fig. 5G), which indicates that the excited state undergoes very slow
relaxation to the ground state to emit phosphorescence.

DE response to multiple environment parameters
In view of the DE characteristic appearing to be sensitive to sur-
rounding environments (I8, 39, 40), we performed the PL
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measurements of Au20 under different temperature and polarity.
First, the temperature-dependent PL spectra of Au20 in 2-
MeTHF were recorded as shown in Fig. 6A. The PL I and PL II
peaks both become sharper with different degrees of blue shift
upon decreasing the temperature from 293 to 113 K, indicating a
strong electron-phonon interaction (Fig. 6B) (41). Intriguingly,
the PL I and PL II give different response speeds as the temperature
decreases, along with a similar intensity at 113 K. The integrated
intensities of PL I and PL II were found to increase by 5.65 and
2.03 times from 293 to 113 K, respectively. Furthermore, the data
fitting and peak deconvolution for all temperature-dependent
spectra were performed to estimate quantificationally the contribu-
tions of PL I and PL II to the total peak (fig. S18 and table S4). It is
obvious that the percentage of PL I increased from 19% at 293 K to
56% at 113 K, indicating that PL I is more susceptible to the low
temperature due to the suppression of nonradiative relaxation. To

Si et al., Sci. Adv. 9, eadg3587 (2023) 29 March 2023

study the nonradiative relaxation process of DE bands in Au20, the
quantitative temperature-dependent intensity evolutions for DE
peaks are plotted. As shown in Fig. 5C, the curves of PL intensity
of PL I and PL II versus temperature can be fitted (PL intensity at
113 K as unity) to analyze the thermally activated nonradiative re-
laxation pathway (single dominant nonradiative channel using Ar-
rhenius expression (Eq. 1) (42)
Iy

T) = i M)

where a is the ratio of nonradiative and radiative probabilities
and E, is the activation energy of the nonradiative relaxation
channel. The activation energies of acoustic phonon modes
coupled with PL I and PL II are determined to be around 23.6
meV (23.6 meV x 8.0 cm™'/meV = 188.8 cm™') and 15.3 meV
(15.3 meV x 8.0 cm™'/meV = 122.4 cm™), respectively. The
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possible origin of low-frequency phonon mode (<150 cm™") of PL
II is the Au-Au vibration of metallic kernel in Au20, while the rel-
atively higher phonon mode of PL I may be assigned to the Au-C
vibration in shell of Au20 (43, 44). Such a result also reflects the
nature of DE of Au20. Specifically, the PL I arises from the
ligand-to-kernel CT state; thus, it is more easily affected by the
low temperature for the suppression of nonradiative relaxation.
Conversely, the PL II is contributed by the kernel-based CT state,
which exhibits less affected by the low temperature. In addition,
this result also indicates that Au20 can be used as a ratiometric tem-
perature probe for noncontact optical thermometry (45, 46). Of
note, the lifetimes of PL I and PL II both show mono-exponential
in the 233 to 113 K region, revealing that only a single emitting state
exists in each PL band, which is most likely due to the minimal over-
lapping of the two PL bands in low temperature (figs. S19 and S20
and table S5).

Next, given that the solvent-dependent effects can lead to a per-
turbation of the NIR DE of Au20 (18), the NIR PL spectra of Au20
were measured in four organic solvents of different polarity (TCM,
2-Me-THF, DCM, and toluene) with a same concentration under
excitation at 365 nm and 600 nm. Different from the PL properties
of Au,4(S-TBBM),, with polarity dependence of one of the DE
peaks due to the CT nature in both PL states, two emission bands
in Au20 almost exhibit independent responses to polarity since the
DE characteristic of Au20 involved with two triple CT states in one

Si et al., Sci. Adv. 9, eadg3587 (2023) 29 March 2023

nanocluster. As shown in Fig. 6D, under excitation at 365 nm, as the
polarity decreases from the higher-polarity TCM to the lower-po-
larity toluene, a obvious increase was observed for the intensities of
both PLIand PL II, among which the PL I exhibited a broad band in
TCM and DCM, and a relatively sharp peak in 2-Me-THF and
toluene, while all the PL II retained a sharp peak in these four sol-
vents. To exclude the interference of PL II on PL I, the excitation
wavelength was converted to 600 nm to record the PL spectra of
Au20. As anticipated, only PL I appeared and showed a similar in-
creasing trend with the change of solvent polarity. The UV-vis ab-
sorption spectra and the PL lifetime of Au20 in different solvents
show a same character, indicating no change in the ground state
and decay time of electron-hole recombination (figs. S21 and S22
and Table S6). Therefore, the polar environment could induce po-
larization to the excited states from two triplet CT states, leading to
the change of emission (39, 47-49). To further elucidate the effects
of polar environment on the excited state of kernel, the titration ex-
periment of Na,S was carried out. As shown in Fig. 6E, the emission
intensity of PL I and PL II decrease immediately even when 0.5
equivalents of Na,S was added. Upon adding more Na,S, the emis-
sion intensity of PL spectra continued declining, with the decrease
of PL II being more distinct from that of PL I. After the addition of
5.5 equivalents of Na,S, the PL II almost disappeared, while PL I
remained unchanged. These results not only reveal that the exis-
tence of bare Au site on Au20 surface can be more susceptible to
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$*~ bonding (Fig. 6F) but also validate that the polar environment
can make an effect on the excited state of kernel. In summary, the
independent dual responses to the temperature/polarity/Na,S con-
centration provide further evidence that the mechanism of NIR DE
arises from two triplet emitting states, which indicates that Au20 is a
potential ratiometric probe.

DISCUSSION

In summary, we successfully isolated an all-alkynyl—protected gold
nanocluster, Au20, by introducing carbazole-based CZ-PrAH
ligand. Au20 has a prolate tri-octahedral Au;, kernel encaged by
a nonclosed metal-ligand shell. Impressively, Au20 demonstrates
an extraordinary intrinsic DE in NIR region and a microsecond ra-
diative relaxation with PLQY of 6.26%. The comprehensive analysis
of optical spectra and DFT calculations confirmed that the DE of
Au20 origins from two triplet CT states, including ligand-to-
kernel and kernel-based transitions. To our knowledge, this is
also the first time to decipher the DE mechanism in alkynyl-protect-
ed gold nanoclusters. In addition, these two emissions are highly
sensitive to temperature, polarity, etc., and give different responses.
This work provides a vital structure model to exploit a previously
unknown explanation for atomically precise nanoclusters with DE
phenomena, and the unique property of Au20 is encouraging and
will promote its development for practical optoelectronic, ratiomet-
ric sensing, and biomedical applications in the future.

MATERIALS AND METHODS

Synthesis of Au20

[Au(SMe,)Cl] (6 mg, 0.02 mmol), CZ-PrAH (4.5 mg, 0.022 mmol),
and "BuyNPFy (7.6 mg, 0.02 mmol) were dissolved in 3 ml of
CH,Cl,, to which 10 pl of Et;N was added. After the mixture was
stirred for 10 min, a freshly prepared solution of NaBH, (0.1 mg in
1 ml of CH3;0H) was added dropwise with the color of solution
changing from pale green to dark green and finally, to green
black. The reaction mixture was further stirred for 12 hours. After
filtration, the filtrate was subject to the diffusion of n-hexane vapor
to afford black rod-liked crystals after about 1 month (yield, 16.5%
based on Au).

Characterization of Au20

Mass spectra were recorded on a Bruker impact II high-definition
mass spectrometer, quadrupole and time-of-flight modules both in
the negative and positive ion modes. Typical measurement condi-
tions are as follows: end plate offset = 500 V, dry gas = 4 liter/min,
nebulizer = 0.3 bar, capillary voltage = 4000 V, sample flow
rate = 500 pl/hour, and collision gas, N,. The reported m/z values
represent monoisotopic mass of the most abundant peak within the
isotope pattern. The data analyses of mass spectra were performed
on the basis of the isotope distribution patterns using Compass Data
Analysis software (version 4.4). UV-vis absorption spectra were re-
corded on a Thermo Fisher Scientific Evolution 220 UV-vis spec-
trophotometer. Fourier transform infrared spectrum were recorded
on a Bruker Tensor II spectrophotometer (Bruker Optics GmbH,
Ettlingen, Germany) using a single attenuated total reflectance ac-
cessory covering a wave number range from 400 to 4000 cm ™. The
final spectrum was the average of 32 scans accumulated using
Bruker's Opus software 8.1, taken at 4-cm™' resolution. The
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samples were measured under the same mechanical force pushing
the samples in contact with the diamond window. PXRD analyses
were carried out on a microcrystalline powder using a Rigaku
Oxford Diffraction XtaLAB Synergy-S diffractometer using Cu ra-
diation (A = 1.54184 A). The PXRD patterns were processed with
the CrysAlisPro software suite (50) using the Powder function.
Morphology of the sample and elemental composition analyses
were measured using an SU-8010 field emission scanning electron
microscope (Hitachi Ltd., Tokyo, Japan) equipped with an Oxford-
Horiba Inca XMax50 energy-dispersive x-ray spectroscopy (EDS)
attachment (Oxford Instruments Analytical, High Wycombe,
England). The HAADF-STEM experiments were carried out at
300 kV using a double Cs-corrected FEI Themis Z microscope.
The Au20 was dissolved with CHCIl; and deposited on a carbon
support grid by drop-casting. The sample was dried naturally in
ambient environment before measurement. DPV of Au20 was con-
ducted on an electrochemical work station model CHI-660E with a
standard three-electrode system (glassy carbon working, Pt wire
auxiliary, and Ag/Ag" reference); this study was performed on
CHCl; solution containing 0.1 M "BuyNPFq as supporting electro-
lyte in N, atmosphere at —5°C.

Steady-state PL

The near-infrared (NIR) PL, PLE spectra, and quantum yield were
recorded on an Edinburgh spectrofluorimeter (FLS920) using a
time-correlated single-photon counting technique.

Detection of singlet oxygen ('0,) generation

DPBF was used to detect the 'O, generation by Au20. In brief,
DPBF in ethanol was prepared, to which the 2-Me-THF solution
of Au20 was added to give final concentrations of 1 mM for
DPBF and 3.5 x 107 uM for Au20. The mixed solution was irradi-
ated by Xe lamp, and the adsorption spectra were recorded on a
Thermo Fisher Scientific Evolution 220 UV -vis spectrophotometer.

Transient absorption analyses

Samples were prepared by dissolving Au20 in 2-Me-THF and trans-
ferred to a 2-mm path length quartz cuvette. An Astrella Ti:Sap-
phire laser system from Coherent was used as a light source,
which operates at a 1-kHz repetition rate, generating 70-fs pulses
at 800 nm. The ~70-fs pump laser pulse was generated by a regen-
erative amplifier system and the optical parametric amplifier (Co-
herent, Solo). A small portion of the laser fundamental was
focused into a sapphire plate to produce a supercontinuum in the
visible range, which overlapped with the pump in time and space.
Multiwavelength transient spectra were recorded at different pump-
probe delay times (Helios Fire, Ultrafast Systems). Time zero,
solvent response, and chirp corrections were used using software
supplied by Ultrafast Systems. Details of the x-ray crystallographic
analysis and DFT calculations are provided in the Supplementary
Materials.

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Figs. S1 to S25

Tables S1 to S6
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