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Abstract: Photoluminescence (PL) is one of the most important properties of metal nanoclusters (NCs). Achieving effi-
cient white light emission in metal NCs with a precise structures is important for practical applications but remains a great
challenge. Here, we report the efficient white emission from Au;y NCs by elaborately deploying the surface chemistry engi-
neering strategy. Specifically, the bis-aldehyde ligands of 4-hydroxyisophthalaldehyde (HOA ) are decorated on the surface
of Auy(SG),y NCs (glutathione denoted as SG) through the cross-linking reaction of imine bonds (—CH=N—). The
combination of 477 nm blue emission from HOA ligands and 620 nm orange-yellow emission from Au;y(SG) o NCs generates
white-light emission in HOA-Au;o(SG ),y NCs in the solvent mixture of ethanol and water. More importantly, dynamic color
tuning from blue light to yellow light is achieved by controlling the volume fraction of ethanol in the solvent mixture. In addi-
tion, the as-formed imine bonds significantly improve the structural rigidity of HOA-Auy (SG ), NCs, resulting in the
51. 2% absolute photoluminescence quantum yield (PLQY) of white emission. The present study exemplifies the paradigm

to control the emission color and improve the PLQY of metal NCs through rational surface chemistry engineering.
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1 Introduction

In the current information age, the development of
white-light-emitting materials is becoming increasingly
important because of their potential applications in

1-3]

lighting and displays"™. The ideal white-light-emitting
materials require an emission band that covers the en-
tire visible spectral region to achieve a high color ren-
dering index (R,). This requires multiple emitting
centers within the luminescent materials and a corre-
sponding dynamically adjustable emission intensity
based on the tunable energy/electron transfer chan-
nels. So far, various luminescent materials, including
semiconductor quantum dots, lanthanides co-doped sol-
id phosphors, and single-molecule organic emitters,
have been investigated and demonstrated to be poten-

tial white-light-emitting materials'*.

However, the in-
herent shortcomings of these luminescent materials
make the white emission from them suffer from the low
photoluminescence quantum yield (PLQY) and poor

color tunability”™.

It, therefore, remains challenging to
prepare highly efficient and dynamically color-tunable
white-light-emitting materials.

Metal nanoclusters (NCs) are typically com-
posed of few-to hundred-metal-atom aggregates pro-
tected by an organic ligand monolayer, which have
been modeled by a “divide-and-protect” concept”".
PL is one of the most important properties of metal
NCs"”. The hierarchical structure of metal NCs (in-
cluding metal core, staple motifs, and surface li-
gands) contributes to the diverse PL types (includ-
ing singlet-state fluorescence, triplet-state phospho-
rescence, thermally activated delayed fluorescence,
defect-state emission, etc. ). The PL of metal
NCs exhibits a strong quantum confinement effect,
leading to a tunable emission band covering the visi-
ble and near-infrared region. Therefore, lumines-
cent metal NCs are promising candidates to exhibit
white-light emission with high efficiency and color
tunability. Nevertheless, very limited success has
been achieved due to the remaining challenges"*"".
First, the enormous difficulty lies in realizing multi-

19-21]

peak emission in metal NCs! Second, unclear

energy/electron transfer laws between multiple

luminescent centers in metal NCs hampered the cus-
tomization of single-component white light. Third,
the non-radiative relaxation of metallic NCs makes
efficient white light emission difficult®™*, There-
fore, tremendous challenges remain in preparing
atomically structurally precise white-light-emitting
metal NCs with high PLQY to fully understand the
structural origin of white emission and the accurate
structure-property relationship in the process of lu-
minescence color regulation.

Herein, we report the efficient white emission with
customized emission color from atomically precise metal
NCs, by deploying the surface chemistry engineering

[25-26]

strategy™™. Especially, atomically precise Au;o(SG) g
NCs are employed as model NCs to afford 620 nm or-
ange-yellow emission in ethanol solution. In addition,
the surface ligand was chosen to be bis-aldehydes mole-
cule of 4-hydroxyisophthalaldehyde (HOA) containing
two aldehyde groups (—CHO) that can react with the
amino group (—NH,) in the terminal of the glutathione
ligands to form imine bonding (—CH==N—). The re-
sultant HOA-Auy, (SG) o NCs synthesized by surface
cross-linking reaction show efficient white emission
(51.2% PLQY) in 94% ethanol with two emission cen-
ters located at 477 nm and 620 nm contributed from sur-
face HOA ligands and Auy (SG),, NCs, respectively.
Femtosecond-transient absorption (TA) measurements
indicate that the electron transfer from surface HOA li-
gands to inner Au,(SG),y NCs is formed after anchor-
ing the HOA ligands. Finally, dynamic color tuning
from blue to yellow light is achieved by controlling the

volume fraction of ethanol in the solvent mixture.

2  Experiment

2.1 Materials

Hydrogen tetrachloroaurate ( I )
(HAuCly+ 3H,0, >49. 0% ) was purchased from Sigma
Aldrich. 4-Hydroxyisophthalaldehyde (HOA, 98%),
and sodium hydroxide (NaOH, 96%) were purchased
from Energy Chemical (Shanghai, China). Carbon
monoxide (CO, 99.99% ) was provided by Changchun
Juyang Gas Co. Ethanol (99.7%) was obtained from

trihydrate

Fuyu Fine Chemical Co. All chemicals were used as

received without additional purification. Dialysis Bags
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(MD55-3500) were obtained from Hunan Yibo Bio-
technology Co. Ultrapure Millipore water (18.2 M{))
was used throughout the experiments to dissolve re-
gents and as reaction media.
2.2 Synthesis of Au,,(SG),, NCs

In a typical synthesis of white-emitting Au NCs, 5
mL aqueous solutions of HAuCl, (50 mmol/L) and 10
mL GSH (50 mmol/L.) were added to 235 mL of ultra-
pure water under 600 r/min stirring at room tempera-
ture. The greenish-yellow solution (the original color
of the HAuCl, solution) quickly turned white with the
appearance of precipitation, implying the formation of
Au () -thiolate complexes. After 2 min, the pH of the
aqueous solution was carefully tuned to 7.0 by drop-
ping in NaOH solution (1 mol/L), and the solution
transformed from white to colorless. One bar of CO gas
was bubbled through the reaction solution for 2 min, af-
ter which the solution was sealed airtight and stirred at
600 r/min at room temperature. After 24 h, the crude
products were collected and lyophilized into powder.
2.3 Synthesis of HOA-Au,,(SG),, NCs

Typically, 40 pL aqueous solution of Auyg-
(SG) 1y NCs (5 mmol/LL) and 80 wL aqueous solution of
HOA (1 mmol/LL) were added to 1. 88 mL phosphate buf-
fer (20 mmol/L, pH=7.0). The mixture was allowed to
react for 0. 5 h at room temperature and 1 h dialysis experi-
ment. Then stored in a 4 °C refrigerator for further use.
2.4 Characterizations

'H-nuclear magnetic resonance ('H-NMR) were
performed with an AS 400 MHz (Q. One Instru-
ments Ltd. ) system. CDCl; was used as a solvent
for all '"H-NMR measurements. UV-Vis absorption
spectra were recorded on the Shimadzu UV-1900i
spectrometer. PL and PL excitation (PLE) spectra
were measured on a Hitachi F-4700 spectrometer
with excitation. FT-IR spectra were collected on a
Nicolet 1s50 spectrometer (Thermo Fisher) using a
single attenuated total reflectance accessory at 400—
4 000 cm™ scanning range. The PLQY of Auo-
(SG)yp and HOA-Auo(SG) o NCs samples in water-
ethanol mixed solution were measured and calculat-
ed on an FLS1000 spectrofluorometer (Edinburgh
Instruments Ltd. ) attached with an integrating sphere

coating with a reflective BaSO, layer. Femtosecond-

transient absorption(fs-TA) measurement was per-
formed on a commercial Ti: Sapphire laser system
(Spitfire Spectra-Physics). The system is equipped
with femtosecond pulsed lasers in the ultraviolet to
near-infrared wavelength bands, regenerative amplifier
system (Spitfire, Spectra-Physics), electronically de-
layed supercontinuum light source with a sub-nanosec-
ond pulse duration (EOS, Ultrafast Systems ), and dual

spectrometers with array detectors.

3 Results and Discussion

The Au;o(SG)o NCs are attractive in the light-
ing and biological fields due to their unique PL prop-
erties, excellent photostability, and biocompatibili-

[27-30]

ty Based on the reported carbon monoxide
(CO) reduction method, molecularly pure Au,-
(SG)y NCs can be easily synthesized™. Its precise
atomic structure of Au;o(SG),o NCs has been report-
ed™, consisting of two interspersed cyclic Aus(SG)s
pentamers (Fig. 1 (a) ). The as-synthesized Au,-
(SG)yy NCs show two characteristic absorption fea-
tures in an aqueous solution peaking at 330 nm and
370 nm, respectively (Fig. S1). We found that poor
solvents, such as ethanol, can lead to aggregation-in-
duced emission (AIE) of Au,,(SG),, NCs because
the polarity of ethanol (dielectric constant ~25.3) is
weaker than that of water (dielectric constant~
80. 1), and the degree of cluster aggregation is relat-
ed to the volume fraction of ethanol (i. e., f., f.=
Dethanot/Vethanotwaier) 10 the ethanol-water mixture™ ">,
In the mixed water-ethanol solution, the absorption
features of Au;y (SG);y NCs remained unchanged,
which indicates that the structure of Au;o(SG ),y NCs
maintained. However, a distinct emission peak at
620 nm is observed (Fig. 1(b)), which is the typi-
cal AIE property of Au;o(SG)yq NCsP.

To construct white light emission and increase
PLQY of Auy, (SG)yy NCs, HOA ligands with a
double aldehyde group (—CHO) were anchored on
the surface of Au;o(SG)jy NCs in leveraging of the
imine bonds ( —CH=N—) through bis-Schiff base
linkage reacted between aldehyde group in HOA li-
gands and amino group in Au;o(SG ),y NCs (Fig. 2)%.
The obtained HOA-Auj, (SG);, NCs show bright
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Fig. 1

(a) Schematic structure of HOA-Au,((SG),, NCs. (b) UV-Vis absorption spectra, PL spectra, and a digital photograph

of solutions excited at 375 nm. '"H-NMR (¢) and FT-IR spectra(d) of pure HOA ligands (top) , Au,o(SG),y NCs (mid-

dle), and HOA-Au,((SG ),y NCs (bottom)

Crosslinking reaction

GSH-Au NCs

Schiff base
—CH=N—

Fig. 2 Schematic illustration of the construction of white-light-emitting HOA-Au,, (SG),, NCs through a surface chemistry

engineering strategy

white-light emission with a Commission Internatio-
nale de L’ Eclairage (CIE) chromaticity coordinates
of (0.29,0.3) under 375 nm excitation in 94% eth-
anol solution (Fig. S2). Two distinct emission peaks
at 477 nm and 620 nm derive from the characteristic
emission of HOA ligands and Auo(SG ), NCs, respec-
tively(Fig. 1(b) ). The absolute PLQY of HOA-

Auyo (SG),y NCs was recorded to reach 51.2% at
room temperature with uniform photoluminescent
distribution and high stability at 4 °C (Fig. S3-4).
In addition, we found that the emission color of
HOA-Au,(SG),y NCs can be dynamically adjusted
from blue to white and finally to yellow by adjusting

the ratio of ethanol to water (Fig. 3(a) )™
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Fig.3 (a)The emission intensity variation curves and a digital photograph for solutions excited at 375 nm with ethanol concen-

trations ranging from 80% to 98% are presented. (b)The PLE deconvolution spectra of Au;o(SG),(top) and HOA-Au,,-
(SG),y NCs (middle) tested at 620 nm. The PLE deconvolution spectra of HOA ligands (bottom) tested at 477 nm.
(¢) Comparison of the PL decay of Au,,(SG),y and HOA-Au, (SG ),y NCs upon 375 nm excitation and 620 nm monitoring.
(d)Comparison of the PL decay of HOA ligands and HOA-Au,(SG )y NCs upon 375 nm excitation and 477 nm monitoring

'H-NMR and FT-IR measurements were carried
out to prove the successful chelation of HOA ligands
on the surface of Au;o(SG),, NCs.
Fig. 1(c¢), the '"H-NMR of pure HOA ligands has two

As shown in

sharp peaks at about 10.0x10™, corresponding to
two —CHO groups with different chemical environ-
ments (Fig. S5). However, the two peaks of —CHO
groups disappeared in the 'H-NMR of HOA-Au,-
(SG )1y NCs, indicating that the accomplished dehydra-
tion and condensation reactions of the —CHO groups
in HOA ligands with the —NH, groups in the Aujo-
(SG) o NCs to form imine bonds. The presence of im-
ine bonds was further demonstrated by the FT-IR spec-
tra of HOA-Au,y(SG )y NCs where the appearance of
stretching vibration at 1 652 em™ can be rationally as-
signed to the imine bonds (Fig. 1(d))™. Consequent-
ly, the HOA ligands were successfully anchored to the
surface of Au;o(SG ) NCs through the formation of im-
ine bonds, rather than through simple physical mixing.
To investigate the electronic interactions between
HOA and Au,,(SG), NCs, the PLE spectra of PL |
and PL Il of HOA ligands, Auy (SG),9, and HOA-
Auyo(SG) o NCs were recorded (Fig. 3(b) ). Surpris-

ingly, a new excitation peak at 320 nm was observed in

the PLE spectrum of PL Il of HOA-Auy(SG),, NCs
compared to that of Auy(SG);y NCs. This additional
PLE peak is consistent with the PLE peak of the HOA
ligands, which suggests a possible transfer channel of
excited state electrons from HOA ligands to Auyg-
(SG)jy NCs. This phenomenon coincides with the
electron transfer previously observed in Au NCs with

dual emission™"

In addition, the emission peak posi-
tion of HOA ligands overlaps very little with the ab-
sorption peak position of Au;y(SG )y NCs, and the life-
time of the HOA remains unchanged. Therefore, it can
be reasonably concluded that the energy transfer be-
tween PLL I and PL I does not occur, but rather an
electron transfer from PL [ to PL 1II .

Next, the electron transfer process between HOA
and Au,o (SG),y NCs was monitored dynamically by
varying the molar ratio of Au;o(SG),y NCs and HOA
during the synthesis process. With the increase of
the proportion of Auy(SG),y NCs, the emission in-
tensity of PL Il increases significantly (Fig. S6).
To exclude the effect of P II on PL [, a series of
HOA-Au,o(SG),y NCs excitations were subjected to
deconvolution. It was found that the emission inten-

sity of PL. I gradually decreases and eventually
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remains constant, with the increase of the proportion
of Au;o(SG),o NCs. This result can be attributed to
the saturation of the reaction between HOA and Auy-
(SG) 1o NCs, which ultimately leads to the maximiza-
tion of electron transfer from HOA to Auyo (SG) o
NCs.
rived from HOA were observed in the PLE spectra of
PL II of a series of HOA-Au,, (SG),y NCs (Fig.
S7). To gain insight into the changes in the PL de-

Similarly, the characteristic PLE peaks de-

cay pathway, the PL lifetimes of HOA ligands, Auo-
(SG)yp and HOA-Au,(SG),y NCs were obtained by
time-resolved PL spectroscopy (Fig. 3(¢)—(d) and
Fig. S8). The PL lifetime of PL I in HOA-Auy,-
(SG)(NCs (7r=2.82 ns) is consistent with that of
HOA (7 =2.82 ns).
cence lifetime of PL I in HOA-Au;, (SG),y NCs

However, the photolumines-

(7ae =12.1 ws) was increased compared to that of
Auy(SG) o NCs (7,,. =10.8 ws). By performing a
biexponential fit to the photoluminescence lifetime of
PL II of Au NCs, it was found that the effective sup-
pression of non-radiation relaxation and enhancement
of luminescence. These results demonstrate that
emission bands of PL 1 and PL I in white-light-

emitting HOA-Au,,(SG),y NCs originate from the

singlet-state fluorescent in HOA ligands and trip-
let-state phosphorescence in Auyo(SG),y NCs, re-
spectively.

In addition to the PLE spectra, fs-TA was em-
ployed to investigate the potential electron transfer
processes in white-emitting HOA-Au,o (SG )y NCs.
The fs-TA maps of Auy, (SG)y,y NCs, HOA, and
HOA-Auy (SG)jp NCs revealed varying degrees of
excited state absorption (ESA) upon 340 nm laser
pulses pumping (Fig. S9). The fs-TA profile map of
Au;o(SG) o NCs exhibits two ESA bands at 420 nm
and 540 nm, while the HOA displays three ESA
bands at 460 nm, 480 nm, and 520 nm (Fig. 4(a)-
(b)). The fs-TA map of HOA-Au;((SG),y NCs has
a new ESA band at 580 nm compared to that of Au,-
(SG),o NCs (Fig. 4(¢))™" This new ESA band is
attributed to the transfer of excited state electrons
from HOA to Aujo (SG)yy NCs. Subsequently, we
conducted lifetime fits to the decay kinetics at 420
nm of Au;o(SG),o NCs and HOA-Au,,(SG),, NCs.
It is found that three decay components can be fitted
the ESA kinetics of Au,o(SG),, NCs
(Fig. 4(d) ). Firstly, the excited state electron un-

out in

dergoes an ultrafast internal transition (IC) from S,

.17 ps —11 ps _ g
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Fig. 4 (a)-(c)The fs-TA profile of Au,;,(SG),;y NCs, HOA, and HOA-Au,,(SG),, NCs at different time delays. ESA kinetic

decay and fitting residuals at 420 nm ((d)-(e)) and 540 nm ((f)=(g)) within 8 ns (from left to right: Au,,(SG),, and

HOA-Au,,(SG)yo)
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to the S, state (S,—S;, 410 fs). It then followed the
structural relaxation (VR) process in S; (450 fs).
Finally, a radiative relaxation occurs from the low ex-
cited state of S to the ground state (T;—S, >1 ns).
In contrast, four decay components were fitted out
in the ESA kinetics of HOA-Au,,(SG),, NCs
(Fig. 4 (e) ). In addition to ultrafast IC relaxation
(410 fs), VR in S, (500 fs), and radiative relaxation
(>1 ns), an additional decay process (~tens of ps)
appears which can be rationally assigned to the elec-
tron transfer process from HOA ligands to Auy, (SG) o
NCs™. In a series of HOA-Au,,(SG),o NCs with dif-
ferent concentrations of HOA, the time constant of
electron transfer less gradually with increasing con-
centration of HOA (from 68.7 ps to 34.6 ps and
9.6 ps), indicating that electron transfer undergoes
more quickly (Fig. 4(e) and Fig. S10)®". In addi-
tion, the ESA band at 540 nm was also subjected to
fit. The decay components are nearly identical to
those observed at 420 nm (Fig. 4(f)-(g) and Fig.
S11). Furthermore, it is noteworthy that the time
constant of the VR process increases from 450 fs to
500 fs with the increase in the concentration of
HOA. This result can be attributed to the reduced
distance between the core and shell caused by the
formation of the Schiff base linkage which can signif-
icantly suppress the vibrations of cyclic Aus (SG)s
pentamers and therefore decrease the non-radiative
relaxation in HOA-Au,(SG) o NCs"™.

Combining the results of steady-state PLE, PL
spectroscopy, and fs-TA measurements, we provide a
plausible explanation for the efficient white light emis-
sion Au NCs achieved by surface chemical modifica-

tion. Fig. 5 illustrates the corresponding excited-state

fc T K Y BT
/i 16\ N .
ve2' S S —=va £ B
SISC ISCZ, a
= T, T===
620 nm 620 nm‘ 477 nm

" Wy

HOA-AU, (SG),, NCs
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\

SU
Au, (SG), NCs

10 10

Fig. 5 Schematic illustration of the excited-state electron dy-

namics in Au;o(SG) o and HOA-Au,;((SG),, NCs

electron dynamics. The ground state electrons can be
excited to the excited state (S,) by the high-energy
(340 nm) pump. The excited electrons first under-
go ultrafast IC relaxation in hundreds of femtosec-
onds, resulting in the cooling of hot electrons to the
S, state. In Auj, (SG),y NCs, excited-state elec-
trons in the lowest energy of the S, state first relax
to the lowest T, state via a non-radiative intersys-
tem crossing (ISC) process and then undergo a
T,—So relaxation to emit 620 nm phosphores-
cence. The excited electrons in HOA-Au,o(SG),
NCs experience the same relaxations to reach the
lowest energy S, state. The difference is that the T,
state also receives excited-state electrons from the
S, state of the HOA ligands. In addition to this tran-
sition, the excited-state electrons in the S, state of
the HOA ligands can directly relax to the ground
state of Sy (S;—S,), accompanied by 477 nm blue
fluorescence from HOA ligands. Finally, the combi-
nation of 477 nm blue fluorescence from HOA li-
gands and 620 nm orange-yellow phosphorescence
from Au;o(SG),y NCs achieves white-light emission
in HOA-Au,,(SG),, NCs.

4  Conclusion

In summary, we successfully synthesized single-
component white-light-emitting  HOA-Au,o(SG)
NCs with a high absolute PLQY of 51. 2% through
HOA-
Auyo(SG) o NCs exhibit two emission peaks located

a surface ligand engineering strategy.
at 477 nm and 620 nm, respectively. The emission
color of HOA-Au;((SG) ;o NCs can be dynamically
tuned from blue to yellow. It was demonstrated that
the imine bonds formed between HOA ligands and
Au,(SG) o NCs significantly increase the structur-
al rigidity of Au;o(SG);o NCs, which contributes to
the significant PLQY enhancement. In addition,
there is a unique excited state electron transfer be-
haviour from HOA ligands to Au;o(SG),, NCs.
This study gives deep insights into the relationship
between the structural characteristics of metal NCs
and their white emission properties. The proposed

surface ligand engineering strategy can be extended

to other photoluminescent metal nanoclusters with
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core-shell structures, providing synthetic routes to Supplementary Information and Response Letter are
fields such as optical sensing and light-emitting dis- available for this paper at: http://cjl. lightpublishing.
plays. cn/thesisDetails#10.37188/CJL.20250073
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