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Herein, we developed a special strategy for the fast sensitization of red emitting copper nanoclusters with
the assistance of green emitting copper nanoclusters. Compared to most previous methods based on AIE,
which do not maintain the water solubility or tiny size of nanoclusters, the charming features of the copper
nanoclusters were retained after the fabrication. Furthermore, the product was employed for the detection
of sulphide, which revealed its ratiometric sensing ability in water since the ratio of the intensity change for
green and red emission was related to the sulphide concentration. In addition, after the addition of Zn2*, the
green and red emission was either enhanced or quenched via the corresponding mechanism. This enables
the facile fabrication of promising white light-harvesting materials since the species of the emitting color

rsc.li/nanoscale-advances can be simply tuned.

1 Introduction

Noble metal nanoclusters (NCs) have been proven as promising
materials for several applications due to their molecule-like
behaviors, including fluorescence properties, biocompatibility
and ultra-small size." For the fabrication of NCs with excellent
water solubility and tiny size, the use of small thiol-containing
molecules to protect NCs was effective, but it was quite diffi-
cult to obtain bright fluorescence.? Among them, the fluores-
cence brightness of the red-emitting copper nanoclusters (R-
CuNCs) was especially weak though they tended to be favor-
able for optical applications. Aggregation-induced emission
(AIE) resulted in fluorescence enhancement, where the vibra-
tion and rotation of NCs was inhibited and the corresponding
nonradiative process was reduced.® The fluorescence quantum
yield (QY) of dispersed NCs could be boosted using various AIE
strategies, such as placing NCs in a confined environment.**
Fluorescence enhancement was also obtained by fabricating
NCs as large-size nanomaterials.® For instance, Zhao found that
the dissociation of ligands on NCs could induce the formation
of aggregates and enhance the fluorescence.” Additionally, there

“Department of Chemistry, The Key Laboratory of Medical Tissue Engineering of
Liaoning Province, Jinzhou Medical University, Jinzhou, 121001, China. E-mail:
danli@jzmu.edu.cn; meixifan1971@163.com

*Department of Orthopedics, Tongji Hospital Affiliated to Tongji University School of
Medicine Key Laboratory of Spine & Spinal Cord Injury Repair and Regeneration,
Tongji University, Shang-hai, 200065, China

T Electronic supplementary (EST) Details of the
characterization of the materials; factors influencing the catalysis and FRET
effect. See DOI: 10.1039/c8na00224j

1 Both authors contributed equally to this work.

information available:

1086 | Nanoscale Adv., 2019, 1, 1086-1095

other fluorescence enhancement methods have been reported,
such as encapsulating NCs in a polymer matrix or metal-
organic frameworks (MOF).**? However, it should be noted that
all these protocols actually changed the application potential of
the original NCs." This is because were no longer well distrib-
uted in water as ultra-small size materials.** In summary, these
methods could enhance the fluorescence, but failed to reserve
the special molecule-like properties of the original NCs.**™**
NCs were found to demonstrate remarkable catalytic activity
for oxidization/reduction.”* Among them, copper nano-
clusters (CuNCs) were employed to boost the rate for several
types of reactions.”** An increase in activity was realized by the
introduction of different CuNCs.?®* However, to the best of our
knowledge, there are no reports on the use of CuNCs for the
formation of other NCs. Herein, we designed a facile protocol
for the synthesis of R-CuNCs via the assistance of green emit-
ting CuNCs (G-CuNCs). In the absence of G-CuNCs, R-CuNCs
were not formed until a long reaction time using dihy-
drolipoic acid (DHLA) as a protecting ligand. On the other hand,
in the presence of G-CuNCs, R-CuNCs were fabricated using bis
[tetrakis(hydroxymethyl)phosphonium] sulfate (THPS) as
a reducing reagent quite fast, and their red emission was
enhanced significantly via combination with appropriate
amounts of Cu®". Since this process retained the tiny size and
water solubility of the NCs, it has great advantages for further
applications.” The reaction mechanism is demonstrated in
Fig. 1. Initially, R-CuNCs were formed fast due to the assistance
of G-CuNCs. Simultaneously, the distance between G-CuNCs
and R-CuNCs was long due to the dilute solution. As R-CuNCs
became concentrated via the reduction of more Cu®, they
moved closer to G-CuNCs until the chance for their electrostatic

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Scheme for the fast formation of R-CuNCs and enhancement
of their fluorescence through the assistance of G-CuNCs.
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interaction was considerable. Unlike the big nanoparticles with
a relatively large repulsive force, the distance between each
group of NCs was extremely small since it was a “big crowd” and
the electrostatic interaction as “soft aggregates” was simpler.
Thereafter, a FRET system may have been constructed between
the CuNCs with different emissions when their proximity was
close enough.

Since the as obtained product (G-R-CuNCs) were constructed
using two types of emitters, they could show different responses
to analytes under certain conditions, and thus they may be
applied ratiometrically either by inducing a change in the red or
green emission.”” Ratiometric sensors based on NCs have been
confirmed to be capable of demonstrating anti-interference
effects.”® However, most NCs are combined with additional
organic fluorescence dyes or quantum dots to fabricate sensors,
which involves toxic chemicals and complicated procedures.>**°
Multi-color emission was found for DNA-protected NCs and the
as-prepared products facilitated the fabrication of ratiometric
sensors without the introduction of other types of fluorophores.
In this case, different emissions had to be excited at different
wavelengths.** Besides, DNA templates are much more expen-
sive than common reagents, which limit their application.
Herein, ratiometric sensing materials were totally constructed
using cost-effective CuNCs. Subsequently, their ratiometric
sensing behavior for a typical analyte (S>7) confirmed this
assumption. In addition, it was found that the red emission of
the product could be enhanced, quenched or changed ratio-
metrically with the green emission upon the addition of Zn**
Furthermore, was interesting to find the generation of white
light during this process. These phenomena suggest that all-
copper NC products can be developed as promising white
light-harvesting materials because this protocol is very conve-
nient and no dyes or other protocols were required.*

2 Results and discussions
2.1 Preparation of G-CuNCs

Initially, G-CuNCs were obtained via a facile synthetic strategy
involving the modification of PVP-CuNCs with DHLA. The
typical product was denoted as G-CuNCs-1, which was charac-
terized and described in Fig. 2. As shown in Fig. 2a, its UV-Vis
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Fig. 2 (a) UV-Vis absorption spectrum of G-CuNCs-1 (inset, photo-
graph of the sample under a 365 nm UV lamp), (b) fluorescence
excitation (EX) and emission (EM) spectra of G-CuNCs-1 with the slit
widths of 10 nm for both excitation and emission, (c) typical TEM image
and (d) statistic size distribution of G-CuNCs-1.

absorbance spectrum demonstrated an insignificant peak that
does not support the surface plasma resonance (SPR) of larger
copper nanoparticles (CuNPs) (normally around 560 nm). This
was similar to the previously reported water-soluble CuNCs with
tiny sizes.>® Meanwhile, it was demonstrated in Fig. 2a (inset)
that the as-prepared G-CuNCs-1 exhibited green emission under
UV light irradiation upon excitation at 365 nm. As can be
observed from Fig. 2b, G-CuNCs-1 demonstrated a fluorescence
emission at 491 nm with the maximum excitation at 398 nm.
The QY was calculated to be about 2.46% using FITC (QY = 92%
in pH 8 solution) as a reference. Furthermore, its morphology
and size distribution were studied by TEM, as shown in Fig. 2c
and d, respectively. It can be seen that it was approximately 0.5-
2.0 nm (7 = 100) in diameter, which exhibited typical NC-level
features.>**

2.2 Facile formation of R-CuNCs

It was found in previous work that R-CuNCs could be prepared
using DHLA as a protecting ligand, but the reaction takes a long
time.** In the current work, we found that R-CuNCs could be
obtained quite fast with the assistance of G-CuNCs. Firstly, for
the evaluation of the formation tendency of R-CuNCs, different
amounts of G-CuNCs were used as the assistant, as shown in
Fig. 3. Initially, the fluorescence emission spectra were moni-
tored for the synthesis of R-CuNCs without G-CuNCs. It can be
seen from Fig. 3a a quite weak fluorescence with a maximum
emission intensity at ca. 600 nm was only obtained a relatively
high concentration of Cu®* was combined with DHLA, THPS
and Cu®". Also, various methods were used for mixing the
precursors including DHLA, THPS and Cu®*; however, still no R-
CuNCs with satisfactory red emitting response could be
observed within a short time. This revealed that it was difficult
to obtain water-soluble R-CuNCs with excellent fluorescence

Nanoscale Adv., 2019, 1, 1086-1095 | 1087
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Fig. 3 (a) Fluorescence emission spectra of the mixtures with the
combination of the protecting ligands (DHLA), reducing reagent
(THPS), and various amounts of Cu?*. (b) Fluorescence response for
the fabrication of R-CuNCs in the absence (green and yellow lines) and
presence (red and blue lines) of G-CuNCs (100 plL) using 40 pL of
0.079% THPS after the addition of O (red and yellow lines) and 100 uM
(green and blue line) of Cu®*. G-pre + THPS indicates the medium
underwent the same treatments for the preparation of G-CuNCs in the
absence of Cu?*.

behaviors quite fast using the one-pot synthetic strategy without
additional assistance. However, it can be seen from Fig. 3b that
remarkable red emission was obtained within two minutes
using the same synthetic protocol in the presence of G-CuNCs.
In addition, specific fluorescence emission spectra for R-CuNCs
were even exhibited with the combination of a relatively low
concentration of Cu**. On the other hand, no red emission was
observed using such low amounts of Cu®" in the absence of G-
CuNCs. Apparently, R-CuNCs were formed much more easily
due to the additional assistance. Thus, to deeply understand
what assisted the formation of R-CuNCs (the entire G-CuNCs or
the pre-synthesis materials for G-CuNCs), it was worth investi-
gating whether R-CuNCs could form quite fast with the assis-
tance of other compounds. Subsequently, Cu®>" was combined
with a mixture treated with the same protocol as that for the
preparation of G-CuNCs without the involvement of the copper
precursor (see Fig. 3b, green and yellow lines). It should be
noted that PVP, r-ascorbic acid and DHLA were present in the
mixture (G-pre). However, no fluorescence response corre-
sponding to the generation of R-CuNCs was observed within
a short time using a same strategy. This revealed that the fast
formation of R-CuNCs could not occur until G-CuNCs were
used.

This phenomenon was further evaluated with different
amounts of G-CuNCs, as shown in Fig. 4. For the investiga-
tions, 500 puL of 0.079% THPS was used as the reducing agent.
The mixture was prepared in the presence of different amounts
of G-CuNCs with a fixed volume. After the combination with
different amounts of Cu®", the fluorescence emission spectra
were recorded. Meanwhile, a product (R-CuNCs-0) in the
absence of G-CuNCs was prepared with a similarly long reac-
tion time. It was found that the most intense fluorescence
intensity was not generated until overnight reaction. After the
synthesis, the product was characterized and described in
Fig. S1.7T It can be seen from Fig. S17 that the fluorescence was
quite weak. However, when 25-50 pL of G-CuNCs was
employed, the fluorescence was obtained within two minutes,
as shown in Fig. 4a and b. Since the fluorescence emission
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Fig. 4 Fluorescence emission spectra of the generation of G-R-
CuNCs as a function of the amount of G-CuNCs, (a) 25 pL, (b) 50 pL, (c)
100 pL, (d) 150 pL, (e) 250 pL, and (f) 1000 pL with the slit widths of
10 nm for both excitation and emission. (d1) (150 ul), (e1) (250 uL), and
(f1) (1000 plL) were with the slit widths of 10 nm for excitation and 5 nm
for emission.

spectra were demonstrated using the same measurement
conditions as that in Fig. S1,7 it could be concluded that the as-
formed G-R-CuNCs exhibited the brightest fluorescence in
Fig. 4a and b. At this stage, the enhanced fluorescence was
possibly caused by the fast reaction, which facilitated the
formation of brighter NCs due the acceleration of the nucle-
ation of NCs and vice versa.*® Since ab increase in the content of
G-CuNCs did not enhance the fluorescence emission intensity
of R-CuNCs dramatically, it seemed the presence of G-CuNCs
was only capable of effectively boosting the formation rate of
R-CuNCs.*® However, it was further found that the fluorescence
emission intensity at 610 nm could be significantly enhanced
while that at 490 nm decreased if 100 pL-1000 pL of G-CuNCs
was applied, as shown in Fig. 4c-f. This revealed that the
presence of G-CuNCs at higher concentrations played a more
important role than just assistants for accelerating the
formation rate of R-CuNCs. The enhancement and quenching
of the fluorescence at 610 nm and 490 nm, respectively, agreed
with the typical FRET phenomenon, where both donor and
acceptor existed.*” However, for the occurrence of FRET, the
distance between the donor and acceptor is important. By
using low amounts of G-CuNCs, the NCs were relatively iso-
lated from each other in the solution. This meant that the
chance for the approximation or interaction from G-CuNCs to
R-CuNCs was low. At the same time, it can be seen from Fig. 4a
and b that the emission intensity at 490 nm for G-CuNCs was
quite weak, which could hardly play a role as a donor. On the
other hand, when enough G-CuNCs were present in the system,
the intensity of the green emission was stronger. Meanwhile,
the occupation of more space due to the high concentrations
facilitated G-CuNCs approaching R-CuNCs. Then, the oppor-
tunities for proximity between the promising donor and
acceptor would be greatly increased. Therefore, the problem
for realizing the FRET process could possibly be overcome.

This journal is © The Royal Society of Chemistry 2019
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According to the results from Fig. 4d-f, all the emission
spectra for G-R-CuNCs were significantly enhanced after the
combination with enough Cu®'. The typical fluorescence
change as a function of Cu®" in detail was also described in
Fig. S2.7 It can be seen that the emission intensity at 610 nm did
not increase linearly as a function of Cu®>" from low concen-
tration to high concentration. On the contrary, the fluorescence
exhibited little change initially and dramatically jumped at
a certain concentration. This was not surprising since the R-
CuNCs formed at first possibly did not influence the fluores-
cence behavior of G-CuNCs. Also, the fluorescence emission
demonstrated overlapping behavior. A scheme is presented in
Fig. S31 to demonstrate the increasing approximation of G-
CuNCs and R-CuNCs during the latter process. Similar to the
requirement of relatively large amounts of G-CuNCs, the
opportunity for approximation was not realized until relatively
large amounts of R-CuNCs were formed. It should be noted
from Fig. 4d1-f1 that the highest emission intensity for R-
CuNCs was almost same when the amounts of G-CuNCs were
different. This was quite different from the AIE phenomenon
that the enhancement of fluorescence increases as a function of
the induced materials when their content is not high.*

Meanwhile, it was found that much larger amounts of Cu>*
were required for the generation of the lowest response of red
emission when larger amounts of G-CuNCs were applied. This
was caused by the complexing effect of DHLA. If the ratio of
Cu*" was not considerable, it would complex with DHLA rather
than transfer to Cu® by reduction with THPS. Thereafter, no R-
CuNCs could be formed to generate red emission until DHLA
was complexed with enough Cu”*. Besides this, the increasing
requirement of higher amounts of Cu®" to reach both the
strongest brightness and lowest response for red emission was
found as a function of THPS within a certain range, as shown in
Fig. S4 and Table S1.T It was observed that only after enough
Cu*" was combined, additional Cu®*" would sensitize the fluo-
rescence of R-CuNCs. This indicated both THPS and DHLA play
the role of complexing reagents because previous work also
found that the reducing reagent functioned as a complexing
reagent as well.** Additionally, in the absence of THPS, the
fluorescence enhancement at 610 nm was observed as a func-
tion of Cu®" (Fig. S4at). This indicated that the adsorbed LAA on
the surface of G-CuNCs had the ability to reduce Cu®* to Cu®,
but the as obtained product exhibited very weak fluorescence
behaviors. Thus, the application of THPS as an additional
reducing reagent is necessary to obtain G-R-CuNCs with excel-
lent features.

G-CuNCs could significantly enhance the formation rate for
the generation of R-CuNCs, which appears to be similar to
a catalytic process according to the above results. However, G-
CuNCs had to be reserved after they assisted the formation of
R-CuNCs. Based on the phenomena in Fig. 4f, the feature of
green emission for G-CuNCs was not observed anymore after
the addition of high amounts of Cu®*, which indicated G-CuNCs
were probably used up since their green emission was almost
quenched. However, the formation of R-CuNCs enabled the
quenching of the green fluorescence if FRET occurred. In that
case, we could not observe the fluorescence of G-CuNCs even

This journal is © The Royal Society of Chemistry 2019
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though they were still present in the colloid. On the other hand,
if the FRET was truly the reason that we could not observe the
fluorescence of G-CuNCs after the generation of R-CuNCs, the
green emission should be recovered to a certain extent when red
emission was destroyed or masked.

To investigate the phenomena and eliminate the possible
interferences for the enhancement/quenching behaviors, G-
CuNCs without the protection of PVP were prepared (G-
CuNCs-2). Subsequently, they were used as assistants for the
fabrication of R-CuNCs (R-CuNCs-2). The typical process for the
generation and inhibition of red emission is described in
Fig. S5.1 Initially, it could be observed the fluorescence of G-
CuNCs-2 was quenched as a function of Cu** due to the
formation of R-CuNCs-2 (Fig. S5at). This was similar to the
fluorescence evolution behavior in Fig. 4f. Subsequently, we
tried to select a reagent that would mask the fluorescence of R-
CuNCs, but would not be strong enough to inhibit the fluores-
cence of G-CuNCs. Since thio-containing molecules would
easily react with both G-CuNCs and R-CuNCs at high concen-
trations, the amino acid t-histidine was explored. It was re-
ported R-CuNCs could be quenched after the combination of
a relatively high concentration of r-histidine through the
formation of a more stable His/Cu®>" complex due to the
participation of the imidazole ring of His.** Herein, the masking
of R-CuNCs was demonstrated since the red emission was
quenched, as shown in Fig. S5b.T Meanwhile, it was interesting
to observe that the green emission of G-CuNCs-2 was recovered.
However, the emission peak in Fig. S5bf became broader and
its relative intensity was not exactly the same as that in
Fig. S5a.7 This indicated the possible occurrence of a recovery
process, but it was not completely reversible. Notwithstanding,
since the green emission could not be generated from the other
applied materials, but only CuNCs, it can be concluded that the
presence of G-CuNCs was significant. This indicated G-CuNCs
may still exist after the formation of R-CuNCs although their
feature were not observed. Therefore, the enhanced formation
rate for R-CuNCs was possibly caused by the involvement of G-
CuNCs as a catalyst. However, since the generation and
enhancement of the red emission were apparently controlled by
more complicated processes, G-CuNCs were considered as an
‘assistant’ rather than a catalyst. Although G-CuNCs-2 could
also be used for assisting the formation of R-CuNCs, it was not
as stable as the PVP-protected G-CuNCs. Besides, it was found
that large amounts of G-CuNCs-2 were required for realizing
a similar process, which is possibly attributed to the different
surface states, sizes, and other conditions.** As a result, they
were only employed for understanding the reaction mecha-
nism. For further applications, the PVP-protected G-CuNCs
were employed.

For fabrication of the red-emitting product, a typical sample
(G-R-CuNCs-1) was obtained using 200 uL of G-CuNCs as the
assistant and 500 pL of 0.079% THPS as a reducing reagent.
After the combination with enough Cu®*, the product with the
highest fluorescence enhancement was characterized and
described in Fig. 5. As shown in Fig. 5a, the UV-Vis absorption
spectrum of G-R-CuNCs-1 exhibited an insignificant peak,
which indicated that the molecule-like behavior of CuNCs was

Nanoscale Adv., 2019, 1, 1086-1095 | 1089
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Fig. 5 (a) UV-Vis absorption spectrum of G-R-CuNCs-1, (b) fluores-
cence excitation (EX) and emission (EM) spectra of G-R-CuNCs-1 with
the slit widths of 10 hm for excitation and 5 nm for emission, (c) typical
TEM images (d) and statistic size distributions of G-R-CuNCs-1.

not destroyed.” A strong red emission was observed with its
maximum peak at 610 nm in the fluorescence spectrum when
the sample was irradiated with 424 nm. It also exhibited a bright
red emission under UV light at 365 nm (inset of Fig. 5a). The QY
was calculated to be 4.83% using acridine yellow (47% in
ethanol) as a reference. As shown in Fig. 5¢ and d, the G-R-
CuNCs-1 were approximately 0.5-3.0 nm (n = 100), and were
dispersed as uniformly as the G-CuNCs in Fig. 2c. Table S27
presents a comparison of the synthetic conditions for the
fabrication of the water-soluble R-CuNCs. It can be seen that our
work show great advantages for the development of water-
soluble products for CuNCs with fast reaction time.

2.4 Comparison of the properties of the CuNCs

For further understanding the relationship between the modi-
fied product of G-R-CuNCs-1, original G-CuNCs-1 and the slowly
formed R-CuNCs-0, other characterizations including DLS, FT-
IR and XPS were performed, as shown in Fig. S7-S9,} respec-
tively. It can be seen from Fig. S7{ that the DLS study for the
CuNCs demonstrated small sizes, which were similar to the
TEM study. The zeta potentials of G-CuNCs-1, G-R-CuNCs-1 and
R-CuNCs-0 were determined to be ca. —29.6 mV, —38.1 mV, and
—25.2 mV respectively, revealing that the surface of all these
CuNCs were negatively charged. This indicated the CuNCs
could maintain excellent stability due to the electrostatic
repulsion effects. The surface groups of the synthesized CuNCs
were further investigated using FT-IR, as shown in Fig. S8.1 The
typical S-H stretching of DHLA in the range of ca. 2500-
2600 cm ™" was not observed for all the products of CuNCs. This
indicated that the surface of the CuNCs were capped by the S-H
group from the ligand.”” Furthermore, XPS analysis was
employed to investigate the oxidation state of Cu, as shown in
Fig. S9.1 The peaks at 932.4 eV and 952.1 eV can be ascribed to
the binding energy of the 2p;,, and 2py, electrons of the Cu
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atoms (Fig. S9at), respectively.’>** Meanwhile, the XPS spec-
trum shows a more positive peak for G-R-CuNCs-1 at 952.3 eV,
which can be assigned to the binding energy of the Cu 2p;,
electrons of metallic copper for both Cu(0) and Cuf(y)
(Fig. S9ct).>#*** These results suggest that more electrons were
lost for Cu in G-R-CuNCs-1 compared to G-CuNCs-1. Further-
more, it could be observed that Cu 2p for R-CuNCs-0 showed
even more positive peaks for both Cu 2p;, and Cu 2p,,, at
932.7 eV and 952.6 eV, respectively (Fig. S9et). These results
revealed that R-CuNCs-0 tended to exhibit more positive values
than G-CuNCs-1.*° On the other hand, the XPS survey spectra in
Fig. S9b, d and ff for the all the products described the presence
of C, S and O, which belonged to DHLA. This agreed with the FT-
IR investigation that CuNCs were well protected by the DHLA
ligand.

2.5 Mechanism analysis

To understand the possible mechanisms for the fluorescence
change in G-CuNCs due to the generation of R-CuNCs, we
proposed that FRET may control the process. The efficiency for
FRET (Epggr) was initially calculated according to Forster's
theory:

EFRET = Ri(f =
R06 + 7o° Fp
where, R, is the critical distance at which the energy transfer
efficiency is 50% and r, is the distance between the donor and
the acceptor. Meanwhile, Fp, and Fp, represent the fluorescence
intensity of the donor in the presence and absence of the
acceptor, respectively. For instance, the fluorescence intensity
of a typical process at the peak (490 nm) after the formation of
G-R-CuNCs for Fp, and Fp, was 937.8 and 2262.4 (as shown in
Fig. S27), respectively. Then, based on the above formula, Erger
could be calculated as 58.5%. In theory, the distance between
the two CuNCs could be as short as the size of the two DHLA
molecules between them ca. 2.6 nm, see Fig. S10.f Then R,
could be calculated as 2.7 nm according to the above formula.
In this close proximity, G-CuNCs could emit a virtual photon,
which would then be absorbed by R-CuNCs. Then, after exci-
tation, we observed a significant fluorescence enhancement for
the red emission and quenching for the green emission.

To obtain more information on this process, the fluores-
cence decay curves for the typical transformation of G-CuNCs to
G-R-CuNCs were measured, as shown in Fig. S11.1 Herein, the
lifetimes of the donor and the as-obtained products were
investigated. The curves could all be fitted by a three-
exponential function, with three components. The triple expo-
nential decay curve for the lifetime study can be described as
follows:

—t —t —t
I (1) =4, exp(r—1> + Ay exp (r_2> + 4; exp(r—3>

Erger is obtained from the donor exciton lifetime upon
interaction with the acceptor, where tp, (G-CuNCs-b) is the
fluorescence lifetime of the donor in the presence of the

This journal is © The Royal Society of Chemistry 2019
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acceptor and 1, (G-CuNCs-a) is the fluorescence lifetime of the
donor alone.

DA
Emger=1—- —
)

The lifetime results were described in Table S31 and the
Errer Was calculated to be 47.2%. Herein, the as obtained Egggr
was not optimized. It could be tuned via the appropriate
combination of G-CuNCs, reducing reagent (THPS), and Cu®".
Thus, it is necessary for the details of this process to be inves-
tigated in the future.

Unlike AuNCs, the absorption peak for the water-soluble
CuNCs was not quite obvious without theoretical calcula-
tion."**” Normally, when some materials were excited to
a higher state, they tended to end up in the lowest excited state
and then emitted radiation. In this case, the excitation peak
agreed well with the absorption peak. For determination of the
typical band gap, the absorption was analyzed using the exci-
tation peak as a reference. Then, the absorption edge was esti-
mated as 390 nm (excitation, 398 nm) and 412 nm (excitation,
424 nm), respectively according to Fig. S12.f Furthermore,
based on the following equation, it was concluded that G-
CuNCs and R-CuNCs exhibited a band gap of ca. 3.2 eV (Fig.-
S12at) and ca. 3.0 eV (Fig. S12b¥), respectively.

1240
Be=

Meanwhile, the overlap of the emission spectra of G-CuNCs
and the excitation spectra of R-CuNCs was analyzed, as shown
in Fig. S12c.t Using the Origin software, the overlapping potion
was calculated to be more than 42% for both CuNCs. For
quantum dots with similar structures, it was found that energy
transfer could occur if the acceptors had a bandgap smaller
than that of the donors of 55 meV.** Additionally, for quantum
dots emitting in the NIR, the energy difference should be bigger
than ca. 59 meV.* The CuNCs exhibited quite similar fluores-
cence properties to quantum dots. Thus, it was reasonable to
assume that more than 200 meV should be enough for the
energy transfer between the two NCs.

Additionally, a cyclic voltammetry study was conducted to
estimate the valence and conduction band energy levels of the
CuNCs (see Fig. S131). The CuNCs were not as stable as AuNCs
in water. With an increase or decrease in potential, the disso-
ciation of the protecting ligands may interfere with the obser-
vation. Thus, to avoid unexpected errors, we calculated the
valence and conduction band energy levels from the onset
oxidation (E,y) and reduction (E,.q) potentials using a previously
reported paper as a reference. As the structures of the protecting
ligands for r-cysteine and DHLA were similar, we assumed our
CuNCs would exhibit similar electrochemical behaviour to their
CuNCs.* Thereafter, according to Fig. S13a,7 the onset E, and
E..q were calculated to be 0.364 V and —1.0 V and the estimated
VB and CB energy levels were —5.16 eV and —3.8 eV for G-
CuNCs, respectively. Meanwhile, based on Fig. S13b,} the esti-
mated VB and CB energy levels were calculated to be —5.12 V
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and —3.82 V, respectively. This agreed well with the VB and CB
energy levels of the r-cysteine-protected CuNCs, which were
—5.11 eV and —3.7 eV, respectively. The gap between G-CuNCs
and R-CuNCs suggested that the electrons could transfer from
a higher to the lower energy level.

To obtain more information on these CuNCs, ESI-MS was
employed for the characterization of the unknown molecular
species. Negative-ion mode ESI was used since it has been
employed to appropriately characterize other CuNCs.** A
representative ESI-MS investigation of the CuNCs is shown in
Fig. S14.1 It can be seen from Fig. S14at that the dominant ions
in the mass spectra correspond to different combinations of
copper and DHLA. There were several types of CuNCs with
different atomic numbers. For example, Cu,, Cuz, Cu,, and
Cu(DHLA), complexes were observed for G-CuNCs. On the other
hand, other species of NCs containing Cug and Cu; were present
for G-R-CuNCs-1. It should be noted that the Cu(DHLA),
complex disappeared in G-CuNCs-1 (Fig. S14bt). This indicated
that the green emission was possibly quenched partly due to the
transformation of the Cu(DHLA), complex to Cus and Cu,.
Meanwhile, the energy transfer from Cu,, Cu; and Cu, to Cue
and Cu; should play an important role for this fluorescence
enhancement process. Interestingly, it was observed that Cug
was not present in the slowly formed R-CuNCs-0 (Fig. S14ct).
This revealed that more complicated processes could be
involved in the generation of G-R-CuNCs-1. For instance, Cug
may transform into Cu, and Cu,, while Cu;, could transform
into Cu; and Cu, in the ESI mode. Based on the ESI-MS, the
CuNCs should be smaller than 1 nm according to the structure
analysis in Fig. S15.1 However, larger particles were observed in
both Fig. 2¢ and 5c. This was caused by the aggregation asso-
ciated with the organic ligand-capped small particles in the
presence of the 200 keV strong electron beam.**

Besides this, we investigated many theoretical modes to
predict the accurate structures of the CuNCs. However, we are
not sure that the simulated structure is the optimized one since
the system is a mixture, which is quite complicated. The cred-
ible way to simulate the structure of a sample would be based on
the formation of a single crystal. However, the fabrication of
crystals for CuNCs capped by flexible ligands is extremely
difficult.®® Thus, further effort is required to obtain more pure
materials in combination with the calculation.

2.6 Ratiometric sensing applications

Combined systems with two types of fluorophores are normally
excellent candidates for sensing because each emission can be
employed to exhibit a response to analytes. For instance, $>~
could sensitively quench R-CuNCs and a turn-off sensor was
developed.” On the other hand, we found a much higher
concentration of S>~ was required to quench G-CuNCs. This
indicated a facile ratiometric probe could be fabricated based
on the current system since its response would be different from
a turn-off sensor. It was demonstrated that the product with the
most significant enhancement was not obtained until large
amounts of THPS and Cu®** were employed. Normally, employ-
ing a lower concentration of fluorescence sensor will result in
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high sensitivity because fewer analytes are required to react or
function with it. Meanwhile, the change in the fluorescence
intensity will be more significant in the presence of same
amount of analyte. It was proven in Fig. S47 that the require-
ment of Cu** increased as a function of THPS by employing the
same amount of G-CuNCs. Thus, the tendency for the required
copper in the product will be the same as that of THPS. Then,
the detection of S*>~ using the sensor obtained with different
amounts of THPS was investigated and demonstrated in
Fig. S16.7 It can be clearly observed that the fluorescence
intensity at 610 nm changed less significantly by using greater
amounts of THPS. This revealed that high sensitivity could be
obtained by using low amounts of Cu®". However, the weak
brightness of a sensor suffers from high signal-noise interfer-
ences. Thus, for balancing both the sensitivity and interfer-
ences, 150 puL of G-CuNCs and 20 pL of 0.079% THPS were
chosen to fabricate the sensor. As a result, a sensing product (G-
R-CuNCs-3) was obtained after combination with Cu®*. Herein,
the amount of applied THPS was relatively low, but the fluo-
rescence of the product was strong enough for analysis, which
exhibited both excellent sensitivity and insignificant signal-
noise interferences.

To evaluate the sensitivity and selectivity of the sensor for the
determination of S>7, the linear relationship and frequently
encountered interferences were studied, as shown in Fig. 6.
Fig. 6a depicts the titration of G-R-CuNCs-3 with respect to
different concentrations of S*~. It can be observed that the
fluorescence intensity at 610 nm decreased with an increase in
S>7, revealing that S>~ effectively quenched the red emitting
species (R-CuNCs-3). To understand the change in NCs in the
presence of S, the TEM image was obtained, as shown in
Fig. S17.7 It can be seen that large aggregates were present. This
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Fig. 6 (a) Fluorescence emission spectra of the sensing system in the

presence of different amounts of $27, (b) ratio of the fluorescence
emission intensity at 610 nm to 490 nm (excitation, 400 nm) as
a function of log S2~ concentration, (c) fluorescence emission spectra
of the sensing system in the presence of 10 uM of amino acid and $2~
and (d) selectivity of the sensor for S~ over common amino acids
(GSH was also used).
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is attributed to the exchange reaction between the surface
ligands (DHLA) of R-CuNCs-3 and S*>, which enabled the
formation of large Cu,S precipitates. On the other hand, it can
be observed that the intensity at 490 nm changed much more
gently as a function of $*~ than that at 610 nm because G-
CuNCs were normally more stable. The ratio of the different
responses between the intensity at 610 nm and 490 nm (Z;¢/
I100) revealed a good linear relationship with log(C/uM) of $>~.
This enabled the signal of the sensor to change ratiometrically
as a function of S*~ at both low and high concentrations. To
further explore the feasibility to use the G-R-CuNCs-3 as an >~
probe, its calibration plot was investigated. The Y axis was
established using the intensity ratio for the emission intensity
at 610 nm (I10) and 490 nm (I,90). Meanwhile, the logarithm of
the concentration (log(C/uM)) was employed as the X axis. The
regression equation was Y = —2.285X + 0.7266, with the corre-
lation coefficient of 0.994 (Fig. 6b). Additionally, the limits of
detection were measured to be much smaller than 100 nM
based on the smallest fluorescence response upon the combi-
nation of $>~. For the interference analysis, 10 uM of common
amino acids and glutathione (GSH), which usually exist in
biological media, were investigated. From the results presented
in Fig. 6¢ and d, it can be concluded that the fluorescence
response for other interferences was not comparable to that of
S>~ at the same level in the current system. However, the mer-
capto amino acid GSH influenced the red emission at higher
concentrations for CuNCs and the other amino acids quenched
R-CuNCs at even higher concentrations. Nevertheless, their
effects cannot compare with the quenching ability of $>~ at
trace levels. Besides, other common cations and biomolecules
with comparable concentrations did not show significant
quenching behaviors for the sensing of S>~ using the current
medium, as shown in Fig. S18.t

The proposed sensor was applied to detect S>~ in chicken
blood serum samples and the analytical results are presented in
Table S4.1 It was found that the recovery ratio of S~ reached
95.3-113% with a relative standard deviation (RSD) of 0.94-
1.18%, which demonstrated the excellent analytical perfor-
mance of the ratiometric sensor for the detection of S*~ in
aqueous samples. The results were also compared to that of
previously reported ratiometric sensors based on NCs, as shown
in Table S5.1 It can be observed that the as-fabricated sensor
required more convenient protocols and lower cost, but its
sensing performance was as excellent as the other sensors. The
comparison indicated the as-obtained CuNC system is a prom-
ising sensing material.

2.7 White light harvesting system

Since different turn-off behaviors were exhibited for S*~ in the
system for G-CuNCs and R-CuNCs, it was worth investigating
whether the green emission or red emission could be induced
differently by some other factors. Firstly, the requirement of low
amounts of Cu®>" was designed for the fabrication of the mate-
rials based on our strategy. Then, some products were synthe-
sized using 500 pL of G-CuNCs as the catalyst and 50 pL of
0.079% THPS as the reducing reagent. After adding 100 pL of
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0.01 M Cu*’, the product (G-R-CuNCs-4) was formed. Further-
more, the fluorescence emission spectra of G-R-CuNCs-4 was
demonstrated as a function of Zn>" in Fig. 7. It was interesting
to find that the emission peak located at 490 nm significantly
increase with a slight blue shift upon the addition of Zn**, while
the emission peak at 610 nm slightly decreased, as shown in
Fig. 7a. The CIE1931 chromaticity coordinate calculation was
performed to illustrate the details of the light tuning in the
system. As displayed in Fig. 7b and S19% (the corresponding
picture), it can be seen that white light emission was obtained
after 200 uL of Zn>* (0.1 M) was added. The CIE co-ordinate for
the system also indicated the light could be tuned from natural
white to cold white light. For instance, the CIE co-ordinate for
the product obtained by the combination of 200 uL of Zn>* at X
= 0.354 and Y = 0.3121 did not demonstrate a significant
difference from that of natural white light (X = 0.33, Y = 0.33).
Meanwhile, the CIE co-ordinate obtained from the addition of
250 uL of Zn*" at X = 0.3134 and Y = 0.2803 was typical cold
white light. Since the product and fluorescence spectra of G-R-
CuNCs could be modified by tuning the amounts of G-CuNCs
and other reagents, it can be concluded that other types of
white light can also be obtained. Different from most white
light-harvesting methods, this system does not require the
introduction of other types of materials.** Thus, this system
provides a facile strategy for the generation of white light.
Besides, G-CuNCs and another product fabricated by the
addition of a relatively high concentration of Cu** (G-R-CuNCs-
5) were investigated, as shown in Fig. $20.7 It can be seen from
Fig. S20at that the fluorescence emission intensity was signifi-
cantly enhanced for G-CuNCs. This was similar to that in
Fig. 7a. However, different from G-R-CuNCs-4, the red emission
of G-R-CuNCs-5 was enhanced rather than quenched by the
titration of Zn** (Fig. S20bt). The comparison of G-R-CuNCs-4
and G-R-CuNCs-5 indicated that the red emission of the as-
prepared CuNCs could be either enhanced or quenched based
on the synthetic conditions. When the product was fabricated
with low amounts of Cu®*, the concentration of R-CuNCs was
low. The red emission was mainly contributed by the FRET
phenomenon. Also, the addition of Zn>" inhibited R-CuNCs
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Fig. 7 (a) Fluorescence emission spectra of the as-prepared G-R-

CuNCs-4 by the addition of different amounts of Zn?* (with the slit
widths of 10 nm for excitation and 5 nm for emission). Synthetic
conditions: 500 puL of G-CuNCs, 50 puL of 0.079% THPS and 100 nuL of
0.01 M Cu®". (b) Image of the CIE1931 chromaticity coordinate
calculation for the corresponding samples.
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from getting close to G-RuNCs, which would decrease the
energy transfer. Thus, a reversible phenomenon of FRET was
observed (Fig. 7a). On the other hand, after the combination
with a relatively high concentration of Cu**, additional R-
CuNCs would be formed. The red emission was contributed
both by FRET and the residual R-CuNCs that did not participate
in the fluorescence enhancement process. It was demonstrated
in previous report that Zn*>* could light up the red emission of
GSH-CuNCs based on AIE.** Meanwhile, the red emission for
our product was enhanced due to AIE since the complex of Zn**
with the carboxylate groups of the ligands rigidifies the Cu()
thiolates, which restricted the intramolecular rotation-
vibrational motion. In summary, it can be concluded the fluo-
rescence of the products can be controlled appropriately such as
quenched, enhanced, or ratiometrically changed according to
the corresponding applications and these processes can be well
applied in different fields.

3 Experimental
3.1 Chemical and materials

Deionized water was used as the aqueous solution for dissolving
all reagents. Copper(u) chloride (CuCl,, 99%), L-ascorbic acid
(LAA, =99%), (£)-o-lipoic acid (=99%), polyvinylpyrrolidone
(PVP, mol wt. 40 000), sodium hydroxide (NaOH, =98%), bis
[tetrakis(hydroxymethyl)phosphonium], sulfate solution (THPS,
70-75% in water) and sodium sulfide nonahydrate (Na,S,
=98%) were purchased from Sigma Aldrich. Other reagents
were all of analytical grade and obtained from Aladdin
Company. All glassware was cleaned with aqua regia and rinsed
with water prior to use.

3.2 Synthesis of PVP-CuNCs

PVP-protected CuNCs (PVP-CuNCs) were synthesized according
to a previously reported paper with modifications.”® PVP (0.5 g)
was added to a 20 mL water solution. After the complete
dissolution, 2 mL of 0.1 M CuCl, was injected. After the
combination of 0.1 M LAA, the mixer was shaken evenly. The
reactants were transferred to an 80 °C water bath and left for 3-5
hours until a light yellow color supernatant was observed.

3.3 Synthesis of G-CuNCs

37.8 mg of (+)-a-lipoic acid was added to a vial with 7.5 mL of
water. 250 pL of 1 M NaOH was added to the solution to dissolve
(£)-o-lipoic acid to form DHLA. Further, 1 mL of the as-obtained
PVP-CuNCs was added. Herein, the excess DHLA ligand in the
colloid was further used as the protecting ligand for R-CuNCs.
Thus, the as-formed colloid without separation was stored at
4 °Cin arefrigerator for further use. For material characterization,
G-CuNCs were purified by ultrafiltration with a 20 kDa Millipore
membrane. Besides this, G-CuNCs-2 were synthesized following
the same procedure as that for G-CuNCs in the absence of PVP.

3.4 Formation of G-R-CuNCs

In a typical synthetic process, a certain amount of G-CuNCs
were used. 100 pL of 1 M NaOH was added to the solution.
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The total volume of the mixture was fixed as 2.5 mL. Subse-
quently, 500 pL of 0.079% THPS was added to the mixture.
Finally, different amounts of 0.01 M CuCl, solution was added
to the above mixture. For the sample requiring a large amount
of Cu®*, 0.1 M of CuCl, was employed. In order to obtain the
brightest red emission, F97 was employed to monitor the fluo-
rescence emission spectra upon the addition of Cu®" at 2
minutes intervals until the highest fluorescence emission
intensity was reached. Then, a mixture of fluorescence-
enhanced CuNCs (G-R-CuNCs) was obtained. After vacuum
freeze drying, the as-obtained powder was preserved for long-
term use. Besides, CuNCs with red emission was obtained
with the assistance of G-CuNCs-2 (R-CuNCs-2) and the corre-
sponding fluorescence-enhanced product (G-R-CuNCs-2) was
fabricated.

3.5 Synthesis of R-CuNCs-0

37.8 mg of (+)-a-lipoic acid was added to a vial with 7.5 mL of
water. 250 pL of 1 M NaOH was dropped in the solution to
dissolve (+)-a-lipoic acid to form DHLA. Next, 200 pL of 0.1 M
CuCl, and 500 pL of 0.079% THPS was added to the above
mixture. The mixture was stirred overnight until a light-yellow
colloid with the strongest emission intensity was obtained.
The sample were purified by ultrafiltration with a 20 kDa Mil-
lipore membrane for characterization.

3.6 Characterization

All ultraviolet-visible (UV-Vis) absorption spectra were recorded
using a UV-7504 UV-Vis spectrophotometer (Shanghai Xinmao).
Fluorescence spectra were obtained on a fluorescence spectro-
photometer (F97, Shanghai Lingguang). X-ray photoelectron
spectroscopy (XPS) was performed on an ESCALAB 250 XI
electron spectrometer (Thermo). The fluorescence lifetime was
determined on a FL920 time-correlated single-photon-counting
fluorescence lifetime spectrometer (Edinburgh Analytical
Instruments, Edinburgh, U.K.). Transmission electron micros-
copy (TEM) images were obtained on a FEI Tecnai G2 F20
microscope. Dynamic light scattering (DLS) and zeta potential
measurements were performed with a Malvern Zetasizer. FT-IR
spectra were measured using an FT-IR spectrometer equipped
with a DGTS detector (Nicolet is5/is10).

3.7 Ratiometric sensing of >~

For S>~ analysis, 100 uL 1 M NaOH was added to 2 mL of PBS
buffer (pH 8). After that, 150 uL colloid of G-CuNCs was injec-
ted. Then, 20 pL of 0.079% THPS was injected to the mixture.
Next, 40 pL of 0.01 M Cu** was added to the above solution and
the pH value was tuned to 8 using HCI. After mixing with 100 pL
of EDTA (50 mM), the sensor (G-CuNCs-3) in the absence of $*>~
was used as the blank. Next, different concentrations S*~ were
combined with the system for analysis of the calibration curve.
Besides, other solutions containing amnion acids, GSH and
cations were studied in the place of S>~ by measuring their
fluorescence emission spectra for the selectivity study, which
were recorded at an excitation wavelength of 400 nm. All
measurements were performed at room temperature.
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3.8 8% sensing in real sample

For the analysis of serum samples, chicken blood samples were
collected from a local market. All the blood samples were
centrifuged at 12 000 rpm for 15 min at 4 °C. Then, the super-
natant was subjected to 10-fold dilution with PBS (10 mmol L™,
pH 8), and different concentrations of S>~ were added to the
serum supernatant to prepare the spiked samples. Besides, all
the samples were mixed with 100 uL of EDTA (50 mM). After
incubation at room temperature for 2 min, the resulting solu-
tion was diluted to the same volumes and investigated similarly
to the standard samples.

3.9 Fabrication of white light-emitting colloid

100 pL of 1 M NaOH was added to 2 mL of water. Subsequently,
500 pL colloid of G-CuNCs was injected. Then, 50 pL of 0.079%
THPS was injected to the mixture. Next, 100 uL of 0.01 M Cu**
was combined with the above solution and the product was
obtained (G-CuNCs-4). Finally, 0.1 M of ZnSO, solution with
different volumes was added to the system when the total
volume was fixed. F97 was used to measure the fluorescence
emission spectra and CIE1931 was employed to analyze the CIE
of the light.

4 Conclusions

The strategy of using green emitting copper nanoclusters as
assistants for the fabrication of red emitting copper nano-
clusters was demonstrated. This method for the fabrication of
the product not only provides a facile protocol for the fast
generation of nanoclusters with much brighter fluorescence
with assistance from the nanoclusters themselves, but also can
provide avenues for future ratio-metric analysis with all-copper
nanoclusters. Additionally, it has potential for the development
of light-harvesting materials via a simple process. The as-
obtained products of all-copper nanoclusters are excellent
materials for application in different fields.
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