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ng (CuInS2)ZnS-alloyed core/shell
quantum dots with trimethoxysilyl end-capped
ligands soluble in an ionic liquid

Huiqing Wang, *ab Jiayuan Hu,a Min Zhu,a Yucheng Li,a Hao Qian,a Xiaofei Shen,a

Falk Liebner *b and Thomas Rosenaub

Zinc-copper-indium sulfide (ZCIS)-alloyed quantum dots are emerging as a new family of low toxic I–III–VI

semiconductors due to their broad and color-tunable emissions as well as large Stokes shifts. Here, we

fabricated a series of ZCIS QDs with tunable PL wavelengths and band-gap energies via a facile strategy

by varying the ratio of A1–3 stock (Cu+/In3+) to the B stock (Zn2+) content. The ZnS shell was formed to

improve the PL emission efficiency of the core nanoparticles and the PL emission wavelength of the

resulting ZCIS/ZnS NCs gradually blue-shifted with an increase in the number of shell layers, resulting in

a wide range of emissions from 800 nm to 518 nm that can be tuned by the core compositions or shell

layer numbers for ZCIS/ZnS. Finally, the long-chain ligands dodecanethiol/octadecylamine on the

quantum dots' surface were efficiently replaced by (3-mercaptopropyl)trimethoxysilane, thus enabling

their solubility in an ionic liquid, which was confirmed via GC-MS. It also benefited for the co-dissolution

of the polymers and chemical binding with other materials through the reactive silanol group, which

provide stable and well-distributed ZCIS/ZnS QDs composites or surface coating by the QDs.
Introduction

Semiconductor nanocrystals (mc-NCs) are of great interest for
a wide spectrum of applications, such as light emission, photo-
catalysis,1 photovoltaics,2 and biolabeling.3 Despite their prom-
ising optical properties, the intrinsic toxicities of Cd, Hg, and Pb
limit their potential in widespread applications. Less toxic
materials, which possess similar optical properties, can be found
among ternary I–III–VI semiconductors.4,5 Copper indium disul-
de (CIS), for instance, is a direct semiconductor with a band gap
of 1.45 eV in the bulk, which closely matches that of the solar
spectrum, as well as an absorption coefficient of 105 cm�1,6

photostability, biocompatibility, and a relatively long uores-
cence decay time. The emission of CuInS2 nanocrystals can be
tuned between 950 nm and 500 nm by decreasing the size of the
crystallites. However, small particles are less stable and have
lower quantum yields than the larger ones. Alloying with other
(semiconductive) compounds has recently been described to
control the band-gap energy (Eg) and photoluminescence (PL)
wavelength of the semiconducting NCs.7 Thus, another approach
is the alloying of CuInS2 with ZnS,8–10 CdS,11 CuGaS2,12,13 and
Cu2SnS3,14 among which alloying CuInS2 (Eg ¼ 1.5 eV) with ZnS
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(Eg ¼ 3.7 eV) is of special interest for very low (�2.2%) lattice
mismatch due to their similar crystallographic structures and low
toxicity. The band gap of CuInS2–ZnS alloys (ZCIS) can vary
between 1.55 and 3.7 eV. Fabricating ZCIS is promising for
applications in biolabelling, photocatalysis, solar energy conver-
sion, display technology, and light-emitting diodes. Several
literature reports on the direct synthesis of ZCIS NPs have been
described.15–20 Typically, the thermolysis of complexes of dithio-
carbamatewith Zn2+, Cu2+, and In3+ in the presence of oleylamine
as an activating agent formed homogeneous nanocrystals.19

Another approach is a two-step procedure, in which the CuInS2
crystallites are synthesized rst and the alloy particles are ob-
tained by cation exchange.15,21

Herein, a facile strategy was reported for the synthesis of the
ZCIS-alloyed core nanoparticles by varying the ratio of the stock A
(Cu+In3+) to stock B (Zn2+) to rapidly synthesize a series of ZCIS
with different compositions using 1-dodecanethiol as the sulfur
source and as the ligand. The overcoating of uorescent mc-NCs
with semiconductors of higher band-gap energy is a common
way to minimize the non-radiative transitions caused by surface
defect trapping to enhance the PL intensity.22 Here, batch feeding
approach was followed for the core growth to deposit a ZnS shell
around the ZCIS core NCs with designed layers, which also
induced a blue shi as reported andwas benecial in widening the
PL range of the ZCIS/ZnS core/shell QDs to provide tunable pho-
toluminescence (PL) emission property.

The ligand covered on the QD surface limited the suitability
for further applications.23 Thus, an effective ligand exchange
This journal is © The Royal Society of Chemistry 2019
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View Article Online
was needed to transfer the QDs to the target solvent for their
application. The ZCIS QDs obtained by colloidal synthesis at
high temperature are usually covered by long-chain ligands, for
example, the ligands replaced by mercaptohexanol24 enabled
the solubility in methanol, ethanol, and dimethylformamide,
and the ligands exchanged with lipoproic acid,25 poly(maleic
anhydride-alt-1-octadecene),26 or dihydrolipoic acid27 render the
particles water-soluble.28,29

Herein, we successfully exchanged the ligand 1-dodeca-
nethiol by 3-mercaptopropyl-trimethoxysilane with the help of
the ionic liquid 1-hexyl-3-methylimidazolium chloride as the
new solvent. The 3-mercaptopropyl-trimethoxysilane (MPTMS)
contains bi-functional groups that can bind to glass surfaces or
metal oxide lms and polymers via hydrogen bonds and cova-
lent bonds. 3-Mercaptopropyltrimethoxysilane had been
applied to encapsulate gold nanoparticles,30 sliver nano-
particles,31 and so on. Herein, for the rst time, it has been
applied to encapsulate ZCIS QDs. Further, here the ligand
exchange reaction with 3-mercaptopropyl-trimethoxysilane also
provide the QDs solubility in the ionic liquid, which is called as
a super solvent for many materials and natural polymers such
as cellulose,32–34 collagen35 keratin,36 and chitin,37 which are not
soluble in common organic solvents but can be dissolved in
ionic liquid; some synthetic polymers are also soluble in the
ionic liquid.38 Therefore, here the MPS–ZCIS/ZnSQDs were
applied in homogeneous QD polymer composites or stable
surface coating by QDs on other matrices.
Experimental section
Chemicals

Copper(I) iodide (CuI, 99.99%), indium(III) acetate (In(OAc)3,
99.99%), zinc(II) acetate (Zn(OAc)2, 99.99%), 1-dodecanethiol
(99.9%), 1-octadecylamine (97%), 1-octadecene (90%), and g-
(mercaptopropyl)trimethoxysilane (95%) were purchased from
Sigma-Aldrich Corp. (USA) and used without further
purication.

Stock solution series A1–3. The starting materials included
the following: (0.05 M Cu+; Cu : In ratios of 1 : 1, 1 : 2, and 1 : 4);
0.095 g (0.5 mmol) of CuI, 0.292 g (1 mmol) of In(OAc)3, 2.5 mL
of 1-mercapto-n-dodecane, and 7.5 mL of 1-octadecene. These
were placed in a pre-dried three-necked round-bottom ask and
degassed under vacuum at 80 �C for 60 min. The mixture was
then heated to 160 �C in an argon atmosphere and held at this
temperature for about 30 min until a clear green solution was
formed. The resulting CuIn stock solution A2 (0.05 M, Cu/In
ratio of 1 : 2) was stored at 50 �C under the argon atmosphere
until further processing.

Stock solution 2. (0.05 M Zn2+): 0.0918 g (0.5 mmol)
Zn(OAc)2, 0.5799 g (2 mmol) 1-octadecylamine, and 9.8 mL 1-
octadecene were treated as described above to obtain a colorless
solution.
Preparation of ZnCuInS (ZCIS) core nanoparticles

In a typical procedure, 1.0 mL of the stock solution A1
(0.05 mmol Cu+I3+), 0.7 mL of the stock solution B (0.035 mmol
This journal is © The Royal Society of Chemistry 2019
Zn2+), and 1 mL dodecanethiol were mixed in 8.0 mL of ODE in
a 50 mL three-necked round bottom ask. This was subjected to
three cycles of degassing and purging with argon on a Schlenk
line, and then heated to 230 �C in an argon atmosphere under
vigorous stirring. The aliquots of each batch were taken at
different time intervals and injected into cold toluene to
terminate the growth of NCs and to record their optical spectra.
When the ideal uorescent properties were achieved, the
mixture was cooled in an ice water bath with stirring and 10 mL
of toluene was added to dilute it thereaer. The resulting ZCIS
NCs (2 mL) were pipetted into 15 mL centrifuge tubes, precip-
itated with 8 mL acetone, and then isolated by centrifugation
and decantation. The mc-NCs were further puried by repeat-
edly dispersing the material in toluene and precipitating it in
ethanol and acetone. The puried NCs were redispersed in
toluene for the optical and morphological measurements or
dried in vacuum for XRD measurements.

A series of ZCIS core nanoparticles were prepared with the
stock solutions A1–3 and B with Zn2+ : Cu+ in the mole ratios of
1, 0.7, 0.5, 0.25, and 0 at the reaction temperatures of 210 �C,
230 �C, and 250 �C with 0.25–3 mL of DDT.

ZCIS/CIS “core”–ZnS “shell” nanoparticles. The CIS or ZCIS
core particles were grown at 230 �C for 60 min as described
above. Aer raising the temperature to 240 �C, the deposition of
ZnS on the surface of respective core templates was accom-
plished by the portion-wise addition of 0.4 mL Zn stock solu-
tion, which was injected into the reaction mixture in 5 batches
at intervals of 30 min each. The stock A CIS solution can still
contain enough sulfur precursor, so the addition of sulfur is not
always necessary.39

To monitor the reaction, the aliquots were taken before
injecting a new batch of Zn stock and their corresponding
optical spectra were recorded accordingly. The purication
method of ZCIS/ZnS NCs was similar to that of ZCIS NCs.

Solubilization of ZCIS/ZnS nanoparticles in ionic liquids by
ligand exchange with g-(mercaptopropyl)trimethoxysilane. A
solution of 0.05 mL g-(mercaptopropyl)trimethoxysilane in
5.0 mL 1-hexyl-3-methylimidazolium chloride was added to
a 5.0 mL solution of ZCIS/ZnS core/shell nanoparticles solubi-
lized in toluene by the lipophilic 1-dodecanethiol ligands. The
resulting two-phase system was vigorously stirred at ambient
temperature for 30 min, whereupon the mc-NCs moved from
the supernatant toluene into the lower ionic liquid phase. The
supernatant toluene was separated out for GC-MS detection to
conrm the ligand exchange and the ionic liquid phase con-
taining the mc-NCs was collected and stored in cool and dry
conditions.
Characterization

For optical analysis, the as-prepared solutions were diluted with
toluene to an optical density of approximately 0.1–0.2. The
absorption spectra of the ZCIS-alloyed core and ZCIS/ZnS core/
shell QDs were collected via UV-visible absorption spectroscopy
(Lambda 35, PerkinElmer spectrometer). PL emission spectra
were recorded using a uorescence spectrometer (LS55, Perki-
nElmer, USA). The PL QYs of the QDs dispersed in chloroform
RSC Adv., 2019, 9, 25576–25582 | 25577
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were measured by comparing their integrated emissions with
those of a rhodamine 6G (QY of 96%) ethanol standard with an
identical optical density of 0.05. X-ray diffraction (XRD,
PW1710, Philips Co.) and transmission electron microscopy
(TEM) (JEOL JEM-1400) were used for the morphological and
structural analyses. For TEM, the NCs were deposited from the
dilute toluene solutions onto copper grids with carbon supports
by slowly evaporating the solvent in air at room temperature,
followed by a second carbon lm coating. AFM experiments
were performed using a Nanoscope III AFM (Digital Instru-
ments, Santa Barbara, CA) tted with a 15 � 15 mm scanner.
Silicon nitride tips (Digital Instruments) with a spring constant
of 0.06 N m�1 and a nominal radius of 5–40 nm were used; the
images were recorded in both the height and amplitude modes.

The ligand exchange behavior was analyzed by GC-MS (Agi-
lent 5975B inert Series GC/MS System) using 500 mg Br-decane
in 250 mL toluene solution as the internal standard. The orig-
inal ligand 1-dodecanethiol was dispersed again from the QDs
into the toluene aer the ligand exchange and different
concentrations of the decanted toluene were collected for
measurement; the amount of ligand exchange was detected by
GC-MS as an indirect conrmation of the ligand exchange
behavior.
Results and discussion

The ZCIS NCs were prepared in 1-octadecene using In and Zn
acetates and copper iodide as the cationic precursors in the
presence of 1-amino-n-octadecane and 1-dodecanethiol without
sulfur injection; 1-dodecanethiol served as the sulfur source.
This simultaneously stabilized the resulting NCs.40 The PL
properties (PL peak position and PL intensity) of the resulting
ZCIS NCs were strongly dependent on the experimental vari-
ables, such as Zn content, Cu : In ratio, 1-dodecanethiol
concentration, and reaction temperature. Since the PL QYs of all
the as-prepared ZCIS NCs under different experimental condi-
tions were not high (usually less than 5%) and could not
approach the desired value for practical applications, the PL
QYs were not considered as an experimental variable. The PL
QYs were mainly improved via the construction of ZnS shells
around the ZCIS core nanoparticles, as discussed below. Here-
aer, we only describe the dependence of PL wavelength on the
experimental variables.
Fig. 1 Visible light photographs (A) and emission wavelengths (B) of
the ZCIS core nanoparticles with different Zn ratios with increase in
time at 230 �C.
Effect of Zn content

We attempted to tune the PL wavelength of the resulting ZCIS
NCs by controlling the Zn : Cu : In ratio while keeping the other
experimental variables constant. Different Zn : Cu : In ratios
were achieved by controlling the concentration of the precur-
sors during synthesis. Herein, the molar ratio of Zn2+ to Cu+ in
the precursor solution was varied from 0 : 1 to 1 : 1, and equi-
molar concentrations of Cu+ and In3+ were used in each case.
The color of the quantum dot suspensions in toluene changed
from light to dark, as observed in daylight with the increase in
reaction time, as shown in Fig. 1A.
25578 | RSC Adv., 2019, 9, 25576–25582
Fig. 1A shows that for a reaction time of 90 min, the color of
the QD suspension in toluene changes from brownish (lem ¼
685 nm; Cu : In : Zn ¼ 1 : 1 : 0) to reddish (lem ¼ 628 nm;
Cu : In : Zn ¼ 1 : 1 : 0.2), orange (lem ¼ 596 nm; Cu : In : Zn ¼
1 : 1 : 0.5), yellow (lem ¼ 575 nm; Cu : In : Zn ¼ 1 : 1 : 0.7), and
faint yellow (lem ¼ 555 nm; Cu : In : Zn ¼ 1 : 1 : 1) with the
increasing amount of Zn in the composition. The evident blue-
shi in the PL emission wavelengths of the NCs results from an
increase in the band-gap energies with the increase in the Zn
content. This is ascribed to the incorporation of ZnS into CIS.
The band gap of bulk ZnS (3.6 eV) is markedly higher than that
of CuInS2 (1.5 eV), and Zn2+ statistically replaces Cu+ and In3+.
Thus, it is reasonable to assume that the band gap of the
ZnSCuInS2 alloy is higher than that of CIS. This strategy for
band gap tuning has been commonly used in ZnS–CdS and
ZnSe–CdSe-alloyed nanostructures.41

The uorescence emitting wavelength of the ZCIS cores were
detected at lex ¼ 470 nm, as shown in Fig. 1B. It was observed
that it is difficult to make Zn-free CIS NCs with a particle size
that afforded an emission wavelength below 600 nm due to
rapid particle growth. On the other hand, the addition of Zn in
increasing amounts reduced the growth rate, as seen in the
decreasing slope of the curves. The slower growth rate was
benecial for controlling the emission wavelength of the
quantum dots. Furthermore, the addition of Zn facilitates the
formation of QDs with a wider emission wavelength range. By
changing the QD composition from Cu : In : Zn ¼ 1 : 1 : 0.2 to
Cu : In : Zn ¼ 1 : 1 : 1, the minimum emission wavelength
could be lowered from 580 to 530 nm.
This journal is © The Royal Society of Chemistry 2019
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Effect of the Cu : In ratio

Fig. 2 shows that the particle growth rate not only depends on
the amount of added Zn but also on the Cu/In ratio. The QD
growth rate at 30 min of reaction time is signicantly higher at
a Cu : In ratio of 1 : 4 compared to that at the Cu : In ratio of
1 : 1. This difference increased with increasing amounts of Zn.
At a xed reaction time/temperature and at a Zn content of 0.7,
the uorescent peak position at Cu/In¼ 1 : 1 is 537 nm, while at
Cu/In ¼ 1 : 2 and Cu/In ¼ 1 : 4 it is 574 nm and 599 nm,
respectively. This indicates that at a higher In content the
nanoparticles grew faster and showed higher emission wave-
lengths. Thus, by adjusting the Zn content, the difference in the
peak positions lessenedmore for the Cu/In¼ 1 : 4 samples than
for the Cu/In ¼ 1 : 1 samples. Therefore, adjusting the Zn
content could produce QDs with an emission wavelength
ranging from 585 nm to 635 nm (Cu/In ¼ 1 : 4 with), 554 nm to
625 nm (Cu/In ¼ 1 : 2), and 537 nm (or less) to 605 nm (Cu/In ¼
1 : 1). However, at the same reaction time, a higher In content
could signicantly improve the quantum yield (Fig. 2B); the
emission intensity at Cu/In ¼ 1 : 4 is much higher than that at
a lower In content. These In-rich effects have also been reported
for the CuInS system.42 However, the QY at Cu/In ¼ 1 : 1 can be
improved by the subsequent deposition of the ZnS shell.
Effect of 1-dodecanethiol concentration

Fig. 3A shows that when the other reaction variables were held
constant, such as the Zn/Cu/In ratio, the PL peak position of the
resulting ZCIS NCs strongly depended on the thiol concentra-
tion with the increase in the reaction time. The dependence
could be divided into two behaviors: when the amount of thiol
was less than 1 mL, it barely had any effect on the PL peak
position; however, when the amount of thiol was more than 1
Fig. 2 (A) Emission wavelength of the ZnCuInS alloy nanoparticles
with different zinc quantities and various Cu/In ratios at 230 �C, grown
for 30 min with 0.5 mL 1-dodecanethiol. (B) PL emission spectra of the
ZnCuInS alloy nanoparticles with various Cu/In ratios having Zn
content of 0.5. All were grown for 30 min at 230 �C.

This journal is © The Royal Society of Chemistry 2019
mL, the PL peak shied signicantly towards shorter wave-
lengths. However, the concentration effect of 3 mL thiol is
almost the same as that of 2 mL thiol. This could be ascribed to
the composition variation in the presence of thiol contents over
1 mL.
Effect of reaction temperatures

Fig. 3B shows the dependence of PL wavelength on temperature
during QD preparation. The shi of the PL peak towards longer
wavelengths suggests an exponential increase in the growth rate
of the QDs at reaction temperatures above 210 �C. Therefore, it
becomes increasingly difficult to control the growth of QDs at
high temperatures and the NCs precipitated within the reaction
mixture at 250 �C in 1 h. Since 1-dodecanethiol acts both as
a sulfur precursor and a stabilizing ligand during the reaction,
its gradual decomposition at elevated temperatures destabilizes
the colloids. However, due to the much slower growth rate and
time consuming nature of QD formation with a weak PL emis-
sion at 210 �C, the reaction was better at 230 �C, where the
growth was sufficiently controllable and yielded a comparably
stronger PL emission band.
ZCIS/ZnS core/shell structure

Signicant increase in the uorescence emission intensity.
Coating the ZCIS particles with ZnS shells showed a benecial
effect on the photoluminescence properties of the cores; more
the shell layers, higher the emissions of the ZCIS/ZnS, as shown
in Fig. 4A when the number of shell layers grows from one (a) to
six (f). On the other hand, a blue-shi of the emission (Fig. 4A)
and the absorption (Fig. 4B) band can be observed. Usually,
most type I core–shell structures showed a red-shi of the
Fig. 3 (A) PL emission wavelength throughout the reaction process of
the Zn-alloyed CuInS2 nanoparticles with Zn/Cu/In ¼ 0.2 : 1 : 2 with
different 1-dodecanethiol amounts. (B) Effect of reaction temperature
during QD preparation on their photoluminescence wavelength.

RSC Adv., 2019, 9, 25576–25582 | 25579
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Fig. 6 Wide-field TEM and AFM images of ZCIS620 (A and B). Zn/Cu/In
¼ 0.2 : 1 : 1 in 1 h at 230 �C and its corresponding ZCIS/ZnS575 (C and
D) after 3 batches of Zn shell growth on the core.

Fig. 5 Normalized PL spectra (lex ¼ 365 nm) of ZCIS/ZnS core/shell
NCs obtained from ZCIS core with different Zn/Cu ratios (A) and the
representative emission colors of NC dispersion in toluene under the
radiation of a UV lamp (B).

Fig. 4 PL emission spectra (A) of the resulting alloyed NCs with
increasing number of ZnS shells deposited around the ZCIS core from
one (a) to six (f) and their UV absorption (B).
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absorption and emission bands aer shell coating due to
a slight delocalization of the charge carriers into the shell
layer.43 Such a blue-shi was reported in some other CIS–ZnS
core–shell QDs cases.44 Several different explanations for the
blue-shi have been suggested, including surface reconstruc-
tion,45 inter-diffusion of Zn atoms,46 or etching of the core
material.47 The absorption spectra seen in Fig. 4B eliminate the
possibility of Zn diffusion-associated blue-shi because the
corresponding change in the band gap of the core/shell QDs was
not observed. Surface reconstruction might be a cause of these
ndings, but it is difficult to claim without an appropriate
theoretical or experimental understanding. Recently, it was
found that cation exchange in the outer layer of the CIS nano-
crystals explained the large blue-shi observed for the CIS–ZnS
core–shell structures.48

Thus, the emission wavelength and QY of the resulting ZCIS/
ZnS core/shell structure can be tuned by varying the band gap of
the starting ZCIS core nanoparticles and via the batch-wise
addition of ZnS for shell growth. Fig. 5A and B show that the
emission wavelength of the ZCIS/ZnS core/shell NCs prepared
from ZCIS core NCs with different Zn/Cu ratios have remarkable
uorescent emission brightness and cover most of the visible
light region (from 527 nm to 700 nm).

Fig. 6 shows the wide-eld TEM images of the ZCIS620 core
nanoparticles prepared from Zn/Cu/In ¼ 0.2 : 1 : 2 at 230 �C in
1 h with an average size of 4 nm (Fig. 6A) as well as the corre-
sponding ZCIS/ZnS575 core/shell nanoparticles derived from the
initial ZCIS620 cores via the three-step growth of the ZnS shell at
230 �C with an average size of 10 nm (Fig. 6D). The AFM
measurements also conrmed the change in size during the
shell growth, as shown in Fig. 6B and C. The diameter of the
25580 | RSC Adv., 2019, 9, 25576–25582
ZCIS620 core particles is about 3 � 0.4 nm, while the corre-
sponding ZCIS/ZnS575 particles displayed a size of about 11 �
0.6 nm. Hence, the blue-shi in the emission wavelength was
not caused by smaller size and the shell growth induced a size
enhancement, leading to a blue-shi instead of a red-shi.

Ionic liquid-soluble NCs via ligand exchange. Ligand
exchange endows NCs with wide application potential, such as
co-solvation with other polymers or provides covalent bonding
for reaction with polymers. Herein, we could successfully cause
thiol-ligand exchange by 3-mercaptopropyl-trimethoxysilane
with the help of the ionic liquid 1-hexyl-3-methylimidazolium
chloride as the solvent. It should be mentioned that we tried
other ionic liquids, such as 1-ethyl-3-methylimidazolium chlo-
ride and 1-butyl-3-methylimidazolium chloride, but only the
long chain 1-hexyl-3-methylimidazolium chloride could
successfully aid in the ligand exchange from DDT to 3-
mercaptopropyl-trimethoxysilane for the ZCIS/ZnS nano-
particles and transfer the groups from toluene to the ionic
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 GC-MS standard curve for 1-dodecanethiol (A) and the rela-
tionship between the QD concentration and responses for 1-dodec-
anethiol (B).

Fig. 7 ZCIS/ZnS capped with 1-dodecanethiol and ligand exchange
with (3-mercaptopropyl)trimethoxysilane.
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liquid 1-hexyl-3-methylimidazolium chloride. This solved the
traditional problem of difficult DDT ligand exchange. The
strong interactions between the mercapto group of MPTMS was
the key factor in the successful ligand exchange of 1-dodeca-
nethiol with MPTMS, as illustrated in Fig. 7. These nano-
particles can be converted from hydrophobic to hydrophilic via
ligand exchange, thus rendering them readily dispersible in
ionic liquids, as shown in Fig. 8. The ionic liquid-soluble ZCIS/
ZnS NCs could retain up to 70% of the luminescent intensity of
the original oleophilic NCs (Fig. 8A). Moreover, the uorescent
emission peak with a narrow uorescent region red-shis by
about 10 nm, indicating that the red-shi was induced not by
aggregation but rather by the changing environment. Fig. 8B
shows luminescence in both toluene and ionic liquids under
a UV lamp. The high luminescence of ZCIS/ZnS in the ionic
liquid could be retained for several months without any
observable quenching. This high PL stability and compatibility
of the ionic liquid-soluble QDs is of special interest in the
preparation of composite materials with polymers.

The ligand exchange behavior was further analyzed via GC-
MS. The standard calibration curve of 1-dodecanethiol was
obtained using Br-decane as the internal standard. The equa-
tion y ¼ 0.4929x describes the ligand exchange behavior.
Herein, different amounts of QDs were used for ligand exchange
and the corresponding ligand 1-dodecanethiol remained in
Fig. 8 Fluorescent spectra of ZCIS/ZnS core–shell samples before
and after ligand exchange that stayed in toluene and ionic liquid (A) and
the corresponding luminescent photographs under a UV lamp (B).

This journal is © The Royal Society of Chemistry 2019
toluene aer ligand exchange. This was found to follow the
trend, as shown in Fig. 9. The remaining 1-dodecanethiol in the
three samples showed a linear increase with increasing
amounts of 1-mercapto-n-dodecane-capped QDs. According to
the equation y ¼ 185.28x + 101 (ref. 49) (y is the estimated
concentration of the remaining 1-dodecanethiol in toluene (mg
mL�1)), 1-dodecanethiol was successfully exchanged by (3-
mercaptopropyl)trimethoxysilane. In addition, the linear trend
implies that the exchange percentage of 1-dodecanethiol was
the same every time.

Conclusions

ZCIS-alloyed NCs were prepared via a sulfur injection-free
approach in the non-coordinating solvent octadecene in the
presence of 1-dodecanethiol using copper iodide and indium
and zinc acetates as the precursors. The band gap of the ZCIS-
alloyed NCs can be conveniently tuned by adjusting the exper-
imental variables, such as the Zn content, Cu : In ratio, dodec-
anethiol concentration, and reaction temperature. With the
deposition of ZnS shells around the ZCIS cores, the PL QY
increased substantially to a maximum value of 35%, while the
emission wavelength underwent a blue-shi and could be tuned
from 518 nm to 810 nm. The ionic liquid-soluble ZCIS/ZnS NCs
obtained through ligand exchange could preserve the high PL
emission efficiency, which was conrmed by GC-MS and PL
measurements. Thus these novel, toxic-free uorescent nano-
particles are promising in composite applications.
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