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Abstract: Time-gated fluorescence measurement (TGFM) using long-life fluorescence probes is a highly
sensitive fluorescence-measurement technology due to the inherently high signal-to-background ratio.
Although many probes for TGEM such as luminescent-metal-complex probes and lanthanide-doped
nanoparticles are in development, they generally need sophisticated/expensive instruments for
biosensing/imaging applications. Probes possessing high brightness, low-energy (visible light)
excitation, and long lifetimes up to milliseconds of luminescence, are highly desired in order to
simplify the optical and electronic design of time-gated instruments (e.g., adopting non-UV-grade
optics or low-speed electronics), lower the instrument complexity and cost, and facilitate broader
applications of TGFM. In this work, we developed Mn-doped CuGa(In)S-ZnS nanocrystals (NCs)
using simple and standard synthetic steps to achieve all the desired optical features in order to
investigate how the optical properties (fluorescence/absorption spectra, brightness, and lifetimes)
of the Mn-doped NCs are affected by different host NCs and Mn concentrations in host NCs. With
optimal synthetic conditions, a library of Mn-doped NCs was achieved that possessed high brightness
(up to 47% quantum yield), low-energy excitation (by 405 nm visible light), and long lifetimes (up
to 3.67 ms). Additionally, the time-domain fluorescence characteristics of optimal Mn-doped NCs
were measured under pulsed 405 nm laser excitation and bandpass-filter-based emission collection.
The measurement results indicate the feasibility of these optimal Mn-doped NCs in TGFM-based
biosensing/imaging.

Keywords: time-gated fluorescence measurement; Mn doping; nanocrystals

1. Introduction

Time-gated fluorescence measurement (TGFM) using long-life fluorescence probes is
an important biosensing /imaging technology [1,2]. In TGFM, following pulsed excitation,
the sample autofluorescence fades out in tens of nanoseconds, but the probes can continue
emitting fluorescence up to milliseconds. By detecting the time-gated emission from the
probes, the signal-to-background ratio can be significantly enhanced to ensure high-quality
sensing/imaging. For the development of such probes, significant efforts have been focused
on luminescent metal-complex probes (organic molecules coordinating a lanthanide or
transition metal through electrostatic interaction) due to their unique spectral and temporal
properties [3]. Lanthanide complexes have fluorescence lifetimes of microseconds to mil-
liseconds, but they need UV light for excitation, which would complicate the optical design
of the time-gated-instrument development, specifically in compact/portable instruments
for point-of-care applications [3-7]. Transition-metal-complexes can be excited with visible
light, but usually have lifetimes of a hundred or thousand nanoseconds. Such short life-
times of transition-metal-complexes require high-speed electronics for signal recording and
thus increase the instrument complexity and cost [3]. Besides luminescent metal-complex
probes, lanthanide-doped polymer particles, with both silica nanoparticles and fluoride

Nanomaterials 2022, 12, 994. https:/ /doi.org/10.3390/nano12060994

https:/ /www.mdpi.com/journal /nanomaterials


https://doi.org/10.3390/nano12060994
https://doi.org/10.3390/nano12060994
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://doi.org/10.3390/nano12060994
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12060994?type=check_update&version=2

Nanomaterials 2022, 12, 994

20f16

nanoparticles, with long fluorescence lifetimes are also in development [8-11]. Lanthanide-
doped polymer particles with silica nanoparticles still need high energy for excitation as
lanthanide complexes. For lanthanide-doped fluoride nanoparticles, although they can be
excited by near-infrared light through up-conversion for bioapplications, they suffer from
low brightness and need high-power excitation sources with complex and bulky optics and
electronics [10,11]. It is preferred to have probes with high brightness, low-energy (visible
light) excitation, and long lifetimes up to milliseconds. From a viewpoint of materials
science and engineering, new material candidates in the nano scale need to be explored
in order to achieve the desired features (high brightness, low-energy excitation, and long
lifetimes up to milliseconds). With recent advances in nanocrystal research, Mn-doped
nanocrystals (NCs) are promising for this purpose.

For Mn-doped NCs, once the exciton energy is transferred to the T state of the Mn
dopants, the spin relaxation and slow inversion between the 4T; and ®A; states of Mn
should cause an ideal yellow emission at ~585 nm with a long lifetime [12]. Mn elements
have been doped into different types of NCs including binary NCs (e.g., CdSe or ZnSe NCs)
or multinary NCs (e.g., I(I)-III-VI NCs) [12-21]. When Mn is doped into binary excitonic
NCs, the excitonic fluorescence of host NCs will be completely quenched and only the Mn
emission should emerge, because the transfer of the exciton energy to the Mn *T; state is
much faster compared to the excitonic recombination of host NCs [13-21]. With respect
to their optical properties, the absorption spectra of Mn-doped binary excitonic NCs are
still determined by the bandgap of these host NCs, but the fluorescence brightness and
lifetime of the doped NCs will be mainly affected by the Mn—-Mn interaction in these host
NCs [20,21]. Generally, Mn-doped binary NCs have average fluorescence lifetimes in the
range of sub-milliseconds and need high energy for excitation, or they contain the toxic
elements of Cd and/or Se against biosensing/imaging applications.

Among many multinary NCs, I(II)-III-VI NCs such as Cu-In-S/ZnS and Cu-Zn-In-
S/ZnS NCs do not contain any Cd or Se elements and are particularly attractive to biomed-
ical applications [22-26]. Different from binary excitonic NCs, they are donor-acceptor-
pair-model-based materials. In these NCs, the donor states could be attributed to sulfur
vacancies, silver/copper interstitials and gallium/indium atoms occupying substituted
silver /copper sites, and the acceptor states could be from indium/gallium interstitials and
silver/copper atoms occupying gallium/indium sites [22-28]. The fluorescence of I(II)-
III-VI NCs should be mainly attributed to the electron transition from the donor states to
acceptor states [22-29]. Moreover, the optical properties of I(II)-III-VI NCs can be adjusted
by diverse compositional combinations among monovalent copper/silver and trivalent
indium/gallium, as well as further monovalent-to-trivalent cation stoichiometric varia-
tion [30]. For Mn-doped I(I)-1II-VI NCs, upon photoexcitation, the excitation energy of the
host I(II)-III-VI NCs can be transferred to both Mn dopants and donor states, which could
result in both Mn emission and donor-acceptor emission, or the dominant Mn emission.
Additionally, the microenvironments (e.g., defects, electronic structures) in the I(II)-III-VI
host NCs, which are determined by compositional combination and element stoichiometric
variation in NCs, would significantly affect the lifetime of the Mn emission [12,31]. Consid-
ering all these factors, the optical properties (fluorescence/absorption spectra, brightness
and lifetimes) of Mn-doped I(II)-III-VI NCs would be versatile but also complex. For
instance, some works on Mn-doped I(II)-III-VI NCs have been reported, but on the basis of
their own particular synthetic approaches, they presented significant changes in fluores-
cence lifetimes (hundreds of nanoseconds to milliseconds) and fluorescence wavelengths
(yellow to red), presented complex steps in synthesis, or still needed high energy (UV light)
for NC excitation due to the adoption of wide-bandgap NCs [32-36]. Some studies intended
to synthesize NCs with double emission peaks from both Mn emission and donor—acceptor
emission for photovoltaic applications (e.g., white LEDs) [37-40].

Specific to the applications in time-gated measurements, more efforts are still needed to
investigate Mn-doped I(II)-III-VI NCs towards achieving the desired features (high bright-
ness, low-energy excitation, and long lifetimes up to milliseconds) as time-gated probes.
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In this work, on the basis of a simple synthetic approach using standard steps, aiming to
achieve Mn-doped I(II)-III-VI NCs with the desired optical features, our research objective
was to systematically investigate how the optical properties (fluorescence/absorption spec-
tra, brightness, and lifetimes) of Mn-doped NCs are affected by different host NCs and
Mn concentrations.

2. Materials and Methods
2.1. Materials and Apparatus

Copper (I) iodide (Cul, 99%), manganese acetate (Mn(Ac),, 99%), gallium (III) acety-
lacetonate (Ga(acac)s, 99%), zinc acetate (Zn(Ac),, 99%), and indium (IIT) acetate (In(Ac)3,
99.99%) were from Alfa Aesar (Haverhill, MA, USA). Oleylamine (70%), 1-octadecene
(ODE, 90%), 1-dodecanethiol (DDT, 98%), oleic acid (90%), and sulfur were purchased from
Sigma Aldrich (St. Louis, MO, USA).

A RF-5301PC spectrophotometer (Shimadzu, Kyoto, Japan) was used for the measure-
ment of the emission spectra of NCs. A UV-2450 spectrometer (Shimadzu, Kyoto, Japan)
was adopted for the measurement of the UV-Vis absorption spectra. The excited-state decay
curves were obtained on a Horiba JobinYvon Fluorolog-3 (Horiba, Kyoto, Japan) equipped
with a pulsed 150 W xenon lamp using a time-correlated single-photon-counting (TCSPC)
system. An Inductively Coupled Plasma Mass Spectroscopy (ICP-MS, Shimadzu 2030)
from Shimadzu, Kyoto, Japan, was used for the actual compositions of NC analysis after
NCs were digested under acid conditions. X-ray-diffraction (XRD) data were collected by a
coupled theta: 2-theta scan on a Rigaku Ultima-III diffractometer equipped with Copper
X-ray tube with Ni beta filter, parafocusing optics, computer-controlled slits, and D/Tex
Ultra 1D strip detector.

The quantum yields (QYs) of the samples were determined using the equation:

QYs = QYg x (Is/Ir) x (AR/Ag) x (ns/ng)>

A is the absorbance, I is the integrated emission area, and n is the refractive index of
the solvents for sample S and reference R.

Oxazine 170 (Aem = 640 nm, QY = 63% in methanol) and Coumarin 153 (Aem, = 532 nm,
QY = 54% in ethanol) were used as the standards for QY measurements. The same ex-
citation wavelength was applied to both samples and quantum-yield standards during
the QY measurements. The excitation wavelength was chosen in order to ensure a linear
relationship between the concentration of the absorbing/emitting species and the inten-
sity of emitted light (each sample was diluted to achieve an absorbance of ~0.05 at the
exciting wavelength).

2.2. Synthesis of Host CuGaS-ZnS NCs and CulnS-ZnS NCs

In a typical synthesis of host CuGaS-ZnS NCs, Cul (0.0125 or 0.25 mmol), ODE (4 mL),
DDT (0.5 mL), oleic acid (0.5 mL), and Ga(acac)s (0.1 mmol) were added to a three-necked
round-bottom flask (50 mL), which was equipped with a magnetic stir bar and a condenser.
Under vacuum, the mixture was heated to 145 °C, and a clear solution was then obtained.
Then, a flow of nitrogen was switched into the flask, the mixture was heated to 170 °C, and
0.6 mL of sulfur precursors (3 mL of oleylamine and 1 mL of DDT with 2 mmol sulfur) was
swiftly injected into the flask. The mixture in the flask was further heated to 210 °C and
remained at 210 °C for 40 min. The mixture was then heated to 240 °C for the alternative
injection of the Zn precursor and sulfur precursor. For the injection of Zn and sulfur
precursors, 0.6 mL of zinc precursors (2 mL of ODE, 1 mL of DDT, 1 mL of oleylamine,
2 mmol Zn(Ac);) were added dropwise to the core NC solution. Subsequently, 0.6 mL of
sulfur precursors were added dropwise. At 15 min intervals, the above addition process
was repeated six times. Once the reaction was complete, the mixture was naturally cooled
down. The host NCs were washed /purified using hexane/ethanol (or chloroform/acetone)
and then dried under vacuum. Host CulnS-ZnS NCs were produced in the same way but
using In(Ac)3.
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2.3. Synthesis of Mn-Doped CuGaS-ZnS NCs and Mn-Doped CulnS-ZnS NCs

In a typical synthesis of Mn-doped CuGaS-ZnS NCs, ODE (4 mL), DDT (0.5 mL), oleic acid
(0.5 mL), Ga(acac)s (0.1 mmol), Cul (0.0125 or 0.25 mmol), and Mn(Ac), (0.003125-0.0375 mmol)
were added to a three-necked round-bottom flask (50 mL), which was equipped with a
magnetic stir bar and a condenser. The other steps are the same as for the host CuGaS-ZnS
NCs. Mn-doped CulnS-ZnS NCs were produced in the same way but using In(Ac)3 instead
of Ga(acac)s.

2.4. Decay Curve Fitting

The fluorescence-decay curves from the TCSPC measurements were measured under
405 nm excitation and fitted with a multi-exponential function I(t) = }_Ajexp (—t/T;), where
T; is the lifetime parameters, and A; is the corresponding amplitude of T; at t = 0. The
average lifetime for each sample was calculated as below.

Tavg = ZAiTi2/ ZAiTi

2.5. Optical Setup for the Fluorescence Decay Testing on Mn-Doped NCs

The setup consisted of a 405 nm laser-excitation source (20 mW) and its circuit driver,
a cuvette and its holder, a photosensor with a bandpass filter (607 & 18 nm), and optical
fibers for excitation-light delivery and emission-light collection [41]. The 405 nm laser
diode was turned on/off through its circuit driver with repeated pulses at a 0.5 kHz rate
with 40% duty cycle. The photosensor (photomultiplier tube, PMT) connected to a digital
oscilloscope recorded the fluorescence characteristics of Mn-doped NCs under the pulsed
405 nm laser excitation.

3. Results and Discussion

With respect to technical approaches, our research went through the following steps.
First, we prepared four types of I(II)-III-VI host NCs with four different peak emissions
in the range of 500 nm to 570 nm, which are close to but less than the characteristic
emission (i.e., 585 nm) from the 4T; state to the ®A; states of the Mn dopants. Because such
materials follow the donor-acceptor model of light absorption and fluorescence emission
and their fluorescence spectra have a full width at half maximum (FWHM) of around
100 nm, the peak-emission wavelengths at 500-570 nm will render these host NCs as
excitable by visible light at 405 nm. These peak-emission wavelengths are less than the
ideal Mn emission wavelength at 585 nm, and therefore the NC bandgaps are wide enough
to incorporate Mn energy levels for Mn emission. Second, we doped the same amount of
Mn dopants into each type of the host NCs through the homogenous-nucleation-doping
approach (hot-injection-based synthesis) and explored how the different host NCs would
affect the optical properties (i.e., the quantum yield (QY) and the fluorescence lifetime)
of the doped NCs. Third, for each type of host NC, we changed the concentration of Mn
(doped into the host NCs) over a wide range and investigated how the quantum yield,
the fluorescence/absorption spectra, and the fluorescence lifetime of the doped NCs are
affected by Mn concentrations. Through this study, the Mn-doped NCs, which can be
further developed into time-gated probes, were achieved. Meanwhile, this study disclosed
a generic synthetic approach with standard steps to produce optimal Mn-doped NCs for
time-gated-probe development.

3.1. Effects of Host NC

From Figure 1A, it can be seen that the host NCs (without Mn doping) have peak
emissions at around 500 nm, 530 nm, 545 nm and 570 nm, respectively. The QYs of all
host NCs are low in the range of 0.5% to 5%, which indicate significant defects in all the
prepared host NCs. As the Mn dopants are incorporated into each type of host NCs to
form Mn-doped NCs, it can be seen that no matter which type of host NC is adopted, all
of the Mn:CuGaS-ZnS and Mn:CulnS-ZnS NCs present almost the same emission spectra



Nanomaterials 2022, 12, 994

50f16

(Figure 1A). All the emission peaks are around 595 nm and all the emission spectra present
almost the same shape profiles and the same FWHMSs at around 60 nm. With respect
to emission brightness, the QY is 47% for Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs, 12% for
Mn:CuGaS-ZnS (Cu/Ga = 1/4) NCs, 14% for Mn:CulnS-ZnS (Cu/Ga = 1/8) NCs, and 3%
for Mn:CulnS-ZnS (Cu/Ga = 1/4) NCs. Mn-doped NCs are significantly brighter than the
corresponding host NCs. Figure S1 shows the absorption spectra for each pair of Mn-doped
NCs and the corresponding host NCs. For host CuGaS-ZnS NCs with both Cu/Ga=1/8
and Cu/Ga = 1/4, before and after Mn doping, their absorption spectra are almost similar.
This indicates that Mn doping into these host NCs is not significantly affecting the bandgaps
of the host NCs. The insets in Figure S1 show the fluorescence of Mn-doped NCs under
405 nm excitation. It is clear that the doped NCs are excitable by visible light (405 nm).

1
Y
(A) CuGas-Zns (Cu/Ga=1/8) \ (B)
CuGaS-ZnS (Cu/Ga=1/4) N
CulnS-ZnS (Cu/In=1/8) Y
1 CulnS-ZnS (Cu/In=1/4) “\.
Mn:CuGaS-ZnS (Cu/Ga=1/8) . Yy,
Mn:CuGaS-ZnS (Cu/Ga=1/4) ",
Mn:CulnS-ZnS {Cu/In=1/8) 5 '"wu\
i Mn:CulnS-ZnS {Cu/In=1/4) © 0.1 Mgy,
a > ™
E E I VW"W‘.-.‘N
= o . M,
g g il
§ N 'M*‘W\w
§ s ; M
s Z g VJWLW ik
z 3 , i
o N s
g 50.01
5 =
z ——— Mn:CuGasS-ZnS (Cu/Ga=1/8)
Mn:CuGaS-ZnS (Cu/Ga=1/4)
i Mn:CulnS-ZnS (Cu/In=1/8)
Mn:CulnS-ZnS (Cu/In=1/4)
o—— —— 0.001 T T T T T T
400 450 800 Y 1 2 3 4 5 6 7 8
Wavelength (nm) Time {ms)
1
(9]
Mn:CuGaS-ZnS (Cu/Ga=1/8)
]
s
g
<
&
g
So1
[T
o
2
o
E
S
< 565
— 565 nm
—— 595 nm
625 nm
0.01 T T
0 1 2 a4 5 6 7 8

Time {ms)

Figure 1. (A) Fluorescence spectra of four types of host NCs and four types of Mn-doped NCs
(0.0125 mmol Mn-doped into each type of host NCs). (B) Fluorescence decays for four types of
Mn-doped NCs (measured at 595 nm for all NC samples). (C) Fluorescence decays of Mn:CuGaS-ZnS
(Cu/Ga =1/8) NCs at 565, 595 and 625 nm.

Figure 1B presents the fluorescence-decay curves of Mn-doped NCs; each curve
corresponds to the Mn doping of each type of host NC. The decay of each type of Mn-
doped NC was measured at their emission peak (595 nm). The decay-fitting analysis further
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indicates the average lifetime is 1.71 ms for Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs, 1.22 ms
for Mn:CuGaS-ZnS (Cu/Ga = 1/4) NCs, 1.09 ms for Mn:CulnS-ZnS (Cu/Ga = 1/8) NCs,
and 0.86 ms for Mn:CulnS-ZnS (Cu/Ga = 1/4) NCs. The emission lifetimes are listed in
Table 1. For Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs, we also measured the decay curves at
565 nm and 625 nm, which are the lower and upper wavelengths at half-maximum of
the NC fluorescence spectrum, respectively. Figure 1C shows the decays curves of this
type of Mn-doped NC at 565 nm, 595 nm and 625 nm. All of these decay curves are
almost overlapping and present very similar average lifetimes. Such a phenomenon is also
observed for three other types of Mn-doped NCs (data not shown). The fluorescence-decay
curves of four types of host NCs are presented in Supplementary Figure S2, which present
lifetimes in the range of 300-600 ns as reported in the literature [22].

Table 1. Effect of host NC on optical properties of Mn-doped NCs.

Composition

. Cu/Ga=1/8 Cu/Ga=1/4 Cu/In=1/8 Cu/In=1/4
Ratio (mmol)

Wavelength

(am) ~500 ~530 ~545 ~570
QY 2% 1% 5% 0.5%
Without Mn Doping 1 (ns) 2 20 71 88
A 91.2% 98.7% 86.5% 80.6%
T, (ns) 548 518 840 747
A 8.8% 1.3% 13.5% 19.4%
Avg T (ns) 365 371 569 530
Wa‘(’relflr)‘gth ~595 ~595 ~595 ~595
QY 47% 12% 14% 3%
With Mn Doping Tq (ms) 0.34 0.22 0.19 0.11
(Mn = 0.0125 mmol) A 70.0% 75.2% 76.6% 68.2%
5 (ms) 2.20 1.63 1.47 1.03
As 30.0% 24.8% 23.4% 31.8%
Avg T (ms) 171 1.22 1.09 0.86

The shift in the emission spectrum and the lifetime before and after Mn doping clearly
indicate the incorporation of Mn dopants into the host NCs, which further produces the
Mn emission. The emission peak at ~595 nm is in the range of what was reported on the
Mn emission in various host NCs [12,31], but close to the ideal Mn emission at ~585 nm.
Mn-doped multinary NCs have been reported to produce Mn-related emission at 620 nm
or up to 650 nm, and it is thought that the long emission is due to the significant coupling
between the Mn d levels and the microenvironments of the host NCs [31]. Additionally, all
four types of host NCs have a long emission tail (Figure 1A) indicating narrower energy
gaps between the donor states and acceptor states for electron-hole recombination. But
once Mn elements are doped into these types of host NCs, all types of Mn-doped NCs
present almost the same emission spectral profiles. The possible reason is that the energy
transfer to the Mn emission states is faster when compared to the energy transfer to the
narrower energy gaps between the donor states and acceptor states, and thus Mn emission
is dominant. Note that the use of Cu in the synthesis of Mn:CuGaS-ZnS (Cu/Ga =1/4) NCs
is double the amount of Cu used for Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs. From the recent
literature [42], it is known that that in Cu-doped or Cu-based NCs, Cu introduces isolated
and localized midgap d orbitals above the valence-band edge. In spite of the increase of the
Cu amount in NC synthesis, the Cu midgap d orbitals may not stack up to be above the
®A; states of Mn, and thus would not affect the Mn emission spectrum.

To confirm that the optical properties are associated with the composition ratios
(Cu/Ga or Cu/In) and/or Mn dopants in NCs, the compositions of NCs were analyzed



Nanomaterials 2022, 12, 994

7 of 16

using ICP (Supplementary Table S1). In the synthesis of the host CuGaS-ZnS NCs, the Ga
concentration was fixed at 0.1 mmol but the Cu concentration was doubled from 0.0125
to 0.025 mmol (Cu/Ga = 1/8—1/4). The ICP analyses of the NCs show that the actual
Cu/Ga molar ratio is 0.12 for Cu/Ga = 1/8, and the one is 0.19 for Cu/Ga = 1/4. Although
the actual molar ratios are slightly lower than the nominal ones, it is clear that the actual
Cu/Ga molar ratio is doubled as the nominal Cu/Ga molar ratio is increased. The ICP
analyses of the host CulnS-ZnS NCs show the similar conclusion. For Mn:CuGaS-ZnS or
Mn:CulnS-ZnS NCs with Cu/Ga = 1/8 and 1/4 and Mn = 0.0125 mmol, the ICP analyses
(Table S1) show that regardless of whether Ga or In is adopted in the NC synthesis, it can
be seen that the actual molar ratio of Cu/Ga or Cu/In is increased as the nominal ratio
of Cu/Ga or Cu/In is doubled, but the actual molar ratios of Mn/Ga or Mn/In are very
close to each other when the actual/nominal molar ratio of Cu/Ga or Cu/In is doubled
from 1/8 to 1/4. All Mn-doped NCs have almost overlapping emission spectra with a peak
at ~595 nm (as shown in Figure 1A), and such overlapping spectra should be due to the
doping of Mn into NCs instead of the molar-ratio change of Cu/Ga or Cu/In in NCs.
Representative TEM and high-resolution TEM (HRTEM) images of Mn:CuGaS-ZnS
(Cu/Ga =1/8, Mn = 0.0125 mmol) NCs are shown in Figure 2A,B. The NC sizes are
5-7 nm. The Fast-Fourier-Transform (FFT) pattern of the HRTEM image is presented in
Figure 2C. The interplanar distance in the lattice fringes as presented by HRTEM is found
to be ~0.310 nm through analyzing the FFT pattern. This value is similar to the interplanar
distance of the (111) plane in ZnS. The XRD patterns of four types of Mn-doped NCs and
their corresponding host NCs are shown in Figure 2D; all samples present three apparent
diffraction peaks at around 20 = 28, 47, and 56°, which are similar to the (111), (220),
and (311) planes of cubic ZnS (JCPDS #05-0566). No secondary phases such as MnS were
identified. This indicates that different types of host NCs and Mn-doped NCs have similar
NC crystal structures. It should be noted that in our synthesis, a slightly excessive amount
of sulfur precursor was rapidly injected in order to wrap the metal precursors and form core
NCs, and then Zn and sulfur precursors were alternatively injected dropwise to coat the
core NCs. Ideally, the lattice of the core NCs should match with or be similar to that of the
ZnS NCs for the ZnS shell growth. In this study, XRD measurement was applied to the core
NCs to identify their crystal phases. Specifically, the XRD pattern of the CuGaS core NCs
(Cu/Ga =1/8) is shown in Figure S3, and the XRD pattern of CuGaS core NCs presents
unique peaks that do not match with the CuS, Cu,S, GaySs, or CuGaS; crystals. This XRD
pattern is also different from that of the ZnS crystals, which is reasonable because the
CuGaS core NCs under such stoichiometric deviations should not form a phase structure
of the ZnS crystal. However, the XRD pattern of CuGaS-ZnS NCs (Cu/Ga = 1/8) has the
major XRD characteristics of ZnS crystals. The reason for such a phase change during the
NC synthesis is not clear and is still under investigation, but it is possible that once the Zn
and sulfur precursors are coated onto the core NCs (with or without Mn doping), some Zn
and sulfur elements could diffuse into and interact with the core NCs to restructure the core
lattice and form a stable phase, and thus a newly reconstituted energy bandgap [35,43,44].
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Figure 2. (A,B) TEM and high-resolution TEM (HRTEM) images of Mn:CuGaS-ZnS (Cu/Ga =1/8,
Mn = 0.0125 mmol) NCs. The scale bar in HRTEM image is 2 nm. (C) Fast-Fourier-Transform (FFT)
pattern on the HRTEM image of the Mn:CuGaS-ZnS NCs. (D) XRD patterns of different types of host
NCs and Mn-doped NCs (Mn = 0.0125 mmol for each type of host NCs).

For all types of Mn-doped NCs, their fluorescence-decay curves were fitted with a
multi-exponential model, and it was found that each curve best fits with a bi-exponential
equation (0.97 < x?< 1). As shown in Table 1, each type presents both a fast decay with a
lifetime (1) in the range of 0.1-0.4 ms and a slow decay with a lifetime (7;) in the range
of 1-2.2 ms. The long lifetime (t;) of these NCs should be attributed to Mn emission,
considering the nature of Mn emission for long-fluorescence lifetimes, but the origin of the
short lifetime (71) of these NCs is complex. In Table 1, it is observed that both the short
lifetime and the long lifetime (thus the average lifetime) of Mn:CuGaS-ZnS NCs drops off
when Cu/Ga ratio is increased from 1/8 to 1/4 (or the use of Cu in synthesis is double).
An explanation is that when the Cu amount is increased in the NCs, the Mn dopants
would have more Cu atoms in their surrounding environments and also be closer to the
Cu atoms [45]. Thus, the interaction between Cu and Mn through their orbital electron
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clouds is stronger. Additionally, more Cu atoms in NCs could induce more NC lattice
strains/defects, and thus the interaction between Cu-induced lattice strains/defects and
Mn would be stronger. Such enhanced interactions could further strengthen the splitting
of the Mn #T; and ®A; states or cause the reconstitution of the Mn emission states for a
faster decay. Note that the interaction would cause the further decrease of the lifetime
(both the short lifetime and the long lifetime). The long lifetime is thought be due to the
relatively isolated Mn dopants in the NCs [31,46,47]. The number of relatively isolated
Mn dopants could be reduced with the incorporation of more Cu atoms into the host NCs,
which would result in the decrease in the long lifetime. Table 1 also shows that both the
short lifetime and the long lifetime of Mn:CulnS-ZnS (Cu/In = 1/8) NCs is less than that
of Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs when indium instead of gallium is used for the
host NC synthesis. Compared to gallium, indium is much larger in size (including its
electron clouds and nucleus), and its interaction with the Mn dopants (reflected by the
fluorescence peak wavelength and lifetime of Mn emission) would be stronger due to the
shorter distance between In and Mn. Such an interaction could cause the decrease in both
the short lifetime and the long lifetime due to the same logistics as the explanation of more
Cu atoms for a shorter average lifetime. From Table 1, it can be seen that Mn:CuInS-ZnS
(Cu/In =1/4) NCs have the lowest average lifetime, which should be due to the synergistic
efforts of more Cu atoms and the larger size of indium in NCs. On the basis of the above
discussion, Figure 3A illustrates the possible microenvironments surrounding Mn dopants
in Mn-doped CuGaS-ZnS and CulnS-ZnS NCs. This illustration reflects the size effect of Ga
and In on their interaction strength with Mn through their electron clouds. It also depicts
more Cu atoms surrounding each Mn dopant to induce stronger interaction with the Mn
dopant if the Cu amount is increased in the NC synthesis. Figure 3B illustrates the possible
electronic energy structure of Mn-doped NCs for Mn emission. In the donor-acceptor
model of these NCs, Ga and In contribute to the donor states and Cu (in different levels)
contributes to the acceptor states. In spite of the double amount of Cu in the synthesis, the
Cu midgap d orbitals may still be at low levels [41] and may not stack up to be above the ®A’
states of Mn to affect the Mn emission. As illustrated in Figure 3B, upon photoexcitation,
excitation energy can be transferred from the conduction band to donors and then to the
4Ty states of Mn dopants for Mn emission, and the microenvironment surrounding the Mn
dopants will further determine the lifetime of Mn emission.

o In —\irgy transfer (ET)
Cu e i In - Donor States - :' el Y, 1 Ya P
]
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- T | hv
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Figure 3. Illustration of possible fluorescence mechanisms of Mn-doped CuGaS-ZnS and CulnS-ZnS
NCs. (A) Possible microenvironments surrounding Mn dopants (the coordinates of Mn with multiple

ions in host NCs; the circle in illustration represents the relative atom size of Mn or Zn or Ga or In).
(B) Possible energy-transfer (ET) pathways for Mn emission.
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3.2. Effects of Mn Concentration in NCs

With respect to brightness (QY), lifetime, and low energy for excitation (excitable by
visible light at 405 nm), as indicated in Table 1, Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs are
optimal and have potential to be further developed as time-gated probes for TGFM, and
thus the effects of Mn concentration on this type of host NC were further investigated.

Figure 4A shows the emission-absorption spectra of Mn:CuGaS-ZnS (Cu/Ga =1/8)
NCs with different Mn concentrations in synthesis. The emission spectra of all Mn-doped
NCs present almost the same emission spectra. All emission peaks are around 595 nm
except that of Mn = 0.05 mmol at around 600 nm. All emission spectra present almost the
same shape profiles and the same FWHMSs at around 60 nm. For the emission spectra of
the NCs that used Mn = 0.00312 and 0.00625 mmol in their synthesis, a tail is observed in
the range of 450-510 nm. It is believed that due to the limited Mn dopants in the synthesis,
not all the donor-acceptor emissions are quenched, and a small amount of light is still from
the donor—acceptor emissions [37-39].

1
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Figure 4. (A) Fluorescence and absorption spectra of CuGaS-ZnS (Cu/Ga = 1/8) NCs and Mn:CuGaS-
ZnS (Cu/Ga = 1/8) NCs with a wide Mn-concentration range in synthesis. (B) Fluorescence decays
of Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs at their peak wavelengths with different Mn concentrations in
synthesis. (C) ICP-based actual Mn/(Ga + Cu) molar ratios of Mn:CuGaS-ZnS (Cu/Ga =1/8) NCs
with a series of Mn concentrations in synthesis. (D) XRD patterns of Mn:CuGaS-ZnS (Cu/Ga =1/8,
Mn = 0.0125 mmol) NCs with different Mn concentrations in synthesis.
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Figure 4B shows the fluorescence-decay curves of Mn-doped NCs. Each curve corre-
sponds to a distinct Mn concentration in the synthesis. The decay of each type of Mn-doped
NC was measured at their emission peak. Figure 4B as well as the further decay-fitting
analysis indicates that the longest average lifetime at 3.67 ms is achieved when the lowest
Mn concentration is used in the synthesis. As more and more Mn dopants are incorporated
into NCs in the synthesis, both the short lifetime and the long lifetime (thus the average
lifetime) keep dropping. It should be noted that for each type of Mn-doped NC, we mea-
sured the decay curves at the lower and upper wavelengths at the half maximum of the
NC fluorescence spectrum, respectively. All of these decay curves are almost overlapping
with the curve measured at their peak wavelength, presenting very similar average life-
times to each other. Specifically, we measured the fluorescence decays at 500 nm for the
conditions of Mn = 0.00321 mmol and 0.00625 mmol, and fast decays (or short lifetimes at
several hundreds of nanoseconds) were observed (data not shown). These measurements
confirm that the tails result from the donor-acceptor emissions. The emission lifetimes
(measurement at the fluorescence peaks of all investigated NCs) as well as their QYs are
listed in Table 2. From Table 2, it can be seen that Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs have
the highest QY (47%), and the QYs of all other samples are still good (>10%). The overall
range of the average lifetime spans from 0.27 ms to 3.67 ms. The wide range of the average
lifetime may benefit multiplexing biosensing/imaging. Some NCs (Mn = 0.00312 mmol)
with a QY of 19% and a lifetime of 3.67 ms should be suitable to develop camera-based,
low-cost, and portable bio-detection systems.

Table 2. Effects of Mn concentration on optical properties of Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs.

syxﬁe(;izl};$01> Wa‘:ﬁlrf\?gth QY 1 (ms) A T2 (ms) A, Avg T (ms)
0.003125 595 18.8% 051 51.6% 4.09 48.4% 3.67
0.00625 ~595 16.5% 0.39 70.0% 2.99 30.0% 238
0.0125 ~595 47.4% 0.34 69.9% 2.20 30.1% 171
0.025 595 28.7% 0.14 78.0% 1.02 36.0% 0.73
0.05 ~600 11.7% 0.06 94.9% 0.64 5.1% 027

In the synthesis of all Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs, the synthesis concentrations
of Cu and Ga remained unchanged at 0.0125 mmol and 0.1 mmol, respectively, but the Mn
concentration in the synthesis was widely changed from 0.00312 to 0.05 mmol. The ICP
analyses (Supplementary Table S2) show that in all the NCs that were doped with different
Mn concentrations, the Cu and Ga molar concentrations are kept almost unchanged, but
the Mn molar concentration is observed to increase with the increase in Mn concentration
in the synthesis. Figure 4C shows the actual Mn/(Ga + Cu) molar ratio versus the nominal
Mn/(Ga + Cu) molar ratio; they are very close to each other, but the actual molar ratio
is slightly higher than the corresponding nominal molar ratio. The ICP analyses clearly
indicate that the optical properties (emission spectra and lifetimes) should be associated
with the concentration of Mn in the NCs.

Figure 4D shows the XRD patterns of Mn:CuGaS NCs (Cu/Ga = 1/8) under the
different Mn concentrations. As indicated in this figure, all the samples clearly present
three apparent diffraction peaks at around 26 = 28, 47, and 56°, and can be explained in the
same way as in Figure 2D. No secondary phases such as MnS were observable even for the
samples synthesized with a higher Mn concentration. This suggests that the different Mn
concentrations do not significantly change the NC crystal structure.

With respect to the NC optical properties, Mn in the host NCs could interact with
the host lattice to aggravate or lessen lattice strains or defects depending on the Mn
concentration [13-16,48-55]. This could be the reason for the highest QY of NCs being
for Mn = 0.0125 mmol, but there were lower QYs of other NCs with more or less Mn
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concentrations. The lifetime dependence on the Mn concentration may be explained
through Mn-Mn interactions [47-51]. When more Mn dopants are incorporated into host
NCs, Mn dopants become clustered and the Mn-Mn distance is shorter. The shorter Mn—
Mn distance will strengthen the Mn-Mn spin coupling or exchange the interaction of
coupled Mn pairs, thereby partially lifting the spin-selection rule (Figure 3B). As a result,
Mn emission has a shorter lifetime as the Mn concentration increases. It should be noted
that as the Mn concentration increases to a very high level (e.g., 0.025 or 0.05 mmol), more
lattice strains/defects could be formed, contributing to the fast emission decay.

In this study, we also doped Mn at different concentrations (0.003125, 0.00625 and
0.0125 mmol) into other three types of host NCs to investigate their optical properties.
Supplementary Tables S3-S5 present the optical parameters. Through comparing the
parameters in these tables or comparing with other previous work [45], it can be seen that
the Mn:CuGaS-ZnS (Cu/Ga = 1/8) NCs have better optical qualities (higher QYs and/or
longer lifetimes). So, it could be concluded that the choice of host NC and Mn concentration
do is critical to produce Mn-doped NCs with high-quality optical properties.

3.3. Demonstration of Time-Domain Fluorescence Characteristics under Pulsed 405 nm Laser
Excitation and Bandpass-Filter-Based Emission Collection

In most applications of TGFM, probes with a long fluorescence lifetime are often
excited using a light source (e.g., laser diode) and their fluorescence signals are collected
by photosensor (such as PMT) through a bandpass filter. To demonstrate the potential
of the Mn-doped NCs as probes for practical TGFM applications, we built an optical-
measurement system to measure the time-domain fluorescence characteristics of Mn-doped
NCs, as illustrated in Figure 5A. In this demonstration, the host CuGaS-ZnS (Cu/Ga = 1/8)
NCs and Mn-doped CuGaS-ZnS (Cu/Ga = 1/8, Mn = 0.003215, 0.0125, 0.05 mmol) NCs
were selected. Figure 5B shows the normalized system responses from all the selected
NCs (suspended in chloroform) within a period of laser pulse. It is clear that after the
laser turns off, the fluorescence signal of the host NCs without Mn doping drops off very
fast (due to their lifetime of several hundreds of nanoseconds), but other Mn-doped NCs
present long fluorescence decays (due to lifetimes at around 1 ms or longer). As Mn
concentration is increased from 0.003125 to 0.0125 to 0.05 mmol, the Mn-doped NCs present
the slowest decay to the fastest decay, which matches the change trend of the measured
lifetime vs. the change in Mn concentration (as shown in Table 2). This demonstration
clearly indicates that the fluorescence decay of Mn-doped NCs would make it feasible for
time-gated instruments to capture fluorescence signals after the laser is off [41]. On the other
hand, since NC-surface-modification approaches for phase transfer and bioconjugation are
well-established [56], these surface-modification approaches are readily applicable to these
Mn-doped NCs for broad time-gated biosensing/imaging applications. Lastly, it should be
pointed out that our work showed an approach to produce NCs with different lifetimes
but good brightness as indicated in Tables 1 and 2 as well as Tables S3-55. Appropriate
NCs could be further used in multiplexing and time-gated fluorescence measurements in
biosensing/imaging.
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Figure 5. (A) The setup illustration of the optical-measurement system. (B) The normalized system
responses from all selected NCs within a period of laser pulse (host CuGaS-ZnS with Cu/Ga =1/8,
and Mn-doped CuGaS-ZnS with Cu/Ga =1/8 and Mn = 0.003215, 0.0125, 0.05 mmol, respectively).

4. Conclusions

In summary, four types of host CuGa(In)S-ZnS NCs of green emission colors (peak
wavelengths at 500-570 nm) were prepared, and each type of host NC was doped with
Mn at different concentrations in the synthesis of Mn-doped NCs. It was found that the
optical properties (brightness, fluorescence/absorption spectra, and fluorescence lifetime)
of Mn-doped NCs are significantly affected by different host NCs and Mn concentrations.
With optimal synthetic conditions, a library of Mn-doped NCs was achieved that possessed
high brightness, low-energy (405 nm visible light) excitation, and long lifetimes up to
milliseconds. Additionally, the time-domain fluorescence characteristics of some optimal
Mn-doped NCs were measured under pulsed 405 nm laser excitation and bandpass-filter-
based emission collection. The measurement results indicate that these optimal Mn-doped
NCs present a long fluorescence decay under excitation at 405 nm, which makes them
feasible in TGFM-based biosensing /imaging.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12060994 /s1, Figure S1: Absorption spectra of each type
of host NCs and its corresponding Mn-doped NCs. The inset images show the fluorescence of all
types of Mn-doped NCs under the exposure of a 405 nm laser beam, indicating all Mn-doped NCs
are excitable at 405 nm; Figure S2: Fluorescence decays of four types of host NCs (measured at their
fluorescence peak wavelengths); Figure S3: XRD pattern of CuGaS NCs (Cu/Ga = 1/8); Table S1: ICP
analysis data for host NCs and the corresponding Mn-doped NCs; Table S2: ICP analysis data for
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Mn-doped NCs with different Mn concentrations in synthesis; Table S3: Effects of Mn concentration
on optical properties of Mn:CuGaS-ZnS (Cu/Ga = 1/4) NCs; Table S4: Effects of Mn concentration
on optical properties of Mn:CulnS-ZnS (Cu/In = 1/8) NCs; Table S5: Effect of Mn concentration on
optical properties of Mn:CulnS-ZnS (Cu/In = 1/4) NCs.

Author Contributions: B.L., TH. and X.Z.: Contributed to the synthesis and/or characterization
of the nanocrystals. X.Z.: Conceptualization, funding acquisition, and supervision. All authors
contributed to and approved the final manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: Research reported in this publication was supported by the National Institute of General
Medical Sciences of the National Institutes of Health under Award Number R15GM135855.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article (and
Supplementary Materials).

Acknowledgments: The National Institute of General Medical Sciences of the National Institutes of
Health is acknowledged for funding support. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National Institutes of Health.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1.  Marriott, G.; Clegg, RM.; Arndt-Jovin, D.J.; Jovin, T.M. Time resolved imaging microscopy. Phosphorescence and delayed
fluorescence imaging. Biophys. J. 1991, 60, 1374-1387. [CrossRef]

2. Collier, B.B.; McShane, M.]. Time-resolved measurements of luminescence. J. Lumin. 2013, 144, 180-190. [CrossRef]

3. Zhang, R; Yuan, J. Responsive Metal Complex Probes for Time-Gated Luminescence Biosensing and Imaging. Acc. Chem. Res.
2020, 53, 1316-1329. [CrossRef]

4. Song, X.; Knotts, M. Time-resolved luminescent lateral flow assay technology. Anal. Chim. Acta 2008, 626, 186-192. [CrossRef]
[PubMed]

5. Jin, D, Lu, Y, Leif, RC,; Yang, S.; Rajendran, M.; Miller, L.W. How to Build a Time-Gated Luminescence Microscope. Curr. Protoc.
Cytom. 2014, 67, 2.22.1-2.22.36. [CrossRef] [PubMed]

6. Rodenko, O.; Fodgaard, H.; Tidemand-Lichtenberg, P.; Petersen, PM.; Pedersen, C. 340 nm pulsed UV LED system for europium-
based time-resolved fluorescence detection of immunoassays. Opt. Express 2016, 24, 22135-22143. [CrossRef] [PubMed]

7. Rodenko, O.; Eriksson, S.; Tidemand-Lichtenberg, P.; Troldborg, C.P,; Fodgaard, H.; Van Os, S.; Pedersen, C. High-sensitivity
detection of cardiac troponin I with UV LED excitation for use in point-of-care immunoassay. Biomed. Opt. Express 2017, §,
3749-3762. [CrossRef]

8. Ye, Z.; Tan, M.; Wang, G.; Yuan, J. Novel fluorescent europium chelate-doped silica nanoparticles: Preparation, characterization
and time-resolved fluorometric application. J. Mater. Chem. 2004, 14, 851-856. [CrossRef]

9. Talha, S.M.; Hytonen, J.; Westhorpe, A.; Kumar, S.; Khanna, N.; Pettersson, K. Europium Nanoparticle-Based High Performing
Immunoassay for the Screening of Treponemal Antibodies. PLoS ONE 2013, 8, e84050. [CrossRef]

10. Liu, Y.; Tu, D.; Zhu, H.; Chen, X. Lanthanide-doped luminescent nanoprobes: Controlled synthesis, optical spectroscopy, and
bioapplications. Chem. Soc. Rev. 2013, 42, 6924-6958. [CrossRef]

11.  Zheng, W.,; Huang, P; Tu, D.; Ma, E.; Zhu, H.; Chen, X. Lanthanide-doped upconversion nano-bioprobes: Electronic structures,
optical properties, and biodetection. Chem. Soc. Rev. 2015, 44, 1379-1415. [CrossRef]

12.  Pradhan, N. Mn-Doped Semiconductor Nanocrystals: 25 Years and Beyond. ]. Phys. Chem. Lett. 2019, 10, 2574-2577. [CrossRef]

13. Karan, N.S,; Sarma, D.D.; Kadam, R.M.; Pradhan, N. Doping Transition Metal (Mn or Cu) Ions in Semiconductor Nanocrystals. J.
Phys. Chem. Lett. 2010, 1, 2863-2866. [CrossRef]

14.  Zheng, J.; Ji, W.; Wang, X; Ikezawa, M,; Jing, P,; Liu, X,; Li, H.; Zhao, ].; Masumoto, Y. Improved Photoluminescence of MnS/ZnS
Core/Shell Nanocrystals by Controlling Diffusion of Mn Ions into the ZnS Shell. J. Phys. Chem. C 2010, 114, 15331-15336.
[CrossRef]

15.  Zeng, R.; Rutherford, M,; Xie, R.; Zou, B.; Peng, X. Synthesis of Highly Emissive Mn-Doped ZnSe Nanocrystals without Pyrophoric
Reagents. Chem. Mater. 2010, 22, 2107-2113. [CrossRef]

16. Zheng, J.; Yuan, X; Tkezawa, M.; Jing, P; Liu, X.; Zheng, Z.; Kong, X.; Zhao, ].; Masumoto, Y. Efficient Photoluminescence of Mn?*
Ions in MnS/ZnS Core/Shell Quantum Dots. J. Phys. Chem. C 2009, 113, 16969-16974. [CrossRef]

17.  Zhang, W.; Li, Y,; Zhang, H.; Zhou, X.; Zhong, X. Facile Synthesis of Highly Luminescent Mn-Doped ZnS Nanocrystals. Inorg.

Chem. 2011, 50, 10432-10438. [CrossRef]


http://doi.org/10.1016/S0006-3495(91)82175-0
http://doi.org/10.1016/j.jlumin.2013.06.034
http://doi.org/10.1021/acs.accounts.0c00172
http://doi.org/10.1016/j.aca.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18790120
http://doi.org/10.1002/0471142956.cy0222s67
http://www.ncbi.nlm.nih.gov/pubmed/24510771
http://doi.org/10.1364/OE.24.022135
http://www.ncbi.nlm.nih.gov/pubmed/27661948
http://doi.org/10.1364/BOE.8.003749
http://doi.org/10.1039/b311905j
http://doi.org/10.1371/journal.pone.0084050
http://doi.org/10.1039/c3cs60060b
http://doi.org/10.1039/C4CS00178H
http://doi.org/10.1021/acs.jpclett.9b01107
http://doi.org/10.1021/jz1012164
http://doi.org/10.1021/jp104513k
http://doi.org/10.1021/cm9036023
http://doi.org/10.1021/jp906390y
http://doi.org/10.1021/ic201547g

Nanomaterials 2022, 12, 994 15 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Suyver, ].F; Wuister, S.F; Kelly, ].J.; Meijerink, A. Luminescence of Nanocrystalline ZnSe: Mn?*. Phys. Chem. Phys. 2000, 2,
5445-5448. [CrossRef]

Jindal, Z.; Verma, N.K. Photoluminescent properties of ZnS:Mn nanoparticles with in-built surfactant. J. Mater. Sci. 2008, 43,
6539-6545. [CrossRef]

Hazarika, A.; Layek, A.; De, S.; Nag, A.; Debnath, S.; Mahadevan, P.; Chowdhury, A.; Sarma, D.D. Ultranarrow and Widely
TunableMn?*-Induced Photoluminescence from Single Mn-Doped Nanocrystals of ZnS-CdS Alloys. Phys. Rev. Lett. 2013, 110,
267401. [CrossRef]

Pu, C; Ma, J.; Qin, H,; Yan, M.; Fu, T;; Niu, Y.; Yang, X.; Huang, Y.; Zhao, F,; Peng, X. Doped Semiconductor-Nanocrystal Emitters
with Optimal Photoluminescence Decay Dynamics in Microsecond to Millisecond Range: Synthesis and Applications. ACS Cent.
Sci. 2016, 2, 32-39. [CrossRef] [PubMed]

Zhong, H.; Bai, Z.; Zou, B. Tuning the Luminescence Properties of Colloidal I-III-VI Semiconductor Nanocrystals for Optoelec-
tronics and Biotechnology Applications. J. Phys. Chem. Lett. 2012, 3, 3167-3175. [CrossRef] [PubMed]

Yarema, O.; Bozyigit, D.; Rousseau, I.; Nowack, L.; Yarema, M.; Heiss, W.; Wood, V. Highly Luminescent, Size- and Shape-Tunable
Copper Indium Selenide Based Colloidal Nanocrystals. Chem. Mater. 2013, 25, 3753-3757. [CrossRef] [PubMed]

Yoon, S.-Y.; Kim, J.-H.; Jang, E.-P.; Lee, S.-H.; Jo, D.-Y.; Kim, Y.; Do, Y.R.; Yang, H. Systematic and Extensive Emission Tuning of
Highly Efficient Cu-In-S-Based Quantum Dots from Visible to Near Infrared. Chem. Mater. 2019, 31, 2627-2634. [CrossRef]
Guan, Z,; Tang, A,; Lv, P; Liu, Z,; Li, X,; Tan, Z.; Hayat, T.; Alsaedi, A.; Yang, C.; Teng, F. New Insights into the Formation and
Color-Tunable Optical Properties of Multinary Cu-In-Zn-based Chalcogenide Semiconductor Nanocrystals. Adv. Opt. Mater.
2018, 6, 1701389. [CrossRef]

Chetty, S.S.; Praneetha, S.; Murugan, A.V.; Govarthanan, K.; Verma, R.S. Human Umbilical Cord Wharton’s Jelly-Derived
Mesenchymal Stem Cells Labeled with Mn?* and Gd* Co-Doped CulnS,-ZnS Nanocrystals for Multimodality Imaging in a
Tumor Mice Model. ACS Appl. Mater. Interfaces 2020, 12, 3415-3429. [CrossRef]

Ueng, H.Y.; Hwang, H.L. The defect structure of CulnS2. Part I: Intrinsic defects. |. Phys. Chem. Solids 1989, 50, 1297-1305.
[CrossRef]

Huang, L.; Publicover, N.G.; Hunter, KW.; Ahmadiantehrani, M.; de Bettencourt-Dias, A.; Bell, TW.; Zhu, X. Cadmium and Zinc
Alloyed Cu-In-S Nanocrystals and Their Optical Properties. J. Nanopart. Res. 2013, 15, 2056. [CrossRef]

Zang, H.; Li, H.; Makarov, N.S.; Velizhanin, K.A.; Wu, K,; Park, Y.S.; Klimov, V.I. ThickSshell CulnS2/ZnS Quantum Dots with
Suppressed “Blinking” and Narrow Single-Particle Emission Line Widths. Nano Lett. 2017, 17, 1787-1795. [CrossRef]

Yarema, O.; Yarema, M.; Wood, V. Tuning the Composition of Multicomponent Semiconductor Nanocrystals: The Case of I-III-VI
Materials. Chem. Mater. 2018, 30, 1446-1461. [CrossRef]

Pradhan, N. Red-Tuned Mn d-d Emission in Doped Semiconductor Nanocrystals. ChemPhysChem 2015, 17, 1087-1094. [CrossRef]
Manna, G.; Jana, S.; Bose, R.; Pradhan, N. Mn-Doped Multinary CIZS and AIZS Nanocrystals. . Phys. Chem. Lett. 2012, 3,
2528-2534. [CrossRef]

Tang, X.; Zu, Z.; Bian, L.; Du, J.; Chen, W.; Zeng, X.; Wen, M.; Zang, Z.; Xue, ]. Synthesis of Mn Doping Ag-In-Zn-S Nanoparticles
and Their Photoluminescence Properties. Mater. Des. 2016, 91, 256-261. [CrossRef]

Liu, Q.; Deng, R.; Ji, X.; Pan, D. Alloyed Mn-Cu-In-S Nanocrystals: A New Type of Diluted Magnetic Semiconductor Quantum
Dots. Nanotechnology 2012, 23, 255706. [CrossRef]

Cao, S.; Li, C.; Wang, L.; Shang, M.; Wei, G.; Zheng, J.; Yang, W. Long-Lived and Well-Resolved Mn?* Ton Emissions in CulnS-ZnS
Quantum Dots. Sci. Rep. 2014, 4, 7510. [CrossRef]

Cao, S.; Zhao, J.; Yang, W.; Li, C.; Zheng, J. Mn2+—doped Zn-In-5 Quantum Dots with Tunable Bandgaps and High Photolumines-
cence Properties. J. Mater. Chem. C 2015, 3, 8844-8851. [CrossRef]

Peng, L.; Li, D.; Zhang, Z.; Huang, K.; Zhang, Y.; Shi, Z.; Xie, R.; Yang, W. Large-scale synthesis of single-source, thermally stable,
and dual-emissive Mn-doped Zn-Cu-In-S nanocrystals for bright white light-emitting diodes. Nano Res. 2015, 8, 3316-3331.
[CrossRef]

Jo, D.-Y,; Kim, D.; Kim, ].-H.; Chae, H.; Seo, H.].; Do, Y.R.; Yang, H. Tunable White Fluorescent Copper Gallium Sulfide Quantum
Dots Enabled by Mn Doping. ACS Appl. Mater. Interfaces 2016, 8, 12291-12297. [CrossRef]

Kim, J.-H.; Kim, B.-Y.; Yang, H. Synthesis of Mn-doped CuGaS, quantum dots and their application as single downconverters for
high-color rendering solid-state lighting devices. Opt. Mater. Express 2018, 8, 221-230. [CrossRef]

Kim, J.H.; Kim, K.H.; Yoon, S.Y; Kim, Y.; Lee, S.H.; Kim, H.S.; Yang, H. Tunable Emission of Bluish Zn-Cu-Ga-S Quantum Dots
by Mn Doping and Their Electroluminescence. ACS Appl. Mater. Interfaces 2019, 11, 8250-8257. [CrossRef]

Gallian, B.; Dong, G.; Zhu, X. A compact time-gated instrument for QDs with low excitation energy and millisecond fluorescence
lifetime as signal reporters, and its detection application. Rev. Sci. Instrum. 2019, 90, 104701. [CrossRef]

Nelson, H.D.; Gamelin, D.R. Valence-Band Electronic Structures of Cu*-Doped ZnS, Alloyed Cu-In-Zn-S, and Ternary CulnS,
Nanocrystals: A Unified Description of Photoluminescence across Compositions. . Phys. Chem. C 2018, 122, 18124-18133.
[CrossRef]

Cho, D.Y;; Xi, L.; Boothroyd, C.; Kardynal, B.; Lam, Y.M. The Role of Ion Exchange in the Passivation of In(Zn)P Nano-crystals
with ZnS. Sci. Rep. 2016, 6, 22818. [CrossRef] [PubMed]

Yang, Y.; Chen, O.; Angerhofer, A.; Cao, Y.C. On Doping CdS/ZnS Core/Shell Nanocrystals with Mn. J. Am. Chem. Soc. 2008, 130,
15649-15661. [CrossRef]


http://doi.org/10.1039/b006950g
http://doi.org/10.1007/s10853-008-2818-4
http://doi.org/10.1103/PhysRevLett.110.267401
http://doi.org/10.1021/acscentsci.5b00327
http://www.ncbi.nlm.nih.gov/pubmed/27163024
http://doi.org/10.1021/jz301345x
http://www.ncbi.nlm.nih.gov/pubmed/26296024
http://doi.org/10.1021/cm402306q
http://www.ncbi.nlm.nih.gov/pubmed/24748721
http://doi.org/10.1021/acs.chemmater.9b00550
http://doi.org/10.1002/adom.201701389
http://doi.org/10.1021/acsami.9b19054
http://doi.org/10.1016/0022-3697(89)90403-4
http://doi.org/10.1007/s11051-013-2056-9
http://doi.org/10.1021/acs.nanolett.6b05118
http://doi.org/10.1021/acs.chemmater.7b04710
http://doi.org/10.1002/cphc.201500953
http://doi.org/10.1021/jz300978r
http://doi.org/10.1016/j.matdes.2015.11.080
http://doi.org/10.1088/0957-4484/23/25/255706
http://doi.org/10.1038/srep07510
http://doi.org/10.1039/C5TC01370D
http://doi.org/10.1007/s12274-015-0832-9
http://doi.org/10.1021/acsami.6b01763
http://doi.org/10.1364/OME.8.000221
http://doi.org/10.1021/acsami.8b20894
http://doi.org/10.1063/1.5111147
http://doi.org/10.1021/acs.jpcc.8b05286
http://doi.org/10.1038/srep22818
http://www.ncbi.nlm.nih.gov/pubmed/26972936
http://doi.org/10.1021/ja805736k

Nanomaterials 2022, 12, 994 16 of 16

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Harrison, C.; Gallian, B.; Dong, G.; Wang, Y.; Zhao, J.; Zhu, X. Mn Doped Cu-Zn-In-S/ZnS nanocrystals: Optical properties and
their use as time-gated fluorescence probes. . Nanopart. Res. 2019, 21, 248. [CrossRef]

Zaeimian, M.S,; Gallian, B.; Harrison, C.; Wang, Y.; Zhao, J.; Zhu, X. Mn doped AZIS/ZnS nanocrystals (NCs): Effects of Ag and
Mn levels on NC optical properties. J. Alloys Compd. 2018, 765, 236-244. [CrossRef]

Chen, S.; Zaeimian, M.S.; Monteiro, J.; Zhao, J.; Mamalis, A.; de Bettencourt-Dias, A.; Zhu, X. Mn doped AIZS/ZnS nanocrystals:
Synthesis and optical properties. J. Alloys Compd. 2017, 725, 1077-1083. [CrossRef]

Yang, Y.; Chen, O.; Angerhofer, A.; Cao, Y.C. Radial-Position-Controlled Doping in CdS/ZnS Core/Shell Nanocrystals. ]. Am.
Chem. Soc. 2006, 128, 12428-12429. [CrossRef]

Thakar, R.; Chen, A.Y.; Snee, P. Efficient Emission from Core/(Doped) Shell Nanoparticles: Applications for Chemical Sensing.
Nano Lett. 2007, 7, 3429-3432. [CrossRef]

Zeng, R.; Zhang, T.; Dai, G.; Zou, B. Highly Emissive, Color-Tunable, Phosphine-Free Mn:ZnSe/ZnS core/shell and Mn:ZnSeS
Shell-Alloyed Doped Nanocrystals. . Phys. Chem. C 2011, 115, 3005-3010. [CrossRef]

Bradshaw, L.R.; May, ].W.; Dempsey, J.; Li, X.; Gamelin, D.R. Ferromagnetic excited-state Mn?* dimers in Zn;_,Mn,Se quantum
dots observed by time-resolved magnetophotoluminescence. Phys. Rev. B 2014, 89, 115312. [CrossRef]

Lin, J.; Zhang, Q.; Wang, L.; Liu, X.; Yan, W.; Wu, T,; Bu, X,; Feng, P. Atomically Precise Doping of Monomanganese Ion into
Coreless Supertetrahedral Chalcogenide Nanocluster Inducing Unusual Red Shift in Mn?* Emission. J. Am. Chem. Soc. 2014, 136,
4769-4779. [CrossRef]

Zhang, Q.; Lin, J.; Yang, Y.-T.; Qin, Z.-Z.; Li, D.; Wang, S.; Liu, Y.; Zou, X.; Wu, Y.-B.; Wu, T. Exploring Mn2+—location—dependent
red emission from (Mn/Zn)-Ga—Sn-S supertetrahedral nanoclusters with relatively precise dopant positions. J. Mater. Chem. C
2016, 4, 10435-10444. [CrossRef]

Liu, Y.; Zhang, J.; Han, B.; Wang, X.; Wang, Z.; Xue, C.; Bian, G.; Hu, D.; Zhou, R; Li, D.-S,; et al. New Insights into Mn—-Mn
Coupling Interaction-Directed Photoluminescence Quenching Mechanism in Mn?*-Doped Semiconductors. J. Am. Chem. Soc.
2020, 142, 6649-6660. [CrossRef]

Pradhan, N.; Peng, X. Efficient and Color-Tunable Mn-Doped ZnSe Nanocrystal Emitters: Control of Optical Performance via
Greener Synthetic Chemistry. J. Am. Chem. Soc. 2007, 129, 3339-3347. [CrossRef]

Sperling, R.A.; Parak, W.J. Surface Modification, Functionalization and Bioconjugation of Colloidal Inorganic Nanoparticles.
Philos. Trans. R. Soc. A 2010, 368, 1333. [CrossRef]


http://doi.org/10.1007/s11051-019-4666-3
http://doi.org/10.1016/j.jallcom.2018.06.173
http://doi.org/10.1016/j.jallcom.2017.07.262
http://doi.org/10.1021/ja064818h
http://doi.org/10.1021/nl0719168
http://doi.org/10.1021/jp111288h
http://doi.org/10.1103/PhysRevB.89.115312
http://doi.org/10.1021/ja501288x
http://doi.org/10.1039/C6TC03844A
http://doi.org/10.1021/jacs.0c00156
http://doi.org/10.1021/ja068360v
http://doi.org/10.1098/rsta.2009.0273

	Introduction 
	Materials and Methods 
	Materials and Apparatus 
	Synthesis of Host CuGaS-ZnS NCs and CuInS-ZnS NCs 
	Synthesis of Mn-Doped CuGaS-ZnS NCs and Mn-Doped CuInS-ZnS NCs 
	Decay Curve Fitting 
	Optical Setup for the Fluorescence Decay Testing on Mn-Doped NCs 

	Results and Discussion 
	Effects of Host NC 
	Effects of Mn Concentration in NCs 
	Demonstration of Time-Domain Fluorescence Characteristics under Pulsed 405 nm Laser Excitation and Bandpass-Filter-Based Emission Collection 

	Conclusions 
	References

