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Mn-doped binary NCs have average fluorescence lifetimes in the range of sub-milliseconds and/or need high

energy for excitation, or they contain the toxic elements of Cd and/or Se against biosensing/imaging applications.

time-gated fluorescence measurement Mn doping

| 1. Introduction

Mn-doped NCs, once the exciton energy is transferred to the 4T, 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 . 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(I1)-11-VI NCs) L2BEIIBIEI7IEIBIIG \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 4T, state is much faster compared to the excitonic
recombination of host NCs [ZIBIIBEIGIAEIPIL \ith 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 B9, 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(1l)-11I-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 biomedical applications LUIL2ASII4ILS]  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 [LL12I13I14]I1SI16]17] The fluorescence of I(11)-11I-VI NCs should be mainly attributed
to the electron transition from the donor states to acceptor states [LH1213I14ISIGII7I8]  Moreover, the optical
properties of I(Il)-1lI-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 variation
(291 For Mn-doped I(I1)-111-VI NCs, upon photoexcitation, the excitation energy of the host I(Il)-11l-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(11)-11I-VI host NCs, which are determined by compositional combination and element stoichiometric variation in
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NCs, would significantly affect the lifetime of the Mn emission 129, Considering all these factors, the optical
properties (fluorescence/absorption spectra, brightness and lifetimes) of Mn-doped I(I)-1lI-VI NCs would be
versatile but also complex. For instance, some works on Mn-doped I(I)-1I-VI NCs have been reported, but on the
basis of their own particular synthetic approaches, they presented significant changes in fluorescence 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 [211[22]123]124][25] Spome studies intended to synthesize NCs with double emission peaks from both Mn emission

and donor—acceptor emission for photovoltaic applications (e.g., white LEDs) [281127][28]129]

Specific to the applications in time-gated measurements, more efforts are still needed to investigate Mn-doped I(11)-
I1I-VI NCs towards achieving the desired features (high brightness, low-energy excitation, and long lifetimes up to

milliseconds) as time-gated probes.

| 2. 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 (Figure 1A). All the emission peaks are
around 595 nm and all the emission spectra present almost the same shape profiles and the same FWHMs 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. 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.
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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.

| 3. Effects of Mnh Concentration in NCs

With respect to brightness (QY), lifetime, and low energy for excitation (excitable by visible light at 405
nm), 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 2A 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 FWHMs at around 60 nm. For the emission spectra of the
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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 [2811271[28]
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Figure 2. (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.

4. Demonstration of Time-Domain Fluorescence
Characteristics under Pulsed 405 nm Laser Excitation and
Bandpass-Filter-Based Emission Collection
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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, researchers built an
optical-measurement system to measure the time-domain fluorescence characteristics of Mn-doped NCs, as
illustrated in Figure 3A. In this demonstration, the host CuGaS-zZnS (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 3B 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. 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 B9, On the other hand, since NC-surface-modification approaches for phase transfer and bioconjugation are
well-established [l these surface-modification approaches are readily applicable to these Mn-doped NCs for

broad time-gated biosensing/imaging applications.
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Figure 3. (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).
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