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The interface microenvironment mediates the
emission of a semiconductor nanocluster via
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The interface microenvironment of doped quantum dots (QDs) is crucial in optimizing the properties
associated with the photogenerated excitons. However, the imprecision of QDs' surface structures and
compositions impedes a thorough understanding of the modulation mechanism caused by the complex
interface microenvironment, particularly distinguishing the contribution of surface dopants from inner
ones. Herein, we investigated interface-mediated emission using a unique model of an atomically
precise chalcogenide semiconductor nanocluster containing uniform near-surface Mn?* dopants.

Significantly, we discovered that Mn?* ions can directly transfer charges with hydrogen-bonding-bound
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interface. This work provides a new pathway, the use of atomically precise nanoclusters, for analyzing
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Introduction

Doped quantum dots (QDs) are widely used in solar cells,"
photoelectric sensors,> and photocatalytic systems.® This is
because of the intriguing optical, electronic, and catalytic
properties of these nanostructures.* It has been demonstrated
that the intentional doping of QDs creates new midgap/inter-
mediate energy states, which can serve as energy/charge
accepting centers and improve the intrinsic performance of
the QDs and even result in new functionalities.”® However,
effectively manipulating the coupling interactions (i.e., external
and internal energy/charge transfer among the excitons in the
photoexcited hosts, the dopants in the hosts, and the interfacial
molecules attached to the hosts) while identifying their
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respective roles (i.e., donor or acceptor) during these processes
remains a challenge."*™ Early studies mainly focused on
internal energy/charge transfer (IET/ICT) from the host to the
dopants (or defects).”*'* In the last decade, however, external
energy/charge transfer (EET/ECT) between the host and inter-
facial molecules (IMs) has also been investigated because the
interface microenvironment of QDs is essential for tuning the
properties associated with the photoexcited excitons.” Never-
theless, there has been little research on the direct coupling
interactions between the dopants and IMs, especially for the
dopant-dominated direct ECT. This may be attributed to the
following factors: (1) the dopants in QDs are usually randomly
distributed within the QDs and/or on their surfaces (Scheme
1a), and a lack of precise information about the structure and
location distribution of the dopants prevents an analysis of the
above-described processes;® (2) ECT initiated by a small
amount of surface dopants may be masked to a significant
degree by EET arising from a large amount of inner dopants; (3)
it is difficult to completely prevent surface vacant defects in QDs
through surface passivation, making it challenging to study the
excited-state dynamics of surface dopants (Scheme 1b); and (4)
there exists an ambiguous interface microenvironment for QDs
with an uneven surface, which usually obscures the bonding
interactions with IMs."” Therefore, it is necessary to adopt
atomically precise homogeneous doping models in order to
overcome this research bottleneck.

In addition, organic amines play a significant role in the

synthesis of QDs as well as in determining their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of a classical QD with randomly distributed dopant/defect sites. (b) Transection of a doped QD showing IET/ICT from

the host to the dopant (or defect) and EET/ECT between the host (or dopant/defects at different sites) and IMs. (c) Structure of the atomically
precise semiconductor model, namely, supertetrahedral T4-Mn clusters with Mn* ions uniformly distributed in the near-surface region (IET,
internal energy transfer; ICT, internal charge transfer; EET, external energy transfer; ECT, external charge transfer; IM, interfacial molecule).

applicability."®*® Neutral organic amines and their derived
cations are frequently employed for passivating (or modifying)
the crystal surface of metal-chalcogenide- and halide-
perovskite-based QDs.***! In addition, organic amines are also
used in photocatalytic reactions that occur at the surfaces/
interfaces of QDs. For example, triethanolamine is used as
a hole-sacrificing reagent to ensure high photocatalytic perfor-
mance during the hydrogen evolution reaction as well as to
improve the stability of the catalyst.>” Furthermore, interfacial
organic amine cations of halide-perovskite-based QDs can
modulate the excited-state dynamics of the host. For example,
Yang et al. reconfigured the near-edge state of perovskite QDs
using organic amine cations with different degrees of steric
hindrance and could effectively enhance the mobility of holes in
the host material and improve the stability of the resulting
devices.” Adachi et al. claimed that organic amine cations can
quench the triplet energy of perovskites and hence reduce the
emission efficiency of the triplet excitons.** Given these facts, we
believe that an in-depth understanding of direct EET/ECT
between dopants and interfacial amine molecules (or cations)
would be beneficial for further understanding the modulation
mechanism caused by the interface microenvironment and
optimizing the performance of doped QDs for practical
applications.

In this work, atomically precise T4-MnInS molecular nano-
clusters ([Mn,In;¢S;5]"*~, denoted as T4-Mn in Scheme 1c),
consisting of four uniformly distributed near-surface Mn>" ions
and thirty-four surface S>~ ions in a supertetrahedron, were
employed as a model to study the direct coupling interactions
between Mn®" ions and IMs and specifically the direct ECT
process with amine molecules.”**® To begin with, the photo-
luminescence (PL) properties of the surfactant-assisted T4-Mn
dispersions were explored. This was followed by a study of the
direct coupling interactions. The results of PL and 'H nuclear
magnetic resonance (NMR) spectroscopies, electrochemical
characterizations, and femtosecond transient absorption
measurements confirmed the occurrence of direct ECT between

© 2023 The Author(s). Published by the Royal Society of Chemistry

the Mn>" ions and the interfacial neutral organic amines
attached to the surfaces of the clusters via S---H-N hydrogen
bonding. Furthermore, considering that the geometric config-
uration of amine molecules and their intrinsic electronic
structure have a determining effect on their coupling strength,
we also modulated the intensity of the Mn>" emission by
changing the interface microenvironment, ie., the coupling
interactions of the clusters with different types of interfacial
amines and other small molecules (e.g., formamide and water).

Results and discussion
PL characteristics of T4-Mn crystals and dispersions

T4-Mn cluster-based microcrystals used here were synthesized
and subsequently dispersed well in chloroform with the aid of
the surfactant of dimethyldioctadecylammonium bromide
(DODA - Br) (Fig. S1-S4t). T4-Mn dispersions (denoted as d,,, n =
0-6) with different surfactant/cluster molar ratios were
prepared to optimize the dispersity of the clusters for the
following investigation (see more details in the Experimental
section and ESIt). Analyzing the PL characteristics of the clus-
ters attached by the IMs would be an effective approach for
probing the coupling interactions between the dopant and
IMs.” To this end, we first determined the PL excitation (PLE)
and PL spectra of the T4-Mn crystals and d,, dispersions. It can
be seen from Fig. 1a that the Mn”>* emission from the T4-Mn
crystals is attributable to a dominant indirect excitation
pathway (i.e., host-to-Mn** IET) and a secondary direct excita-
tion one (i.e., excitation of the Mn>" ions).?* Moreover, the Mn**
emission from the T4-Mn crystals was centered at 604 nm for all
the excitation wavelengths. The Mn”" emission of dispersion do
exhibited a peak at 604 nm, which is the same as that of the T4-
Mn crystals. However, the Mn>" emissions of dispersions d;-ds
were slightly red-shifted compared with that of the T4-Mn
crystals (the data on dispersion d, is shown in Fig. 1b and
those of the others are in Fig. S51); this may be ascribed to the
pressure-induced strain experienced by the clusters because of
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Fig.1 (a) Steady-state PLE and PL spectra of T4-Mn crystals at various
excitation wavelengths. (b) Steady-state PLE and PL spectra (Aex = 356
nm) of dispersion dg4. (c) PL decay curves of d, dispersions. All decay
curves correspond to maximum emission under excitation at 356 nm.
(d) Histograms of average decay lifetimes of Mn?* emission from dj,,
dispersions. Insets in (a) and (b) show optical photographs of T4-Mn
crystals and dispersion d4 under ambient and UV light, respectively. A
magnified partial PLE spectrum is also shown in inset (b). Inset in (c)
shows the PL decay curve of T4-Mn crystals.

the surrounding DODA" molecules (Fig. S67). The PLE spectra
of the dispersions were distinct from that of the T4 crystals
(Fig. 1b and S51), where the Mn>" emission caused by the direct
excitation of the Mn®" jons was to some extent restricted.
However, importantly, the direct-excitation properties of the
Mn®" ions in the dispersed clusters remained, similar to those
of the clusters in the crystals. This may be caused by the
aggregation of Mn*" ions in the form of [Mn,S] units within the
clusters, wherein the spin-coupling Mn---Mn interactions make
the spin-prohibited d-d transition of the Mn>" ions possible.>® It
is important to mention that this structure allows the Mn>" ions
in the clusters in the dispersion to be directly excited by visible
light, thus facilitating the analysis of the direct coupling inter-
actions between the IMs and Mn*" ions.

To further elucidate the changes in the PL properties of the
excited-state Mn>" ions, the decay curves of the T4-Mn crystals
and dispersions were measured at 365 nm (i.e., the host clusters
were excited) (Fig. 1c, d, and Table S17). The T4-Mn crystals and
dispersion d, exhibited single-exponential decay with emission
lifetimes of ~128.0 (inset in Fig. 1c) and ~121.7 us (Fig. S77),
respectively. In contrast, the PL decay modes for dispersions d;—
d¢ were different from those of each other, and their corre-
sponding decay lifetimes were much shorter than those of the
large-sized T4-Mn crystals and cluster-based NPs in dispersion
do. The average lifetime of the Mn>* emission from the
surfactant-assisted dispersions initially decreased and then
increased slightly with an increase in the amount of DODA- Br
added (Fig. 1d). For dispersions d; and d,, the decay curves of
the Mn*" emission could be fitted using a double-exponential
function with a long component (similar to that of the T4-Mn
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crystals) and a short component (Table S1t). However, for
dispersions ds;-ds, the decay curves could be fitted using
a single-exponential function, and their lifetimes increased
slightly with an increase in the amount of DODA-Br used. Note
that DODA- Br showed weak luminescence intensity and did not
affect the Mn>* emission measurements (Fig. S8t). Given the
TEM results and the fact that the lifetimes of the Mn>" emission
of dispersions d;-dg gradually increased with an increase in the
amount of DODA-Br used, we concluded that the solvent
molecules surrounding the clusters in the dispersions were
responsible for the reduction in the emission lifetime, as
collisions between these clusters and the chloroform molecules
would consume the excited-state energy of the clusters and
hence lower the PL lifetimes.* The long lifetime component of
dispersion d, probably originates from the inner parts of the
surfactant-encapsulated cluster-based nanoparticles (SENPs)
(Fig. S2ct), which undergo negligible interactions with the
chloroform molecules. Correspondingly, the outer parts of the
SENPs exhibit strong interactions with the interfacial solvent
molecules, resulting in the short lifetime component.** Owing
to the single-exponential decay mode of dispersions d;-ds, we
conjectured that each T4-Mn cluster in the 2-3 nm-sized SENPs
interacts with the interfacial solvent molecules (Fig. S2d and
et). The presence of higher amounts of DODA-Br on the cluster
surfaces partially prevents collisions between the clusters and
solvent molecules, resulting in a slight increase in the Mn”*
emission decay lifetime. In addition, under the direct excitation
of the Mn”" ions, the Mn”" emission intensity of dispersion d,
increased with the addition of DODA-Br (Fig. S9t). This further
confirmed that chloroform can directly quench the excited-state
energy of the Mn*" ions in the clusters to a certain extent.

Effects of interfacial neutral amine molecules on Mn**
emission

Considering that the interfacial triplet oxygen (*0,) molecules
close to QDs can quench the emission of the QDs,**** control
experiments were performed to investigate the possible
coupling interactions of >0, with the clusters (see more details
in Fig. S10-S131 and the related description). Based on the
observation of near-infrared PL of '0,, direct energy transfer
from excited-state Mn>"* to 20, proved to occur in this case. To
further probe the coupling interactions between the clusters
with organic IMs, PL measurements were performed on
dispersion d, while adding other amine molecules, such as
ethylenediamine (EDA) and triethylamine (TEA), to it (Fig. 2).
The amine molecules were added in increasing quantities to
a certain amount (3 mL) of the dispersion for qualitatively
monitoring the variation in the Mn*" emission with addition of
the amines. The Mn>" emission intensity decreased with the
addition of the amines, with the trends for the two amines
being different. The intensity of the Mn>" emission decreased
sharply with an increase in the amount of EDA, which has
a linear structure, and was completely quenched when 50 pL of
EDA was added (Fig. 2a). However, the decrease in the Mn>"
emission intensity was less rapid when the nonlinear-structured
tertiary amine TEA was added (Fig. 2b). Fig. S141 shows the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a and b) PL spectra of dispersion d4 samples (3 mL samples were used) containing EDA and TEA in different amounts, respectively. (c)

Decay curves of Mn?* emission from dispersion d4 before and after addition of 30 uL EDA and TEA (Aex = 356 nm and Aem = 612 nm); the inset
shows the optical images of dispersion d4 samples with and without an amine added (30 pL of EDA and TEA) under ambient light and 365 nm
excitation. (d and e) PL spectra of dispersion ds (Aex = 500 nm) with and without addition of 30 uL EDA and TEA, respectively. (f) Qualitative
alignment of energy levels of clusters, EDA, and TEA, showing favored electron transfer from the HOMO level of amines to the ground state (°A;)

of the Mn2* ion.

Mn>" emission intensity as a function of the amounts of EDA
and TEA added. Finally, Fig. 2c shows the decay dynamics of the
Mn?** emission of d, with EDA and TEA added. The addition of
EDA and TEA decreased the Mn>" emission lifetime from 24.5
us to 7.1 ps and 17.9 us, respectively. Optical photographs of d,4
before and after the addition of amines are shown in the inset.
These changes in the lifetimes are in line with changes in the
Mn>" emission intensity. Moreover, with the addition of the
amines, dispersion d, exhibited a broad electron paramagnetic
resonance signal (originating from the Mn-Mn coupling inter-
actions within the clusters),* which was similar to that seen in
the case of the pristine dispersion d, (Fig. S15t). This suggested
that the amine molecules did not cause the collapse of the
clusters.

The results described above confirmed the existence of
coupling interactions between the T4-Mn clusters and the
amine molecules. Mn*" emission intensity is usually dependent
on the host-to-Mn** IET efficiency or the newly formed relaxa-
tion pathways involving the excited Mn>* ions.***” To further
elucidate the interface modulation mechanism of the Mn**
emission owing to the addition of the amines, PL measure-
ments were performed by directly exciting the Mn** ions. It is
assumed that, in this situation, Mn** emission intensity would
be directly related to the population of the excited-state Mn>*
ions and not the host clusters. Notably, under 500 nm excita-
tion, the Mn>* emission intensity decreased dramatically with
the addition of EDA (Fig. 2d) but only slightly with the addition
of TEA (Fig. 2e). The changes in the PL spectra were similar to
those for the case where the Mn** ions were indirectly excited
through host-to-Mn®" IET. Based on this result, it was
confirmed that direct coupling interactions had occurred

© 2023 The Author(s). Published by the Royal Society of Chemistry

between the Mn*' ions and organic amines. Furthermore,
according to UPS and electrochemical tests, the energy levels
(Fig. 2f) of the cluster and amine molecules were determined to
match each other for allowing direct electron transfer from
EDA/TEA to excited Mn>" ions (see more details in Fig. S16-S18+
and the related description).

Hydrogen bonding between T4-Mn clusters and amine
molecules

"H-NMR measurements were performed to elucidate the inter-
face microenvironment, i.e., the interactions between the clus-
ters and interfacial amine molecules. Given the abundant S*~
sites on the surfaces of the clusters, it was reasonable to assume
that the hydrogen atoms on the N atom of the amines would
form links with the surfaces of the clusters via hydrogen
bonding.*® This would cause the 'H-NMR characteristics
(chemical shift, integration intensity, or coupling splitting) of
the H atoms on a given amine to change because of the
formation of S---H-N hydrogen bonds.** A series of 'H-NMR
control experiments were performed on the amines, disper-
sion d,4, and their mixtures to confirm this (Fig. 3a and b). The
"H-NMR spectrum of dispersion d, is shown in Fig. $2. When
EDA was added to the dispersion, the peak related to the -NH,
group (2) at 1.17 ppm disappeared, and that related to the -CH,
group (1) was downshifted from 2.75 to 2.73 ppm, with the
shape of the peak also changing (Fig. 3a).”° This indicated the
formation of hydrogen bonds (N-H--S) between the dispersed
clusters and EDA molecules. However, no obvious changes were
detected in the 'H-NMR signal of the TEA molecules in
dispersion d, (Fig. 3b), suggesting that hydrogen bonds were
not formed.** These results as well as the PL spectra and energy

Chem. Sci, 2023, 14,10308-10317 | 10311
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Fig.3 (a) 'H-NMR spectra of dispersion d4, EDA, and their mixture. (b)
*H-NMR spectra of d4, TEA, and their mixture. CDClz and tetrame-
thylsilane were used as solvent and internal standard, respectively.
Numbers in figures represent the H atom of a specific group. Inset in
(b) shows magnified chemical peaks of the —CH, group (1).

levels indicated that the effect of the amines on the Mn**
emission intensity may be related to their ability to form
hydrogen bonds. The unbranched structure of the EDA mole-
cule allows it to diffuse readily and pass through the surfactant
molecules attached to the clusters. Thus, the EDA molecules
can come close to the cluster surfaces (Scheme 2a); this is
beneficial for forming hydrogen bonds and aids highly efficient
ECT between the Mn>" ions and EDA, thus resulting in the
efficient quenching of the Mn>* emission. In the case of the TEA
molecules, the "H-NMR results indicated that they cannot form
tight hydrogen bonds with the clusters (Scheme 2b), which is in
keeping with the observation that the Mn*" emission intensity
was not reduced efficiently after the addition of TEA. Thus, it
can be concluded that the coupling interactions between the
Mn®>" ions and amines are dependent on the structural char-
acteristics of the amine used. To ensure charge balance between
the negatively charged clusters and positively charged DODA"
ions, the DODA" ions should always be close to the clusters,
which contained 35 surface S sites, owing to electrostatic
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interactions. However, the encapsulation phenomenon allows
some of the clusters to form hydrogen bonds with the organic
amines. It was expected that the coupling interactions between
the Mn>" ions and organic amines can be tuned by selecting an
amine with the appropriate molecular structure.

Transient absorption (TA) spectra

Based on the results discussed above, we assumed that there
must exist direct ECT between the near-surface Mn>" ions in the
clusters and the interfacial organic amine molecules. To further
elucidate the underlying photophysical processes, ultrafast
transient absorption spectroscopy was performed. A pump laser
with a wavelength of 365 nm was used to excite the host clusters
in d, samples with and without EDA, and the visible range of
400-650 nm was used for the probe beam. The time window was
set to 7.39 ns. While the TA spectra of the surfactant-containing
chloroform solution did not contain any positive excited-state-
related absorption signals (Fig. S197), those of dispersion d,
did (Fig. 4a); these were attributable to the clusters in the
dispersion. The relaxation of the excited-state absorption can be
divided into two phases: a rapid phase and a slow one. The
excited-state absorption spectrum decays rapidly initially
(within 10 ps). However, in the subsequent stage, the decay rate
was much slower, especially for the absorption band around
430 nm (Fig. 4a). Given the spin-forbidden nature of the *T; —
A, transition of Mn**,** it was assumed that the slower relax-
ation in the second stage was attributable to the excited-state
energy level of the Mn>" ions. Hence, the excited-state absorp-
tion relaxation with a longer delay time can be ascribed to the
decay of the excited-state Mn** ions. A positive excited-state
absorption signal was also observed after the addition of EDA
(Fig. 4b). However, the rate of decrease of the fast-decay
component was smaller, and the relaxation process during the

N-H--S hydrogen bond
Strong ECT between Mn2*and EDA

No N-H---S hydrogen bond
Weak ECT between Mn2*and TEA

Scheme 2 Suggested hydrogen bonds between the cluster and amines. (a) Schematic of a single SENP in dispersion, showing the relative
locations of EDA and TEA molecules close to a cluster surface. (b) Strong hydrogen bonding aids ECT between Mn?* ions and EDA. (c) ECT
between Mn?" ions and TEA is not effective owing to the relatively long distance (no N—H---S hydrogen bonds formed).
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Fig. 4 fs-TA spectra (Aex = 365 nm) of dispersion d4 (a) with and (b) without 30 pL EDA for several representative time delays. Decay-associated
spectra (DAS) of dispersion d4 (c) with and (d) without 30 uL EDA. (e and f) Schematic illustration of the photophysical mechanism with (e) and

without (f) involving ECT between Mn?* ions and EDA.

longer time window (of the order of nanoseconds) was a little
faster compared with that of the pristine dispersion d, (i.e.,
without EDA). This should be ascribed to the ECT between the
excited-state Mn”" ions and EDA, namely, electron transfer from
the HOMO of EDA to the °A; state of the Mn>" ions (or hole
transfer from the A, state of Mn>* ions to the HOMO of EDA).
Electron transfer from the HOMO level of EDA to the ground-
state (°A,) of the Mn>" ions is likely followed by synchronous
electron transfer from the excited-state (*T;) of the Mn>" ions
back to the HOMO level of EDA for restoring the ground state of
the amine molecules.*

Considering the decay kinetics corresponding to the
different wavelengths with respect to the excited-state absorp-
tion spectrum, a global analysis was performed using Glotaran,
a graphical user interface for the R-package TIMP (Vrije Uni-
versiteit Amsterdam, Amsterdam, Netherlands). The obtained
decay-associated spectra (DAS) are shown in Fig. 4c and d. For
dispersion d,, three kinetics components were observed: 0.69 ps
(1), 15.4 ps (12), and >7 ns (t3). According to the literature, the
0.69 ps component can be ascribed to internal conversion
within the host from the high-lying excited state to the low-lying
excited state, while the 15.4 ps component is related to a host-to-
Mn>*" IET.*** The >7 ns component is associated with the *T,
— °A, radiative transition and nonradiative pathways, in
keeping with the results described above.*® For the d, disper-
sion sample with EDA, four kinetics components were observed:
0.27 ps (1), 11.8 ps (t2), 998 ps (z3), and >7 ns (t,4). The 0.27 ps
and 11.8 ps components were associated with the internal
conversion process and the host-to-Mn>" IET, respectively, as
was also the case for the pristine d, dispersion. On the other
hand, the third kinetics component of the pristine d, dispersion
was divided into two components with time constants of 998 ps
and >7 ns in the case of the d, dispersion sample with EDA. The
>7 ns component was related to exciton recombination,

© 2023 The Author(s). Published by the Royal Society of Chemistry

including radiative and nonradiative Mn>" ion decay. Thus,
based on the results of this study and those reported previously,
the 998 ps component can be ascribed to ECT between the Mn>*
ions and EDA.*” The photophysical process is shown schemat-
ically in Fig. 4e and f. Essentially, electron transfer from the
HOMO of EDA to the °A, state of the Mn*" ions is identical to
hole transfer from the °A, state of the Mn>" ions to the HOMO of
EDA. For the d, dispersion sample with TEA, there were no
differences in the relaxation stages of the TA spectrum. In
addition, a global analysis showed minor differences in the
kinetics of the three components, with a weak ECT occurring
between the Mn”>* ions and TEA in the case of the third
component, which was difficult to dissociate (Fig. S207).

Control of coupling interactions between Mn>* ions and IMs

Based on the results described above, it can be concluded that
the strength of the coupling interaction between the Mn>" ions
and amine molecules depends on the structure of the amines,
as also shown in Scheme 2. Thus, proof-of-concept experiments
were performed using several types of amines, including linear
ones, such as ethanolamine (EA) and diethylenetriamine
(DETA), and branched secondary amines, such as diethylamine
(DEA). As expected, when the EA (or DETA) molecules were
added into dispersion d4, the Mn>" emission (including its
intensity and decay lifetime) decreased sharply, similar to the
case for EDA (Fig. S21a, b, and df). In the case of DEA, the
decrease in the Mn>* emission was lower and resembled that
seen in the case of TEA (Fig. S21c and df). Furthermore, on
directly exciting the Mn>" ions at 500 nm, a similar decrease in
the Mn>" emission intensity was detected (Fig. $221). Finally,
using optical and electrochemical measurements, direct ECT
between the Mn** and the above amines was confirmed (Fig.
$23-S271). "H-NMR analysis also confirmed the formation of
hydrogen bonds between the clusters and EA (or DETA)
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(a) PL spectra of dispersion d4 samples containing different amounts of FA. (b) PL decay lifetimes of d, before and after addition of 30 uL FA

(Aex = 356 Nm and Aem = 612 Nm). Inset shows optical images of d4 samples with and without FA under ambient light and 365 nm excitation. (c) PL
spectra of d4 samples with and without FA (1e, = 500 nm). (d) *H-NMR spectra of d,4, FA, and their mixture formed using CDCls as solvent. (e) CV

curve of FA. (f) Qualitative energy level alignment of clusters and FA.

molecules but not with the DEA molecules (Fig. $28-S307). The
organic amines mentioned above are good electron donors. We
wished to determine how Mn>" emission would be affected if
the electron-donating ability of the organic amine used were to
be reduced. Thus, formamide (FA), which contains an electron-
withdrawing carbonyl group, was used to investigate the
coupling interactions with the clusters. With the addition of FA,
both the Mn** emission intensity and decay lifetime increased
(Fig. 5a and b). The results of electron paramagnetic resonance
measurements confirmed the stability of the T4-Mn clusters
after the addition of FA (Fig. S317). This is the first report to
suggest that the Mn** emission can be modulated using organic
amines to realize PL turn-on behavior without having to modify
the host clusters. Moreover, when the Mn>" ions were excited
directly, the intensity of the Mn>" emission from the clusters
increased after the addition of FA (Fig. 5¢). To further elucidate
the PL brightening mechanism, "H-NMR measurements were
performed. Fig. 5d shows that the two groups of signals
observed in the case of d, shifted with the addition of FA, and
the doublet peaks (group 2, 5.8 ppm and 6.24 ppm) combined
into a single one (6.36 ppm). The peak at 8.19 ppm shifted
downfield to 8.14 ppm.* Hence, FA also formed hydrogen
bonds with the clusters, resulting in an increase in the Mn**
emission intensity. CV and relevant optical tests were per-
formed to qualitatively analyze the enhancement in the Mn>*
emission intensity (Fig. 5e and S32t). The Forster resonance
EET process was excluded, given the lack of spectral overlap. In
addition, the oxidation potential of FA as determined from the
CV curves is remarkably different from those of the other
amines, owing to the poor electron-donating ability of FA. The
energy levels of the clusters and FA are shown in Fig. 5f.
Apparently, ECT did not occur between the clusters and FA as
per the analysis above. Moreover, based on the fact that the
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excited Mn** ions may be de-excited because of the collisions of
the clusters with the chloroform and 0, molecules, we specu-
lated that the increase in the PL intensity was caused by
hydrogen bonding between the clusters and FA molecules,
which prevented collisions between the clusters and the solvent
molecules to a certain degree. Furthermore, it was found that
the molecule of dimethylformamide with a structure similar to
that of FA, that is, one in which the two H atoms on the N atom
in FA were replaced by two -CH; groups, did not increase the
Mn®>" emission intensity (Fig. $331). This further confirmed the
significance of interfacial hydrogen bonding in controlling the
Mn”* emission.

Based on the results described above, it can be concluded
that the ability to form hydrogen bonds without aiding the ECT
process with the clusters is responsible for the “turn-on”
behavior of the PL from the Mn”" ions. From a structural point
of view, one of the most stable molecules, namely, H,O, which
consists of two H atoms attached to an O atom and is similar to
the -NH, group, should readily form hydrogen bonds with the
surface S sites of the clusters and thus enhance the Mn**
emission intensity. To confirm this, we performed proof-of-
concept experiments. Indeed, the Mn>" emission properties of
dispersion d,4, including the intensity and decay lifetime,
increased with the addition of H,O (Fig. S347). In addition, the
addition of H,O can also recover the quenched Mn** emission
of d, by EDA (Fig. S357), which suggests H,0O molecules can
strongly repel EDA molecules attached to the clusters.

Conclusions

In this work, the direct coupling interactions (energy and charge
transfer processes) between Mn>" ions and interfacial mole-
cules were investigated systematically using well-defined

© 2023 The Author(s). Published by the Royal Society of Chemistry
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clusters of a chalcogenide semiconductor, T4-MnInS. The T4-
MnlInS clusters dispersed well in chloroform using the surfac-
tant DODA-Br exhibited excited-state energy consumption,
owing to the collisions between them (and the excited-state
Mn** ions) and the chloroform molecules. Direct external
energy transfer from the excited-state Mn>" ions to the ®0,
molecules, leading to the formation of 'O,, was also confirmed.
More importantly, using steady/transient-state optical
measurements for the excited-state Mn>" ions as well as elec-
trochemical and 'H-NMR analyses, direct external charge
transfer between the Mn”* ions and the interfacial organic
amines was also demonstrated. It was found that the coupling
strength between the Mn** ions and amines is dependent on
the structure and electronic configuration of the amine in
question. Based on this fact, the coupling interactions between
the clusters and organic amines could be tuned. By rationally
selecting an organic amine with poor electron-donating ability,
the Mn** emission intensity could be increased by reducing the
amount of energy consumed by the solvent molecules. This, in
turn, allowed the PL “turn-on” effect to be realized in the case of
other small molecules, such as H,O. It is worth to be mentioned
that current work is not easy to explore in the system of tradi-
tional Mn>*-doped QDs. This work provides new insights into
the interface-microenvironment-mediated coupling interac-
tions (specifically, the direct external charge transfer process)
that occur between well-defined, near-surface metal-doped
clusters and interfacial molecules, which should help increase
the applicability of metal-doped QDs in photophysical and
optoelectronic devices.

Experimental section

Chemicals

Manganese acetate tetrahydrate (Mn(Ac),-4H,O, AR, 99%) was
purchased from Aladdin Industrial Corporation. Indium
powder (In, 99.9%), dimethyldioctadecylammonium bromide
(DODABr, 98%), and sublimed sulfur (S, 99.9%, powder) were
supplied by Meryer Chemical Technology Co. Ltd. 2-(2-Amino-
ethylamino)ethanol (AEAE, =99%, liquid), 1,8-diazabicyclo
[5.4.0Jundec-7-ene (DBU, 99.0%, liquid), and hexamethylenei-
mine (98%, liquid) were purchased from Alfa Aesar company.
Ethylenediamine (EDA, 99%, liquid), diethylenetriamine
(DETA, 99%, liquid), ethanolamine (EA, 99%, liquid), triethyl-
amine (TEA, >99.5%, liquid), and diethylamine (DEA, >99%,
liquid) were commercially supplied by Macklin Biochemical Co.
Ltd. Formamide (FA, =99.5%, liquid), N,N-dimethylformamide
(DMF, 99%, liquid), chloroform (AR, 99%), acetonitrile (AR,
99%), and deionized water were supplied by National Pharma-
ceutical Group Corporation. All reagents and solvents were used
as supplied without further purification.

Synthesis of T4-Mn crystals

The synthetic method of T4-Mn crystals was based on previous
report with a slight modification.***> Typically, Mn(Ac),-4H,0
(61 mg, 0.25 mmol), indium powder (115.0 mg, 1.0 mmol), and
sublimed sulfur (96.0 mg, 3.0 mmol) were mixed with AEAE (2.0
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mL), DBU (1.0 mL), and hexamethyleneimine (1.5 mL) in a 23
mL Teflon-lining stainless steel autoclave, and stirred intensely
for 0.5 h. The vessel was then sealed and heated up to 150 °C for
7 days, and then taken out from the oven and cooled naturally to
room temperature. 50 mg of irregular micrometer-sized orange
crystals were obtained after washing with ethanol several times
and drying in air.

Synthesis of T4-Cd crystals

The synthesis method of T4-Cd crystals was similar to that of
T4-Mn crystals with Mn(Ac),-4H,0 (61.0 mg, 0.25 mmol)
replaced by Cd(Ac),-2H,O (66.0 mg, 0.25 mmol). 60 mg of
irregular micrometer-sized yellow crystals were finally obtained.

Preparation of T4-Mn dispersions (d,, n = 0-6)

2.0 mg of T4-Mn crystals were mixed with different amounts
(0 mg, 63 mg, 126 mg, 252 mg, 378 mg, 504 mg, and 882 mg) of
surfactant DODA-Br, and then they were separately added into
a glass vial with 8 mL of chloroform solvent, followed by
magnetic stirring for 4 h, which accordingly resulted in the
formation of T4-Mn dispersions with different concentrations
of cluster and different concentration of DODA-Br (0 mmoL
L%, 12.5 mmoL L™, 25 mmoL L™, 50 mmoL L™, 75 mmoL
L', 100 mmoL L™, and 175 mmoL L") (denoted as d,, d;, da,
ds, d4, ds, and dg, respectively). It was clearly observed that
a larger amount of surfactant can lead to better dispersity of
clusters. The crystals were found to be fully dispersed in chlo-
roform when the amount of DODA-Br reached 378 mg, and
a limpid dispersion was observed by the naked eye. However,
the dispersions with a small amount of DODA-Br showed
a turbid suspension. After centrifugation with a rotating rate of
8000 rpm for 4 minutes, the supernatants of dispersions were
collected and used for subsequent study. Note: For all spectro-
scopic tests on dispersions throughout this work, 3 mL of
dispersion was utilized.

X-ray diffraction (XRD)

Powder XRD measurements were carried out on medium-sized
diffraction equipment (D2 PHASER, Bruker, Germany) with Cu
Ko (A = 1.54056 A) radiation with 30 kv acceleration voltage and
10 mA working electric current.

Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis spectra were measured on a UV3600 UV-Vis-NIR
spectrophotometer.

Transmission electron microscopy (TEM)

TEM measurements were carried out on an FEI TECNAI G2 F20
transmission electron microscope operated at 200 kV.

Ultraviolet photoelectron spectroscopy (UPS)

UPS measurements were performed on an Escalab 250Xi
(Thermo Fisher Scientific) apparatus.
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Cyclic voltammetry (CV)

CV measurements were carried out on a CHI 760e electro-
chemical analyzer with a three-electrode configuration at room
temperature. An acetonitrile solution containing tetra-n-buty-
lammonium perchlorate (0.1 M) was used as electrolyte. A glassy
carbon electrode, Pt wire, and saturated calomel electrode (SCE)
were employed as the working electrode, counter electrode, and
reference electrode, respectively. The glassy carbon electrode
was polished using 0.5 pm alumina powder, and rinsed with
deionized water before CV tests. A scan speed of 100 mV s~ * was
used during the working process. The CV curves of organic
amines were calibrated with ferrocene/ferrocenium (Fc/Fc') as
a standard tested under the same conditions. The energy level
of F¢/Fc' was set to be —4.8 eV with respect to the vacuum level.

'H-NMR

"H-NMR spectra of dispersions were obtained from an Agilent
DD2-600 instrument, and tetramethylsilane (TMS) was used as
an internal standard.

Femtosecond transient absorption (fs-TA)

The fs-TA spectra were measured using a Helios pump-probe
system. A 365 nm pulse laser was used as the pump beam, and
visible light in the range of 400-650 nm was used as the probe
beam. The time window was set to 7.39 ns.

Photoluminescence (PL)

Room-temperature steady-state PL and photoluminescence
excitation (PLE) spectra were obtained on a HORIBA Scientific
Fluorolog-3 fluorimeter equipped with a 450 W xenon lamp. PL
decay data were recorded on a Fluorolog-3 spectrophotometer
using a time-correlated single-photon counting (TCSPC)
method.

Electron paramagnetic resonance (EPR)

Room-temperature X-band EPR spectra were obtained on a JES-
X320 spectrometer with a 9.15 GHz magnetic field.
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