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ABSTRACT: Metal chalcogenide nanoparticles play a vital role in a wide range of
applications and are typically stabilized by organic derivatives containing thiol,
amine, or carboxyl moieties, where the nonconjugated particle−ligand interfaces
limit the electronic interactions between the inorganic cores and organic ligands.
Herein, a wet-chemistry method is developed for the facile preparation of stable
platinum chalcogenide (S, Se) nanoparticles capped with acetylene derivatives
(e.g., 4-ethylphenylacetylene, EPA). The formation of Pt−C� conjugated bonds
at the nanoparticle interfaces, which is confirmed by optical and X-ray
spectroscopic measurements, leads to markedly enhanced electronic interactions
between the d electrons of the nanoparticle cores and π electrons of the acetylene
moiety, in stark contrast to the mercapto-capped counterparts with only
nonconjugated Pt−S− interfacial bonds, as manifested in spectroscopic measure-
ments and density functional theory calculations. This study underscores the
significance of conjugated anchoring linkages in the stabilization and functionalization of metal chalcogenides, a unique strategy for
diverse applications.

■ INTRODUCTION
Metal chalcogenide nanoparticles have been attracting
extensive attention, due to their unique optical and electronic
properties and significant potential in various applications,
such as optoelectronics, photovoltaics, catalysis, energy storage,
and biomedicine.1−5 These nanoparticles are typically
synthesized via colloidal, hydro/solvothermal heating methods
and stabilized by select organic ligands,6−9 such as derivatives
of thiol (−SH), phosphine oxide (O�PR3), phosphonyl (−
PO(OR)2), amine (−NH2), and carboxyl (−COOH), leading
to ready manipulation of their hydrophilicity, surface charge,
tensile stress, dipole moment, catalytic performance, etc.4,10−12

Yet in these earlier studies, the ligands are bound onto the
nanoparticles mostly by nonconjugated interfacial linkages,
which drastically limit the electronic coupling between the
inorganic cores and organic functional moieties.13−15 Such
electronic interactions are anticipated to be markedly
enhanced with conjugated interfacial points of anchor. This
has indeed been demonstrated with acetylene-functionalized
metal nanoparticles/clusters, where the hybridization between
the π electrons of the acetylene moiety and metal d electrons
leads to strong intraparticle charge delocalization.16−21

Notably, conjugated alkynyl functionalization has also been
extended to semiconductor nanoparticles. For example, alkene
and alkyne ligands have been used to modify Si nanoparticles,
and the formation of conjugated interfacial linkages (i.e., Si−
CH�CH−, Si−C�C−) results in enhanced photoemission,
electrical conductivity, and thermoelectric activity, compared
to the nonconjugated counterparts.22−24 In another study,25

metal oxide nanoparticles, such as TiO2, were functionalized
with acetylene derivatives via a facile sol−gel method, where
the resulting Ti−O−C�C− interfacial bonds led to the
generation of an interfacial state (IS) between the valence band
(VB) and conduction band (CB) and hence efficient charge
transfer across the core−ligand interface and improved
photocatalytic activity, in stark contrast to the carboxylic
ligand-capped counterparts. Such unique chemistry was also
exploited for the first-ever preparation of stable cuprous
hydroxide (CuOH) nanostructures,26 where the formation of
Cu−C�C− interfacial bonds led to effective core−ligand
electronic coupling and a drastically narrowed bandgap. This
facilitated the production of hydroxyl radicals under photo-
irradiation for antimicrobial applications, as compared to the
mercapto-capped counterparts. One immediate question
arises: can alkyne ligands be used to stabilize metal
chalcogenide nanoparticles as well? Such surface functionaliza-
tion will enrich the toolbox for the deliberate manipulation of
the materials’ optical/electronic properties, a critical first step
toward their diverse applications.

Herein, for the first time ever, alkyne-protected platinum
chalcogenide (PtSx and PtSex) nanoparticles were prepared by
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a simple wet-chemical method. Experimentally, 4-ethyl-
phenylacetylene (EPA) was first mixed with Pt(II) ions in
dimethyl sulfoxide (DMSO), and Pt chalcogenide nano-
particles of ca. 2 nm in diameter were produced upon the
addition of chalcogen anions. Notably, the EPA-capped Pt
chalcogenide nanoparticles demonstrated unique photolumi-
nescence and interfacial charge transfer properties, compared
to the nanoparticles capped with 4-ethylphenylthiol (EPT).
This was ascribed to the formation of conjugated Pt−C�C−
metal−ligand interfacial bonding interactions in the former, in
contrast to the nonconjugated Pt−S linkage in the latter.

■ RESULTS AND DISCUSSION
The synthesis of alkyne-capped noble metal chalcogenide
nanoparticles involves two major steps, as shown in Figure 1a.

First, metal complexes of PtCl2(DMSO)2 were dissolved in
DMSO, along with a calculated amount of the EPA or EPT
ligands. Then, an aqueous solution of sodium chalcogenide (S
or Se) was added dropwise into the reaction vessel, where the
solution exhibited a rapid color change from yellow to dark
brown (Figures S1 and S2), signifying the formation of
organically capped Pt chalcogenide nanoparticles. The samples
were denoted as PtSx-EPA, PtSx-EPT, PtSex-EPA, and PtSex-
EPT nanoparticles and could be readily dispersed in nonpolar
solvents such as dichloromethane (DCM), tetrahydrofuran
(THF), toluene, etc. Notably, the sulfide samples remained
stable, while precipitation occurred in the selenide samples
after 2 weeks, possibly due to the loss of ligands from the
nanoparticle surface (Figure S3). The details are included in
the Experimental Section.

Transmission electron microscopy (TEM) was first
employed to characterize the structures of the nanoparticles.
As shown in Figures 1b−e, S4, and S5, all samples consist of
nanoparticles of 2−3 nm in diameter (Figure S6). For PtSx-
EPA (Figure 1c) and PtSx-EPT (Figure S4b) nanoparticles,
well-defined lattice fringes can be readily identified in high-
resolution measurements, featuring an interplanar spacing of
ca. 0.27 nm, which can be ascribed to the (211) facets of
tetragonal PtS (ICSD #649539).27 Clear lattice fringes can also
be seen in high-resolution TEM measurements of the PtSex-
EPA nanoparticles (Figure 1d,e), where the interplanar
spacings of 0.22 and 0.18 nm are consistent with the (114)
and (006) facets of monoclinic Pt5Se4, respectively. For the
PtSex-EPT sample (Figure S5a), lattice fringes with d-spacings
of 0.21 and 0.32 nm can be readily resolved (Figure S5b),

corresponding to the (114) and (112̅) facets of Pt5Se4 (ICSD
#87926).28 Because of the ultrasmall size of the nanoparticles,
no clear diffraction patterns can be observed in the X-ray
diffraction (XRD) measurements (Figure S7).

In elemental mapping measurements based on energy-
dispersive X-ray spectroscopy (EDS), the elements of Pt, C, S,
or Se can be clearly resolved in the samples of PtSx-EPA
(Figure S8), PtSx-EPT (Figure S9), PtSex-EPA (Figure S10),
and PtSex-EPT (Figure S11). Additionally, the Pt/S atomic
ratio was estimated to be ca. 1:1.5 for PtSx-EPA and 1:2.5 for
PtSx-EPT, and the Pt/Se ratio was 1:1.5 for PtSex-EPA and 1:1
for PtSex-EPT.

The elemental composition and valency of the Pt
chalcogenide nanoparticles were then probed by X-ray
photoelectron spectroscopy (XPS) measurements. From the
survey spectra in Figure S12, the Se 3d, Pt 4f, S 2p, C 1s, and O
1s electrons can be readily identified in the samples at ca. 53,
72, 162, 284, and 532 eV, and based on the integrated peak
areas, the atomic ratio of Pt/X was estimated to be around
1:1.5 for both PtSx-EPA and PtSex-EPA, whereas the Pt/S ratio
was ca. 1:2.5 for PtSx-EPT and 1.4 for PtSex-EPT (with the Pt/
Se ratio of 1:1.3, Figure S13) (Tables S1−S4), consistent with
the results obtained from EDS measurements (Figures S8−
S11). One can see that these are higher than the stoichiometric
ratio of the respective chalcogenides (i.e., PtS and Pt5Se4),
suggesting the formation of chalcogenide-rich nanoparticle
cores.

From the high-resolution scans of the Pt 4f electrons in
Figure 2a, a doublet can be resolved at ca. 72.05/75.25 eV for
both PtSx-EPA and PtSex-EPA, with a spin−orbit coupling of
ca. 3.2 eV, which can be ascribed to the 4f7/2 and 4f5/2
electrons of Pt2+.29 These binding energies were ca. 0.5 and
0.3 eV higher than those of PtSx-EPT (71.58/74.78 eV) and
PtSex-EPT (71.71/74.91 eV). This suggests electron depletion
in the PtSx-EPA and PtSex-EPA samples, most likely due to
electron transfer from the nanoparticle cores to the EPA
ligands. Note that similar interfacial charge transfer was
observed in our earlier study with acetylene-capped iridium
nanoparticles but not with the mercapto-capped counterpart.20

Figure 2b depicts the high-resolution scans of the S 2p
electrons for PtSx-EPA and PtSx-EPT, where a doublet can be
resolved at 162.32/163.58 and 162.24/163.50 eV due to the
2p3/2 and 2p1/2 electrons of S2−,30 respectively, again,
consistent with the slightly electron-depleted Pt in the former
compared to that in the latter. A similar phenomenon was
observed with the high-resolution scan of the Se 3d electrons
of PtSex-EPA and PtSex-EPT (Figure 2c), where the 3d5/2/
3d3/2 doublet of Se2− were found at a slightly higher binding
energy for the former (54.30/54.90 eV) than for the latter
(54.20/54.88 eV).31−33

High-resolution scans of the C 1s electrons further
confirmed the existence of EPA and EPT ligands on the Pt
chalcogenide nanoparticle surfaces. From Figure S14, it can be
seen that deconvolution of the C 1s spectra of the EPA-capped
samples yields three species, sp C (from C�C) at ca. 283.3
eV, sp2 C (from C�C of the phenyl rings) at ca. 284.0 eV, and
sp3 C (from the ethyl moieties) at ca. 284.5 eV, which are
consistent with the structure of the EPA ligand. As for the two
EPT-capped samples, only sp2 C and sp3 C can be discerned in
the spectra.26 Meanwhile, as one can see from Figure S15, no
peaks can be deconvoluted below 530.0 eV, suggesting the
absence of metal oxides among all samples.34

Figure 1. (a) Schematic of the synthesis of alkyne/thiol-function-
alized noble metal chalcogenide nanoparticles. Representative TEM
images of (b, c) PtSx-EPA and (d, e) PtSex-EPA.
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Notably, the valence band maximum (VBM) spectra of the
samples display a consistent trend of charge transfer. As shown
in Figure 2d, all samples possessed a negative VBM over the
Fermi level (0 eV), indicating metallic/semimetallic band
structures, which are typical for noble metal chalcoge-
nides.33,35,36 Specifically, the VBMs are estimated to be
−0.08 and −0.09 eV for PtSx-EPA and PtSex-EPA, and they
are lower at −0.57 and −0.26 eV for the EPT-capped
counterparts (PtSx-EPT and PtSex-EPT), respectively. This
suggests that the d band of the two EPA-capped samples
shifted further away from the Fermi level, consistent with
charge transfer from the nanoparticles to the ligands.

To further understand the charge transfer between the Pt
chalcogenide cores and EPA/EPT ligands, Bader charge
analysis based on DFT calculations was carried out using a
model with a PtS(211) or Pt5Se4(006) facet capped with EPA
or EPT ligands (Figures S16 and S17). One can see that
efficient charge transfer occurs at the interface from the Pt
chalcogenide core to the EPA ligands with both PtS (0.15 e)
and Pt5Se4 (0.16 e), as depicted in Figure 2e. Charge
accumulation (yellow color isosurfaces) can be found on the
−C�C− bonds of the EPA ligands, suggesting delocalization
of the π electrons.20 In contrast, EPT ligands actually induced
interfacial charge transfer in the opposite direction, injecting a

negligible amount of electrons into both PtS (0.01 e) and
Pt5Se4 (0.04 e) cores. This is consistent with results from the
above XPS measurements that Pt in the EPA-capped
nanoparticles was more electron-deficient compared to the
EPT-capped samples due to interfacial electron loss.

Furthermore, in comparison to bare PtS and Pt5Se4, density
of states (DOS) analysis shows that the effects of ligand
functionalization were mostly confined to the nanoparticle core
surface, with essentially no change of the bulk properties
(Figure S18). In addition, the DOS distributions are consistent
with a conductive core, as suggested in the VBM spectra
(Figure 2d). Nevertheless, in comparison to EPT-modified or
bare PtS and Pt5Se4, the projected DOS (PDOS) showed a
strong interaction between the d orbitals of the Pt atoms and
the p orbitals of the C atoms of C�C in EPA-modified PtS
and Pt5Se4 (Figure S19). Strong σ and π bonds were formed,
as shown in Figure S20, which led to the downward shift of the
Pt d orbitals from the Fermi level due to electron loss from Pt
to EPA ligands at the core−ligand interfaces.

Further structural insights were obtained from Fourier
transform infrared (FTIR) spectroscopic measurements. From
Figure 3a, one can see that all samples exhibited three major
vibrational bands at 2870, 2920, and 2960 cm−1, due to the
CH3/CH2 stretches of the ethyl moieties of the EPA and EPT

Figure 2. (a) High-resolution XPS spectra of the Pt 4f electrons of PtSx-EPA, PtSx-EPT, PtSex-EPA, and PtSex-EPT. High-resolution XPS spectra
of (b) the S 2p electrons of PtSx-EPA and PtSx-EPT and (c) the Se 3d electrons of PtSex-EPA and PtSex-EPT. (d) VBM spectra of PtSx-EPA, PtSx-
EPT, PtSex-EPA, and PtSex-EPT. (e) Bader charge analysis of PtS(211)-EPA, PtS(211)-EPT, Pt5Se4(006)-EPA, and Pt5Se4(006)-EPT. The cyan
and yellow areas signify electron loss and electron gain, respectively. The isovalue of the charge density is 0.0015 e/au3.
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ligands, along with a small peak at around 3020 cm−1 arising
from the �C−H stretch of the phenyl rings. For the EPA-
capped samples, the C�C vibration can be identified at 2063
cm−1, corresponding to a red shift of 45 cm−1 compared to that
of monomeric EPA ligands (2108 cm−1, purple line in Figures
3a and S21). A similar C�C vibration was observed with the
mixture of the Pt and EPA precursors before the addition of S
or Se sources (2073 cm−1, Figure S22), suggesting that the
formation of a Pt−EPA complex was the preliminary step in
the synthesis of the acetylene-functionalized Pt chalcogenide
nanoparticles. This is consistent with the formation of
conjugated core−ligand bonding interactions that facilitate
interfacial electronic coupling, leading to a reduced bonding
order of the acetylene moiety. This is further confirmed in
DFT calculations (Figures 3c and S23) where monomeric EPA
ligands showed a C�C vibration at 2203.3 cm−1, which red-
shifted by 222 to 1981.3 cm−1 when the terminal H was
replaced with a Pt atom (Pt−C�C−). Note that tautomeric
rearrangement might occur from Pt−C�C− to Pt�C�C−;
the corresponding C�C vibration was anticipated to appear at
1740.0 cm−1 (Figure 3c), and for EPA ligands bonded to Pt in
a side-on configuration (Figure S24), the resulting C�C
vibration was expected at 1819.2 cm−1 due to π-interaction
with the Pt atom. Yet none of these vibrations were observed
in the experimental data. Taken together, these results suggest
a Pt−C�C− interfacial linkage in the EPA-capped nano-
particles, where π bonds were formed by the overlapping of the
dπ orbital or pπdπ hybrid of the metal centers and the π* orbital
of the Csp atoms of the EPA ligands.18,19,37,38 In contrast, no
such peak can be seen with the EPT-capped samples. Also, it
should be noted that the stretching vibration of terminal H−

C� (3292 cm−1) or H−S− (2566 cm−1) vanished from the
nanoparticle samples, suggesting the absence of excessive EPA
or EPT ligands in the nanoparticle samples, and the
spectroscopical data were due to nanoparticle-bound ligands
only.

Consistent results were obtained in proton nuclear magnetic
resonance (1H NMR) measurements of PtSx-EPA and PtSex-
EPA (Figure S25), where the spectral features for the phenyl
(7.2 ppm), methylene (2.6 ppm), and methyl (1.2 ppm)
protons were significantly broadened, whereas sharp splitting
can be observed with the Pt−EPA complexes (Figure S26).
The absence of peak splitting of PtSx-EPA and PtSex-EPA
indicates that the signals were from nanoparticle-bound ligands
only and the samples were spectroscopically clean, as observed
extensively with organically capped nanoparticles.25,39

In Raman spectroscopic measurements (Figure 3b), one can
see that both PtSx-EPA and PtSx-EPT nanoparticles exhibited a
peak at 304 cm−1 and a broad one from 300 to 450 cm−1,
which can be attributed to the E1g and A1g modes of the Pt−S
vibrations, respectively.40 As for PtSex-EPA and PtSex-EPT,
two well-defined vibrations can be readily observed at 175 and
204 cm−1 due to the Pt−Se vibrations in E1g and A1g modes,
respectively.41 These results further confirmed the formation of
Pt chalcogenide nanoparticles, which is consistent with the
above TEM and XPS results.

Further structural information was provided by X-ray
absorption spectroscopy (XAS) measurements. Figure 4a
depicts the Pt LIII-edge X-ray absorption near-edge spectra
(XANES) of the obtained Pt chalcogenide nanoparticles,
where the absorption edge energy is seen to increase in the
order of Pt foil < PtSex-EPA ≈ PtSex-EPT < PtSx-EPT < PtSx-
EPA (Figure 4a inset), consistent with results from XPS
measurements that functionalization with the EPA ligands

Figure 3. (a) FTIR spectra and (b) Raman spectra of PtSx-EPA, PtSx-
EPT, PtSex-EPA, and PtSex-EPT. Purple line in panel (a) is the
experimental data of −C�C− in the EPA molecule. (c) Calculated
vibrational frequency of anchoring linkage (−C�C− or −C�C−)
in the EPA molecule, EPA-Pt with Pt−C�C− linkage, and EPA-Pt
with vinylidene linkage.

Figure 4. XAS measurements. (a) XANES of the Pt LIII-edge and (b)
the corresponding EXAFS for PtSx-EPA, PtSx-EPT, PtSex-EPA, PtSex-
EPT, and Pt foil. The inset to panel (a) is the zoom-in of the edges of
the samples.
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facilitated interfacial charge transfer making the Pt centers
electron-deficient, compared to the EPT-capped ones.

The corresponding Fourier transformed extended X-ray
absorption fine structure (FT-EXAFS) spectra are shown in
Figure 4b, where both PtSx-EPA and PtSx-EPT can be seen to
possess only one major peak at 1.92 and 1.94 Å, respectively,
due to the Pt−S path with a bond length of 2.32 Å and
coordination number (CN) of 3.4 and 3.8, respectively (Figure
S27a,b, Tables S5 and S6). PtSex-EPA also exhibited one main
peak at 2.09 Å (Figure 4b) due to the Pt−Se bonds with a
bond length of 2.45 Å and a CN of 4.7 (Figure S27c and Table
S7). As for PtSex-EPT (Figure 4b), the Pt−Se peak shifted
slightly to 2.03 Å (bond length 2.42 Å and CN 6.6) (Figure
S27d and Table S8). These all exhibited a clear deviation from
the first shell Pt−Pt bonds of Pt foil at 2.46 Å (bond length
2.78 Å and CN 12). Meanwhile, the absence of Pt−C at ca. 1.5
Å rules out the possibility of simple metal−acetylene
organometallic complexes with S or Se in the samples (Figure
S28).

The optical properties of the nanoparticles were then
examined via UV−vis absorption measurements. One can see
from Figure 5a that all samples exhibited an exponential decay

profile, consistent with their nanosized structures, with an
absorption threshold between 350 and 400 nm.42 Interestingly,
the EPA-capped nanoparticles also exhibited clear photo-
luminescence (PL) properties. Specifically, when excited at 337
nm, PtSx-EPA showed an emission peak at 398 nm, in
comparison to ca. 390 nm for PtSex-EPA (Figure 5b), in
contrast to the EPA monomers that possessed an excitation
maximum at 298 nm and emission maximum at 353 nm
(Figure S29). The marked red shift of the emission of the
former can be explained by the formation of Pt−C�C
interfacial bonds, which facilitated core−ligand charge
delocalization by the hybridization of the metal d orbitals
and π bonds of the EPA ligands, such that the PL was
analogous to that of the diacetylene moiety (−C�C−C�
C−).19−21,38 Note that the Pt−EPA complex (Figure S22) also
exhibited the same PL excitation and emission (Figure S30),

suggesting effective mediation of the Pt center in inducing
charge delocalization between the C�C π bonds (Figure
S31). By contrast, no PL emission was observed with the two
EPT-capped nanoparticles (Figure 5c), as the nonconjugated
interfacial linkages impeded electronic coupling at the core−
ligand interface.

■ CONCLUSIONS
In summary, for the first time ever, we successfully synthesized
platinum chalcogenide (S, Se) nanoparticles capped with
acetylene derivatives forming Pt−C�C− interfacial bonds.
Such conjugated modifications lead to significant charge
transfer between the ligands and the metal chalcogenide
cores, in sharp contrast to thiol capping ligands that effectively
impede interfacial charge transfer, as manifested in spectro-
scopic and computational studies. Significantly, such interfacial
engineering can be extended to other metal chalcogenide
nanoparticles (e.g., RuSx-EPA and RuSex-EPA, Figures S32−
S37, Tables S9 and S10). Results from these studies highlight
the significance of conjugated interfacial linkages in the
deliberate manipulation of the optoelectronic properties of
metal chalcogenide nanoparticles.

■ EXPERIMENTAL SECTION
Chemicals. Cis-dichlorobis(dimethyl sulfoxide)platinum(II) (Pt-

(DMSO)2Cl2, 97%, Sigma-Aldrich), sodium sulfide nonahydrate
(Na2S·9H2O, ≥99.99%, Sigma-Aldrich), Se powder (99.999%, TRI
America), sodium borohydride (NaBH4, 99%, Acros), EPA (97%,
Acros), EPT (>97%, TCI America), and solvents were purchased
from typical commercial sources and used without further
purification. Water was purified using a Barnstead Nanopure water
system (resistivity 18.3 MΩ·cm).
Nanoparticle Synthesis. Metal chalcogenide nanoparticles

functionalized by alkyne ligands were synthesized by using DMSO
colloidal dispersions.43 Briefly, 0.1 mmol of Pt(DMSO)2Cl2 was
dissolved in 20 mL of DMSO under sonication into a transparent
solution in a round-bottom flask. Then, 100 μL of EPA ligands were
added into the flask and heated at 80 °C under vigorous stirring for 1
h in an oil bath. After the solution was cooled down to 60 °C, 0.2
mmol of Na2S·9H2O or NaHSe (prepared by mixing 8 mg of NaBH4
and 16 mg of Se) in 1 mL of water was added into the above flask
slowly and further aged for 2 h. DCM and water was then added into
the reaction vessel where nanoparticles were collected from the DCM
phase via rotary evaporation and rinsed extensively with methanol.
The nanoparticles could be readily dispersed in nonpolar solvents
such as DCM, THF, and toluene but not in polar solvents like
alcohols and acetone.

EPT-capped nanoparticles were prepared in the same manner
except that an equal amount of EPT was used instead of EPA.
Characterizations. TEM images were acquired with a Tecnai G2

instrument operated at 200 kV. SEM and EDS-based elemental
mapping analysis was carried out with an Apreo SEM microscope.
XRD patterns were collected with a Bruker D8 Advance
diffractometer using Cu Kα radiation (λ = 0.15418 nm). XPS
measurements were carried out with a Thermo Fisher K-α system.
Raman measurements were conducted by using a Horiba Jobin Yvon
LabRAM ARAMIS automated scanning confocal Raman microscope
under 532 nm excitation. FTIR spectra were collected with a
PerkinElmer FTIR spectrometer (Spectrum One), where the samples
were prepared by drop-casting the nanoparticle solutions in DCM
onto a NaCl disk. UV−vis absorption measurements were carried out
with a PerkinElmer Lambda 35 UV−vis spectrometer, and photo-
luminescence studies were performed with a PTI fluorospectrometer.
1H NMR spectra were acquired with a Bruker Avance III HD 800
MHz spectrometer by using concentrated solutions of the nano-
particles in CD2Cl2. XAS measurements were carried out at 10 K at
beamline 4−1 of the Stanford Synchrotron Radiation Lightsource

Figure 5. (a) UV−vis absorption and (b, c) PL spectra of (b) PtSx-
EPA and PtSex-EPA and (c) PtSx-EPT and PtSex-EPT nanoparticles.
Dashed curves in panel (b) represent the excitation spectra, and solid
curves represent the emission spectra. The excitation spectra are
acquired at the emission wavelengths of 398 and 390 nm for PtSx-EPA
and PtSex-EPA, respectively. The emission spectra are obtained at the
excitation wavelength of 337 nm for all samples in panels (b) and (c).
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using an Oxford liquid helium cryostat. The fitting of XAS data was
done by using the Real-Space X-ray Absorption Package (RSXAP).
Calculations. Geometric optimization, vibrational frequency, and

TD-DFT calculation of alkyne and associated Pt molecules were
performed on ORCA 5.0 with the B3LYP functional and def2-TZVP
basis set for all elements.44 For Bader charge analysis and DOS
analysis, first-principles computations were performed using Quantum
ESPRESSO, an open-source plane-wave code.45 A unit cell with 4
layers and 64 atoms was used to build a PtS (211) slab supercell, and
a unit cell with 4 layers and 56 atoms was used to build a Pt5Se4 (006)
slab, where periodic image interactions were removed by setting a
vacuum of 20 Å. Bottom 2 layers of all models were fixed to simulate
the bulk properties. A cutoff of 40 and 240 Ry for kinetics and charge
density was chosen with the ultrasoft pseudopotential.46 The total
energy of the Monkhorst−Pack 2 × 3 × 1 K point grid in the supercell
was calculated at the convergence level of 1 meV per atom for both
PtS and Pt5Se4 cases. The smearing parameter was set at 0.01 Ry in
the Marzari Vanderbilt smearing for all calculations.47 For geometric
relaxation, the convergence was 10−8 Ry of the electronic energy and
10−4 au for the total force. The dipole correction was added by
applying a finite field to the bare ionic potential for all calculations
involving ligand modification.
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