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ABSTRACT: Metal chalcogenide nanoparticles have been attracting extensive
attention in diverse fields. Traditionally these nanoparticles are stabilized by organic
ligands such as thiols and amines involving nonconjugated core-ligand interfacial
interactions. In the present study, a facile wet-chemistry method is described for the
synthesis of palladium disulfide (PdS,) nanoparticles capped with acetylene
derivatives. Spectroscopic and electrochemical measurements suggest that
conjugated Pd—C= linkages are formed at the core-ligand interface and facilitate
electronic coupling and hence manipulation of the nanoparticle optical and
electronic properties. The unique interfacial linkages also allow further
functionalization of the nanoparticles by metathesis reaction with olefin derivatives,
as manifested in the reaction with vinylferrocene. This research cpens new avenues
for the structural engineering and functionalization of metal chalcogenide

nanoparticles.

Bl INTRODUCTION

Metal chalcogenide nanoparticles have emerged as a unique
family of functional nanomaterials thanks to their distinctive
optical and electronic characteristics that find diverse
applications in, for instance, photocatalysis, electrochemistry,
and biomedicine,' ™" as compared to their metal counter-
parts.””" Traditionally, metal chalcogenide nanoparticles are
synthesized via hydrothermal, solvothermal, or sol—gel
methods and stabilized by organic ligands like thiols, carboxylic
acids, amines, etc., leading to manipulation of the nanoparticle
hydrophilicity, dipole moments and catalytic performance.”"
In these earlier studies, the ligands are primarily involved in
nonconjugated interfacial bonding interactions with the
inorganic cores, which significantly im‘Eedes electronic
coupling across the core-ligand interface.'”'” Such issues can
be mitigated when acetylene derivatives are exploited as
capping ligands because the resulting conjugated interfacial
contact may lead to delocalized hybridization of the metal d
electrons and acetylene 7 electrons.”*'° In fact, this has been
demonstrated with acetylene-capped platinum chalcogenide
and ruthenium chalcogenide nanoparticles,'® which feature
metal-acetylene (M—C=) interfacial linkages and hence
effective charge transfer from the metal dichalcogenide core
to the acetylene moiety, as opposed to the thiol-capped
counterparts. Such electronic hybridization can be exploited
for the deliberate regulation of the nanoparticle optical/
electronic characterisics and hence their photocatalytic/
electrocatalytic applications.'™'®

One question arises. Is there any feasible way to chemically
decorate the nanoparticles with multiple functional moieties?
One effective strategy is ligand place exchange reactions.'” In
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fact, for acetylene-capped metal nanoparticles, the conjugated
M~—C= interfacial linkages can be exploited for metathesis
reactions with vinyl and acetylene derivatives, such that
multiple functional moieties can be concurrently incorporated
onto the nanoparticle surface.'® Yet it remains largely explored
if such chemistry is extendable to semiconductor nanoparticles,
such as metal dichalcogenides, which also entail M—C=
conjugated linkages at the interface. In a previous study with
mercapto-capped gold nanoparticles,w the rate and extent of
exchange reactions with another mercapto ligands were found
to improve with increasingly positively charged gold cores, due
to increasing lability of the more ionic Au—S interfacial bonds.
Since the metal atoms in metal dichalcogenides are in ionic
form, will the resulting M—C= interfacial linkages facilitate
ligand exchange as well, as compared to the metallic
counterparts? This is the major reason for the present work.
Herein, for the first time ever, we successfully prepared
palladium disulfide (PdS,) nanoparticles protected by
acetylene derivatives by using a facile wet chemistry procedure.
Experimentally, palladium(II) salts and 4-ethylphenylacetlyene
(EPA) were first dispersed and mixed in dimethyl sulfoxide
(DMSOQ), into which was added an equimolar amount of
sodium sulfide to produce EPA-capped PdS, nanoparticles,
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Figure 1. Representative TEM images of (a, b) PdS,-EPA and (c, d) PdS,-EPT nanoparticles. The corresponding core size histograms are depicted
in the insets to panel (a, c). EDS-based elemental mapping analysis of PdS,-EPA: (e) overlap, (f) Pd, and (g) S. In panel (e), red is C, blue is O,

purple is Pd and green is S.

PdS, nanoparticles with 4-ethylphenylthiol (EPT) as capping
ligands were synthesized in the same manner as a control. The
former entailed the formation of conjugated Pd—C=
interfacial bonds, whereas nonconjugated Pd—S interfacial
linkages were found in the latter. Despite a similar average core
size, the two nanoparticles exhibited clearly different optical
and electronic properties. In addition, the PdS,-EPA nano-
particles could be further chemically decorated by metathesis
reactions with vinyl directives such as vinylferrocene (vFc), as
demonstrated in electrochemical measurements where nano-
particle-mediated intervalence charge transfer (IVCT) was
observed due to the particle-bound ferrocenyl moieties.'* This
paves the way for more deliberate engineering of the
nanoparticle structure and property.

B EXPERIMENTAL SECTION

Reagents. Sodium acetate (NaAc, 99%, Matheson Coleman &
Bell), sodium sulfide nonahydrate (Na,S-9H,0, >99.99%, Sigma-
Aldrich), palladium(II) acetylacetonate (Pd(acac),, 99%, Sigma-
Aldrich), 4-ethylphenylthiol (EPT, >97%, TCI America), 4-ethyl-
phenylacetylene (EPA, 97%, Acros), vinylferrocene (vFc, 99%, Strem
Chemicals), tetrabutylammonium hexafluorophosphate (TBAPE,,
98%, Sigma-Aldrich), and solvents were obtained from typical
commercial vendors and used as received. Deionized Water was
provided with a Barnstead Nanopure water system (resistivity 18.3
MQ cm).

Sample Preparation. PdS,-EPA nanoparticles were synthesized
by adopting a procedure suggested by ChatGPT with some
modifications. In brief, 0.1 mmol of Pd(acac), was dispersed in 10
mL of dimethyl sulfoxide (DMSO) in a 100 mL round-bottom flask
forming a light-yellow solution. Into this was added 100 uL of EPA
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ligands and the solution was heated in an oil bath at 80 °C for 1 h
under magnetic stirring, followed by the slow addition of 0.1 mmol of
Na,$-9H,0 in 10 mL of DMSO, where the solution color was found
to change to dark brown, signifying the production of PdS,
nanoparticles. Fifteen mL of CH,Cl, and 50 mL of H,O were then
added into the reaction vessel, where the nanoparticles were found
only in the CH,Cl, layer, whereas the H,O/DMSO layer was clear
(Figure Sla,b). The CH,Cl, phase was saved with a separatory funnel
and washed several times with water until the aqueous phase was
totally clear. Rotary evaporation was performed to remove the
solvents, and the obtained solids (PdS,-EPA) were washed with a
large amount of methanol. The PdS,-EPT sample was prepared in the
same fashion but by using an equivalent amount of EPT in place of
EPA, featuring an orange/brown color in CH,Cl, (Figure Slc).
Notably, both PdS,-EPA and PdS,-EPT nanoparticles were easily
dispersible in a variety of nonpolar solvents, e.g, CH,Cl,, THF, and
toluene, in sharp contrast to the “bare” nanoparticles prepared
without the addition of either EPA or EPT ligands (Figure S2). The
nanoparticles also remained stable under ambient conditions,
suggesting sufficient protection by the respective ligands (Figure $3).

EPA-capped metallic Pd (Pd-EPA) nanoparticles were prepared as
another control by a thermolytic reduction procedure in ethylene
glycol, as detailed l:ircvirmsly.2l1 Experimentally, Pd(acac), (0.3 mmol)
and NaAc (1 mmol) were dispersed in ethylene glycol (100 mL)
under sonication forming a light-yellow solution in a 250 mL round-
bottom flask, which was then heated to 200 °C in an oil bath under
vigorous stirring and refluxed for 15 min. The solution color was
observed to gradually change to dark brown, signifying the generation
of “bare” Pd colloidal particles. When the solution temperature went
down to ca. 80 °C, 30 mL of toluene containing 200 uL of EPA
ligands was added into the solution under magnetic stirring for 1 h.
An excessive amount of water was then added to induce phase
segregation, where the particles were collected from the toluene phase
whereas the ethylene glycol phase was clear (Figure S4). Rotary
evaporation was then performed to remove the solvents and the
obtained solids were washed extensively with methanol, affording Pd-
EPA nanoparticles.

Ligand-Exchange Reactions. The nanoparticles obtained above
were further functionalized by ligand exchange reactions. In brief,
PdS,-EPA or Pd-EPA nanoparticles was dispersed in 10 mL of
CH,Cl,, into which was added a calculated amount of vFc (Fe/Pd
atomic ratio 3:1) under vigorous stirring at room temperature for 3
days. Rotary evaporation was then performed to remove solvents, and
the solids were purified by rinsing with methanol. The resulting
nanoparticles were denoted as PdS,-EPAg. and Pd-EPAg, respec-
tively.

Characterizations. Proton nuclear magnetic resonance ('H
NMR) measurements of the nanoparticle samples were conducted
in CD,Cl, with a Bruker Avance III HD 800 MHz spectrometer.
Infrared spectra were obtained with a PerkinElmer Spectrum One
Fourier transform infrared spectrometer (FTIR) with the samples
prepared by dropcasting the nanoparticle solutions in CH,Cl, onto a
NaCl plate. Raman spectra were acquired with a Horiba Jobin Yvon
LabRAM ARAMIS automated scanning confocal Raman microscope
(excitation wavelength 332 nm). Ultraviolet—visible (UV—vis)
absorption spectra were collected with a PerkinElmer Lambda 35
UV—vis spectrometer, and a PTI fluorospectrometer was used to
produce the photoluminescence (PL) profiles. X-ray photoelectron
spectroscopy (XPS) analysis was completed with a Thermo Fisher K-
alpha system. Transmission electron microscopy (TEM) studies were
performed with a Tecnai G2 instrument operated at 200 kV.

Electrochemistry. Voltametric measurements were conducted
with a CHI 440 electrochemical workstation. The working electrode
was a polycrystalline gold disk electrode (sealed in a glass tubing,
surface area 0.9 mm?), along with a Ag/AgCl quasi-reference and a Pt
coil counter electrode. The gold electrode was polished with 0.05 ym
alumina slurries and rinsed with 0.1 M HCIO,, ethanol and deionized
water before electrochemical measurements.

B RESULTS AND DISCUSSION

TEM measurements were first carried out to characterize the
nanoparticle structures. From Figure la,c, one can see that
both PdS,-EPA and PdS,-EPT nanoparticles displayed good
dispersion without obvious aggregation, indicating sufhcient
protection of the nanoparticles by the respective ligands
(Figure S3). Statistical analysis from over 100 nanoparticles
revealed that the nanoparticle diameters were mostly between
2 and 3 nm, with an average of 2.57 + 0.41 nm for PdS,-EPA
and 2.54 + 0.62 nm for PdS,-EPT, as evidenced in the
respective core size histogram (insets to Figure la,c).
Furthermore, clearly defined lattice fringes can be observed
in high-resolution TEM measurements of both samples
(Figure 1b,d), and an interplanar spacing of ca. 0.355 nm
can be estimated for PdS,-EPA (Figure S5a) and 0.211 nm for
PdS,-EPT (Figure SSb), which can be ascribed to the (111)
and (113) planes of orthorhombic PdS, (mp-13682),
respectively. Indeed, in Raman measurements, both nano-
particles can be found to exhibit a broad vibrational band
centered at ca. 350 cm™!, consistent with the characteristic
vibrations of Pd—S (Figure S6a).”! Elemental mapping analysis
based on energy-dispersive X-ray spectroscopy (EDS) shows
that the Pd and S elements were indeed distributed rather
evenly across the samples (Figure le—g).

Consistent results were obtained from 'H NMR measure-
ments. Figure S6b shows the 'H NMR spectra, where the
spectral features of the methyl (1.16—1.25 ppm), methylene
(2.48—2.68 ppm) and phenyl protons (6.66—7.17 ppm) were
significantly broadened for both samples, as compared to the
respective monomeric ligands (Table S1), due to a reduced T,
relaxation time.*” The lack of sharp features also signifies that
the samples were free of excessive ligands.”” The sample
structures were further probed by FTIR spectroscopic
measurements. From the FTIR spectra in Figure S6c, it can
be seen that all nanoparticles possessed three obvious bands at
2871, 2922, and 2962 cm™!, due to the CH;/CH, stretching
vibrations of the ethyl group of the EPA and EPT ligands, and
multiple vibrations between 3100 and 3000 cm™" arising from
the phenyl =C—H.***" Meanwhile, the absence of the
terminal H—C= vibration (ca. 3300 cm™") in PdS,-EPA and
Pd-EPA and S—H vibration (ca. 2570 cm™') in PdS,-EPT
signifies that excessive EPA and EPT ligands were indeed
removed from the samples. Concurrently, the C=C vibration
can be seen to red-shift from 2100 cm™ for EPA to 1905 cm™
for PdS,-EPA, as the Pd—C= interfacial linkages facilitated
electronic coupling between the ligand 7 electrons and Pd d
electrons.'®

XPS measurements were then carried out to probe the
elemental composition and valency of the samples. The survey
spectra are depicted in Figure S7a, where the S 2p, C 1s, Pd 3d
and O 1s electrons can be easily resolved in both samples at ca.
162, 284, 336, and 532 eV, respectively. On the basis of the
intergrated peak areas, the Pd/S atomic ratio was evaluated at
1:2.03 for PdS,-EPA and 1:2.31 for PdS,-EPT (Tables S2 and
$3).>>™*" These are in accord with the formation of PdS,
nanoparticle cores in the samples, as suggested in the TEM
measurements presented above. The slightly higher sulfur
content in PdS,-EPT can be attributable to the additional
contributions from the EPT ligands.”®

Figure 2a depicts the high-resolution profiles of the Pd 3d
electrons. Both PdS,-EPA and PdS,-EPT nanoparticles can be
seen to possess one doublet, with the binding energies at
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Figure 2. High-resolution scans of the (a) Pd 3d and (b) S 2p
electrons of PdS,-EPA and PdS,-EPT. Dotted curves are experimental
data and colored peaks are deconvolution fits. (c) VBM spectra of
PdS,-EPA and PdS,-EPT.

336.29/342.60 and 336.50/341.77 eV, respectively, that can be
ascribed to the 3d;,,/3ds), electrons of Pd**.***” Notably, the

binding energies were over 0.2 eV lower for the former than for
the latter, suggesting electron-enriched Pd in PdS,-EPA, most
likely arising from the generation of Pd—C= interfacial
linkages and electron transfer from the EPA ligands. One may
notice that in the previous study of EPA-capped platinum and
ruthenium chalcogenide nanoparticles, the conjugated inter-
facial bonds facilitated core to ligand electron transfer
instead.'® Such a discrepancy may be ascribed to the unique
[Kr]4d" electronic configuration of Pd, in comparison to
[Xe]4f*5d%s' for Pt and [Kr]4d’Ss' for Ru, such that it is
energetically more favorable for Pd** to accept electrons to
reach the stable 4d' configuration.

In addition, one can see that the peak width of PdS,-EPA
was drastically greater than that of PdS,-EPT. This is likely
because of the more complex chemical environments of the Pd
centers in the former, consisting of those in the nanoparticle
core that were bonded to S only and the surface ones that were
bonded to both S and —C= (ca. 40% of Pd resided on the
surface of PdS, nanoparticles of 2.54 nm in diameter, Figure
1), whereas for PdS,-EPT, the chemical environments were
relatively uniform for the surface and interior Pd.

The corresponding S 2p spectra are shown in Figure 2b.
Deconvolution of the S 2p spectrum of PdS,-EPT yields two
doublets, with the dominant one at 161.83/162.89 eV for $37,
and a small one at 162.5/163.5 eV for thiolate moieties of the
EPT ligands.”” The PdS,-EPA sample also consisted of two
doublets, a major doublet at ca. 162.42/163.48 eV that can be
ascribed to the 2p;,,/2p,, electrons of S3~, with a minor one
at 166.89/168.15 eV for oxidized S, likely arising from partial
oxidation of the PdS, cores.'® The fact that the Pd** (§37)
binding energy of PdS,-EPA showed an obvious red (blue)
shift in comparison to those of PdS,-EPT suggests that the
nanoparticle cores were less polar in the former, likely due to
the conjugated Pd—C= interfacial bonds that facilitated
electronic coupling with the 7 electrons of the EPA ligands.

The C 1s scans further validated the existence of EPA and
EPT ligands on the surfaces of the PdS, nanoparticles (Figure
S7b). Three species can be deconvoluted from the spectrum of
PdS,-EPA at ca. 283.29 eV for sp C (from C=C), ca. 283.87
eV for sp> C (from phenyl C=C) and ca. 284.53 eV for sp® C
(from the ethyl moiety), in good agreement with the ligand
structure of EPA.'** In comparison, only two species can be
resolved for the PdS,-EPT sample, one at ca. 283.79 eV for sp
C (from C=C) and the other at ca. 284.33 eV for sp’ (from
the ethyl moiety).'®*" Notably, from the O 1s spectra in Figure
S7¢, no peak can be resolved under 530.0 eV, indicating that
the nanoparticles contained no metal-O species.'®

More information about the interfacial charge transfer can
be inferred from the valence band maximum (VBM) spectra.
As shown in Figure 2c, PdS,-EPA displayed a VBM of ca.
—0.20 eV, in comparison to —0.02 eV for PdSz—EPT,'(‘
indicating that the Fermi level shifted further away from the d
band for the former than for the latter, which can be ascribed
to electron enrichment due to interfacial charge transfer from
the EPA ligands to the PdS, cores, in consistence with the XPS
results presented above.

UV—vis absorption measurements were then performed to
probe the optical properties of the nanoparticles. As shown in
Figure 3a, a broad absorption peak appeared at ca. 400 nm for
PdS,-EPA, and the peak became drastically prominent for
PdS,-EPT. Furthermore, two sharp absorption bands can be
observed at 313 and 334 nm for PdS,-EPA and 287 and 298
nm for PdS,-EPT, most likely due to the 7—z™* transitions of
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Figure 3. (a) Optical absorption and (b) photoluminescence
excitation (dotted curves) and emission spectra (solid curves) of
PdS,-EPA and PdS,-EPT nanoparticles. The excitation and emission
peak positions are 342 and 401 nm for PdS,-EPA and 374 and 431
nm for PdS,-EPT.

the phenyl moieties.” The fact that the former exhibit a more
prominent red-shift than the latter as compared to monomeric
EPA (273 and 281 nm) and EPT (283 and 293 nm) further
confirmed enhanced electronic coupling between the core and
ligands in PdS,-EPA.

In photoluminescence (PL) measurements (Figure 3b),
PdS,-EPA nanoparticles can be seen to exhibit a well-defined
emission peak at 401 nm when excited at 342 nm, due to
conjugated core-ligand interfacial linkages that facilitated
intraparticle charge delocalization. Therefore. the particle-
attached ligands acted comparably to diacetylene moieties."* In
comparison, with nonconjugated Pd—S interfacial linkages,
PdS,-EPT showed only a weak emission peak at 431 nm at the
excitation of 374 nm that can be ascribed to the PdS, cores.”
This further confirms the notion that the PL emission of PdS,-

EPA was primarily due to the particle-bound EPA ligands,
rather than the PdS, cores (Figure S8).

Significantly, the formation of conjugated Pd—C= inter-
facial bonds in PdS,-EPA rendered it possible to further
functionalize the nanoparticles by metathesis reactions with
vinyl/acetylene derivatives (e.g, vFc), in contrast to the PdS,-
EPT counterpart.'® Figure 4 displays the differential pulse

0.0
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Figure 4. Differential pulse voltammograms of PdS,-EPA and PdS,-
EPAg. nanoparticles acquired in the dark and under UV photo-
irradiation in 0.1 M TBAPF; containing 10 mg/mL nanoparticles in
CH,Cl,. Pulse period 0.2 s, pulse width S0 ms, pulse amplitude 50
mV, sample width 16.7 ms, and quiet time 2 s.

voltammograms (DPV) of the PdS,-EPA;. nanoparticles in
CH,Cl, containing 0.1 M TBAPF, supporting electrolyte. In
comparison to the featureless profile of PdS,-EPA (black
curves) within the potential range of 0.0 to +1.0 V, the PdS,-
EPAg, sample exhibited a single pair of voltammetric peaks in
the dark featuring a formal potential (E°’) of +0.568 V (blue
curves), due to the redox reactions of the Fc moieties,
confirming successful decoration of the nanoparticle surface
with the ferrocenyl moieties by metathesis reaction (consistent
results were obtained in cyclic voltametric measurements,
Figure S9). In sharp contrast, when the experiment was
conducted under 365 nm UV photoirradiation, two pairs of
voltammetric peaks emerged, and the formal potentials can be
found at +0.388 and +0.602 V (red curves), suggesting IVCT
of the particle-attached ferrocenyl moieties, and the peak
separation (AE®’) of 214 mV suggests class I IVCT."***!
This can be ascribed to the electrically insulating PdS, cores in
the dark that became conducting under UV irradiation, such
that the IVCT behaviors were consistent with those with
metall‘icl gd—EPAF( counterparts (AE® = 242 mV, Figure
$10). 444

The decoration of the nanoparticle surface with the vFc
ligands was further supported by the apparent quenching of the
PL emission of PdS,-EPA;. (Figure S11), likely due to energy/
electron transfer to the ferrocenyl moiety, as the absorption
profile of vFc exhibits a significant overlap with the PL
emission of the PdS,-EPA nanoparticle and the ferrocenyl
moieties are attached via conjugated interfacial linkages onto
the nanoparticle surface.”® Furthermore, in comparison to
metallic Pd-EPA nanoparticles, the metathesis reaction was
found to be markedly enhanced with PdS,-EPA. In fact, after
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72 h exchange reaction, XPS measurements showed that the
Fe/Pd atomic ratio was only 0.021 with metallic Pd-EPA
nanoparticles, and increased significantly to 0.448 with PdS,-
EPA. The enhanced efficiency can be ascribed to the Pd**
centers in the latter that rendered the Pd—C= interfacial
bonds more labile (ionic) for metathesis reactions.'”

B CONCLUSIONS

A solution chemistry route was described for the facile
preparation of acetylene-stabilized palladium disulfide nano-
particles, The forming of conjugated Pd—C= interfacial
linkages facilitated effective charge transfer from the organic
ligands to the inorganic cores, resulting in ready manipulation
of the nanoparticle optical and electronic properties.
Furthermore, the nanoparticles could undergo more compli-
cated surface functionalization by metathesis reactions, as
manifested in the exchange reaction with vinylferrocene where
IVCT was observed with the nanoparticle-bound ferrocene
moieties under UV photoirradiation. Notably, the metathesis
reaction efficacy was markedly enhanced as compared to
metallic Pd nanoparticles, due to the more ionic and hence
more labile interfacial linkages. These results highlight the
significance of nanoparticle surface chemistry in their surface
functionalization and properties,
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