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ABSTRACT: Monolayer thiolate-protected nanoclusters (MPCs) are Atomically precise Pd NCs

extensively studied due to their distinctive properties. The atomic

precision in MPCs, especially in gold MPCs, is determined through Pd,(S;PC2)y4 \Ilzeed)ﬂ
mass spectrometry, which leads to the accurate identification of metal- _&s‘“ww%"%ﬁ,}{/
J ~

ligand composition. The total structure determination of gold and silver
MPCs using ScXRD revolutionized the field by providing insights into
the structural arrangement at an atomic level. The synthesis of
atomically precise MPCs using other metals like palladium (Pd) to
study and compare properties is tedious and complex. In one end, larger
size monodisperse Pd nanoparticles (NPs) were synthesized and Pd35(S-PC2),:S,
studied for various catalytic properties. Meanwhile, on the other end, a '

small-molecule tiara-like Pd—thiolate complex was reported. However, ~
atomic precise Pd MPCs in the middle and its detailed studies are not

yet explored. Here, we report the synthesis and identification of atomically precise phenylethanethiol-protected Pd,,(SCH,CH,Ph) s
and Pd;5(SCH,CH,Ph),,S, Pd nanoclusters. The size distribution is confirmed using matrix-assisted laser desorption ionization
mass spectra (MALDI-MS), and electrospray ionization mass spectrometry (ESI-MS) confirms the composition through the
isotopically resolved peak. The X-ray photoelectron spectroscopy (XPS) spectra elucidate the cluster formation in smaller size.

B INTRODUCTION composition of various glutathione-protected gold clusters
were determined using ESI-MS by Tsukuda and co-work-
ers.”’ 7% Then, the composition of the well-studied
Au,s(SC,H,Ph) ¢ was determined by Murray group.”® Finally,

Monolayer thiolate-protected nanoclusters (MPCs) composed
of a metal core with sizes ranging from tens to thousands of
atoms are extensively studied in recent years due to their

distinct optical, electronic, and catalytic properties. ™ In isotopically resolved ESI-MS data of the same
thiolate-protected metal nanoclusters, atomic precision is Auy5(SC,H,Ph) g cluster that exactly matched the theoretically
achieved through thermochemical etching.1’4_8 The unique calculated spectra confirmed the atomic precision beyond any
properties arise from the quantum size effects which leads to a doubt.’® Later, the total structure of Au,s(SC,H,Ph)
wide range of applications in catalysis, sensing, energy, targeted determined using single-crystal X-ray diffraction (ScXRD)
drug delivery, and solar cells.””"* confirmed the exact number of gold atoms and thiolate ligands,
High-resolution transmission electron microscopy (HR- previously determined using ESI-MS.*
TEM) was commonly used to study gold nanoparticles (Au In noble metal MPCs, gold MPCs were the most studied
NPs), but smaller clusters suffered from beam damage. The and well-established systems, followed by silver MPCs.>*™*
introduction of mass spectrometry to characterize Au NPs Recently, few studies on copper MPCs were reported.””** The
changed the course of the field. In the beginning, laser study of other metals, particularly with thiolate-protected
desorption ionization mass spectrometry (LDI-MS) combined clusters, is minimal. Palladium (Pd) metal is known for its high
with HR-TEM elucidated lg}}i . (ligis_cz?very of quantitatively catalytic activity in both homogeneous and heterogeneous
separable gold nanocrystal. " Then, matrix-assisted catalysis.”>*® The 2010 noble prize awarded to Pd-catalyzed

LDI-MS (MALDI-MS) produced mass spectra with minimal

fragmentation.””™>* Later, by choosing a suitable organo-

soluble matrix and using threshold laser intensity, fragment- -

free molecular peaks were achieved in MALDI-MS.” Rec?we‘l: November 1, 2021
The introduction of electrospray ionization mass spectrom- Rev1§ed: December 3, 2021

etry (ESI-MS)***” on MPCs resulted in the ionization of intact Published: December 22, 2021

cores with no fragmentation.'””** Especially for gold MPCs,

the soft ionization technique of ESI-MS provided the MPC

composition with atomic precision.”” Initially, the atomic

Suzuki cross couplings in organic synthesis explains the
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importance of Pd in catalysis."” The Suzuki coupling uses Pd
salts or organopalladium complexes. Meanwhile, 11-mercap-
toundecanoic acid-covered Pd NPs can be reused several times
for the same Suzuki coupling reaction."”

Dahl and Mednikov explored in detail the formation of Pd
nanoclusters with carbonyl/phosphine ligands
(Pd,l(CO)x(PRs)},).@*51 There are ~19 distinct Pd core
geometries, with core Pd atoms ranging from 10 to 165, that
have been isolated and structurally determined using ScXRD.
The Pd forms a highly condensed carbonyl/phosphine ligand
nanocluster that exhibits unprecedented geometrical diversity
of icosahedral or closed cubic/hexagonal closed packing-based
metal core geometries.”” It is important to note that these Pd
nanoclusters are only stable in inert conditions. While the
relatively weak metal—metal and metal-CO bonds lead to a
large number of Pd,,(CO)x(PR3)y clusters with structural
diversity,*” weaker bonds result in unstable compounds and
are therefore not well studied when compared with thiolated
Au nanoclusters.

On the other hand, Pd nanoparticles protected by thiolate
ligands make a good candidate for various catalysis. The
thiolate-protected Pd NPs showed excellent catalytic activity in
Heck reaction.”” In a study where n-alkanethiol self-assembled
monolayer (SAM) was coated on the Pd surface, the selectivity
of 1-epoxybutane formation from 1-epoxy-3-butene improved
from 11 to 94%.>>

An understanding of the chemical composition and
structural arrangements of thiolate-protected Pd NPs is
essential to understand their properties. Pd NPs were
characterized using transmission electron microscopy (TEM)
before.”>>* However, TEM data provides only size distribution
where 1 nm difference provides a difference of hundreds of
atoms. Various water and organic-soluble small Pd NPs like Jin
et al. work on Pd;;_,;(SR) 55, (R = Ph-tBu),”®> Choi and
collaborators work on a series of water-soluble N-acetyl-L-
cysteine-protected ultrasmall Pd NPs,”> and Tsukuda et al.
work on a range of Pd,(SR),, clusters (5 < n < 60) with m ~
0.6 n°* were reported using MALDI-MS characterization.”™>>
However, due to its hard ionization, MALDI-MS could provide
an approximate composition of metal atoms and protecting
ligands.*~****~>*Tiara-like Pd complexes with formula
(Pd,(SR),,), where n = 2—20, were reported with atomic
precision and ScXRD structure.’®~** However, they are not Pd
nanoclusters having a metal core and surface ligands.
Therefore, to fulfill the prerequisite and modulate the
properties of thiolate-protected Pd NPs, atomic precise Pd
MPCs need to be synthesized and identified. ESI-MS, due to
its soft ionization, is one of the main tools to identify atomic
precision, which leads to the identification of chemical
composition.

In this work, we report atomically precise palladium
nanoclusters with 21 and 38 Pd atoms protected by
phenylethanethiol confirmed using isotopically resolved ESI-
MS. MALDI-MS confirms the size distribution and UV—vis
spectra confirm the molecular nature.

B METHODS

Materials. Palladium(II) chloride 99.9% (metal basis) Pd
59.0% (Alfa Aesar), tetra-n-octylammoniumbromide (ToABr,
Acros, 99%), hydrochloric acid (ACS grade) (VWR), sodium
borohydride (Acros, 99%), phenyl-ethanemercaptan (Sigma-
Aldrich), and trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-
propenylidene Jmalononitrile (DCTB matrix) (Fluka > 99%)
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were used as received. High-performance liquid chromatog-
raphy (HPLC) grade solvents such as tetrahydrofuran, toluene,
methanol, butylated hydroxytoluene-stabilized tetrahydrofuran,
and acetonitrile were obtained from Fisher Scientific. Bio-Rad-
SX1 beads (BioRad) were used for size exclusion chromatog-
raphy.

Instrumentation. MALDI mass spectra were acquired
using Voyager-De PRO MALDI-time of flight mass spectrom-
etry using DCTB* matrix. ESI mass spectra were collected
using Waters Synapt XS instrument, with tetrahydrofuran as a
solvent. UV—visible absorption spectra were collected using a
Shimadzu UV-1601 instrument, and samples were dissolved in
toluene.

Synthesis. Pd nanoclusters were synthesized based on a
modified synthetic protocol reported in literature.”* In this
procedure, first, a crude product was synthesized based on
Brust two-phase synthesis.”” Then, the crude was thermo-
chemically treated with increased temperature, and finally, the
pure product was isolated using size exclusion chromatography
(SEC).%°

Crude Synthesis. Palladium chloride (PdCL,) (0.1 g) was
dissolved in 0.366 mL of concentrated hydrochloric acid and
1.5 mL of H,0. ToABr (0.47 g) was dissolved in S mL of
toluene separately. They are both mixed in a 100 mL round-
bottom flask under stirring at 500 rpm. The mixture was
allowed to stir for 15 min. When phase transfer was completed,
the organic layer was separated and 57 mL of phenyl-
ethanethiol (PC2) (Pd/Thiol = 1:0.75) was added. Then, the
reaction between gold and thiol was allowed for 1 h with the
same stirring rate. At this point, the reaction was reduced by
rapidly adding 0.2 g of NaBH, (Pd/NaBH, = 1:10) dissolved
in S mL of ice-cold water. The solution changed to black color
indicating the formation of nanoclusters. The stirring was
continued for about 18 h. Then, the resulting product’s organic
phase was separated, and the rotary evaporated to remove
excess solvent. Finally, the product was washed with excess
methanol—water mixture to obtain the crude.

Etching and SEC. The washed crude product, ~130 mg,
was thermochemically treated (etching) at 70 °C with 2.5 mL
of toluene and 2.5 mL of excess PC2 thiol for 24 h. The etched
product was rotary evaporated and washed with methanol and
water mixture to remove all of the byproducts. The final step
was to isolate the different sizes of the product using SEC.
When the etched product was passed through the SEC
column, two differentiable bands (yellow and dark) were seen.
These two bands represent two completely different products
with a significant mass difference. The reported Pd nano-
clusters were obtained from the yellow band.

B RESULTS AND DISCUSSION

Pd nanoclusters are synthesized using a modified method of
two-phase Brust synthesis.”> The step-by-step synthesis
process is explained in the experimental section. Briefly, the
Pd salt was dissolved in water with the help of conc. HCI, then
phase transferred to toluene using ToABr, followed by the
addition of thiol, and finally reducing the mixture using an
aqueous solution of NaBH, forming the crude. The crude is
then etched and purified using SEC. In general, the
identification of nanoclusters (NCs) other than Au NCs with
mass spectrometry is a challenge. However, by the experience
gained by our group to obtain mass spectrometry data on
difficult larger Au NCs, we were able to obtain ESI-MS data of
the atomically precise Pd NCs shown in Figure 1. As

https://doi.org/10.1021/acs.jpcc.1c09453
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Figure 1. Electrospray ionization mass spectra (ESI-MS) of the size exclusion chromatography (SEC)-purified product of Pd nanoclusters
protected by phenylethanethiol (PC2) showing two products, Pd,;(SR) s and Pd;5(SR),;S,. *Represents less intense peak at 5844 Da. Insets: (a)
comparison of the experimental and theoretical spectrum of Pd,;(SCH,CH,Ph),s and (b) comparison of the experimental and theoretical

spectrum of Pdys(SCH,CH,Ph),,S,.

mentioned in the experimental section, the first part of the
synthesis provides a crude product, which was then reacted
with excess thiol at elevated temperature to obtain an etched
product with narrow size distribution. The etched product was
purified using size exclusion chromatography (SEC).

Figure 2 shows the MALDI-MS spectra of selected SEC
fractions. Fraction 8 (FO8) represents the yellow band and
fraction 4 (F04) represents the dark band. A photograph of the
SEC column is shown on the right in Figure 2. The SEC

MALDI SEC

Column
n

Yellow band/

Dark band @——

1 1 1 1 1 1 1 1

4000 6000 8000 10000 12000 14000 16000 18000
m/z

Figure 2. Matrix-assisted laser desorption ionization mass spectra
(MALDI-MS) of size exclusion chromatography (SEC) products; in
that, the top spectra correspond to the yellow band, which has low
mass products. The bottom spectra come from the dark band, which
has high mass products compared to the yellow band.
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column has two major bands, yellow and dark bands. Their
corresponding MALDI-MS spectrum in positive mode is
shown on the left side of Figure 2. The top spectrum
corresponding to the yellow band displays many sharp peaks
below S kDa. The sharp peak represents the atomic precision
of NCs. In other words, these NCs are precise enough to
ionize in ESI-MS. MALDI-MS is a hard ionization technique,
where the ionization is caused by ablation of a sample using a
laser. So, NCs tend to fragment in MALDI-MS, which
corresponds to the multiple peaks in the top spectra. In
comparison, ESI-MS is a soft ionization technique that is more
important to identify the molecular mass of NCs. The bottom
spectrum corresponds to the dark band showing a broad peak
from 4 to 14 kDa. Since the dark band has a broad peak, it was
not ionizing, and no peaks were observed in the ESI-MS.

The ESI-MS in positive mode of SEC-purified product as
shown in Figure 1 has two major peaks, which are identified as
4700 and 6989 Da. An expanded view of these two peaks is
shown in Figure 1(inset). The NCs are formed with a metal
core that is protected by thiolate ligands.

These NCs have a precise number of metal and ligand
count, deSRy, where x and y represent the number of Pd
atoms and ligands, respectively, in the NC. In some cases,
sulfur atoms alone can bond with a metal core in the absence
of a ligand chain and can be denoted as Pd,CSRySZ.67 The NC at
4700 Da is identified as Pd,;(SCH,CH,Ph),s, and 6989 Da is
identified as Pd;5(SCH,CH,Ph),;S,. Figure 1(inset) shows an
expanded view of the major peaks revealing the isotopic
distribution of these two NCs. The bottom spectrum of Figure

https://doi.org/10.1021/acs.jpcc.1c09453
J. Phys. Chem. C 2022, 126, 444—450
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la is an expanded view of Figure 1 at 4700 Da range to show
the isotopic distribution of NC. The isotopomer splitting
showing (Figure 1a,b) mass difference of 1 Da suggests that
these peaks correspond to the 1 + charge state of the respective
Pd NCs. The top spectrum of Figure la is a calculated
spectrum of Pd,;(SCH,CH,Ph),; with isotopically resolved
peaks. The exact match between the experimental and
theoretical spectra confirms the composition that the NC has
21 Pd atoms protected by 18 thiolate ligands. Likewise, in
Figure 1b, the top spectrum is a calculated spectrum of
Pd,(SCH,CH,Ph),;S, and the bottom spectrum is an
expanded view of Figure 1 at 6989 Da range. The isotopic
matching of theoretical and experimental spectra confirms the
assigned chemical composition. The less intense peak at 5844
Da is not isotopically resolved to exactly assign the peak. The
closest match of the 5844 Da peak is Pd;,(SCH,CH,Ph),,S.
Previously reported studies on thiolate-protected larger Pd
NCs and thiolate SAM on the 2D Pd surface suggest that the
formation of a Pd—S interlayer between the core and thiolate
ligand adds stability.”*~"°

The UV—vis spectra, Figure 3, correspond to the SEC-
purified yellow band product from F08. The inset of Figure 3

Absorbance (a.u)

A A 'l
600 800 1000
Wavelength (nm)

400

Figure 3. Ultraviolet and visible (UV—vis) spectra of the size
exclusion chromatography (SEC)-purified product of Pd nanoclusters
protected by phenylethanethiol (PC2) in toluene. The blue dash-dot
line represents the baseline.

shows the photograph of the SEC-purified yellow band sample
in toluene. The UV—vis spectra show two distinct features,
~414 and ~322 nm, rise from ~600 nm. These two features
are close to the reported Pd4(SC;,H,s5);, complex.”>>®”" The
ESI-MS comparison of fractions 8—10 (Figure S1) shows that
most of the smaller complexes eluted in the latter fractions
(F09 and F10), and minute amounts remain in fraction 8. In
the seminal work of Negishi et al, on 1 nm Pd clusters, a
similar optical spectrum was reported.”* Though they observed
features of the Pd4(SR),, complex, based on several factors,
they ascribe that a significant portion of the spectrum
contributed by Pd,(SR),, clusters. Similarly, based on the
ESI-MS data (Figure S1), X-ray photoelectron spectroscopy
(XPS) data (Figures 4, S2, and S3), and the SEC separation
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technique, we can ascribe that a significant portion of the
spectrum is from Pd NCs.>*
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectrum of the
SEC-purified product of Pd nanoclusters protected by phenyl-
ethanethiol. Inset: a high-resolution spectrum focused on the Pd 3d
region.

The full survey X-ray photoelectron spectrum (XPS) of
SEC-purified Pd NCs (yellow band) with the main core-level
lines is presented in Figure 4. Here, the spectral features
corresponding to palladium (Pd), sulfur (S), and carbon (C)
are detected. The XPS spectrum is calibrated using C 1s
photoemission at 285 eV. XPS features of all elements of the
clusters with their photoelectron shell identification are shown
in Figure 4, and their high-resolution core-level spectra are
shown in Figure S2. The high-resolution Pd core-level
photoemission spectra (Figure 4(inset)) show two peaks:
342.6 and 337.3 eV, which have been assigned as Pd 3d;,, and
Pd 3d;,, of Pd clusters. The Pd 3d;/,, peak position at 337.3 eV
is located between Pd metal (335.1 eV) and Pd(II) in PdCl,
(338 €V).”””7* The observation of these features for these
clusters is qualitatively interpreted based on XPS studies on
gold nanoclusters.”””>~"” In these studies, monotonic shift of
the Au(4f,,) peak is observed due to two components: “final
state effect” arising from inner Au core atoms and “initial state
effect” arising from surface Au atoms.””>~" Similarly, these
two components could attribute to the shift of Pd(3d;,, and
3ds,) peaks for Pd NCs reported here. Due to the smaller
sizes of these Pd NCs, the shift could most probably be
influenced by the “initial state effect.” The comparison of Pd
3d core-level spectra of dark and yellow bands (Figure S3)
showing similar binding energy further confirms that the
monotonic shift is observed from Pd NCs. Another important
observation is the absence of satellite peaks. The good match
of the observed spectra with preliminary data fitting (blue
dotted line in Figure 4(inset)) and the absence of satellite
peaks eliminates the possibility of other charge states of Pd
present in the sample.”>”>%%%!

B CONCLUSIONS

In summary, we demonstrated that the two-phase Brust
synthesis can be utilized to synthesize atomically precise Pd

https://doi.org/10.1021/acs.jpcc.1c09453
J. Phys. Chem. C 2022, 126, 444—450


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c09453/suppl_file/jp1c09453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c09453/suppl_file/jp1c09453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c09453/suppl_file/jp1c09453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c09453/suppl_file/jp1c09453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c09453/suppl_file/jp1c09453_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09453?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09453?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09453?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09453?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09453?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09453?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09453?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09453?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c09453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

NCs using phenylethanethiol. The composition of new Pd
NCs is Pd,;(SCH,CH,Ph) 5 and Pd,3(SCH,CH,Ph),,S,. This
composition is unequivocally confirmed by isotopically
resolved ESI-MS. The size distribution is confirmed using
MALDI-MS. The XPS spectrum reiterates the cluster
formation and the size of these Pd NCs.
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