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ABSTRACT

Some of the authors of the present research group have previously reported mass spectrometric detection of [PdAu9(PPh3)8(CN)]2+ 

(PdAu9CN) by atmospheric pressure plasma (APP) irradiation of [MAu8(PPh3)8]2+ (PdAu8) in methanol and proposed based on density 
functional theory (DFT) calculations that PdAu9CN is constructed by inserting a CNAu or NCAu unit into the Au–PPh3 bond of PdAu8 
[Emori et al., J. Chem. Phys. 155, 124312 (2021)]. In this follow-up study, we revisited the structure of PdAu9CN by high-resolution ion 
mobility spectrometry on an isolated sample of PdAu9CN with the help of dispersion-corrected DFT calculation. In contradiction to the 
previous proposal, we conclude that isomers in which an AuCN unit is directly bonded to the central Pd atom of PdAu8 are better candidates. 
This assignment was supported by Fourier transform infrared and ultraviolet–visible spectroscopies of isolated PdAu9CN. The simultaneous 
formation of [Au(PPh3)2]+ and PdAu9CN suggests that the AuCN species are formed by APP irradiation at the expense of a portion of 
PdAu8. These results indicate that APP may offer a unique method for transforming metal clusters into novel ones by generating in situ active 
species that were not originally added to the solution.

I. INTRODUCTION

In recent years, ligand-protected metal clusters with atomically
defined sizes and structures have been found to be promising
functional nanoscale materials.1–8 Conventionally, they are syn-
thesized by chemical reduction of the corresponding metal–ligand
complexes, followed by isolation. The main challenges of such
synthesis methods are low yields and unpredictability of size, shape,
and composition of the metal clusters obtained. Transformation
of a predefined metal cluster to another cluster9 is a promising
approach to overcome such synthesis problems. Transformation of
the sizes and structures of metal clusters has been induced by a
variety of methods, such as ligand exchange,10,11 metal exchange,12,13

hydride adsorption,14 intercluster reactions,15 photoirradiation,16

redox reactions,17 and change in pH18 and temperature.19

Exposure to atmospheric pressure plasma (APP), which is
typically generated by electrical discharge in flowing helium and
produces reactive chemical species and energetic electrons under
ambient conditions, has attracted attention as a nonthermal source
for preparation20–23 and surface treatment of nanoparticles and
nanostructures.24,25 For example, APP irradiation of Au25(SR)18
created exposed Au sites that were catalytically active for CO oxi-
dation.25 These examples suggest that APP may be used to trigger
selective cluster transformation. To gain insight into what types
of reactions are induced by APP, we recently irradiated methanol
solutions of [Au9(PPh3)8]3+ and [MAu8(PPh3)8]2+ [MAu8, M = Pd
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FIG. 1. (a) Side (left) and top (right) views of the structure of [PdAu8(PPh3)8]2+

having a crown-shaped Pd@Au8 core. (b) DFT-optimized structures of
[PdAu8(PH3)8]2+ and two isomers of [PdAu9(PH3)8(CN)]2+ as a model system
of the APP-induced reaction of [PdAu8(PPh3)8]2+ in methanol.26 Color code: Pd,
cyan; Au, yellow; P, orange; H, white; C, gray; and N, blue.

and Pt, Fig. 1(a)] with APP and found that the following different
transformations occurred, depending on the central atom:26

[PtAu8(PPh3)8]
2+
+ CO→ [PtAu8(PPh3)8(CO)]2+, (1)

[PdAu8(PPh3)8]
2+
+ AuCN→ [PdAu9(PPh3)8(CN)]2+, (2)

[Au9(PPh3)8]
3+ AuCN
ÐÐÐ→ [Aux(PPh3)y(CN)z]

2+, (3)

where (x, y, z) = (9, 7, 1), (10, 8, 2), (10, 7, 2), and (11, 8, 3).
Notably, clusters with unexpected compositions were obtained in
Eqs. (2) and (3) by incorporating AuCN unit(s) generated by APP
irradiation of the precursor clusters. Density functional theory
(DFT) calculations (without dispersion correction) on simplified
models of the products of Eqs. (2) and (3) predicted two bonding
modes of AuCN to the precursors. Figure 1(b) exemplifies two
such isomers of [PdAu9(PH3)8(CN)]2+.26 One has a CNAu unit
inserted into the Au–PH3 bond to form a novel ligand CNAuPH3
on the PdAu8 core, while the other has an AuCN unit directly
bonded to the PdAu8 core to form a new PdAu9 core with a
(–Au–Au2–)3 ring motif. Based on these DFT calculations, the
former structure type was tentatively assigned as a candidate
structure for [PdAu9(PPh3)8(CN)]2+ (PdAu9CN). However, no
experimental evidence for the structure of the products has
previously been provided because [PdAu9(PPh3)8(CN)]2+ could not
be isolated.

In this follow-up study,26 we successfully isolate PdAu9CN
and characterize its structure using ultraviolet–visible (UV–Vis)
and Fourier transform infrared (FT-IR) spectroscopies, and high-
resolution ion mobility spectrometry (IMS) in combination with
DFT calculations including dispersion as well as ion trajectory

simulations. In contradiction to the previous proposal,26 we
conclude that direct bonded isomers are better candidates for
PdAu9CN.

II. METHODS
A. Isolation and characterization
of [PdAu9(PPh3)8(CN)]2+

Precursor cluster PdAu8 was synthesized according to reported
procedures.27 To prepare sufficient amounts of purified PdAu9CN
for structural characterization, we used a larger amount of PdAu8
than in the previous study (0.25 mg in 2 ml of methanol).26 In
particular, methanol solutions (2 ml) containing 0.25, 0.5, 1.0, or
2.0 mg of [PdAu8(PPh3)8](NO3)2 were prepared in a 5 ml vial with
a magnetic stirrer bar. The exit of the APP source (Fig. 2) was placed
a few millimeters above the solution surface level, and the solution
was APP-irradiated while being stirred gently. The APP setup and
operation conditions are detailed in Ref. 26. During the irradiation,
methanol was added to the solution to keep a sufficiently small
distance between the APP source and the solution surface. After APP
irradiation for a given period, the solution was evaporated to dryness
and a brownish solid containing PdAu9CN was obtained.

The collected sample of PdAu9CN was characterized as follows:
positive-mode electrospray ionization (ESI) mass spectra were
recorded on a Bruker compact ESI-Q-TOF mass spectrometer. The
isotope patterns were calculated using iMass software. UV–Vis
absorption spectra were recorded on a Jasco V-630 spectropho-
tometer in the transmission mode using a 1 cm quartz cuvette.

FIG. 2. Schematic diagram of the experimental setup. The numbers represent the
dimensions in mm.



The absorbance was scaled by the Jacobian transformation when
converting the abscissa values from wavelength to energy.28 FT-IR
spectroscopy was conducted using a Jasco FT/IR-4200 spectropho-
tometer. For this measurement, clusters were mixed with KBr,
ground in an agate mortar, and compressed into a sample pellet. The
experimental collision cross sections (CCSexp) of isolated cationic
clusters electrosprayed from solution were determined by traveling
wave ion mobility measurement in nitrogen using a Waters Select
Series Cyclic ion mobility mass (IMS) spectrometer29,30 installed at
Karlsruhe Institute of Technology. Measurement and CCSexp cal-
ibration procedures are as described in Ref. 30. Absolute CCSexp
values given in this study are accurate to within 2% error. The
(relative) precision, e.g., of the ratio of CCSexp values for PdAu8 vs
PdAu9CN was significantly higher and in the order of 0.5%.

B. Theoretical calculations on [PdAu9(PPh3)8(CN)]2+

DFT calculations on PdAu9CN were conducted using the
Gaussian 16 program.31 B3LYP was used as a functional, the
LANL2DZ basis set was used for Pd and Au, and 6-31G(d) was
used for P, C, N, and H. Stable structures of PdAu9CN were
obtained by optimizing the initial structures constructed according
to the reported procedures26 using the GaussView 6.1.1 software.
Structural optimization was first conducted without dispersion
correction, followed by inclusion of the D3 version of Grimme’s
dispersion with Becke–Johnson damping by adding the keyword
“EmpiricalDispersion = GD3BJ.” Finally, vibrational frequencies of
the optimized structures were calculated to confirm that they had
no imaginary frequencies and were located at the local minima
of the potential energy surface. The electronic structures of the
optimized structures were also calculated. The theoretical collision
cross sections in nitrogen (CCScal) of the optimized structures were
calculated by using the IMoS v1.09 program with the quadrupole
interaction of N2 with ions taken into account (assuming NBO
partial charges on the ions).32,33 As a reference, PdAu8 was struc-
turally optimized at the same level of theory, starting from the crystal
structure.34 The electronic structure and CCScal value of PdAu8 were
also calculated.

III. RESULTS AND DISCUSSION
A. Isolation and characterization
of [PdAu9(PPh3)8(CN)]2+

The reaction induced by APP irradiation of the methanol solu-
tion of PdAu8 was monitored by optical spectroscopy and mass
spectrometry. First, the effect of the initial concentration of PdAu8
on the reaction process was studied. Figure S1 shows the positive-
mode ESI mass spectra of the methanol solutions containing various
amounts of PdAu8 after APP irradiation times (TP) of 4 and 8 min.
With the increase in TP, the peak intensities of PdAu9CN and
[Au(PPh3)2]+ increased, while that of PdAu8 decreased, as reported
previously.26 These results suggest that the chemical processes were
not significantly affected by the concentration of PdAu8. However,
the percentage conversion (for a given irradiation time) was reduced
with an increase in the concentration of PdAu8. This trend was also
confirmed by optical spectroscopy, as shown in Fig. S2.

Next, we attempted to determine the minimal TP value required
for full conversion of PdAu8 with the highest concentration in

FIG. 3. (a) Positive-mode ESI mass spectra and (b) UV–Vis absorption spectra of
the methanol solution of PdAu8 (1 mg/ml) after APP irradiation for TP = 0 (black),
8 (orange), 16 (red), 24 (green), and 32 min (blue). The characteristic peaks of
PdAu8 are indicated by triangles in panel (b).

methanol (2 mg/2 ml) to PdAu9CN. The ESI mass spectra of the
irradiated solution in Fig. 3(a) show that the peak intensity of PdAu8
gradually decreased with TP and diminished at TP = 32 min, while
those of PdAu9CN and [Au(PPh3)2]+ increased with TP. This result
indicates that the conversion of PdAu8 to PdAu9CN was com-
pleted at TP = 32 min. Peak δ in Fig. 3(a) tentatively assigned to
[Au3(PPh3)3S]+ (Fig. S3) was newly observed compared with the
previous report26 due to the contamination of the mass spectrom-
eter. Nevertheless, this species did not affect the characterization
results of PdAu9CN, because it was not produced in the sample but
formed in the mass spectrometer. Figure 3(b) shows the UV–Vis
spectra as a function of TP. At TP = 16 min, the characteristic peaks
of PdAu8 at ∼4 and 3.0 eV and a hump at ∼2.4 eV [indicated by
triangles in Fig. 3(b)] almost disappear, while the two peaks at 2.7
and 3.6 eV remain. The spectral profiles at TP = 24 and 32 min are
very similar, indicating that PdAu8 was completely transformed at
TP = 32 min to PdAu9CN that was robust to APP exposure.

Then, PdAu9CN was isolated from the crude product obtained
at TP = 32 min as follows. The crude product was dissolved
in a small amount of dichloromethane, and the solution was
added dropwise to diisopropyl ether. The formed precipitate was
separated from the supernatant after centrifugation and dried
in vacuo. Positive-mode ESI mass spectrometry of the purified sam-
ples confirmed the removal of [Au(PPh3)2]+. By repeating the same
procedure with the precipitates, by-products were further removed,
and finally, PdAu9CN was obtained in purified form (Fig. S4).
Figure 4 shows the positive-mode ESI mass spectrum and UV–Vis
absorption spectrum of the purified PdAu9CN. The experimental
isotope pattern of the purified PdAu9CN was in good agreement
with the simulated one, indicating that the cluster composition
remained unchanged during the reprecipitation. Absorption bands
of the purified PdAu9CN at 3.5 and 4.6 eV became more prominent
due to the removal of [Au(PPh3)2]+. The optical gap was determined
from the spectral onset to be 1.9 ± 0.2 eV, which is comparable to
that of PdAu8 (1.95 eV).35

Figure 5 shows the mobilograms (i.e., ion intensity vs collision
cross section) for PdAu8 and PdAu9CN. These were obtained



FIG. 4. (a) Positive-mode ESI mass spectrum and (b) UV–Vis absorption spectrum
of purified PdAu9CN. The inset in panel (a) is a comparison of the experimental
and simulated isotope patterns of PdAu9CN.

FIG. 5. High resolution (130 cycles) mobilograms for PdAu8 and PdAu9CN as
determined with a Waters Select Series Cyclic ion mobility mass spectrometer.
CCSexp values were 515 and 518 Å2, respectively.

from the respective ion arrival time distributions (ATDs) measured
under identical conditions for both clusters (TW height 22 V, speed
375 m/s, and 130 cycles). The conversion procedure from ATD to
calibrated mobilogram is described in Ref. 30. The mobilograms
show one maximum, each suggesting the presence of only a single
isomer. The corresponding CCSexp values of PdAu8 and PdAu9CN
were determined to be 515 and 518 Å2 with an error of 10 Å2.
The similar CCSexp values for PdAu8 and PdAu9CN show that
PdAu9CN retains the structural bulkiness of PdAu8 despite the
addition of an AuCN unit.

Figure 6 shows the FT-IR spectra of PdAu8 and PdAu9CN. The
spectrum of PdAu9CN shows a peak at 2120 cm−1 with a shoulder
at 2150 cm−1 [Fig. 6(b)], while that of PdAu8 does not [Fig. 6(a)].
These peaks can be assigned to the stretching mode of a C≡N bond
typically observed in the range of 2000–2200 cm−1. This result is
direct evidence of the presence of a C≡N moiety in PdAu9CN. Fur-
thermore, the relative intensity of the two peaks changes depending
on the batch of samples [Figs. 6(b) and 6(c)]. This result implies the
existence of structural isomers in PdAu9CN.

B. DFT calculations on [PdAu9(PPh3)8(CN)]2+

To gain structural insight into PdAu9CN, we previously
conducted DFT calculations on the simplified model system
[PdAu9(PH3)8(CN)]2+ and obtained two isomeric structures, as
shown in Fig. 1(b).26 In the present study, more extensive DFT

FIG. 6. FT-IR spectra of (a) PdAu8 and (b) and (c) two independent batches of
purified PdAu9CN.

calculations were conducted: (1) the authentic PPh3 ligand was used
instead of PH3; (2) more initial structures were surveyed for struc-
tural optimization; (3) dispersion correction was included for a
better description of electronic and geometric structures;30 and (4)
the CCS value, C≡N stretching frequencies, and optical gap were
calculated for each isomer for comparison with the experimental
results.

Five initial structures a–e were prepared for energy optimiza-
tion as follows: structures a and b were constructed by inserting a
CNAu or NCAu unit into the Au–PPh3 bond of PdAu8, respectively.
The other three structures c–e were constructed by coordinating an
AuCN unit to the central Pd atom of PdAu8. In structures c and
d, the CN ligand was bonded to an Au2 or Au site of the outer
ring (–Au–Au2–)3 of an oblate PdAu9 core, respectively. In structure
e, the CN was bonded to an Au atom located on the C3 axis of
the PdAu9 core. Table I summarizes the optimized structures A–E
obtained from a–e, respectively. The analysis of vibrational frequen-
cies indicated that all the isomers corresponded to local minimum
structures. Isomers A and C corresponded to the structures reported
previously [Fig. 1(b)],26 whereas isomers B, D, and E were newly
obtained in the present work. In sharp contrast to the previous DFT
results obtained without dispersion corrections,26 isomers C–E were
more stable than A and B by about 1 eV.

Table I lists the CCScal values of each isomer. The CCScal value
of PdAu8 was 537.0 Å2, which is comparable to those of isomers
C–E, but significantly smaller than those of A and B. Since the
CCSexp values for PdAu9CN and PdAu8 were comparable, the qual-
itative trend in CCScal values clearly indicates that isomers C–E are
more probable candidates for PdAu9CN. The calculated frequencies
of the C≡N stretching mode are also listed in Table I. The calculated
values were scaled by a factor of 0.952 using the C≡N stretch-
ing frequency of CH3CN experimentally observed (2268 cm−1)36

and that theoretically predicted at the same level of calculation
(2381.75 cm−1). The experimental vibrational frequencies (2120
and 2150 cm−1, Fig. 6) are explained by C, D, or E, although a
contribution from A and/or B cannot be excluded completely.



TABLE I. Summary of optimized structures of PdAu9CN.a

Isomer A B C D E

Optimized structuresa

ΔE (eV)b 1.21 1.29 0 0.26 0.20
CCScal (Å2)c 566 568 527 533 540
νCN (cm−1)d 2132 2107 2134 2130 2141
ΔEHL+1 (eV)e 2.95 2.94 3.09 3.01 2.93
aColor code: Pd, cyan; Au, yellow; P, orange; C, gray; and N, blue.
bRelative energy with zero-point energy.
cExperimental collision cross section, CCSexp = 518 Å2 .
dFrequencies of C≡N stretching mode obtained by multiplying the calculated values by a scaling factor of 0.952, which was derived from the ratio of experimental to theoretical
stretching mode of CH3CN (Ref. 35). Experimental frequencies = 2120 and 2150 cm−1 .
eEnergy gap between HOMO and LUMO+1. Experimental optical gap = 1.9 ± 0.2 eV.

The energy levels of the Kohn–Sham (KS) orbitals of isomers
A–E are shown in Fig. 7. The shapes of the KS orbitals shown in Fig.
S5 indicate that the highest occupied molecular orbital (HOMO),
HOMO-1, and the lowest unoccupied molecular orbital (LUMO)
of A–E correspond to the superatomic 1P orbitals. The splitting of
three 1P orbitals into two sub-groups is associated with the oblate
shape of the PdAu8 cores in A and B and the PdAu9 cores in C–E.
One of the 1P orbitals along the compressed direction becomes
destabilized compared with the other two 1P orbitals to form the
LUMO. As a result, isomers A–E take the subshell-closed electron
configuration of (1S)2(1P)4. A similar electronic structure was also
observed in the precursor PdAu8 (Figs. 7 and S5). Nevertheless, close
inspection of Fig. 7 reveals that the KS orbitals of C–E are signifi-
cantly more stable than those of PdAu8, while those of A and B are
close in energy to those of PdAu8. This trend can be explained in
terms of the larger core volume of C–E for electron confinement
than that of PdAu8. The electronic transition from HOMO to

FIG. 7. Electronic structures of optimized structure of PdAu8 and isomers A–E of
PdAu9CN. The calculated ΔEHL+1 values are also given.

LUMO is optically forbidden because they both have 1P charac-
teristics. Thus, the minimum energy optical transition occurred
from HOMO to LUMO + 1. The energy gap between HOMO and
LUMO + 1 (ΔEHL+1) was calculated for each isomer and is listed in
Table I. The calculated ΔEHL+1 values for isomers A–E (∼3 eV) are
significantly larger than the experimental optical onset of PdAu9CN
[1.9 ± 0.2 eV, Fig. 4(b)] and differ by no more than 0.2 eV at most.
Thus, unfortunately, it is not possible to narrow down the list of
candidates based on the optical gap. Nevertheless, the experimen-
tal result that the optical gap is almost the same for PdAu9CN
and PdAu8 [Fig. 4(b)] was reproduced in the DFT calculation
(Table I).

In contradiction to the previous suggestion,26 we concluded
from the IMS measurements and CCScal simulations that isomers
C–E are significantly better candidates for PdAu9CN than isomers
A and B. This assignment is also consistent with the DFT-based
energetic ordering predicted after taking the dispersion correction
into account: isomers A and B are less stable than C–E by about
1 eV. It should be noted that the formation of isomers A and B
is kinetically unfavorable because it would require surmounting a
high energy barrier for the insertion of AuCN into the Au–PPh3
bond. Such a prohibitive kinetic barrier for bond insertion is also
supported by the absence of products in which more than one
AuCN unit is incorporated into PdAu8. The FT-IR and optical
spectroscopic results are consistent with the formation of C–E,
although they do not help further narrow down the candidates.
The simultaneous formation of [Au(PPh3)2]+ and PdAu9CN sug-
gests that the AuCN species are formed by APP irradiation at the
expense of a portion of PdAu8. Then, how was the AuCN species
formed? It was reported that active nitrogen, such as N atoms and
electronically excited N2

∗ produced by electrical discharge, gener-
ates HCN through the reaction with CH3OH.37 We proposed that
similar processes are involved in the formation of AuCN based on
our previous observation of the emission lines of N2

∗ and N2
+ from

the He APP.26 Although further studies are necessary to elucidate the



detailed mechanism, the current results indicate that APP may offer
a unique opportunity to transform metal clusters into novel ones by
generating in situ active species that were not originally present in
the solution.

IV. SUMMARY
In summary, [PdAu9(PPh3)8(CN)]2+ (PdAu9CN) selectively

obtained from [MAu8(PPh3)8]2+ (PdAu8) by atmospheric pressure 
plasma (APP) irradiation was isolated by fractional precipita-
tion. High-resolution ion mobility spectrometry of PdAu9CN 
revealed that the collision cross section (CCS) is comparable to the 
PdAu8 precursor. Density functional theory (DFT) calculations with 
dispersion correction show that direct binding of an AuCN unit to 
the central Pd atom of PdAu8 hardly changes the CCS value, whereas 
insertion of a CNAu or NCAu unit into the Au–PPh3 bond of PdAu8 
significantly i ncreases i t. D FT c alculations a lso p redict t hat the 
former type of isomers having PdAu9 cores is more stable than the 
latter type of isomers retaining PdAu8 cores by ∼1 eV. These results 
indicate that PdAu9CN comprises a PdAu9 core in contrast to the 
tentative structural inference in a previous study.26 The FT-IR and 
optical spectroscopic results are consistent with this assignment.
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