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Abstract: The charging behavior of molecular Au
clusters protected by alkanethiolate (SCnH2n+1 =SCn) is,
under electrochemical conditions, significantly affected
by the penetration of solvents and electrolytes into the
SCn layer. In this study, we estimated the charging
energy EC(n) associated with [PtAu24(SCn)18]

� +e� !
[PtAu24(SCn)18]

2� (n=4, 8, 12, and 16) in vacuum using
mass-selected gas-phase anion photoelectron spectro-
scopy of [PtAu24(SCn)18]

z (z= � 1 and � 2). The EC(n)
values of PtAu24(SCn)18 in vacuum are significantly
larger than those in solution and decrease with n in
contrast to the behavior reported for Au25(SCn)18 in
solution. The effective relative permittivity (ɛm*) of the
SCn layer in vacuum is estimated to be 2.3–2.0 based on
the double-concentric-capacitor model. Much smaller
ɛm* values in vacuum than those in solution are
explained by the absence of solvent/electrolyte penetra-
tion into the monolayer. The gradual decrease of ɛm*
with n is ascribed to the appearance of an exposed
surface region due to the bundle formation of long alkyl
chains.

Introduction

Since the pioneering works by Murray and Whetten,[1,2]

monodispersed gold clusters protected by monolayers of
alkanethiolate (SCnH2n+1 =SCn) have been extensively
studied as a benchmark for systematic understanding of the
quantum confinement effect on electrochemical behavior.[3]

Monolayer-protected Aux clusters (MPCs) with x>130
exhibit metal-like quantized double layer charging behavior
with approximately regularly spaced voltammetric peaks
(the average separation of ΔV°) due to consecutive single-
electron charging steps.[1–5] The charging energy, EC(n), is
dependent on n and is given by:

ECðnÞ ¼ e DV� (1)

where e is the elementary charge. ΔV° can be estimated by
classical electrostatics of a concentric capacitor composed of
a spherical metallic core with radius r surrounded by a
uniform SCn monolayer with the relative permittivity ɛm and
the thickness d,

DV� ¼
e

4pe0em

d
rþ dð Þr (2)

where ɛ0 represents permittivity of vacuum. The best fitting
was achieved by assuming that the SCn layer has an ɛm value
similar to that of self-assembled monolayers (SAMs) of SCn
on a flat Au surface (ɛm~2.6).[6] The detailed ɛm value
decreased somewhat with n due to lower density of the
perimeter region of the monolayer. The capacitance, C=e/
ΔV°, was on the order of sub-attoFarad for SCn-protected
Au clusters[7–9] and Au130, Au133, and Au144 protected by
other thiolates.[10–12]

In contrast, charging of molecular, ultrasmall Au MPCs
occurs via the addition of an electron into a quantized
orbital (reduction).[1–3,13] For example, the EC(n) value for a
representative series of Au25(SCn)18 clusters was obtained as
follows using a voltammetric method.[14] [Au25(SCn)18]

0

consists of an icosahedral Au13 core capped with six units of
Au2(SCn)3.

[15] Within the framework of superatom
concept,[16–18] [Au25(SCn)18]

0 accommodates seven valence
electrons in 1S and triply-degenerated 1P superatomic
orbitals to form an open electron configuration (1S)2(1P)5

(Scheme 1).[19–23] The EC(n) value was estimated using the
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standard potentials of the 0/� 1 and +1/0 redox couples (V7/

8(n) and V6/7(n), respectively) by:[14]

ECðnÞ ¼ e DV� ¼ e ðV7=8ðnÞ� V6=7ðnÞÞ: (3)

The EC(n) value given by eq. 3 is associated with the
reduction [Au25(SCn)18]

0 +e![Au25(SCn)18]
� , which involves

addition of an electron to the singly-occupied 1P orbital.
Similarly, the energy required for [Au25(SCn)18]

� +e![Au25-
(SCn)18]

2� , which involves addition of an electron to the
empty 1D orbital, can be estimated by e (V8/9(n)� V7/8(n))
where V8/9(n) and V7/8(n) are the standard potentials of the
� 1/� 2 and 0/� 1 redox couples, respectively (Scheme 1).
However, this energy not only includes EC(n) obtained by
eq. 3, but also the energy gap (ΔE(n)) between 1P and 1D
orbitals (Scheme 1), which can be calculated by (Table 1):

DEðnÞ ¼ e ðV8=9ðnÞ� V7=8ðnÞÞ� ECðnÞ: (4)

In conclusion, the EC(n) value corresponds to the energy
required to put an electron into a singly-occupied orbital
rather than into an empty orbital. Eqs. 3 and 4 have been
conventionally used to estimate the charging energy and
electrochemical energy gap between highest-occupied and
lowest-unoccupied molecular orbitals (HOMO and LUMO)
of various Au MPCs.[24]

Nevertheless, the EC(n) of Au25(SCn)18 determined by
eq. 3 could not be reproduced by eqs. 1 and 2 because the
SCn ligands do not form a uniform SAM on the highly
curved Au13 core. The short alkyl chains form a dynamic
liquid-like shell, whereas the longer alkyl chains self-
organize into bundles making the monolayer unevenly
packed.[25] Consequently, the solvents and electrolytes parti-
ally penetrate the monolayer, leading to significant deviation
of the effective permittivity of the SCn layer from that of
the corresponding SAM on a flat Au surface. Because of
these structural features, the permittivity of the SCn layer of
Au25(SCn)18 estimated using eq. 2 showed a counterintuitive
trend to increase with increasing n.[14] To compensate for the
breakdown of the concentric nanocapacitor model, Su et al.
proposed a double-concentric-capacitor model in which the
Au MPC is surrounded by solvent with a relative permittiv-
ity ɛs (Inset, Scheme 1):[26]

EC nð Þ ¼ eDV� ¼ e
e

4pe0em*
d

rþ dð Þr
þ

e
4pe0es

1
rþ dð Þ

� �

(5)

where ɛm* is effective relative permittivity of the SCn layer
under the influence of the solvent and electrolyte. By fitting
the EC(n) values of Au25(SCn)18 using eq. 5, Antonello et al.
successfully obtained a reasonable trend that the ɛm* values
decrease monotonically with n and converge to a constant
value of about 7 (Table 1).[14]

These analyses raise the simple question: how does the
EC(n) value of Au25(SCn)18 vary with n in the absence of
solvent or electrolyte? A similar question was raised by
Weaver and Gao, who suggested the concept of “molecular
capacitance” by interrelating the charging energies of metal
clusters in solution and in vacuum.[27] According to the
generalized Koopmans’ theorem,[28,29] the EC(n) value of
Au25(SCn)18 in vacuum (ɛs =1) corresponds to the energy
upshift of 1P orbitals upon electron attachment [Au25-
(SCn)18]

0 +e![Au25(SCn)18]
� (Scheme 1), which can be esti-

mated by:

ECðnÞ ¼ E7eðnÞ� E8eðnÞ: (6)

where E7e(n) and E8e(n) are the energy required for the
detachment of an electron from [Au25(SCn)18]

0 and [Au25-
(SCn)18]

� into vacuum, respectively. To determine E7e(n)
and E8e(n) by photoelectron spectroscopy (PES) in gas
phase,[30,31] we used mono-platinum doped analogues PtAu24-
(SCn)18

[32–35] instead of Au25(SCn)18 because of the following
reasons. (1) [PtAu24(SCn)18]

0 has a similar geometric
structure to that of [Au25(SCn)18]

� : a slightly flattened

Scheme 1. Schematic energy level diagram of [Au25(SCn)18]
z and [PtAu24-

(SCn)18]
z for estimation of the charging energy Ec(n) using voltammetry

(bottom) and PES (top). For simplicity, this diagram ignores the energy
splitting of 1P orbitals due to Jahn-Teller distortion of the PtAu12 core
and repulsive Coulomb barrier for [PtAu24(SCn)18]

2� . The Au(5d) band
located below the 1P orbitals is also omitted. E, ΔE, and V represent
electron binding energy, energy gap between 1P and 1D orbitals, and
redox potential, respectively. Inset shows a double concentric-capacitor
model.

Table 1: Charging energies and HOMO–LUMO gaps of MPCs.[a]

Reactions n d/Å EC/eV ɛm* [b] ΔE[c]/eV Ref.

[Au25(SCn)18]
0 (7e)! 2 2.9 0.282 9.6 1.312 14

[Au25(SCn)18]
� (8e) 4 4.5 0.327 7.5 1.299

8 7.2 0.349 7.3 1.301
12 9.8 0.359 7.0 1.305
16 11.8 0.370 7.1 n.m.[d]

[PtAu24(SCn)18]
� (7e)! 4 4.5 0.335 7.2 36

[PtAu24(SCn)18]
2� (8e) 6 6.1 0.34 7.1 37

[a] Measured in CH2Cl2 containing 0.1 M Bu4NPF6. [b] Calculated by
using eq. 3, r=4.9 Å, and ɛs=11. [c] Determined for [Au25(SCn)18]

� . [d]
Not measurable.
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icosahedral Pt@Au12 core is protected by six units of
Au2(SCn)3 (Figure 1).[32,36,37] (2) [PtAu24(SCn)18]

� and
[PtAu24(SCn)18]

2� are isoelectronic to [Au25(SCn)18]
0 and

[Au25(SCn)18]
� , respectively, and have negative charges for

mass selection in vacuum. (3) The EC(n) values reported for
[PtAu24(SCn)18]

� +e![PtAu24(SCn)18]
2� in solution (Ta-

ble 1) are similar to those for [Au25(SCn)18]
0 +e![Au25-

(SCn)18]
� .[36,37] In this work, we conducted PES on mass-

selected beams of [PtAu24(SCn)18]
� and [PtAu24(SCn)18]

2�

(n=4, 8, 12, and 16) to determine the E7e(n) and E8e(n)
values, respectively. We found that the EC(n) values
estimated by eq. 6 are significantly larger than those in
solution (Table 1) and decrease with n in contrast to the
behavior observed for [Au25(SCn)18]

0 in solution. Moreover,
the ɛm* values in vacuum are estimated to be 2.3–2.0 using
eq. 5, which are significantly smaller than those in solution
(Table 1). This finding can be explained by the fact that the
occupancy of vacuum in the monolayer increases with n.

Results and Discussion

Gas-phase PES of chemically synthesized [PtAu24(SCn)18]
�

and [PtAu24(SCn)18]
2� was conducted by using a home-built

apparatus (Figure S1).[38] Details of the procedure are given
in the Supporting Information. The PE spectra of [PtAu24-
(SCn)18]

� and [PtAu24(SCn)18]
2� recorded at 266 nm are

presented in Figures 2a and 2c, respectively. The lowest
energy bands for [PtAu24(SCn)18]

� (band X in Figure 2a)
and [PtAu24(SCn)18]

2� (band X’ in Figure 2c) are assigned to
the superatomic 1P orbitals, while band Y’ in [PtAu24-
(SCn)18]

2� is assigned to Au(5d) bands based on the previous
DFT study on the model structure [PtAu24(SH)18]

2� :[34] the
orbitals below the 1P orbitals have large contribution from
Au(5d). Band X in Figure 2a exhibits a small peak at lower
EB side. We call this energy gap EHS(n), whose values are
listed in Table 2. Our DFT calculations illustrated that
triply-degenerated 1P orbitals of [PtAu24(SC1)18]

2� split into
two subsets in [PtAu24(SC1)18]

� with an energy difference of
0.12 eV (Figure S4). This splitting can be rationalized by
Jahn–Teller distortion of the PtAu12 core.[36] According to
this calculation, the EHS(n) correspond to the energy differ-
ence between singly-occupied 1P orbital and HOMO-1 in
[PtAu24(SCn)18]

� . Similarly, the HOMO–LUMO gap (EHL)
of [PtAu24(SCn)18]

0 can be approximated by EHS(n) of
[PtAu24(SCn)18]

� if we assume that the energy gap between

the split 1P orbitals of [PtAu24(SCn)18]
� is retained in

[PtAu24(SCn)18]
0. Such assumption has been conventionally

made for the estimation of EHL of naked metal clusters with
closed electronic shell based on the anion PES.[39–41] The
EHS(n) values so estimated are comparable to those of
[PtAu24(SCn)18]

0 in the liquid phase (0.38 eV for n=4,[36]

0.29 eV for n=6[37]) and show no dependence on the alkyl
chain length. These results indicate that both HOMO and
LUMO are stabilized in the solvated environment while
keeping their relative energies constant.

The E7e(n) and E8e(n) values determined by the spectral
onsets are indicated by downward arrows in Figure 2a and
2b, respectively, and are summarized in Table 2. Note that
band X of [PtAu24(SC16)18]

� shows a tailing structure in the
smaller EB range of 2.5–3.3 eV. This is due to the contam-
ination of the [PtAu24(SC16)18]

� beam with its dimer
[(PtAu24(SC16)18)

� ]2 having the same m/z value rather than
two-photon electron detachment process via electronically-
excited states as proven in Figure S5. Attempts to com-
pletely suppress the dimer formation by varying the sample
concentrations were not successful due to strong vdW
interactions between the long alkyl chains of [PtAu24-
(SC16)18]

� .[42] Both E7e(n) and E8e(n) increase with n
(Table 2), indicating the longer alkyl chains stabilize the
electrons more than the shorter alkyl chains. The energy

Figure 1. (a) Ball-and-stick and (b) space-filling representations of
crystal structure of [PtAu24(SC4H9)18]

0.[37] Color codes: yellow, Au; blue,
Pt; green, S.

Figure 2. PE spectra of (a) [PtAu24(SCn)18]
� recorded at 266 nm and

[PtAu24(SCn)18]
2� recorded at (b) 355 nm and (c) 266 nm. Downward

arrows in panels (a) and (b) indicate the E7e(n) and E8e(n) values,
respectively. Double arrows indicate ERCB(n) values of [PtAu24(SCn)18]

2� .

Table 2: Summary of PES results.

n E7e/eV EHS/eV E8e/eV EC/eV ERCB/eV

4 3.25 0.21 1.10 2.15 1.4
8 3.34 0.22 1.32 2.02 1.2
12 3.42 0.20 1.47 1.95 1.1
16 3.42 0.21 1.59 1.83 1.0
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shift of E8e(n) is larger than that of E7e(n). This result
indicates the degree of stabilization is larger for z= � 2 than
for z= � 1.

The E7e(n) is significantly larger than E8e(n) regardless
of n due to electronic charging (Scheme 1). The EC(n) values
of PtAu24(SCn)18 in vacuum were calculated using eq. 6 and
are listed in Table 2 and plotted in Figure 3. The EC(n)
values in Table 2 are (i) significantly larger than those of
Au25(SCn)18 in solution (Table 1) and (ii) show opposite
dependence with respect to n. This n-dependence of EC(n)
can be qualitatively explained as follows using eq 5. The first
and second terms in the bracket of eq. 5 correspond to the
potential difference between Au core and outside of ligand
layer and that between outside of the ligand layer and the
infinity point in vacuum or solvent/electrolyte, respectively.
When ɛs is relatively large (ɛs =12.5 in CH2Cl2 containing
0.1 M Bu4NClO4),[14] EC(n) is dominated by the first term,
and thus increases with d (or n). On the other hand, when ɛs

is small, as in vacuum (ɛs =1), the n dependence of EC(n) is
governed by that of the second term and, therefore, EC(n)
decreases with d (or n). To further rationalize the difference
between the charging behavior of PtAu24(SCn)18 in solution
and in vacuum, the ɛm* value of the ligand layer in vacuum
was estimated by fitting the PES-determined EC(n) values
using eq. 5. In the fitting, we fixed the ɛs and r values to 1
and 4.9 Å,[14] respectively, and the d values were those
estimated from the diffusion coefficient of [Au25(SCn)18]

0

(see Table 3).[14] The EC(n) values were calculated by
changing the ɛm* value by 0.1 increments, and then
compared with the experimental EC(n) values. The charging
energies EC

c(n) thus optimized are summarized in Table 3.
The resulting ɛm* values decrease from 2.3 at n=4 to 2.0 at
n=16 and are slightly smaller than the value estimated for
the SAM of SCn on the extended Au surface (2.6).[6] This n-

dependence for longer alkyl chains can be rationalized by
bundle formation into opposite directions as previously
observed in solution (Figure 3),[14] leaving the metal core
around the “belt” region exposed to the external environ-
ment. Such bundle formation is expected to be even more
pronounced in vacuum (ɛs =1), as can already be inferred
from NMR measurements in benzene (ɛs =2.27).[14] There-
fore, as n increases from 4 to 16, the contribution from the
vacuum becomes even more important, thereby lowering
the ɛm* further from the value expected for homogeneously
distributed alkyl chains (2.6).[6] In other words, the ɛm*
values in solution are larger than those in vacuum (Table 1)
because the solvent and electrolyte with higher ɛs penetrate
into the ligand layer, as already discussed.[14]

Based on the structural insights into the monolayers, we
discuss the effect of a ligand layer on the electron detach-
ment process from doubly-charged anion [PtAu24(SCn)18]

2� .
The PE spectra of [PtAu24(SCn)18]

2� (Figures 2b and 2c)
exhibited cut-off in high EB region due to the repulsive
Coulomb barrier (RCB)[44–46] between the detached electron
and the remaining mono-anion [PtAu24(SCn)18]

� . The height
of RCB (ERCB) was experimentally estimated by the shape
analysis of band Y’ in the PE spectra of [PtAu24(SCn)18]

2�

(Figure 2b). Band Y’ recorded at 355 nm (Figure 2b) looks
thinner than that recorded at 266 nm (Figure 2c), because
the high EB side of band Y’ is cut off by the RCB. The ERCB

values were determined by subtracting the EB value at the
peak position of band Y’ (Figure 2b) from the photon
energy (3.49 eV) and are listed in Table 2. Assuming that
the ERCB is determined purely by the electrostatic repulsion
between the electron and [PtAu24(SCn)18]

� , the ΔV° term of
eq. 5 corresponds to the potential rise when the electron
reaches the core surface from the infinity point (Figure S6).
Under this simple assumption, the ERCB should agree with
the EC value given by eq. 5. However, the ERCB values were
significantly smaller than the EC values by ~0.8 eV regard-
less of n (Table 2). This discrepancy suggests that the
effective RCB height for electron detachment from [PtAu24-
(SCn)18]

2� is lowered due to, for example, the attractive
potential from the positive background of the PtAu12 core.
Table 2 shows that as n increases, the ERCB value decreases
as well as the EC value. This trend suggests that both n-
dependencies have similar origins. As discussed in the
previous paragraph, the monolayer of long alkyl chains is
not uniform in density due to the formation of bundles. The
“local” permittivity in the bundles is expected to be larger
than that in the naked belt region and close to the value of
SCn SAM (2.6),[6] suggesting that the effective RCB height
in the bundles is lower than that in the naked surface. We
therefore propose that the RCB height is not uniform over
the surface and that bundle of the long alkyl chains provides
a lowest-energy route for electron detachment.

Conclusion

In summary, we conducted gas-phase anion photoelectron
spectroscopy on [PtAu24(SCn)18]

� and [PtAu24(SCn)18]
2� (n=

4, 8, 12, and 16) and estimated the charging energy EC(n)

Figure 3. EC(n) of Au25(SCn)18 in solution (ref. [14]) and PtAu24(SCn)18 in
vacuum (this work) as a function of n.

Table 3: Experimental and calculated charging energies.

n r/Å[a] d/Å[b] ɛm* EC
c/eV[b] EC/eV

[c]

4 4.9 4.5 2.3 2.14 2.15
8 7.2 2.1 2.02 2.02
12 9.8 2.0 1.96 1.95
16 11.8 2.0 1.90 1.83

[a] Ref. [43]. [b] calculated by eq. 2 with ɛs=1. [c] determined by PES.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, 63, e202408335 (4 of 6) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202408335 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [07/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



associated with the redox process between the 7e and 8e
superatomic states. We found that the EC(n) values in
vacuum are significantly larger than those reported in
solution[14] and decrease with n in contrast to the case for
dissolved Au25(SCn)18. Compared to the species in solution,
the PES data show that the charging behavior of PtAu24-
(SCn)18 in the isolated state is significantly contributed to by
the vacuum’s relative permittivity, i.e. the effective relative
permittivity of the monolayer is lowered due to SCn
bundling. This study not only proposes a new approach to
evaluate the charging energy of MPCs using gas-phase
photoelectron spectroscopy but also highlights significant
effects of monolayer structures on charging behavior of
MPCs.
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