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ABSTRACT: [Au24Pt(C6)18]0	(C6	=	1-hexanethiolate)	is	twice	as	active	as	commercial	Pt	nanoparticles	in	promoting	the	elec-
trocatalytic	hydrogen	evolution	reaction	(HER),	thereby	attracting	attention	as	new	HER	catalysts	with	well-controlled	geo-
metric	 structures.	 In	 this	 study,	 we	 succeeded	 in	 synthesizing	 two	 new	 Au–Pt	 alloy	 nanoclusters,	 namely	
[Au24Pt(TBBT)12(TDT)3]0	(TBBT	=	4-tert-butylbenzenethiolate;	TDT	=	 thiodithiolate)	 and	[Au24Pt(TBBT)12(PDT)3]0	 (PDT	=	
1,3-propanedithiolate),	by	exchanging	all	the	ligands	of	[Au24Pt(PET)18]0	(PET	=	2-phenylethanethiolate)	with	mono-	or	di-
thiolates.	 Although	 [Au24Pt(TBBT)12(TDT)3]0	was	 synthesized	 serendipitously,	 a	 similar	 cluster,	 [Au24Pt(TBBT)12(PDT)3]0,	
was	subsequently	obtained	by	selecting	the	appropriate	reaction	conditions	and	optimal	combination	of	thiolate	and	dithio-
late	ligands.	Single	crystal	X-ray	diffraction	analyses	revealed	that	the	lengths	and	orientations	of	–Au(I)–SR–Au(I)–	staples	
in	[Au24Pt(TBBT)12(TDT)3]0	and	[Au24Pt(TBBT)12(PDT)3]0	were	different	from	those	in	[Au24Pt(C6)18]0,	[Au24Pt(PET)18]0,	and	
[Au24Pt(TBBT)18]0,	and	these	subtle	differences	were	reflected	in	the	geometric	and	electronic	structures	as	well	as	the	HER	
activities	 of	 [Au24Pt(TBBT)12(TDT)3]0	 and	 [Au24Pt(TBBT)12(PDT)3]0.	 Accordingly,	 the	 HER	 activities	 of	 products	
[Au24Pt(TBBT)12(TDT)3]0	 and	 [Au24Pt(TBBT)12(PDT)3]0	 were,	 respectively,	 3.5	 and	 4.9	 times	 higher	 than	 those	 of	
[Au24Pt(C6)18]0	and	[Au24Pt(TBBT)18]0.	

1. INTRODUCTION 
Hydrogen (H2) has a high mass-based energy density1 and 

produces only water (H2O) as a combustion byproduct in a fuel 
cell engine. On this basis, H2 is considered one of the most im-
portant fuels in any future “net zero carbon” society. At present, 
natural gas reforming/gasification is widely used to produce H2 
because it is the most efficient and least expensive approach. 
However, this process is neither cost effective nor environmen-
tally friendly.2,3 As an alternative, pure H2 (also referred to as 
green H2) can be obtained from H2O via electrocatalytic tech-
niques. However, the most efficient and durable electrocatalysts 
currently available for promoting the hydrogen evolution reac-
tion (HER) are nanoparticles (NPs) made from expensive rare 
metals, such as platinum (Pt),4,5 which prevents the widespread 
adoption of H2 as an affordable fuel. To shift to a “net zero car-
bon” society, it is indispensable to produce more appropriate 
catalysts with a higher activity than Pt NP-based catalysts. 

Recently, Lee et al. reported that a catalyst comprising Au24Pt 
nanoclusters (NCs) protected by 1-hexanethiolates (C6), 
[Au24Pt(C6)18]0 (Figure S1a), exhibits twice the activity of a 
model Pt catalyst comprising 20 wt% Pt on Vulcan carbon black 
(CB).6 Unlike NPs, atomically precise noble metal NCs7 pro-
tected by thiolates (SR; Mm(SR)n, where m = the number of 
metal atoms and n = the number of thiolates) tend to have 
unique but uniform geometric and electronic structures.8–14 
Consequently, the characteristics of SR-protected 

monodisperse NCs are readily correlated with their geometric 
structures.15–24 As an example, Our group previously studied the 
electrocatalytic properties of [Au25(PET)18]0 (PET = 2-phe-
nylethanethiolate; Figure S1b), [Au38(PET)24]0, [Au130(PET)50]0, 
[Au144(PET)60]0, [Au329(PET)84]0, [Au25(C6)18]0, [Au25(C12)18]0 
(C12 = 1-dodecanethiolate; Figure S1c), [Au20.5Ag4.5(PET)18]0, 
[Au23.7Cu1.3(PET)18]0, [Au24Pd(PET)18]0, and [Au25(PET)18]− 
NCs and revealed the relationships between chemical composi-
tion and HER activity.25 In addition, owing to the high HER 
activity of [Au24Pt(C6)18]0, we recently produced new Au–Pt al-
loy NCs from [Au24Pt(PET)18]0 (1; Table 1) using a ligand ex-
change method. The new NC, [Au24Pt(TBBT)18]0 (TBBT = 4-
tert-butylbenzenethiolate; Figure S1d; 2; Table 1),26,27 were 
synthesized by controlling the reaction temperature, reaction 
time, and TBBTH (4-tert-butylbenzenethiol) concentration. 
However, the HER activity of this new material is similar to 
those previously reported for [Au24Pt(C6)18]0. This outcome is 
attributed to the similar Au24PtS18 frame structures of the cata-
lysts and the similar length of the ligands (C6 and TBBT). 
These ligands stabilize Au24Pt NCs but restrict the access of 
protons (H+) to the Au12Pt metal cores serving as the active sites 
for the HER. To improve the HER activity of SR-protected 
Au24Pt NCs, the access of H+ to the Au12Pt core has to be in-
creased by tuning the structure.  
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Table 1. Chemical Formula and Molecular Weight of 1−4 and 
2’−3’ 

No.	 chemical	formula	 exp.	vs	
calc.	

molecular	
weight	

1	 [Au24Pt(PET)18]0	 exp.	 7391.93	
2	 [Au24Pt(TBBT)18]0	 exp.	 7896.49	
3	 [Au24Pt(TBBT)12(TDT)3]0	 exp.	 7277.89	
4	 [Au24Pt(TBBT)12(PDT)3]0	 exp.	 7224.02	
2’	 [Au24Pt(C1)18]0	 calc.	 5769.08	
3’	 [Au24Pt(C1)12(TDT)3]0	 calc.	 5858.95	
4’	 [Au24Pt(C1)12(PDT)3]0	 calc.	 5805.08	
 
Herein, we report the synthesis of two new Au–Pt alloy NCs, 

namely [Au24Pt(TBBT)12(TDT)3]0 (3; Table 1) and 
[Au24Pt(TBBT)12(PDT)3]0 (4; Table 1) (TDT = thiodithiolate 

and PDT = 1,3-propanedithiolate; Figure S1e,f). These NCs 
contain thiolate (TBBT) and dithiolate (TDT or PDT) ligands 
(Scheme 1).28,29 The geometric and electronic structures of these 
NCs were evaluated using single crystal X-ray diffraction 
(SCXRD), ultraviolet-visible (UV-vis)-near infrared (NIR) 
spectroscopy, and density functional theory (DFT) calculations. 
Detailed analyses of the SCXRD patterns of 3 and 4 and the data 
previously reported for 2 established that the surface staple 
structures and orientations of 3 and 4 were significantly differ-
ent from those of 2 (Scheme 1), despite their similar icosahedral 
Au12Pt cores, resulting in the exposure of the gold (Au) atoms 
of the metal core on the outside. These differences were also 
evident in the absorption spectra, redox potentials, and energy 
gaps associated with the highest occupied molecular orbitals 
(HOMOs) and lowest unoccupied molecular orbitals (LUMOs). 
These modified surface staple structures prompted an explora-
tion of the electrocatalytic properties of the new NCs. Electro-
chemical HER experiments revealed that both 3 and 4 func-
tioned as electrocatalysts, and the mass-based activities of 3 and 
4 were, respectively, 3.5 and 4.9 times that of other 
Au24Pt(SR)18 NCs, such as [Au24Pt(C6)18]0 and 2. 

 

2. RESULTS AND DISCUSSION 
2.1. Synthesis and Characterization  
Precursor NC 1 was synthesized following a reported method 

(Scheme S1).30 Subsequently, 2 was prepared by completely ex-
changing all 18 PET ligands of 1 with TBBT at 60 °C using a 
modified version of the method for synthesizing 2, which was 
previously reported by the authors26 (Scheme S2). During this 
high-temperature ligand exchange reaction, greenish-brown 
product was generated and isolated by preparative thin-layer 
chromatography (PTLC). The purity and composition of the 
isolated product were confirmed by comparing the UV-vis 
spectroscopy and electrospray ionization-mass spectrometry 
(ESI-MS) data of the product with the data reported for 
[Au24Pt(TBBT)18]0 (Figure S2).26  

Interestingly, 3 was serendipitously obtained while attempt-
ing to synthesize 2 using 97% pure TBBTH (TCI Chemicals) 
(Schemes 1 and S3). A blackish-green crude reaction mixture 
was obtained following the exchange reaction, and its UV-vis 
absorption spectrum was notably different from that expected 
for 2 (Figure 1a). Major product 3 was separated by PTLC (Fig-
ure S3), and its purity was verified by reverse-phase high-

performance liquid chromatography (RP-HPLC) (Figure 1b). 
The separated product generated only one RP-HPLC peak, con-
firming that it was pure. However, the retention time (30.9 min) 
of this peak was different from that of 2 (31.7 min), further in-
dicating that a new NC was obtained.  

 

Scheme	1.	Schematic	of	the	synthesis	of	(a)	2,	(b)	3,	and	(c)	4	
from	1.	

 

Figure	1.	(a)	UV-vis	spectra	and	(b)	RP-HPLC	chromatograms	
of	1−4.	

Efforts to determine the chemical composition of the newly 
formed NC using ESI-MS (Figure S4) proved unsuccessful31 
because the major peak (single peak) could not be assigned to 
any feasible chemical composition based on various combina-
tions of the initial (PET) and exchanging (TBBT) ligands or 
their fragments, such as S2−,32 with Au and Pt from precursor 1 
(Table S1). To determine whether newly formed 3 contained 
any of the initial thiolate, namely PET from 1 
([Au24Pt(PET)18]0), a different starting NC, [Au24Pt(C6)18]0, 
was used to synthesize 3 (Scheme S4). Surprisingly, the newly 
formed NC exhibited the same ESI-MS and UV-vis spectra as 
the material generated using 1 (Figure S5), confirming that the 
same NCs were formed in both reactions. Hence, the new NCs 
did not contain the starting thiolate (PET or C6) but instead 
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incorporated either a new ligand generated in situ or impurities 
present in TBBTH.  

Although the composition of the newly formed NC could not 
be identified, the single peak observed in the RP-HPLC (Figure 
1b) and ESI-MS data (Figure S4) prompted an attempt to crys-
tallize the obtained NC. A rod-shaped single crystal was even-
tually grown from a mixture of dichloromethane and ethanol 
(Figure S6) after multiple attempts using various crystallization 
methods and solvent combinations. SCXRD analysis revealed 
that the chemical composition of the new NC was 
[Au24Pt(TBBT)12(TDT)3]0 (Table 1), which agreed with the 
peak positions and isotopic pattern of the ESI-MS spectrum 
(Figure S5).  

Interestingly, when the same reaction conditions were em-
ployed with 98% pure TBBTH (FUJIFILM Wako Pure Chem-
ical Corporation) as the exchanging ligand (Scheme S2), 2 was 
produced instead of 3. This finding indicated that 
HSCH2SCH2SH (TDTH2) was present as an impurity in 97% 
TBBTH.33 

To provide further evidence, we conducted a thiolate-ex-
change reaction of 1 using a mixture of two commercially avail-
able thiols, 98% pure TBBTH and 1,3-propanedithiol (PDTH2) 
(Schemes 1c and S5), a structural homologue of TDTH2. The 
UV-vis spectrum of the crude reaction mixture was similar to 
that of 3, suggesting that a structural homologue of 3 was ob-
tained. Subsequent purification of the main product via PTLC 
(Figure S7), followed by an ESI-MS analysis (Figure S8), con-
firmed that this material comprised [Au24Pt(TBBT)12(PDT)3]0 
(4; Table 1).  

 
2.2. Electronic Structures 
2.2.1 UV-vis-NIR Spectroscopy. The UV-vis-NIR absorp-

tion spectrum of product 3 was markedly different from that of 
2, which contained a strong peak with a maximum at 632 nm, a 
broad shapeless peak below 500 nm, and a less intense peak in 
the NIR region with a maximum at 1125 nm (Figure 1a and 
S9Aa). The peak at 632 nm was asymmetrically split into two 
peaks with broad maxima at 590 and 620 nm (Figure 1a and 
S9Ab). In addition, 3 provided a pair of new, partially over-
lapped asymmetrical peaks with broad maxima at 475 and 523 
nm. Interestingly, there were no significant changes in the shape 
or position of the peak in the NIR region, indicating that the 
structural difference, from 2 to 3, did not greatly affect the ab-
sorption properties of icosahedral Au12Pt.34 The UV-vis-NIR 
spectrum of 4 was also similar to that of 3 (Figure 1a and S9Ac). 
However, peaks in the range of 570–680 nm showed an oppo-
site trend. Specifically, 4 provided a more intense absorption 
peak at approximately 620 nm, whereas 3 generated a higher 
absorption peak at approximately 590 nm.  

 
2.2.2. DFT Calculations. Both DFT and time-dependent 

(TD)-DFT calculations using the Gaussian program were em-
ployed to elucidate the electronic structures of these products. 
In these calculations, the structures of 2−4 obtained from 
SCXRD data (see Sec. 2.3) were used as the initial models, 
while TBBT was modeled using methanethiolate (C1) to reduce 
the calculation cost (Figure S10). No changes were made to the 
TDT moiety of 3 nor PDT moiety of 4 (Figure S10). Figures 2 
and S11 presents the predicted orbitals and simulated absorp-
tion spectra of [Au24Pt(C1)18]0 (2’), [Au24Pt(C1)12(TDT)3]0 (3’), 
and [Au24Pt(C1)12(PDT)3]0 (4’) (Table 1). Consistent with the 

experimental spectra (Figure S9B), the absorption intensity in-
creased as the energy increased.  

 

 

Figure	2.	(a)	Orbitals	related	to	the	optical	absorption	spectra	
and	(b)	calculated	UV-vis-NIR	spectra	of	2’	(red),	3’	(blue),	and	
4’	(green).	In	(a),	H	and	L	indicate	HOMO	and	LUMO,	respec-
tively.	In	(b),	the	baselines	of	2’	and	3’	are	shifted	upward	by	2	
and	1	×104	M−1	cm−1,	respectively,	to	facilitate	analysis.	

The absorption spectra and orbitals of 2’ resembled those of 
[Au24Pt(C1)18]0, which were previously reported.6,35–37 Each of 
these three NCs had six valence electrons with LUMO, HOMO, 
and HOMO−1 frontier orbitals containing superatomic P and D 
orbital shapes (Figure S11). The predicted shapes of these or-
bitals, especially the characteristic superatomic orbitals distrib-
uted inside the Au12Pt cores, were similar for all three NCs. 
However, 3’ and 4’ had long chain-like staple morphologies 
connected by TDT or PDT moieties, which formed networks, 
leading to highly symmetric structures belonging to the D3 point 
group (Scheme 1). For this reason, both NCs exhibited signifi-
cant orbital degeneracy (Figure 2a).  

Table S2 summarizes the calculated vertical transitions of 2’, 
3’, and 4’ in the low-energy region. The low-energy peak la-
beled A in the spectra of all NCs (Figure 2) was attributed to the 
HOMO−2(D) or HOMO−3(D) to LUMO(Pz) transition. Tran-
sitions from HOMO or HOMO−1 to LUMO are forbidden be-
cause they involve transitions from one superatomic P orbital 
to another without changes in the angular momenta of the su-
peratomic orbitals.34 The A peak of 3’ was blue-shifted from 
that of 2’. The peak labeled B was also blue-shifted to B1 as a 
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consequence of TDT-based bridging (Figure S11). In the case 
of the experimental absorption spectrum, this peak was at ap-
proximately 2 eV and was also blue-shifted as a result of TDT 
bridging (Figure 1a and S9B). Peak B was associated with sev-
eral transitions, most notably the HOMO or HOMO−1 → 
LUMO+1 or LUMO+2 transitions (Table S2). Peak B1 was also 
attributed to transitions between similar orbitals (Table S2). In 
contrast, newly emerged peak B2 was attributed to the HOMO 
or HOMO−1 → LUMO+3 or LUMO+4 transition. The degen-
erate LUMO+3 and LUMO+4 orbitals of 3’ and 4’ were derived 
from the non-degenerate LUMO+3 and LUMO+4 orbitals of 2’ 
(Figure 2a). The above findings established that TDT bridging 
produced orbital degeneracy as a consequence of symmetry en-
hancement and the stabilization of orbitals other than the 
LUMO, resulting in new absorption properties. 

 
2.3. Single Crystal X-ray Diffraction Structures  
The geometric structures of 3 and 4 were determined using 

SCXRD (refinement details are provided in Table S3 and S4). 
Detailed structural analyses of 2–4 revealed that 3 and 4 had 
similar structures (Figures 3 and S12), both of which were sig-
nificantly different from 2. Specifically, all three possessed a 13 
atom Au12Pt icosahedral core protected by Au-thiolate staple 
moieties. However, the size and orientation of these staples var-
ied (Figure 3). As an example, 2 had a total of six SR–Au–SR–
Au–SR staples wrapped around its 13-atom icosahedral core. In 
contrast, 3 and 4 had two such staples joined by a dithiolate 
(TDT and PDT, respectively) to form a new, longer staple: 
S(R)–Au–S(R)–Au–S–CH2–(S or CH2)–CH2–S–Au–S(R)–
Au–S(R) (where R = 4-tBuPh-). A total of three such staples 
were formed by three dithiolates (TDT or PDT).  

Although 3 and 4 retained the icosahedral structure of 2, the 
former two NCs displayed considerable distortion from an ideal 
icosahedral structure because of John–Teller effects originating 
in the partially filled non-degenerate P orbitals of the superatom 
electron configuration (1S21P4) of each NC.35 The extent of dis-
tortion from an ideal icosahedron was assessed using the con-
tinuous symmetry measure (CSM) method implemented in 
SHAPE V2.1,38,39 which provided CSM values of 0.073, 0.249, 
and 0.244 for 2, 3, and 4, respectively (Figure S13). These data 
suggested that the latter two NCs comprised more distorted 
cores than 2. 

NC 2 contained two types of Au–Pt bonds with distances of 
2.79 and 2.76 Å. This finding demonstrated that, among the 12 
Pt–Au bonds, six bonds were elongated and the remaining six 
bonds were compressed to an equal extent (Figure S14a and Ta-
ble S5).6 In contrast, 3 had two equivalent Pt–Au bonds (2.79 
Å), each with the same length as the longest Pt–Au bond in 2 
(Figure S14a and Table S5). Among the remaining 10 Pt–Au 
bonds in 3, two bonds (lengths of 2.75 Å) were more com-
pressed than the other eight bonds (lengths between 2.78 and 
2.76 Å). However, the difference between the shorter Pt–Au 
bonds (2.76 Å in 2 and 2.75 Å in 3) was small (0.01 Å). The 
icosahedral core of 4 had six types of Au–Pt bonds with lengths 
of 2.75, 2.76, ~2.77, ~2.77, 2.78, and 2.79 Å (Figure S14a and 
Table S5), similar to 3. Furthermore, the four longer and four 
shorter bonds of both 3 and 4 were similar in length, while the 
remaining four Pt−Au bonds of 4 were shorter than those of 3. 
Therefore, the icosahedral core of 4 was more compressed than 
that of 3. Overall, the order of icosahedral compression was 

estimated to be 2 > 4 > 3, which differed from the trend de-
scribed by the icosahedral distortion values (3 > 4 > 2; Figure 
S13).  

Similarly, the Au–Au bonds in 2–4 varied in length (Figure 
S14b and Table S5). A plot of the Au–Au bond lengths (Figure 
S14b) revealed that 2 had a more ideal icosahedral core than 3 
and 4, both of which had similar cores with respect to Au–Au 
bond length and overall shape.  

 

 

Figure	3.	Comparison	of	geometric	structures	of	2−4:	Whole	
structures	(left),	core	(middle),	and	staples	(right)	of	(a)	2,	(b)	
3,	and	(c)	4.	All	the	carbon	atoms	of	the	TBBT	ligand	as	well	as	
all	 the	H	 atoms	 of	 both	 TBBT	 and	 dithiolate	 ligands	 are	 not	
shown	for	clarity.	

 
2.4. Importance of Alkyl Chain Length and Rigidity of Dithi-

olate-Ligands 
Interestingly, all our efforts to synthesize homologues of 4, 

such as [Au24Pt(TBBT)12((S–(CH2)n–S))3]0 (n = 2, 4 or 6), using 
alkyl dithiolate ligands of varying chain lengths resulted in a 
mixture of products, which precipitated as insoluble substances 
during the prolonged reaction or purification steps (Schemes 
S6−S8 and Figures S15−S17). Precipitation occurred regardless 
of whether the reactions were conducted at room temperature 
or elevated temperatures under conditions similar to those used 
to synthesize 4. These results suggest that there is an optimum 
dithiolate chain length for the high-yield synthesis of 4 or its 
homologues. 

1,3-Benzenedithiol (BDTH2) (Figure S1g) has the same num-
ber of carbons between the two –SH groups as PDTH2, albeit in 
the form of a rigid benzene group. However, exchange reactions 
conducted with BDTH2 at both room temperature and 60 °C 
failed to produce homologues of 4, such as 
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[Au24Pt(TBBT)12(BDT)3]0 (Scheme S9 and Figure S18), even 
when the BDTH2 concentration was varied and the reaction 
time was increased. This outcome underscores the importance 
of optimizing both the length and flexibility of the carbon chain 
to enable the precise synthesis of dithiolate-containing NCs, 
such as 3 or 4.  

According to a previous study, an exchange reaction between 
[Au25(PET)18]− NCs and PDTH2 yields a mixture of 
Au25(PET)18−2x(PDT)x NCs (x = 2–6) rather than a single main 
product, such as [Au25(PET)12(PDT)3]−.40 By analyzing the NC 
mixture using matrix-assisted laser desorption ionization–MS 
and performing DFT calculations of a hypothetical 
[Au25(PDT)9]− NC, the authors predicted that an inter-staple 
PDT exchange between nearest core–apex positions preferen-
tially occurs over an inter-staple exchange between nearest 
core–core positions. Interestingly, the present SCXRD analysis 
of PDTH2-exchanged 4 resulted in an opposite trend to that ob-
tained from the prior work described above. In the present study, 
each PDT moiety was preferentially connected to two nearest 
staples (RS–Au–SR–Au–SR, where SR = TBBT) through inter-
staple core–core substitution (Figure 3).  

The preferential inter-staple core–core substitution of PDT 
observed in the case of 4 could be explained by considering the 
preferential substitution site for the incoming thiolates. Previ-
ous studies by the authors41,42 on exchange reactions between 
chain-like C12 thiolate and [Au24Pd(PET)18]0 showed that C12 
preferentially exchanges with PET moieties at the core position 
to provide monosubstituted regioisomer 
[Au24Pd(PET)17(C12)]0. Therefore, it is likely that the reaction 
between PDTH2, which is a chain-like dithiol, and 
[Au24Pt(SR)18]0 (SR = PET or TBBT) proceeds with the initial 
substitution of core-positioned PET or TBBT through one of its 
two thiolate groups to form intermediate NCs containing thio-
late and dithiolate moieties, such as 
[Au24Pt(TBBT+PET)17(PDTH)]0. Dangling Au–S–
CH2CH2CH2–SH groups in these NCs are immediately substi-
tuted by additional core-positioned PET or TBBT ligand in the 
nearest inter-staples to form [Au24Pt(TBBT+PET)16(PDT)]0. A 
similar pathway also provides [Au24Pt(TBBT)14(PDT)2]0

  (Fig-
ure S19-S21 and Scheme S10) and [Au24Pt(TBBT)12(PDT)3]0, 
in which  each PDT moiety was preferentially connected to two 
nearest staples through inter-staple core–core substitution. 

We also attempted to produce [Au24Pt(TBBT)10(PDT)4]0 and 
[Au24Pt(TBBT)8(PDT)5]0 by controlling the reaction between 2 
and PDTH2. However, [Au24Pt(TBBT)10(PDT)4]0 was produced 
in low yield and [Au24Pt(TBBT)8(PDT)5]0 was produced in 
lower yield (Figure S22). Although 4 has six additional core 
sites for further PDTH2 substitution, the distances between the 
core-positioned S of TBBT ligands (3.749, 3.897 and 4.022 Å) 
were too short for PDT bridging (~4.487 Å; Figure S23). There-
fore, the staples in [Au24Pt(TBBT)10(PDT)4]0 and 
[Au24Pt(TBBT)8(PDT)5]0 were under considerable strain, which 
suppressed the production of [Au24Pt(TBBT)10(PDT)4]0 and 
[Au24Pt(TBBT)8(PDT)5]0, resulting in 4 as the main product. 

 
2.5. Crucial Role of Thiolate Structure 
To assess the effect of thiolate on the synthesis and properties 

of homologues of 4, a new series of NCs, 
[Au24Pt(SR)12(PDT)3]0, was produced from Au24Pt(SR)18 (SR = 
C6 or PET) (Schemes S11 and S12). Successful synthesis of 
[Au24Pt(SR)12(PDT)3]0 NCs was confirmed with the UV-vis 
spectra of these products, which were similar to that of 4 

(Figures S24 and S25). In particular, [Au24Pt(C6)12(PDT)3]0 
was sufficiently stable to allow isolation and analysis of its 
composition by ESI-MS (Figure S24), although 
[Au24Pt(PET)12(PDT)3]0 completely decomposed/polymerized 
during washing an excess of PDTH2 (Figure S25). Therefore, 
the structural characteristics of the SR moiety affects both the 
synthesis and stability of these novel [Au24Pt(SR)12(PDT)3]0 

NCs.  

Figure 4. Comparison of the (a) LSV curves, (b) mass-based 
activities at −0.35 V vs. RHE, and (c) Tafel plots of 
[Au24Pt(C6)18]0, 2, 3, and 4.  

 
2.6. Electrocatalytic Properties  
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In contrast to conventional Au24Pt(SR)18 NCs, 3 and 4 syn-
thesized in the present work have only 12 TBBT ligands. The 
remaining six bulky TBBT ligands are replaced by three chain-
like TDT or PDT dithiolate ligands. This reduction in the num-
ber of bulky ligands is expected to enhance catalytic activity by 
facilitating the access of reaction substrates to the active sites of 
3 and 4. Therefore, the HER activities of [Au24Pt(C6)18]0 and 
2−4 as representative Au24Pt NCs were evaluated by performing 
electrochemical measurements using CB loaded with these NCs. 
Au L3-edge X-ray absorption fine structure and transmission 
electron microscopy assessments confirmed that the elec-
tronic/geometric structures of these NCs did not change during 
the catalyst preparation process (Figure S26).  

The HER activities of these four specimens were subse-
quently investigated using linear sweep voltammetry (LSV) in 
0.1 M aqueous HClO4. During these trials, the current on the 
negative side was attributed to water reduction. Both NCs de-
creased the onset potential and current density (Figure 4a), 
demonstrating that these materials promoted the HER. Further-
more, 3 and 4 increased the current density at a lower overpo-
tential compared with [Au24Pt(C6)18]0 and 2. Specifically, the 
onset overpotentials in the presence of [Au24Pt(C6)18]0 and 2−4 
were 392, 396, 321, and 300 mV, respectively. Similarly, at the 
fixed overpotential of –0.35 V vs. RHE, the mass-based activi-
ties of 3 (8.15 A mgAuPt

-1) and 4 (11.37 A mgAuPt
-1) were, respec-

tively, 3.5 and 4.9 times those of [Au24Pt(C6)18]0 (2.35 A mg 

AuPt
-1) and 2 (2.32 A mg AuPt

-1) (Figure 4b). These data unambig-
uously established that 3 and 4 were more efficient HER cata-
lysts than [Au24Pt(C6)18]0 and 2. LSV data obtained with these 
materials after five scans are presented in Figure S27. These 
LSV curves almost overlapped at all scan numbers, indicating 
that [Au24Pt(C6)18]0 and 2−4 promoted the HER in a stable man-
ner (Figure S27). Our previous work25 showed that the alkyl 
chain length has a significant impact on HER activity.43 Hence, 
it was surprising to discover that 3 and 4 exhibited higher activ-
ities than [Au24Pt(C6)18]0,26,44 1, and 2, despite their similar thi-
olate alkyl/aryl chain lengths. 

 

 

Figure	5.	Mechanism	by	which	a	HER	electrocatalyst	promotes	
the	two-step	HER	and	Tafel	slope	value	for	each	step.		

To understand the origin of the high HER activity of 3 and 4, 
Tafel plots (Figure 4c) were generated from the corresponding 
LSV curves for each of the NCs (Figure 4a). Although these 
materials provided considerably different onset potentials (Fig-
ure 4a), [Au24Pt(C6)18]0 and 2−4 provided similar Tafel slopes 
(119, 125, 126, and 129 mV/dec, respectively) (Figure 4c). 
These values were close to the theoretical Tafel slope (120 
mV/dec) of the Volmer step in the two-step HER (Figure 5). 
Therefore, in the presence of all materials, the HER likely pro-
ceeds via a similar mechanism in which H+ adsorption is the 
rate determining step (RDS). In the case of [Au24Pt(SR)18]0, the-
oretical analyses have indicated that H+ is adsorbed on the 

Au12Pt core.45,46 Hence, the site of initial H+ adsorption on 
[Au24Pt(SR)12(dithiolate)3]0 is likely the Au12Pt core. In the dif-
ferential pulse voltammetry curves, the position of the 0/+1 re-
dox peak of 2 shifted to the negative side compared with those 
of 3 and 4 (Figure S28). This indicates that the electronic struc-
ture of the Au12Pt core of 2 is more susceptible to oxidation35 
(accept H+)45 than those of 3 and 4. However, the HER activities 
of 3 and 4 were higher than that of 2. These results indicated 
that the difference in HER activities could not be explained by 
the difference in the electronic structures of 2−4.  

 

 

Figure	6.	Exposed	surface	metal	atoms	(shown	 in	gold)	esti-
mated	using	Discovery	Studio	2021	Client	for	(a)	2,	(b)	3,	and	
(c)	4	shown	from	two	different	angles.	 

Here, it is helpful to consider the manner in which H+ diffuses 
through the electrolyte to the Au24Pt surface because the Au12Pt 
core is the site of the HER. According to the proton jumping 
theory (namely the Grotthuss mechanism), H+ diffuses through 
water by repeatedly forming and dissociating bonds between 
adjacent hydronium ions (H3O+) via a hydrogen-bond net-
work.47,48 Therefore, water molecules (H3O+) must penetrate the 
hydration structures (e.g., H5O2

+, H9O4
+, and H13O6

+)49,50 by 
avoiding the hydrophobic R groups of the –SR ligands to reach 
the Au12Pt surface, where H+ adsorption occurs.45,46 Therefore, 
reducing the distance between the hydrated structure and the 
Au12Pt surface increases the rate of H+ adsorption on the Au12Pt 
surface. As shown in Figure 6, incorporating three –SCH2–(S or 
CH2)–CH2S– ligands into 3 and 4 exposed the Au atoms of the 
metal core to a greater extent than was possible in 2. As a result, 
the distance between the hydrated structure and the Au12Pt sur-
face was significantly reduced, thereby facilitating proton trans-
fer to the Au12Pt surface.51 Increasing the rate of H+ diffusion 
promotes H+ adsorption and thus accelerates the HER. Indeed, 
introducing hydrophilic functional groups at the ends of the SR 
ligands of Au24Pt(SR)18 enhances the HER activity by promot-
ing proton migration to the ligand surface.52 Therefore, the high 
HER activities of 3 and 4 likely originate in their geometric 
structures, which promotes the adsorption of H+ on the Au12Pt 
surface. We expect that the origin of the slight difference in the 
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HER activities of 3 and 4 would be revealed by investigating 
the diffusion of water molecules toward 3 and 4 through the hy-
dration structures using molecular dynamics and TD-DFT cal-
culations in future studies.  

 
3. CONCLUSIONS 
Two new Au–Pt alloy NCs were synthesized, and their geo-

metric structures were determined using SCXRD. Detailed 
analyses of the syntheses and geometric structures of the prod-
ucts revealed that specific reaction conditions, including the re-
action temperature and mixture of thiolate and dithiolate ligands, 
were required to produce these materials. In the performance 
trials, the HER activities of 3 and 4 were, respectively, 3.5 and 
4.9 times those of [Au24Pt(C6)18]0 and 2, and this was explained 
by the greater exposure of surface Au atoms on the former, al-
lowing easier access of H+ to the HER-active Au12Pt core. Fur-
ther investigations of the activities of these NCs as applied to 
the oxygen reduction reaction and carbon dioxide reduction re-
action are currently underway in our laboratory. 

 
4. EXPERIMENTAL 
4.1. Chemicals 
All chemicals were obtained commercially and used without 

further purification. Silver nitrate (AgNO3), dimethyl sulfide, 
tetrahydrofuran (THF), trichloroethylene, methanol, toluene, 
hexane, dichloromethane, diethyl ether, acetonitrile, acetone, 
ethanol, and n-pentane were from Kanto Chemical Co. Tri-
phenylphosphine (PPh3), TBBTH (98%), silica gel 60N (spher-
ical, neutral, particle size 63–210 µm), 2-propanol, and Nafion 
were from FUJIFILM Wako Pure Chemical Co. Sodium tetra-
hydroborate (NaBH4), tetrakis(triphenylphosphine)platinum(0) 
(Pt(PPh3)4), triethylamine, TBBTH (97%), 1,2-etanedithiol, 
1,3-propanedithiol (PDTH2), 1,4-butanedithiol, 1,6-hexanedi-
thiol, 1-hexanethiol, BDTH2 and 1-propanethiol were from To-
kyo Chemical Industry Co. 2-Phenylethanethiol (PETH) was 
from Sigma Aldrich. Hydrogen tetrachloroaurate(III) (HAuCl4) 
tetrahydrate was from Tanaka Kikinzoku kogyo. Alumina N 32-
63 was from MP Biomedicals. Pure Milli-Q H2O (18.2 MΩ·cm) 
was generated using a Merck Millipore Direct 3 UV system. 

 

4.2. Synthesis 
[Au24Pt(PET)18]0 (1). NC 1 was synthesized using a previ-

ously reported method with slight modifications.30 First, 4.80 
mmol of HAuCl4 was dissolved in 10 mL of acetone, to which 
was added 10.6 mmol of PPh3 dissolved in acetone, and the re-
sulting solution was stirred at 0 °C for 15 min and filtered. The 
solution was then washed with acetone and dried to give 
AuClPPh3. Resulting AuClPPh3 was dissolved in dichloro-
methane, to which AgNO3 was added, and the mixture was 
stirred in the dark for 1 h. The resulting product was purified to 
give Au(NO3)(PPh3). Next, Pt(PPh3)4 was dissolved in ethanol, 
refluxed under argon for 2 h, and washed to obtain Pt(PPh3)3. 
Au(NO3)(PPh3), synthesized earlier, was dissolved in THF and 
added to the solution, which was stirred under hydrogen for 3 h 
and allowed to stand for 6 h. The resulting product was quickly 
washed and dried under vacuum. The dried product was dis-
solved in dichloromethane, to which triethylamine and 
Au(NO3)(PPh3) were added, and the mixture was stirred over-
night. The resulting product was dried using a rotary evaporator, 
dissolved in methanol, and crystallized by adding diethyl ether 

as a poor solvent. The resulting crystals were washed with di-
ethyl ether and n-pentane and solidified to dryness to give 
[PtAu8(PPh3)8](NO3)2. Then, [PtAu8(PPh3)8](NO3)2 was dis-
solved in ethanol and 500 µL of 0.1 M NaBH4 ethanol solution. 
AuCl(S(CH3)2) was obtained by dissolving HAuCl4 in methanol, 
to which was added dimethyl sulfide and 900 µmol of PETH in 
THF, and the mixture was stirred for 30 min. Next, 1.20 mmol 
of triethylamine dissolved in THF was added, and the mixture 
was stirred for 30 min. The product was washed and purified on 
an alumina column (dichloromethane:hexane = 1:1) to give NC 
1 (Scheme S1). 

[Au24Pt(TBBT)18]0 (2). NC 2 was synthesized using a previ-
ously reported method with slight modifications.26 After dis-
solving 5.0 mg of NC 1 in 3.4 mL of toluene, 500 µL of TBBTH 
(98%, FUJIFILM) was added to the solution at 60 °C, and the 
mixture was stirred for 1.5 h to allow the ligand exchange reac-
tion to proceed. The resulting product was washed with ul-
trapure water and a mixture of ultrapure water and methanol and 
extracted with dichloromethane. Finally, the products were sep-
arated by PTLC (dichloromethane:hexane = 7:13), and the top 
layer was scraped off and dissolved in dichloromethane to give 
NC 2 (Scheme S2). The optical absorption spectrum of this 
product matched that of NC 2, which we reported in an earlier 
publication, and the ESI spectrum confirmed the presence of 
NC 2 as the main product, indicating that the same product was 
synthesized through the present modified method (Figure S1). 

[Au24Pt(TBBT)12(TDT)3]0 (3). First, 5.0 mg of NC 1 was 
dissolved in 3.4 mL of toluene, to which 500 µL of TBBTH 
(97%, Tokyo Chemical Industry) was added at 60 °C, and the 
mixture was stirred for 1.5 h to allow the ligand exchange reac-
tion to proceed. The resulting product was washed with ul-
trapure water and a mixture of ultrapure water and methanol and 
extracted with dichloromethane. Finally, the products were sep-
arated by PTLC (dichloromethane:hexane = 7:13), and the top 
layer was scraped off and dissolved in dichloromethane to ob-
tain NC 3 (Scheme 1 and S3). 

[Au24Pt(TBBT)12(PDT)3]0 (4). The exchange of thiol (RSH) 
ligands on Au NCs with aliphatic dithiol ligands (such as 
HS(CH2)xSH, where x is an integer) can lead to polymerization. 
This occurs because the carbon backbone of the latter is flexible 
and these ligands readily form strong inter-cluster Au–S or S–S 
bonds (such as Au–S(CH2)xS–Au or Au–S(CH2)xS–S(CH2)xS–
Au).53 Hence, it was necessary to optimize the ratio of 1 to the 
reacting thiols in addition to the thiol concentration. In the op-
timized synthesis, 5.0 mg of 1 was dissolved in 3.4 mL of tolu-
ene, to which 486 µL of TBBTH (98%) and 14.5 µL of PDTH2 
were added at 60 °C, and the mixture was stirred for 1.5 h to 
allow the ligand exchange reaction to proceed. The resulting 
product was washed with ultrapure water and a mixture of ul-
trapure water and methanol sequentially and extracted with di-
chloromethane. Finally, the products were separated by PTLC 
(dichloromethane:hexane = 7:13), and the top layer was scraped 
off and extracted with dichloromethane to obtain NC 4 (Scheme 
1 and S5). 

 
4.3. Preparation of Au24Pt NC/CB (1.0 wt% metal)  
An impregnation method was employed to make Au24Pt 

NC/CB (1.0 wt% metal). A dichloromethane solution of Au24Pt 
NCs was dropped on the CB and then dried. 

 
4.4. Preparation of catalyst slurry 
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For the electrochemical measurements using Au24Pt 
NC/CB(1.0 wt% metal), we prepared a catalyst slurry. First, a 
dried powder of the catalyst (10.1 mg of Au24Pt NC/CB; 1.0 
wt% metal) was dispersed in a solution of H2O (19.1 mL) and 
2-propanol (6.0 mL), to which a Nafion solution (100 µL) was 
added. Finally, the mixture was sonicated for 60 mins in an ice 
bath while sealed in a reaction vial.  

 
4.5. Electrochemical measurements 
All electrochemical measurements of the HER were per-

formed with an ECstat-302 (EC FRONTIER, Kyoto, Japan) and 
RRDE-3A rotating ring disk electrode apparatus (BAS, Tokyo, 
Japan). A rotating disk electrode (RDE, φ = 5 mm, glassy car-
bon) was cleaned before use. Specifically, it was polished with 
alumina paste and then sonicated in water. Pt coil and Ag/AgCl 
electrodes were used as counter and reference electrodes, re-
spectively. In the setup, the catalyst slurry was homogenized. 
Specifically, it was sonicated in an ice bath for 30 min. Then, 
10 µL of the slurry was carefully dropped onto the RDE and 
rotated in open air until it dried. Next, each electrode was placed 
in 0.10 mol L−1 HClO4 (pH = 1.0) electrolyte attached to an 
electrochemical measurement system. The electrode surface 
was then cleaned by bubbling N2 gas for 30 min. Then, cyclic 
voltammetry (CV) was performed 100 times in the region of 
0.00 to −1.00 V (vs. RHE) at a scanning rate of 200 mV/s. Fi-
nally, LSV was performed in the region of 0.20 to –0.80 V (vs. 
RHE) at a rate of 20 mV/s under N2 gas. 

 
5. THEORETICAL CALCULATIONS 

Density functional theory (DFT) and time-dependent 
(TD) DFT calculations were performed using Gaussian 16 
(ES64L-G16, RevB.01)54 to elucidate the electronic structures 
of [Au24Pt(TBBT)18]0, [Au24Pt(TBBT)12(TDT)3]0, and 
[Au24Pt(TBBT)12(PDT)3]0. The structures obtained from the 
SCXRD of each molecule were used as the initial structures, 
with TBBT replaced by methanethiolate (SMe) to reduce the 
calculation cost. No changes were made to the TDT and PDT 
moieties. The BP86 functional55 was used to optimize the struc-
ture of ground state S0, and the basis sets were Def2-SVPP (for 
Au and Pt)56 and 6-31G(d,p) (for S,C, and H)57. For metal atoms, 
we incorporated SDD pseudopotentials with scalar relativistic 
effect58. The absence of imaginary frequencies was confirmed 
by vibration analysis. Next, the vertical transition from S0 to Sn 
(n = 1−150) was calculated at the TD-B3LYP functional level 
for the obtained S0-optimized structure.59–61 The same basis sets 
and pseudopotentials were used for structural optimization. Ab-
sorption spectra were reproduced with a width of σ = 800 cm−1 
using bar spectra obtained from single-point calculations. Mo-
lecular orbitals were visualized using Avogadro. 
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