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Because the synthesis of metal clusters with multiple ligand types results in a distribution of ligands, 
high-resolution separation of each unique cluster from the mixture is required for precise control of 
the ligand composition. Reverse-phase high-performance liquid chromatography combined with 
appropriate transitioning of the mobile phase composition is an extremely effective means of 
separating ligand combinations when working with metal clusters protected by two different types of 
thiolates. We report herein advanced use of this method. The studies involving Au24Pd(SR1)18−x(SR2)x 
and Au24Pd(SR1)18−x(SeR2)x (SR1, SR2 = thiolate, SeR2 = selenolate) revealed the followings. (1) In general, 
an increase in the difference between the polarities of the functional groups incorporated in the two 
types of ligands improves the separation resolution. A suitable ligand combination for separation can 
be predicted from the retention times of Au24Pd(SR1)18 and Au24Pd(SR2)18, which cause the terminal 
peaks in a series of peaks. (2) The use of a step-gradient program during the mobile phase substitution 
results in improved resolution compared to that achievable with the linear gradients applied in prior 
work. (3) This technique is also useful for the evaluation of the chemical compositions of metal clusters 
protected by two different types of ligands with similar molecular weights. These findings will provide 
clear design guidelines for the functionalization of metal clusters via control of the ligand composition, 
and will also improve our understanding of the high-resolution isolation of metal clusters. 

Introduction	  

Advances in nanotechnology have encouraged the creation of 
nanomaterials that are both stable and highly functionalized. 
Thiolate-protected gold clusters (Aun(SR)m)1–13 less than 2 nm 
in size have attracted a great deal of attention as new 
functionalized nanomaterials since they are highly stable 
compared to other metal clusters and also exhibit size-specific 
and size-dependent physical and chemical properties, including 
photoluminescence,3,4,7,14 redox behavior3,7 and catalytic 
activity,15 that are not observed in the case of bulk gold. 
 These Aun(SR)m clusters are generally prepared via the 
reduction of gold ions in solution in the presence of thiols.1,16 
However, this method tends to yield a mixture of Aun(SR)m 
clusters with various core sizes.17,18 High-resolution isolation of 
clusters of each size from the mixture is therefore important so 
as to obtain Aun(SR)m clusters with well controlled physical and 
chemical properties. Previous research has demonstrated that 
polyacrylamide gel electrophoresis4,17,18 and high performance 
liquid chromatography (HPLC)19,20 are extremely effective 
means of separating hydrophilic thiolate-protected Aun(SR)m 
clusters, and that both solvent extraction4,21,22 and HPLC23,24 are 
highly efficient techniques for the separation of hydrophobic 
thiolate-protected Aun(SR)m clusters. The characterization of 
clusters isolated in this manner, using mass 

spectrometry,4,17,18,22,25–27 enables the precise synthesis of 
numerous Aun(SR)m clusters (n ≤ 333; ref. 28) with accuracy at 
the atomic level. 
 In addition to their core sizes, the physical and chemical 
properties of Aun(SR)m clusters vary depending on the 
particular ligands that cover the clusters. For example, the 
solubilities and photoluminescence quantum yields29 of 
thiolate-based clusters vary depending on the thiolate functional 
group. Moreover, the use of a thiolate with a specific 
functionality as the ligand endows Aun(SR)m clusters with 
functions such as molecular recognition or catalytic abilities.30 
In addition, the use of selenolate (SeR)16,31,32 as the ligand 
changes the charge transfer at the metal core interface,32–35 
resulting in clusters that are more stable than the Aun(SR)m 
clusters.33,35 Control of the ligand composition is therefore an 
effective way of controlling the cluster functionality. Thus, if 
we can obtain the desired ligand composition, the functions of 
the resulting clusters can be finely tuned and arrangement of the 
clusters in certain patterns can also be achieved. However, 
except in a limited number of cases,36 the synthesis of clusters 
with multiple types of ligands results in a distribution of ligand 
chemical compositions and so precise control over the ligand 
composition requires high-resolution separation of each 
chemical composition from the mixture.37–40 
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 Several studies have demonstrated that HPLC is also a 
useful method for such separations.41–43 Recently, using a 
method that combines reverse phase HPLC with mobile phase 
substitution based on a linear gradient, we achieved the high-
resolution separation of Au24Pd(SC12H25)18−x(SCH2PhtBu)x (x = 
0–18, SCH2PhtBu = 4-tert-butylphenylmethanethiolate), a 
cluster protected by two different types of thiolate ligands.42 In 
this method, a mixture of clusters is initially adsorbed onto the 
stationary phase, after which the clusters are sequentially eluted 
via continuous transformation of the mobile phase to a solvent 
capable of dissolving the clusters. This is accomplished by 

applying a linear gradient which gradually substitutes the 
mobile phase composition (Charts 1 and 2). Using this 
approach, clusters corresponding to each unique ligand 
combination, Au24Pd(SC12H25)18−x(SCH2PhtBu)x (x = 0–18), 
were successfully isolated with high resolution.42 
 Herein we report advanced use of this method. The studies 
of the Au24Pd(SR1)18−x(SR2)x and Au24Pd(SR1)18−x(SeR2)x (SR1, 
SR2 = thiolate, SeR2 = selenolate) series of clusters have 
revealed: (1) the ligand combinations suited to high-resolution 
separation, (2) the gradient program that achieves higher 
resolution than was achievable with our previously reported 
gradient program and (3) the advantages of the method with 
regard to the characterization of clusters. Our previous study 
indicated that this technique is also applicable to various 
thiolate-protected metal clusters which have metal cores other 
than Au24Pd.42 The findings obtained in this work can thus also 
be expected to hold true for other thiolate-protected metal 
clusters. The results reported herein should serve to deepen our 
understanding of the high-resolution isolation of metal clusters, 
and will provide clear design guidelines for the 
functionalization of metal clusters via control of the ligand 
composition. 

Results	  and	  Discussion	  

 Our previous studies have shown that the palladium-doped 
cluster Au24Pd(SR)18 (Chart 3; refs. 44–46) is highly stable in 
solution45 and that Au24Pd(SR1)18−x(SR2)x clusters, which are 
protected by two different types of thiolate ligands (SR1 and 
SR2), can be separated with higher resolution than either Au25 
or Au38 clusters protected with the same ligands 
(Au25(SR1)18−x(SR2)x or Au38(SR1)24−x(SR2)x).42 We therefore 
employed Au24Pd clusters during the present study. These 
clusters, protected by two different types of ligands, were 
synthesized by first synthesizing Au24Pd clusters with one type 
of thiolate (SR1) and then reacting these clusters with the 
second ligand (R2SH or (R2Se)2, where SeR2 = selenolate) in 
dichloromethane via a ligand-exchange reaction (see 
Experiments for details).47–51 The ligand combinations (SR1 and 
SR2/SeR2) applied in this study are summarized in Table 1. The 
ligand distributions in the resulting Au24Pd(SR1)18−x(SR2)x 
(Figures S1–S9) and Au24Pd(SR1)18−x(SeR2)x (Figures S10 and 

	  

	  

	  	  

Table 1. Ligand combinations applied in this study 

    Entry      SR1        Mwav
a    SR2/SeR2   Mwav

a  

 1   SC12H25   201.39   SC8H17   145.29 
 2   SC12H25   201.39   SC6H13   117.23 
 3   SC12H25   201.39   SC4H9         89.18 
 4   SC12H25   201.39   SCH2PhtBub  179.30 
 5   SC12H25   201.39   SCH2PhBrc  202.09 
 6   SC12H25   201.39   SC2H4Ph   137.22 
 7   SC2H4Ph   137.22   SC14H29   229.45 
 8   SC2H4Ph   137.22   SC10H21   173.34 
 9   SC2H4Ph   137.22   SC6H13   117.23 
 10   SC2H4Ph   137.22   SeC12H25   248.29 
 11   SC12H25   201.39   SeC12H25   248.29 

aAverage molecular weight calculated using the Bunshiro software package. 
b4-tert-Butylphenylmethanethiolate (Chart S1a). Note that this molecule was 
abbreviated as SBB in a previous paper.42 c4-Bromophenylmethanethiol 
(Chart S1b). 
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S11) clusters were found to vary depending on the reaction 
conditions.42,51 The Au24Pd clusters thus obtained with each 
unique combination of ligands were separated using a method 
that combines reverse phase HPLC with mobile phase 
substitution (Chart 2). 
 Suitable Ligand Combinations. During HPLC separations, 
the mobile phase composition was initially substituted by 
applying a linear gradient shown in Chart 2. Figure 1 presents 
the chromatograms obtained for the Au24Pd(SR1)18−x(SR2)x 
series of clusters, corresponding to entries 1–9 in Table 1, along 
with the chromatograms of Au24Pd(SC12H25)18 and 
Au24Pd(SC2H4Ph)18 for comparison purposes (see also Figure 
S12). Well resolved and relatively intense peak structures were 
observed in all the chromatograms and the distribution of peaks 
in each individual chromatogram is similar to the peak 
distribution observed in the matrix-assisted laser desorption–
ionization (MALDI) mass spectra of the corresponding clusters 
(Figures S1–S9). These results indicate that this method was 
capable of separating all the Au24Pd(SR1)18−x(SR2)x clusters 
(entries 1–9) with high resolution. In the case of the clusters 
corresponding to entries 1–6, the latest peaks appear at 
approximately the same retention time in all six chromatograms. 
The retention time region in which these peaks appear is 

approximately the same as the retention time of 
Au24Pd(SC12H25)18 (Figure 1) and thus these peaks are 
attributable to the presence of Au24Pd(SC12H25)18 clusters. 
Similarly, the first peaks in the chromatograms of the entries 6–
9 clusters all appear at approximately the same retention time, 
and these peaks are attributed to Au24Pd(SC2H4Ph)18 (Figure 1). 
Thus, the peaks on the peripheries of the chromatograms 
obtained from the Au24Pd(SR1)18−x(SR2)x clusters originate 
from Au24Pd(SR1)18 and Au24Pd(SR2)18. The retention times of 
the Au24Pd(SR)18 clusters increased in the functional group 
order: C2H4Ph < CH2PhBr < C4H9 < CH2PhtBu < C6H13 < 
C8H17 < C10H21 < C12H25 < C14H29 (Figure 1). Under the 
conditions used in our experiments, the clusters with higher 
polarities are the first to be eluted into the mobile phase. These 
results demonstrate that the polarity of the functional group 
decreases in this order. In general, the resolution of each 
chromatogram was observed to increase with increasing 
differences in the polarities of the functional groups of the two 
types of thiolate ligands (Figure 1). These results clearly show 
that, in order to obtain high-resolution separation of the 
Au24Pd(SR1)18−x(SR2)x clusters, it is vital to increase the 
difference between the polarities of the functional groups in the 
two different ligands. These data also demonstrate that a 
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suitable ligand combination for the separation can be predicted 
from the retention times of Au24Pd(SR1)18 and Au24Pd(SR2)18, 
which cause the terminal peaks of a series of peaks. 
 We found that equivalent high-resolution separation is also 
achievable in the case of Au24Pd(SR1)18−x(SeR2)x clusters, in 
which SR and SeR are used as the two different types of ligands, 
when a suitable combination of functional groups is employed. 
Figures 2a and 2b show the MALDI mass spectrum and 
chromatogram of Au24Pd(SC2H4Ph)18−x(SeC12H25)x (x = 0–8; 
entry 10), respectively. The chromatogram exhibits well 
defined peaks, indicating that the 
Au24Pd(SC2H4Ph)18−x(SeC12H25)x (x = 0–8) clusters were also 
separated with high resolution by this method. Although the 
extents of charge transfer in the Au–SeR and Au–SR ligands 
are different,32,34 the retention times of the 
Au24Pd(SC2H4Ph)18−x(SeC12H25)x (x = 0–8) clusters are 
consistent with those of Au24Pd(SC2H4Ph)18−x(SC12H25)x (x = 0–
8; Figure 2b). It was observed that 
Au24Pd(SC12H25)18−x(SeC12H25)x (entry 11, Figure S11), in 
which both SR1 and SeR2 have C12H25 as the functional group, 
did not undergo high-resolution separation by this method 
(Figure S13), suggesting that changes in the Au–ligand charge 
transfer have little effect on the polarity of the cluster surface. 
These results indicate that the Au24Pd(SC2H4Ph)18−x(SeC12H25)x 
clusters underwent high-resolution separation as the result of 
the significant difference in the polarities of the SR and SeR 
functional groups. Thus, it should also be possible to isolate 
Au24Pd(SR1)18−x(SeR2)x clusters when appropriate functional 
groups are applied. This leads us to expect that the extent of 
Au–ligand charge transfer32,34 can be controlled by varying the 
relative proportions of SR1 and SeR2 ligands. 
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 Gradient Program for Higher-Resolution Separation. In 
the above experiments, a linear gradient was applied during the 
mobile phase substitution process (Chart 2).  
Au24Pd(SC12H25)18−x(SC10H21)x, whose functional groups 
exhibit only a small polarity difference, cannot be separated 
with high resolution using this techniques (Figure S14). 
However, we found that Au24Pd(SC12H25)18−x(SC10H21)x can be 
isolated with high resolution when a step-gradient program is 
applied during the mobile phase substitution (Chart 2). As an 
example, the results obtained for 
Au24Pd(SC12H25)18−x(SC10H21)x (x = 12–18; Figure 3a) are 
shown in Figure 3. Figures 3b and 3c present chromatograms of 
this cluster series obtained using both a linear-gradient and a 
step-gradient mobile phase transition. The step height, [h], 
associated with the step-gradient transition corresponds to the 
concentration of THF in the solvent (in volume %) following 
mobile phase substitution. A step height of [40] was applied in 
this experimental trial (Chart 2). As shown in Figure 3b, only a 
single, poorly-resolved peak is observed in the chromatogram 

obtained using the linear-gradient program. In contrast, when 
the step-gradient program was applied, clearly resolved peaks 
appeared in the resulting chromatogram (Figure 3c). Each peak 
was fractionated and the chemical compositions were 
determined using MALDI mass spectrometry (Figure 3d). The 
results revealed that each peak was composed solely of cluster 
with a single chemical composition, meaning that the 
Au24Pd(SC12H25)18−x(SC10H21)x clusters were isolated with high 
resolution. It was also evident that, even when using this 
program, the clusters containing numerous high-polarity 
ligands were eluted into the mobile phase first, similar to the 
results obtained when applying the linear gradient (Figure 1). 
These results demonstrate that improved resolution of the 
clusters can be obtained when applying a step gradient during 
chromatography, as compared to the resolution achieved when 
a linear-gradient program is used. 
 It was found that the separation resolution achievable with 
this method varied greatly depending on the step height applied. 
Figure 4a shows the MALDI mass spectrum of 
Au24Pd(SC12H25)18−x(SC2H4Ph)x (x = 10–18) and Figure 4b 
shows the chromatograms obtained with different step heights. 
As the step height was reduced, the retention time increased, 
and accordingly, the interval between the individual peaks also 
increased. When the step height was lowered to [20], the peak 
separation became extremely clear, and moreover, a multiple 
peak structure was observed within each individual peak 
(Figure 4b). This type of peak structure has also been observed 
when a linear-gradient program was used (red line in entry 6, 
Figure 1).42 However, the structures of these peaks were much 
clearer when the step-gradient program was used. It has been 
confirmed that rearrangement of ligands does not occur in this 
time scale42 and thus these multiple sub-peaks are assumed to 
arise from coordination isomers42,43,52. These results imply that 
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a step-gradient program could be used to isolate even these 
isomers with relatively high resolution. 
 The significant difference in resolution between the linear 
and step gradients is considered to be related to the different 
separation mechanisms involved. When a linear gradient is 
applied during the mobile phase transition, the adsorbates (the 
clusters) are sequentially eluted into the mobile phase in order 
of surface polarity in response to the continuous transformation 
of the mobile phase (Chart 2). The strength of adsorption to the 
stationary phase is considered to control the retention time of 
each adsorbate, as in adsorption chromatography. However, 
when a step-gradient program is used for the substitution, the 
mobile phase is immediately transformed into a solvent that 
dissolves the adsorbate (Chart 2). In this case, the partition 
coefficient likely controls the retention time of each cluster, as 
in partition chromatography. Actually, the chromatograms 
obtained by each technique are significantly different; in the 
former case, the intervals between peaks in the chromatograms 
decrease with increasing retention times (Figure 5a), whereas in 
the latter case peak separations increase with increasing 
retention times (Figure 5b), supporting our interpretation that 
different separation mechanisms are involved in each case. This 
difference between the separation mechanisms (Figure S15) is 
considered to be strongly associated with the differences in 
resolution obtainable with the two techniques. The details of the 
different separation mechanisms connected with each mobile 
phase transition are expected to be elucidated by future 
experimental and theoretical studies. 
 Advantages as an Analytical Method. Finally, we 
describe the advantages of this technique as an analytical 
method. As noted, the ligand-exchange reaction allows the 
introduction of different ligands into the metal cluster. The 
quantity of exchanged ligands and their distribution are 
typically evaluated using mass spectrometry.25,26,51 However, in 
situations where two types of ligands have comparable 
molecular weights, analysis of the ligand distribution using 
mass spectrometry is difficult. In contrast, our technique allows 
the separation of the metal clusters based on differences in the 
ligand polarities rather than their molecular weights. For this 
reason, if the polarities of two ligands differ, the ligand 
distributions of the cluster can be analyzed. As an example, 
Figure 6 shows the results obtained for 
Au24Pd(SC12H25)18−x(SCH2PhBr)x clusters, which are protected 
by SC12H25 (Mwav = 201.39) and SCH2PhBr (Mwav = 202.09); 
these two ligands have similar molecular weights (entry 5, 
Table 1). Only broad peaks were observed in the MALDI mass 
spectra of Au24Pd(SC12H25)18−x(SCH2PhBr)x obtained under any 
of the experimental reaction conditions (Figures 6a and S5) and 
assessment of the ligand distribution from such spectra is 
difficult. Considering that each individual 
Au24Pd(SC12H25)18−x(SCH2PhBr)x cluster has its own 
distribution of isotopes, analysis of the ligand distribution from 
the mass spectra remains challenging even when the 
measurements are performed using an ultrahigh-resolution mass 
spectrometer33,51 rather than the mass spectrometer employed in 
this work (Figure S16). However, a clear peak separation was 
observed in the chromatograms of these 
Au24Pd(SC12H25)18−x(SCH2PhBr)x clusters (Figure 6b). The 
number of peaks observed is 19, and this number agrees with 
the number of possible ligand combinations for 
Au24Pd(SC12H25)18−x(SCH2PhBr)x (x = 0–18). In the 
chromatogram, the rightmost peak can be attributed to 
Au24Pd(SC12H25)18 (Figure 1). Because SCH2PhBr possesses a 
functional group that is more polar than SC12H25, the result can 

be interpreted as the retention time of the 
Au24Pd(SC12H25)18−x(SCH2PhBr)x (x = 0–18) decreasing as the 
number of SCH2PhBr ligands increases. The ligand distribution 
can be readily estimated from such clearly separated 
chromatograms. Our method therefore has significant potential 
in terms of the analysis of the chemical compositions of metal 
clusters that are protected by two types of ligands with 
approximately equivalent molecular weights. 

Conclusions	  

This study revealed the suitable conditions and advanced use of 
a separation method involving a combination of reverse-phase 
HPLC and mobile-phase substitution with applications to the 
separation of Au24Pd(SR1)18−x(SR2)x and 
Au24Pd(SR1)18−x(SeR2)x clusters. The results obtained in this 
work are summarized as follows. 
(1) To ensure high-resolution separation of clusters, it is very 
important to increase the difference between the polarities of 
the functional groups on the two types of ligands. Suitable 
ligand combinations for separation can be predicted from the 
retention times of the Au24Pd(SR1)18 and Au24Pd(SR2)18, which 
cause the terminal peaks of a series of peaks. 
(2) Au24Pd(SR1)18−x(SR2)x can be isolated with improved 
resolution using a step-gradient mobile phase transition, 
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compared to the results obtained when applying a linear 
gradient. 
(3) The reported method also has significant potential for use in 
the analysis of the chemical compositions of metal clusters 
protected by two types of ligands with approximately 
equivalent molecular weights. 
 Our previous work demonstrated that this method is also 
applicable to Au25(SR1)18−x(SR2)x and Au38(SR1)24−x(SR2)x 
clusters which have metal cores other than Au24Pd42 and the 
above conclusions are also expected to hold true for these 
clusters. We believe that the results of this study serve to 
improve our understanding of the high-resolution isolation of 
metal clusters and will be helpful in future work related to 
designing specific metal clusters via control of the ligand 
composition. 

Experiments	  

 Synthesis of mixtures of Au24Pd clusters with two 
different types of ligands. Au24Pd(SR1)18−x(SR2)x and 
Au24Pd(SR1)18−x(SeR2)x were synthesized by the ligand-
exchange reaction between Au24Pd(SR1)18 and R2SH or 
(R2Se)2.42,51 First, Au24Pd(SC12H25)18 and Au24Pd(SC2H4Ph)18 
were synthesized using a previously reported method,45 or with 
slight modifications. Then, Au24Pd(SC12H25)18 (0.1 µmol) or 
Au24Pd(SC2H4Ph)18 (0.1 µmol) was dissolved in 1 mL of 
dichloromethane and R2SH (10-100 µmol) or (R2Se)2 (10-100 
µmol) was added with stirring at room temperature, after which 
the reaction was allowed to progress for the desired length of 
time. The solution was then evaporated to dryness and washed 
with a mixture of methanol and water to remove excess thiols 
or diselenides, and the product was characterized by matrix-
assisted laser desorption–ionization (MALDI) mass 
spectrometry (Figures S1–S11). Au24Pd(SR1)18−x(SR2)x, clusters 
with various chemical compositions were synthesized by 
changing the quantity of thiol (R2SH) added to the reaction 
mixture as well as varying the reaction time (Figures S1–S9). 
 HPLC analyses. A Shimadzu Prominence HPLC (Chart 
S2) was used to separate the clusters into unique ligand 
combination. A Thermo Scientific Hypersil C18 column (250 
mm × 4.6 mm i.d.) (Figure S17 and Table S1) was used as the 
reverse phase column and was held at 25 °C to ensure 
reproducibility (Figure S18 and Table S2). In the experiments, 
first, methanol (Figure S19 and Table S3), in which the Au24Pd 
clusters are insoluble, was used as the mobile phase, and a 
suspension of the clusters was injected into the column; the 
clusters were all adsorbed onto the stationary phase. Next, the 
mobile phase was continuously substituted by a solvent that 
dissolves the clusters (tetrahydrofuran (THF); Figure S20 and 
Table S4), and the clusters were sequentially eluted into the 
mobile phase. 
 MALDI mass spectrometry. MALDI mass spectra were 
acquired with a time-of-flight mass spectrometer (JEOL Ltd., 
JMS-S3000) using an Nd:YAG laser (wavelength: 349 nm) and 
DCTB as the MALDI matrix. The cluster-to-matrix ratio was 
set at 1:1000 and the laser fluence was reduced to the lowest 
value that enabled ions to be detected. All the spectra were 
obtained in negative-ion mode. 
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