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The synthesis of atomically precise noble metal clusters using various protocols often results in a mixture

of clusters with different cores. Hence, it is important to isolate such clusters in their pure form in terms

of composition especially for crystallization. High-performance liquid chromatography (HPLC) is a power-

ful tool to achieve this. The interaction of ligands with column functionalities determine the extent of sep-

aration and their stability under conditions used. We demonstrate a systematic flow rate dependent study

of three different aliphatic ligand protected Au25 clusters, with three commercially available alkyl and aryl

functionalized reversed-phase HPLC columns, as they represent the variations encountered commonly.

Molecular docking simulations were carried out to understand the interactions between the stationary

phase and the cluster surface. These investigations enabled the selection of an appropriate column for

better separation of structurally different ligand protected clusters. High-resolution separation of anionic

and neutral Au25 clusters was acheived with a selectivity (α) of 1.2 by tuning the chromatographic con-

ditions. This study would provide new insights in developing better methods for the efficient separation of

monolayer protected clusters.

Introduction

Atomically precise monolayer-protected clusters (MPCs)1,2 of
noble metals are attractive due to their unique size and ligand-
dependent properties. Several properties of clusters can be
tuned by varying their protecting ligands. Their unique optical
absorption,3 luminescence,4,5 mechanical,6 nonlinear,7,8 and
catalytic9,10 properties can be tailored significantly by using
different ligands such as phosphines,11,12 thiols,13 alkynyls,14

and mixed ligands.15 Among them, the thiolate ligands are
widely used, and their structures play a pivotal role in control-
ling the clusters; in terms of the inner metal core, metal-
ligand interfaces having staple motifs. An investigation of
three structurally different ligands resulted in clusters having
different core and staple motifs with unique optical pro-

perties.16 In this context, knowledge of their total structure is
essential to bridge the gap in understanding their properties
in detail. The purity of MPCs is a crucial factor affecting the
growth of single crystals of clusters and their applications in
sensing,17 imaging,18 and catalysis.10,19 There are several
methods to purify and isolate MPCs which include fractional
precipitation,20 ultracentrifugation,21 gel electrophoresis,22

thin layer chromatography (TLC),23 size-exclusion chromato-
graphy (SEC),24 and capillary electrophoresis.25 However, these
techniques have certain limitations. In the case of SEC and
electrophoresis, selectivity is a major issue.26

The reversed-phase high-performance liquid chromato-
graphy (RP-HPLC) is an established technique for the high-
resolution separation of organic molecules.27 In 2003, Murray
and co-workers separated gold clusters protected with hexane
thiol, N-acetyl-L-cysteine and tiopronin by RP-HPLC.28,29 In
recent years, Negishi and co-workers have been working exten-
sively on developing new RP-HPLC methodologies for the sep-
aration of clusters. They have designed several methods to
achieve the separation of clusters according to the number of
constituent atoms,30–32 chemical composition,33 structural
isomers,19 and coordination isomers.34 Recently, Knoppe
et al., successfully isolated and characterized mass spectrome-
trically silent Au40(DDT)24 clusters26 using RP-HPLC but, they
were not successful in isolating phenylethane thiol protected
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clusters. Important issues in HPLC based separation of clus-
ters are their solubility and stability, which are predominantly
controlled by the protecting ligands. Due to enhanced stability
the separation of Au24Pd clusters has been studied
extensively.19,34 Irreversible adsorption of the clusters to
column due to the high surface area of the stationary phase
can complicate cluster separation.35 This issue can limit the
use of different types of columns for cluster separation.
Moreover, the use of buffer solution in the mobile phase can
result complications in preparing the mobile phase and
shorten the lifetime of the chromatographic columns.35

However, to achieve higher resolution and better separation, a
deeper understanding of the interactions between the station-
ary phase and the cluster surface is required.

In this work, we have performed a flow rate dependent
elution study of three different and commonly used ligand pro-
tected Au25 clusters, over three standard RP-HPLC columns.
We have chosen Au25 clusters as model system for our experi-
ments due to their exceptional stability and robustness
towards different ligands. The alkyl functionalized C18, C8, and
aryl functionalized phenylhexyl RP-HPLC columns were used.
We have also performed molecular docking simulations to
understand the noncovalent interactions between the cluster
surface and the stationary phase. This study reveals deep
insights into the interaction of cluster surfaces having
different polarities with alkyl and aryl stationary phases. It
also provides helpful information in choosing appropriate
columns for the separation of clusters protected with structu-
rally different ligands. We have successfully separated the
anionic and neutral Au25 clusters from the mixture by optimis-
ing the chromatographic parameters.

Experimental
Chemicals

Chloroauric acid trihydrate (HAuCl4·3H2O), dodecanethiol
(DDT), octanethiol (OT), phenylethanethiol (PET), tetraocty-
lammonium bromide (TOAB), and sodium borohydride
(NaBH4) were purchased from Sigma Aldrich. The solvents
such as tetrahydrofuran (THF), dichloromethane (DCM), and
methanol (MeOH) were purchased from Merck and were of
HPLC grade. All the chemicals were used as such without any
further purification.

Synthesis of [Au25(SR)18]
− clusters

The Au25(DDT)18, Au25(OT)18, and Au25(PET)18 clusters were
synthesized according to reported methods.36 Briefly, 2 mL of
50 mM HAuCl4·3H2O in THF was diluted to 7.5 mL using THF.
To this, about 65 mg of TOAB was added and stirred for
30 min at room temperature. A yellow to deep red color change
was observed. About 0.5 mmol of thiol was added to this solu-
tion. The deep red color slowly turned to yellow and eventually
became colorless after about 45 min. After 2 h, 2.5 mL of ice-
cold aqueous NaBH4 (0.2 M) was added. The solution turned
black immediately and the reaction was continued for 6 h. The

obtained crude cluster solution was evaporated and washed
with MeOH repeatedly. After MeOH wash they are extracted in
acetone. The acetone fraction was vacuum-dried, and the pure
nanocluster was extracted in DCM.

Conversion of [Au25(SR)18]
− clusters to [Au25(SR)18]

0

The purified cluster solution in DCM was kept under O2

environment for 1 h. The oxygen environment was created by
an O2-filled balloon.37 The oxidation of the clusters was con-
firmed by monitoring the UV-vis spectrum of the clusters.

Instrumentation

UV-Vis spectroscopy. UV-vis spectra of cluster samples were
recorded using a Perkin Elmer Lambda 365 instrument in the
range of 200–1100 nm.

MALDI MS measurements. Matrix-assisted laser desorption
ionization mass spectrometry (MALDI MS) studies were con-
ducted using an Applied Biosystems Voyager-DE PRO
Biospectrometry Workstation. For MALDI MS measurements
we have used trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propeny-
lidene] malononitrile (DCTB, >98%) as matrix. Appropriate
volumes of the sample and DCTB in DCM were mixed thor-
ougly, and spotted on the sample plate and allowed to dry at
ambient conditions. All the measurements were carried out at
the threshold laser fluence in order to minimize fragmentation.

HPLC experiments. HPLC experiments were conducted on a
Shimadzu instrument consisting of a CBM-20A controller,
DGU-20AR online degasser, LC20AD pump, SIL-20A auto-
sampler, CTO-20A column oven, and SPD-M20A photodiode
array (PDA) detector. The stainless-steel columns packed with
5-μm C18 bonded silica, (250 × 4.6 mm i.d.) C8 bonded silica,
(250 × 4.6 mm i.d.) and phenylhexyl bonded silica (150 ×
4.6 mm i.d.) with a 120 Å pore size (Enable) were used for
above experiments. The column temperature was maintained
at 28 °C. The absorbance chromatogram was monitored by the
photodiode array (PDA) and extracted at 400 nm. The UV-vis
spectrum of the eluted peaks was collected over 190–800 nm
by the PDA detector. Each sample was dissolved in DCM, i.e.,
1.0 mg of the neutral cluster in 1.0 mL of DCM. Then, 30 μL of
the sample was injected into the instrument with a mobile
phase of 100% MeOH at flow rate varying from 0.5 mL min−1

to 2.0 mL min−1. After sample injection, the amount of THF in
the mobile phase was continuously increased using a gradient
program [10] that increased the [THF]/[MeOH] ratio of the
mobile phase from 0% to 100%. The experiments were per-
formed with Au25(DDT)18, Au25(OT)18 and Au25(PET)18 clusters.

Results and discussion

Reversed-phase HPLC is emerging as a widely used technique
for the separation of gold clusters. Generally, atomically
precise clusters are separated in RP-HPLC by non-aqueous sol-
vents due to their insolubility in aqueous solvents. However,
the interaction of the column functionalities with protecting
ligands of the clusters, and its effects on their separation and
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stability within the column are not adequately known. To
understand this aspect, we have investigated the separation of
atomically precise gold clusters protected with dodecanethiol,
octanethiol, and phenylethanethiol in analytical C18, C8, and
phenylhexyl columns (Fig. S1, ESI†). We will denote them as
clusters I, II, and III, respectively in the following discussion.
The synthesis of clusters I, II, and III are carried out according
to the published procedures36 and characterized by MALDI
mass spectrometry (Fig. S2, ESI†) and UV-vis spectroscopy
(Fig. 1a). We have used neutral clusters in our study as anions
do not interact actively with the stationary phase.38 The oxi-
dation of clusters was carried out by keeping them in O2

environment37 and the conversion was confirmed from the
UV-vis spectrum (Fig. 1a). The neutral cluster solution was
injected into the column in DCM and eluted with MeOH–THF
as the mobile phase.19 We have used a linear gradient [10]
program as described in Fig. S3† to elute the clusters.19 In our
method, the separation was accomplished in two steps. First,
upon injection, the clusters were adsorbed onto the stationary
phase (the column) when MeOH was passed, thereby enhan-
cing the interaction of the clusters with the stationary phase.

Next, the adsorbed clusters were eluted slowly from the station-
ary phase depending on their surface polarity. This was accom-
plished by gradually adjusting the mobile phase from pure
MeOH to THF using a linear gradient [10] program. We have
used the linear gradient [10] program as increasing the gradi-
ent time resulted in peak broadening. In this elution process,
the injection solvent was eluted in the initial stage,19 whose
effect was unlikely in the retention process of the clusters. The
peaks in the chromatogram were analysed from the online UV-
vis spectrum recorded by the PDA detector. The strength of the
interaction with the stationary phase is reflected in the reten-
tion time (tR). Scheme 1 shows the schematic representation of
the separation process. We have varied the flow rate to under-
stand its dependency on cluster separation. The flow rate was
varied from 0.5 mL min−1 to 2.0 mL min−1. We haven’t used
flow rate below 0.5 mL min−1 as our interest has been relatively
faster isolation. The variation in flow rate can change the
eluent volume in a linear gradient [10] program (Fig. S4, ESI†).
Fig. 1a shows the UV-visible spectra of anionic and neutral
cluster I. The oxidation of cluster I was evident from the
increase in the intensity of the 400 nm peak and the dis-

Fig. 1 (a) The UV-vis spectra of anionic (green trace) and neutral (red trace) cluster I. Inset shows the DFT optimized structure of cluster I. (b)

Chromatograms of cluster I over C18 column, by varying the flow rate. The mobile phase used was MeOH–THF with a linear gradient [10] program.

(c) Schematic representation of the strong hydrophobic interaction between the C18 functionalized silica beads and the ligands of cluster I. Color

labels: teal, Au; yellow, S; green, DDT ligands.
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appearance of the hump at 800 nm. The chromatograms of
neutral cluster I eluted at different flow rates are shown in
Fig. 1b. The tR of cluster I at 0.5 mL min−1 was 32.28 min. At
this flow rate, significant peak broadening and tailing were
observed. The characteristic features of Au25 clusters was
observed in the corresponding online UV-vis spectrum
(Fig. S5, ESI†). When flow rate is increased to 1.0 mL min−1,
the peak broadening was reduced as compared to the previous
case and the clusters were eluted well. At 1.5 mL min−1 flow
rate, the chromatogram exhibited two peaks which are labelled
as peak 1 and 2 (Fig. 1b). The tR of peak 1 and 2 are at 21.56
and 24.78 min, respectively. The online UV-vis spectrum of
peak 2 doesn’t show any features of clusters except a broad
feature at 680 nm. This could be a decomposed fraction of
cluster I which was strongly adsorbed on the column. Similar
decomposition was observed in the case of 2.0 mL min−1 flow
rate. We hypothesize that the strong hydrophobic interaction
between long alkyl chain of cluster I and C18 functionality of

the column (Fig. 1c) might resulted in the decomposition of a
small fraction of the cluster. It also indicated that separation
was better at an optimum flow rate i.e.,1.0 mL min−1. The peak
2 was observed only at higher flow rates which further con-
firmed that they were decomposed clusters rather than impuri-
ties and the peak purity index of peak 1 at 1.5 mL min−1 flow
rate was 0.96. We have further performed the flow rate depen-
dent elution experiments of other two clusters, i.e., II and III in
C18 column by keeping all conditions the same. In the case of
cluster II, we have observed two peaks up to 1.5 mL min−1 flow
rate (Fig. 2). The online UV-vis spectra of peak 2 didn’t show
any characteristic features of the cluster (Fig. S6, ESI†), and
this peak was not observed at 2.0 mL min−1 flow rate. This
indicates that peak 2 may be due to minor impurities39

present in the cluster as this peak was observed only at lower
flow rates. At 2.0 mL min−1 flow rate, the elution was very fast
and the impurities might be co-eluted along with the clusters
which was evident from the reduction in peak purity index to

Scheme 1 Separation of Au25 clusters in RP-HPLC column. Image a1 is the schematic representation of the separation of Au25 clusters over an

RP-HPLC column, based on their interaction with the stationary phase. Image a2 represents the oxidation of cluster III. Images a3 and a4 are the

enlarged views of silica functionality and clusters. The b1 and b2 are the chromatogram and corresponding UV-vis spectra of the separated bands,

respectively.
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0.95. The flow rate dependent study of cluster III in C18

column is presented in Fig. 3. We haven’t observed any
decomposition/impurities of clusters in the chromatograms
with increasing flow rate. Also, the peak purity index was 0.98
at 1.5 mL min−1. This observation indicates that the DDT and
OT protected clusters bind strongly than that of PET in a C18

column (Fig. S7, ESI†). We have carefully analyzed the peak
width of each cluster in the C18 column. The tR and peak
width (Fig. S8, ESI†) decreases with increase in flow rate. We
have conducted similar elution experiments of these clusters
with C8 column under same conditions. All the three clusters
were separated well through C8 column (Fig. S9, ESI†). We
didn’t observe any flow rate dependent decomposition/impuri-
ties, which was further confirmed from the corresponding
online UV-vis spectra (Fig. S10, ESI†). But peak broadening
was observed in case of cluster III (Fig. S11, ESI†). In our inves-
tigation we have explored that the aryl ligand protected clusters

are eluting well in all the tested flow rates without decompo-
sition in C18 and C8 columns. So, we extended our flow rate
dependent experiments to aryl functionalized phenylhexyl
column to understand its effect on cluster separation. We
observed that clusters I and II are eluted well (Fig. 4) in all the
tested flow rates without any decomposition on this column
(Fig. S12, ESI†). In the case of cluster III, the chromatogram of
0.5 mL min−1 flow rate shows two peaks, i.e., a small hump at
23.08 min and a peak at 25.47 min which are labelled as peak
1 and 2 in Fig. 5. The online UV-vis spectra of peaks 1 and 2
show features at 400, 450, and 680 nm, but in case of peak 1
the intensity of 400 nm feature was very less compared to that
of peak 2. This observation implies that peak 1 and 2 are
anionic and neutral cluster III (Fig. 5b). With increasing the
flow rate, the small fraction of anionic cluster III present in
the solution was transformed entirely into the neutral cluster
which was evident from the disappearance of peak 1 in the

Fig. 2 (a) The UV-vis spectra of anionic (green trace) and neutral (red

trace) cluster II. The inset shows the DFT optimized structure of cluster

II. (b) Chromatograms of cluster II over C18 column by varying the flow

rate. Color labels: teal, Au; yellow, S; green, OT ligands.

Fig. 3 (a) The UV-vis spectra of anionic (green trace) and neutral (red

trace) cluster III. The inset shows the X-ray crystal structure of cluster III.

(b) Chromatograms of cluster III over C18 column by varying the flow

rate. Color labels: teal, Au; yellow, S; green, PET ligands.
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chromatograms at higher flow rates (Fig. 5). Such change in
the oxidization state was not observed in the chromatograms
of clusters, I and II. This observation implies that the alkyl
thiol protected Au25 clusters oxidizes fast compared to the PET
protected clusters.40 The peak width analysis of the chromato-
gram reveals that the peak widths of clusters I and II are lesser
than that of cluster III (Fig. S13, ESI†). A plot of the tR vs. flow
rate of all the three clusters are shown in Fig. 6. The tR
decreases exponentially with the flow rate, and the data could
be fitted with a function of the form tR = A*(exp (−x/b) + c

where ‘x’ is the flow rate in mL min−1. The fitting parameters
A, b, and c are listed in Table S1.† This plot provides insights

into the interaction of the three structurally different ligand
protected clusters with different columns. It is evident from
the plot that tR of clusters I, II, and III in phenylhexyl column
are similar, which indicates that the phenylhexyl column sep-
arates alkyl and aryl ligand protected clusters with the same
efficiency.

We have also tried to separate neutral and anionic Au25
clusters from their mixture. For this, a mixture containing
0.5 mg of anionic (labelled as cluster IIIa) and 0.5 mg of
neutral cluster (III) in 1 mL DCM was prepared and eluted at
1 mL min−1 flow rate. The chromatogram (Fig. 7) shows the
high-resolution separation of anionic and neutral cluster
which eluted according to their affinity towards the stationary
phase (Fig. S14, ESI†). The ratio of retention factor (K) between

Fig. 4 Chromatograms of cluster (a) I and (b) II at different flow rates

over phenylhexyl column.

Fig. 5 (a) Flow rate dependent chromatograms of cluster III over phe-

nylhexyl column. (b) The corresponding online UV-vis spectra.

Fig. 6 Variation of the tR with flow rate of clusters I, II, and III in (a) C18, (b) C8, and (c) phenylhexyl columns.

Fig. 7 High-resolution separation of anionic and neutral cluster III over

phenylhexyl column at 1 mL min−1 flow rate using linear gradient [10]

program.
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the two peaks is the selectivity ‘α’ of the HPLC method and it
was found to be 1.2.

Molecular docking studies were carried out to understand
the interaction of structurally different ligands with the
stationary phases used. The docking was performed using the
Autodock 4.2 and AutoDock Tools programs.41 We used the
cluster as “ligand”, and stationary phase as “receptor” and
only the noncovalent interactions were taken into account. The
docking study provides information about the binding ener-
gies (BE) and the low energy conformations of the stationary
phase–analyte complexes. However, the molecular docking
study was performed without taking into account the effect of
solvent and flow rate used in the real separation. The binding
energy values are presented in Table 1. The BE values were
negative for all clusters in the RP columns used, revealing that
the interaction between stationary phase and cluster are an
enthalpy-driven and spontaneous process.42 The BE of cluster
I with C18 column was higher compared to that of II and III.
The stable low energy confirmations between octadecyl silyl
functionality and clusters I, II, and III are shown in Fig. S15.†
With C8 column the BEs of clusters I and II show a similar
trend as that of the tR (Fig. S16, ESI†). In the case of cluster III,
the BE is −10.67 kcal mol−1 whereas, the tR is very less for the
same. This indicates that the contributions of other factors
such as solvent, flow rate, and entropy are inevitable. In

phenylhexyl column BEs of clusters I, II, and III are −6.55,
−6.02, −8.53 kcal mol−1 (Fig. 8). The slightly higher BE value
in the case of cluster III could be due to the π–π interactions
between the aryl stationary phase and the PET ligand. The BEs
(without solvent) obtained by molecular docking were expected
to be higher than the experimental results obtained from the
HPLC (with solvent) analyse because docking considers enthal-
pic contribution alone. Nevertheless, a good qualitative agree-
ment was observed, and the docking results may significantly
contribute to the understanding of the nature of inter-
molecular forces responsible for the separation. The factors
such as solvent, entropy, and flow rate contributions had to be
taken into consideration to obtain the separation quantitat-
ively, which were thought to reduce the differential interaction
energy predicted by the simulation study.43,44 As all the three
clusters retain identically in phenylhexyl column, a concen-
tration-dependent elution studies were carried out with cluster
III. We have used three different concentrations, i.e., 0.8, 4.0,
and 8.0 mg of neutral cluster III, in 1.0 mL DCM by keeping
1.0 mL min−1, as optimum flow rate (Fig. S17, ESI†). The peak
area vs. concentration shows a linear relationship (Fig. S18,
ESI†). With regard to the values of BE and tR, the aliphatic
ligands such DDT and OT protected clusters bind strongly to
long chain alkyl functionalised columns which allows the sep-
aration of small fractions of decomposed products/impurities
whereas, aryl columns are better to separate clusters protected
with PET where π–π interactions are involved.

Conclusions

Flow rate dependent elution studies were carried out with
three Au25 clusters protected with aliphatic ligands using C18,
C8, and phenylhexyl RP-HPLC columns. We observed that the

Table 1 The binding energies of clusters I, II, and III on C18, C8, and

phenylhexyl columns

Column
Cluster I
(kcal mol−1)

Cluster II
(kcal mol−1)

Cluster III
(kcal mol−1)

C18 −6.09 −2.35 −3.83
C8 −6.09 −5.99 −10.67
Phenylhexyl −6.55 −6.02 −8.53

Fig. 8 The energy minimum conformers of phenylhexyl silyl functionality docked with clusters; (a) I, (b) II, and (c) III. Color labels: golden yellow, Si;

red, O; grey, C; white, H; teal, Au; yellow, S; green, DDT, OT, and PET ligands.
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aliphatic ligands such as DDT and OT protected clusters bind
strongly to long chain alkyl functionalised columns which
allows the separation of small fractions of decomposed pro-
ducts/impurities whereas, aryl columns are better to separate
aryl ligand protected clusters. By tuning the chromatographic
conditions, we were able to isolate the neutral and anionic PET
protected clusters over the phenylhexyl column with a selecti-
vity of 1.2. The interactions between three clusters and three
alkyl and aryl stationary phases were simulated by molecular
docking. The experimental findings were corroborated with
the binding energy values from the docked structures. We
believe that the results of this study provide new insights into
the high-resolution separation of structurally different ligand
protected metal clusters, and the outcome will help in develop-
ing highly efficient cluster separation methods.
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