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Abstract: Ag44(p-MBA)30
4� (p-MBA = para-mercaptobenzoic

acid) nanocluster (NC) supracrystals (SCs) with customizable
shapes can be obtained by simply altering the type and
concentration of the counterions of the p-MBA ligands in the
dimethylsulfoxide (DMSO)/water crystallization system.
Changing the counterion of the p-MBA ligand from H+ to
Cs+ eliminates the directional hydrogen bonds in the SCs,
resulting in the packing of deprotonated Ag44(p-MBA)30

4� NCs
into octahedral SCs, which is in stark contrast to the
rhombohedral SCs that were formed by the packing of
protonated Ag44(p-MBA)30

4� NCs in previous studies. Fur-
thermore, the double layer of deprotonated Ag44(p-MBA)30

4�

NCs is sensitive to charge screening induced by increasing the
Cs+ concentration, thereby providing a means to regulate the
precipitation kinetics of the Ag44(p-MBA)30

4� NCs for SC
shape engineering. Slow precipitation kinetics was found to
favor over-growth at the corners and edges of the octahedral
SC nuclei, shaping the SCs into concave octahedra.

Thiolate-protected noble-metal nanoclusters (NCs) or
Mn(SR)m (e.g., M = Au or Ag) are ultrasmall (< 2 nm)
nanoparticles with molecule-like properties, such as quan-
tized charging, strong luminescence, and enhanced catalytic
activity.[1] The crystallization of Mn(SR)m NCs is central to the
development of cluster chemistry,[1a, 2] because the determi-
nation of the NC structure demands very high quality
supracrystals (SCs) of the NCs.[2a,b, 3] Aside from size, shape
is another attribute that can affect the physicochemical (e.g.,
optical and catalytic) properties of crystalline materials
through geometry, symmetry, and the exposure of selected
crystallographic faces.[4] The reciprocity between shape and
property has been regularly shown by metal nanocrystals,[4a,b,5]

and a diversity of shapes for the SCs may likewise increase the
versatility of SCs in various applications. The formation of
SCs from NC building blocks under shape control, however, is
technically challenging. Thus far, only rhombohedral or
needle-like NC-SCs with monoclinic, triclinic, or orthorhom-
bic crystal symmetry have been reported.[2a,c,3,6] Therefore, the

crystallization of NCs into shape-tailorable SCs with a struc-
tural diversity similar to that of nanocrystals is clearly of
interest to the cluster research community. The ability to
perform shape engineering can accelerate NC structural
determination by X-ray crystallography (through the packing
of NCs into SCs of high symmetry)[7] and also the develop-
ment of reliable property–shape relationships for NC-SCs.[8]

Recently, Desireddy et al. reported the synthesis of
rhombohedral Ag44(p-MBA)30

4� NC-SCs (p-MBA = para-
mercaptobenzoic acid).[2b] As the SCs were grown from NCs
with the protonated form of the p-MBA ligands, the crystal
habit (e.g., the rhombohedral shape of the SCs) is strongly
related to the binding environment established by the direc-
tional hydrogen bonds (H-bonds) of the NC components.[9]

Herein, we demonstrate that the shape of Ag44(p-MBA)30
4�

NC-SCs can be tailored by altering the binding environment
of the NC components (e.g., from directional to non-direc-
tional by the elimination of H-bonds). A simple change of the
p-MBA ligand counterions from H+ to non-H+ cations (e.g.,
Cs+) changes the shape of the Ag44(p-MBA)30

4� NC-SCs from
rhombohedral with D3d symmetry[2b] to octahedral with the
higher Oh symmetry. Furthermore, the high charge density of
the Ag44(p-MBA)30

4� NCs developed by deprotonating the p-
MBA ligands offers a means to modify the SC growth kinetics
by charge-screening effects, which could be used to obtain
octahedral Ag44(p-MBA)30

4� NC-SCs with either convex or
concave faces.

The synthesis of Ag44(p-MBA)30
4� NCs was based on the

method of Desireddy et al.[2b] with some minor modifications
(for details, see the Supporting Information). The as-synthe-
sized raw Ag44(p-MBA)30

4� NCs showed well-defined absorp-
tion peaks at 415, 485, 538, 645 and 835 nm, which are
identical to the characteristic absorption features of Ag44(p-
MBA)30

4� NCs (Supporting Information, Figure S1a),[2b,c,10]

which is an indication of the high purity of the synthesized
material. The transmission electron microscopy (TEM) image
(Figure S1 b) of the as-synthesized Ag44(p-MBA)30

4� NCs
shows that the Ag core size was < 2 nm.

Contrary to the previously reported crystallization of
protonated Ag44(p-MBA)30

4� NCs in a single-solvent system
(dimethylformamide, DMF), the crystallization of deproton-
ated Ag44(p-MBA)30

4� NCs (with Cs+ counterions) in this
study was carried out in a dual-solvent system where a good
solvent (e.g., water) was used to increase the solubility of the
deprotonated Ag44(p-MBA)30

4� NCs in a solvent mixture
containing a bad solvent (e.g., dimethylsulfoxide, DMSO).
The selection of the good/bad solvent pair was based on vapor
pressure differences where the good solvent should possess
a higher vapor pressure (i.e., evaporate more easily) than the
bad one. Slow and selective evaporation of the good solvent
could then occur to induce the crystallization of the Ag44(p-
MBA)30

4� NCs.
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Experimentally, the raw Ag44(p-MBA)30
4� NCs were first

pelletized by centrifugation in the presence of ethanol,
followed by washing with a CsOH aqueous solution
(66 mm) thrice to fully deprotonate the p-MBA ligands (for
details, see the Supporting Information). The deprotonated
Ag44(p-MBA)30

4� NCs were redissolved in a DMSO/water
mixture (NC concentration, [NC] = 0.73 mm) containing
a predetermined concentration of Cs+ ([Cs+], from the
dissociation of dissolved CsOH). The solution was then
placed in a vacuum oven (ca. 20 mbar and 40 8C) to remove
the water. After one to three days of growth (with the
duration depending on the volume fraction of DMSO or
XDMSO in the dual-solvent system), the Ag44(p-MBA)30

4� NC-
SCs were recovered as a black–red precipitate at the bottom
of the crystallization tube.

In stark contrast to the protonated Ag44(p-MBA)30
4� NCs,

which formed rhombohedral SCs,[2b] the Cs+-deprotonated
Ag44(p-MBA)30

4� NCs were packed into SCs with an octahe-
dral shape at [Cs+] = 33 mm

and XDMSO = 0.5 (Figure 1a).
The as-fabricated SCs encom-
passed a broad size distribu-
tion (Figure 1a, top inset)
with an average diameter of
24.48 mm (from counting
> 100 SCs). The regular octa-
hedral morphology (Fig-
ure 1a, bottom insets) of the
SCs suggests them to be
single-crystalline SCs with Oh

symmetry, a symmetry char-
acteristic of the cubic crystal
system, which was not found
in other reported NC-SC sys-
tems. The octahedral mor-
phology is congruent with
face-centered-cubic (fcc) SCs
enclosed by the (111)SC facets,
as confirmed by a powder X-
ray diffraction pattern where
the most dominant (111)SC

peak was located at 2q

� 4.198 (calculated value:
4.208 ; see Figure S2 for the
calculation details). We pro-
pose that the formation of the
octahedral SCs was thermo-
dynamically driven. After
complete elimination of the
directional H-bonds, the inter-
action between the Cs+-de-
protonated Ag44(p-MBA)30

4�

NCs should be non-direc-
tional, and therefore, their
packing may be approximated
by the classic hard-sphere
model. The hard-sphere
model suggests that the deple-
tion force (entropic effect)

could drive the packing of the spheres into the most compact
pattern (e.g., fcc packing).[11] The exposure of the (111)SC

facets in a fcc SC is predicted upon the minimization of the
surface energy (see Figure S2 for a detailed discussion).[8d,12]

The formation of octahedral deprotonated Ag44(p-MBA)30
4�

NC-SCs is therefore in agreement with thermodynamic
predictions. The octahedral SCs may be considered as
a “polymorph” of the previously reported rhombohedral
SCs.[2b] It is noteworthy that H-bond assisted polymorphism is
a common observation in molecular crystals.[13]

Several independent observations confirmed that the
octahedral SCs were formed by assimilation of Ag44(p-
MBA)30

4� NCs in the presence of Cs+. First, after redissolu-
tion in water (containing 66 mm CsOH for NC stability
considerations, see below), the SCs showed a UV/Vis
absorption spectrum (Figure 1 b) that was identical to that
of discrete Ag44(p-MBA)30

4� NCs (Figure S1 a), suggesting
that the size and the structure of the Ag44(p-MBA)30

4� NCs

Figure 1. a) FESEM image, b) UV/Vis absorption spectrum, and c) EDX elemental analysis of octahedral
SCs grown at [Cs+] =33 mm and XDMSO = 0.5. d) UV/Vis absorbance spectrum at l = 645 nm (I) of the
crystallization solution before (black line) and after (red line) centrifugation plotted against the evaporation
time (t). The top inset in (a) shows the size histogram of the SCs, whereas the bottom insets show the
FESEM images and schematic illustrations of the SCs viewed from three different directions. The upper and
lower panels in (c) are the elemental maps and the EDX spectrum, respectively. Insets 1 and 2 in (d) show
the FESEM images of SCs harvested at different times (t), and inset 3 shows the fit of a kinetic model for
the precipitation reaction of Ag44(p-MBA)30

4� NCs, where tnuc = 12 h was used for the fitting. All scale bars
in the FESEM images are 10 mm unless indicated otherwise.
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were preserved in the SCs. Additional supporting evidence
was obtained by energy-dispersive X-ray spectroscopy (EDX)
analysis. First, all of the elements identified in the EDX
spectrum (Figure 1c, lower panel) were those of the Ag44(p-
MBA)30

4� NCs and Cs+ cations. Quantitative analysis yielded
an atomic ratio of Au/S/Cs = 1:0.68:0.76, which is consistent
with completely Cs+-deprotonated NCs with the molecular
formula Cs4 Ag44(SPhCOOCs)30 (calculated atomic ratio: Au/
S/Cs = 1:0.68:0.77). Furthermore, the elemental maps of
a typical octahedral SC (Figure 1c, top panel) show uniform
distributions of Ag (red), S (green), and Cs (blue) in the SC.
Taken together, UV/Vis spectroscopy and EDX measure-
ments indicate the conservation of shape and size of the
Ag44(p-MBA)30

4� NCs in the octahedral SCs.
To gain insights into the crystallization process, we

monitored the crystallization by following [NC] as a function
of the evaporation time (t). The characteristic absorbance of
the Ag44(p-MBA)30

4� NCs at l = 645 nm (denoted as I) was
used as a measure for [NC]. Two sets of I–t plots for the
crystallization solutions before (black line) and after (red
line) centrifugation (5000 rpm, 3 min) are shown in Figure 1d.
The purpose of centrifugation was to remove any small SCs
suspended in the crystallization solution. The solutions before
and after centrifugation both showed nearly time-invariant
I values at the early stage of evaporation, with plateaus in the
I–t plot. The I values before and after centrifugation are also
very similar. These observations indicate that the Ag44(p-
MBA)30

4� NCs existed as discrete particles at this stage. After
the plateau (t� 12 h), the I values started to decrease
exponentially with time, and the I values before and after
centrifugation also became more and more different, espe-
cially in the early stages of the decline (t = 14 h). This signals
the start of the formation of small SCs, as confirmed by
FESEM analysis (Figure 1d, inset 1) at t = 14 h where small
octahedral SCs (several mm in size) were observed. After t =

14 h, the I values before and after centrifugation continued to
decrease, but gradually approached each other again, sug-
gesting the settling and the growth of SCs in size. A typical
FESEM image corresponding to well-grown octahedral SCs is
shown in Figure 1 d, inset 2 for ease of comparison.

The I–t measurements suggest that the crystallization of
NCs probably occurred through a nucleation growth process
(Scheme 1).[14] In the early stages of evaporation (t< 12 h,
Phase 0 in Route I ; Scheme 1), the change in solvent polarity
was not sufficient to induce the crystallization of Ag44(p-
MBA)30

4� NCs, and hence the Ag44(p-MBA)30
4� NCs

remained in the solution phase (the I plateau in the I–
t plot). However, as the decrease in polarity continued with
time owing to the evaporation of water, the solubility of the
Ag44(p-MBA)30

4� NCs ([NC]S) would eventually be exceeded,
and supersaturation of Ag44(p-MBA)30

4� NCs (as measured
by S = [NC]/[NC]S) occurred in the solution. When the
S value was high enough (the critical value, Scri) to overcome
the energy barrier for nucleation, the nucleation of SCs
became possible. This is the nucleation phase of the crystal-
lization (Phase I in Route I; Scheme 1). As nucleation is
usually completed within a short period of time, it is difficult
to accurately identify the nucleation phase in the I–t plot.
However, based on the observation of extensive formation of

small SCs at t = 14 h, we expect the nucleation time (tnuc) to be
between 12 and 14 h. The octahedral shape of these small SCs
also suggests that the nuclei of the SCs were also octahedral.
After nucleation, the SC growth phase occurred (t> tnuc,
Phase II in Route I; Scheme 1); the SCs grew by uniform
deposition of newly precipitated NCs on the surface of the
growing nuclei. The depletion of discrete Ag44(p-MBA)30

4�

NCs was more gradual in the growth phase, as shown by the
decay of I at t> tnuc.

With the above understanding, it should be possible to
modify the shape of SCs by manipulating the kinetics of their
growth. We have learned from the synthesis of nanocrystals
that concave faces could be developed on a polyhedral
nanocrystal by selectively depositing newly formed atoms on
the high-curvature sites (edges and corners).[15] Selective
deposition is facilitated by a low rate of generation of the
depositing atoms. We recently applied this principle (a kinetic
control strategy) to program the spatial arrangement of the
constituent nanocrystals in heterogeneous noble-metal nano-
crystals.[15] We expect that the strategy will also work for the
shape engineering of Ag44(p-MBA)30

4� NC-SCs. The precip-
itation kinetics of Ag44(p-MBA)30

4� NCs in the growth
solution should be the equivalence of the atom-generation
kinetics in nanocrystal synthesis, which is a key factor for
shape engineering. As deprotonated Ag44(p-MBA)30

4� NCs
carry a high charge (34 e� per NC, where 30 e� originate from
the deprotonation of the p-MBA ligands and 4 e� from the
charge in the core),[2b] we hypothesized that the precipitation
kinetics of Ag44(p-MBA)30

4� NCs could therefore be manip-
ulated by the selective screening of the charge of the Ag44(p-
MBA)30

4� NCs.
We therefore carried out the crystallization of Ag44(p-

MBA)30
4� NCs under a strong charge-screening environment

created by elevating [Cs+] while keeping other conditions the
same. As shown in Figure 2a, the shape of the Ag44(p-
MBA)30

4� NC-SCs changed from octahedral to concave-
octahedral after increase [Cs+] from 33 to 66 mm. These
concave-octahedral SCs were morphologically similar to
octahedral SCs except for a distinct depression on each face
and a slightly larger size (average size = 34.15 mm, the histo-
gram of the size distribution is shown in Figure 2a, top inset).
The chemical identity of the concave-octahedral SCs was

Scheme 1. Formation of octahedral (Route I) and concave-octahedral
(Route II) Ag44(p-MBA)30

4� NC-SCs.
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similarly characterized by UV/Vis spectroscopy and EDX
elemental analysis. The redissolved SCs (in 66 mm CsOH
aqueous solution) showed identical UV/Vis absorption fea-
tures (Figure 2b) to those of discrete Ag44(p-MBA)30

4� NCs
(Figure S1 a). Elemental analysis (Figure 2c, top panel) also
confirmed the uniform distribution of Ag (red), S (green), and
Cs (blue) throughout the concave-octahedral SCs. All ele-
ments except for Cu (from the copper grid in EDX analysis;
Figure 2c, bottom panel) could be assigned to the Ag44(p-
MBA)30

4� NCs and Cs+ cations.
The I–t plots in Figure 2d suggest that the growth of the

concave-octahedral SCs was dependent on charge-screening-
assisted nucleation. The I–t plots of the concave-octahedral
SCs before and after centrifugation are visually similar to
those of octahedral SCs, but there are a few important
differences. The most noticeable difference is an earlier onset
of the divergence of I before and after centrifugation (t = 12 h
for the concave-octahedral SCs vs. 14 h for the octahedral
SCs). This suggests that the nucleation of concave-octahedral

SCs was kinetically more
facile (tnuc = 10–12 h) because
of the stronger charge screen-
ing at [Cs+] = 66 mm. As
shown in Route II of
Scheme 1 (Phase 0), the more
compressed double layer of
Ag44(p-MBA)30

4� NCs at
[Cs+] = 66 mm improved the
approach of neighboring NCs
and hence increased the ten-
dency for aggregation (nucle-
ation). The relative lowering
of the energy barrier of nucle-
ation enabled nucleation to
occur at a lower Scri, which
translated to a shorter evapo-
ration time (Phase I in Rou-
te II; Scheme 1). A direct con-
sequence of the precipitation
of Ag44(p-MBA)30

4� NCs at
lower Scri was a slower precip-
itation kinetics (Phase II in
Route II; Scheme 1). This
was confirmed by the analysis
of the decay kinetics of the
I profile during the growth
phases of both octahedral
and concave-octahedral SCs
(insets 3 in Figure 1d and 2d,
respectively). The value of I
after centrifugation was used
in the kinetic analysis as it is
a more accurate measure of
[NC]. In both cases, the expo-
nential decay of the I value
followed pseudo-first-order
kinetics, ln(I/I0) = k � (t�tnuc),
where k is the specific rate
constant, and I0 denotes the

absorbance at tnuc. The calculated k values were 0.54 (with
a coefficient of determination (R2) of 0.993) and 0.46 (R2 =

0.989) for the growth of octahedral SCs (Figure 1d, inset 3)
and concave-octahedral SCs (Figure 2d, inset 3), respectively,
confirming the slower intrinsic kinetics for the precipitation of
Ag44(p-MBA)30

4� NCs. The slower rate of precipitation
promoted the preferential deposition of newly precipitated
Ag44(p-MBA)30

4� NCs onto the corners and edges of pre-
existing nuclei to form the concave-octahedral SCs. The
parallelism between the kinetic control of selective deposition
in the synthesis of SCs and the kinetic control of selective
deposition in the synthesis of concave-polyhedral nanocrys-
tals has therefore been established.[16]

The corner/edge-selective deposition on octahedral SCs
was also validated by FESEM analysis. The size and
morphology of small SCs obtained at t = 12 h, when the
I values before and after centrifugation began to diverge,
were examined by FESEM analysis (Figure 2d, inset 1).
These small SCs were octahedral (several micrometers in

Figure 2. a) FESEM image, b) UV/Vis absorption spectrum, and c) EDX elemental analysis of concave-
octahedral SCs grown at [Cs+] = 66 mm and XDMSO =0.5. d) UV/Vis absorbance spectrum at l = 645 nm (I)
of the crystallization solution before (black line) and after (blue line) centrifugation plotted against the
evaporation time (t). The top inset in (a) shows the size histogram of SCs, whereas the bottom insets show
the FESEM images and schematic illustrations of the SCs viewed from three different directions. The upper
and lower panels in (c) are elemental maps and an EDX spectrum, respectively. Insets 1 and 2 in (d) show
the FESEM images of SCs obtained at different t, and inset 3 shows the fit of a kinetic model for the
precipitation reaction of Ag44(p-MBA)30

4�NCs, where tnuc =10 h was used for the fitting. All scale bars in the
FESEM images are 10 mm unless indicated otherwise.
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size) with slightly concave faces. The extent of depression in
the faces was markedly lower than that of the fully developed
concave-octahedral SCs (Figure 2d, inset 2). This is a good
indication that the face concavity of concave-octahedral SCs
was developed by the selective deposition of newly precipi-
tated Ag44(p-MBA)30

4� NCs on the corners and edges of
octahedral nuclei.

It should be mentioned that the charge-screening-assisted
nucleation mechanism requires a suitably low S value in the
starting solution to take effect. The S value in the starting
solution could be controlled by XDMSO. We found that
octahedral SCs were the only crystallization product over
a broad [Cs+] range of 16.5 to 99 mm (Figure S4 b–j and f–m)
at XDMSO = 0.6 (> 0.5, XDMSO = 0.5 was used in this study to
produce both octahedral and concave-octahedral SCs). An
initially high S value in the starting solution could easily
transcend the range of S values suitable for corner/edge-
selective deposition. In such cases, the precipitation kinetics
was fast regardless of the [Cs+] value, favoring the formation
of octahedral SCs. Furthermore, it was found that [Cs+]
should be within a certain range of values for crystallization to
occur. Extreme [Cs+] values (too high or too low) spoiled the
crystallization process. For example, at a very high [Cs+] of
132 mm (at XDMSO = 0.6), the NCs were not soluble in the
starting solution under ambient conditions. The very strong
charge-screening effects led the NCs to aggregate randomly
into an amorphous film (for the morphology, see Fig-
ure S4k,n; the chemical analysis is given in Figure S9). At
the other extreme of very low [Cs+] (8.25 mm), a rod-like
assembly of NCs was observed (Figure S4a, e). The rod-like
assembly was assimilated and aligned by decomposition
products [mainly AgI�(p-MBA) complexes] of the Ag44(p-
MBA)30

4� NCs (for a discussion on their chemical identity, see
Figure S9 and S10). The decomposition of Ag44(p-MBA)30

4�

NCs at low [Cs+] (Cs+ provided by CsOH dissociation) could
be due to their instability in the more acidic environment
(Figure S11) not ramped up by CsOH. It should be mentioned
that a similar alignment of AuI�SR complexes into a one-
dimensional (1D) assembly has been observed before.[17]

We have also undertaken a preliminary survey of the
operating regions for the shape engineering of the Ag44(p-
MBA)30

4� NC-SCs in the DMSO/water dual-solvent system.
We mapped out the [Cs+]–XDMSO space as these two
parameters have the greatest influence on SC formation
(Figure 3). FESEM images corresponding to each dotted
point in the diagrams of Figure 1, 2, and S3–S8 were taken.
The diagram thus constructed can be divided into four regions
(Figure 3). Two of them are suitable for SC formation, namely
the upper-left region (II) for concave-octahedral SCs and the
middle valley region (III) for octahedral SCs. A loose but
simple rule of thumb for SC shape engineering is that high
[Cs+] and low XDMSO values favor the formation of concave-
octahedral SCs, whereas the reverse conditions (low [Cs+] and
high XDMSO) favor the formation of octahedral SCs. On the
other hand, experimental settings falling into the other two
regions [regions I and IV] would not produce SCs. Region I is
mainly due to the low stability of the Ag44(p-MBA)30

4� NCs in
the CsOH-deficient low pH environment as discussed before.
In this region, Ag44(p-MBA)30

4� NCs would readily decom-

pose. The alignment of the fragments of decomposed Ag44(p-
MBA)30

4� NCs gives rise to rod-like assemblies in this region.
Region IV is defined by the solubility limit of the Ag44(p-
MBA)30

4� NCs in the starting solution at ambient conditions
where solubility is limited by either a strong charge-screening
effect (owing to high [Cs+]) or the low polarity of the solvent
(high XDMSO). The fast aggregation of Ag44(p-MBA)30

4� NCs
in this region results in the formation of an amorphous film.

In summary, we have developed a simple and reprodu-
cible counterion-assisted dual-solvent method for packing
Ag44(p-MBA)30

4� NCs into both octahedral and concave-
octahedral SCs. The octahedral Ag44(p-MBA)30

4� NC-SCs
may be regarded as a polymorph of the previously reported
rhombohedral SCs. The polymorphism was caused by the
elimination of the directional hydrogen bonds in the SC
assembly. This was experimentally implemented by changing
the counterions in the p-MBA ligands from H+ to Cs+. The
charge-screening effect of an increased [Cs+], which altered
the double-layer characteristics of the deprotonated Ag44(p-
MBA)30

4� NCs, was highly effective in tailoring the growth
kinetics of the SCs. Through the delicate control of the growth
kinetics, we were able to create concavity on the exposed
faces of the octahedral nuclei to form concave-octahedral
SCs. We have also mapped the operating regions in the [Cs+]–
XDMSO space to guide the shape-tailorable crystallization of
Ag44(p-MBA)30

4� NCs. To the best of our knowledge, this is
the first report of systematizing the shape engineering of NC-
SCs. The simplicity and good experimental reproducibility
suggest that the counterion-assisted dual-solvent approach
may also be useful for the crystallization of other metal NCs.
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Figure 3. The operating regions of the shape-tailorable crystallization
of Ag44(p-MBA)30

4� NCs in mixtures of DMSO and water with varied
XDMSO and [Cs+] values.
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