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S
elf-organization of nanoparticles (NPs)
takes place for many materials.1�7 Par-
ticularly diverse behavior and resulting

geometries were observed for the self-
assembly (SA) of semiconductor NPs. Their
superstructures include straight nanowires
(NWs),8�10 zigzag NWs,10 branched NWs,10

nanorings,10 nanochains,11 nanocheck and
X-marks,12 nanosheets,13 and even twisted
ribbons.14 While many of these examples
involve pairwise interactions of NPs, which
are increasingly better understood, the
mechanisms of SA behavior for large NP
ensembles and the driving forces for complex
three-dimensional (3D) superstructures are
still in its infancy. This field deserves a
lot of additional attention since it can po-
tentially reconfigure many technologies
using simple and elegant SAmanufacturing
methods.1,2,4,5 As such, SA processes can
bridge nanoscale materials and well-
established microscale technologies open-
ing new architectures and functionalities of
NEMS andMEMSdevices. They can also lead
to new mesocrystalline materials resem-
bling biomineralization processes.4,5,15 The
interplay of different attractive/repulsive
interactions between NP, ion exchange,
and the physicochemical characteristics of
the surrounding medium creates rich pa-
rameter space for nanoscale engineering of
SA superstructures. From this perspective,
one should also analyze the areas where the
field of NP self-organization requires sub-
stantial advancements necessary for both
technological and fundamental stand-
points. The analysis of the current status

quo indicates that much better understand-
ing needs to be achieved for (a) mecha-
nisms and driving forces of 3D SA with
both nano- andmicrolevels of organization;
(b) disassembly/deconstruction processes

representing the inevitable opposite of SA
that have been scarcely addressed;11,14,16,17

and (c) practical methods of NP assembly
into continuous superstructures without in-
sulating organic barriers, making many ap-
plications in NEMS, MEMS, and electronic
devices impossible.
Lead sulfide, PbS, represents a promis-

ing candidate for future studies of NP
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ABSTRACT A lot of interesting and sophisti-

cated examples of nanoparticle (NP) self-assembly

(SA) are known. From both fundamental and

technological standpoints, this field requires ad-

vancements in three principle directions: (a) understanding the mechanism and driving forces of

three-dimensional (3D) SA with both nano- and microlevels of organization; (b) understanding

disassembly/deconstruction processes; and (c) finding synthetic methods of assembly into continuous

superstructures without insulating barriers. From this perspective, we investigated the formation of

well-known star-like PbS superstructures and found a number of previously unknown or overlooked

aspects that can advance the knowledge of NP self-assembly in these three directions. The primary

one is that the formation of large seeminglymonocrystalline PbS superstructures withmultiple levels

of octahedral symmetry can be explained only by SA of small octahedral NPs. We found five distinct

periods in the formation PbS hyperbranched stars: (1) nucleation of early PbS NPs with an average

diameter of 31 nm; (2) assembly into 100�500 nm octahedral mesocrystals; (3) assembly into

1000�2500 nm hyperbranched stars; (4) assembly and ionic recrystallization into six-arm rods

accompanied by disappearance of fine nanoscale structure; (5) deconstruction into rods and

cuboctahedral NPs. The switches in assembly patterns between the periods occur due to variable

dominance of pattern-determining forces that include van der Waals and electrostatic

(charge�charge, dipole�dipole, and polarization) interactions. The superstructure deconstruction

is triggered by chemical changes in the deep eutectic solvent (DES) used as the media. PbS

superstructures can be excellent models for fundamental studies of nanoscale organization and SA

manufacturing of (opto)electronics and energy-harvesting devices which require organization of PbS

components at multiple scales.

KEYWORDS: nanoparticles . nanorods . self-assembly . disassembly .
deconstruction . hierarchical . solar cells . PbS . ionic liquids . mesocrystals .
supraparticles . assembly patterns
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self-organization potentially leading to implementa-
tion of optoelectronic (photovoltaic solar cells16 and
infrared emission/detection devices17) and thermo-
electric18,19 technologies. All three principle challenges
mentioned above are equally applicable to PbS as well
as other semiconductor and metal NPs. While it is very
well-known that PbS forms hyperbranched nano/
microstructures,23�41 the mechanism of their forma-
tion leading to very intricate superstructures is not
understood and can partially account for hyper-
branched geometries only at nanometer scale.18,20�27

What is also true is that SA has not been considered as
the formation pathway.28�39 The nature of driving
forces involved in SA or deconstruction processes of
PbS and other superstructures have not been ad-
dressed also. Understanding of the dualism of SA and
deconstruction is essential to create a dynamic nano-
scale and microscale system.43

Given that advanced optoelectronic applications
demand the combination of nano- (beneficial in terms
of charge carrier generation),44�48 submicro- (required
for efficient charge transport),49,50 and mesoscale
(significant for mechanical properties and scalability)
levels of structural organization, controlled SA ap-
proach leading to hierarchical hyperbranched struc-
tures will allow fabrication of electronic devices based
on PbS. However, the long-chain molecules previously
used for assisting the synthesis of hyperbranched PbS
structures create insulating gaps with high tunneling
resistance, which is detrimental for the charge-transfer
process at the interface between NPs.51,52 Control over
the internal porosity of PbS mesocrystals is also neces-
sary for advancements in thermoelectrics.18,19

Given this background, we report here new findings
about formation and evolution of PbS nano/micro-
superstructures in a deep eutectic solvent (DES).53 On
the basis of extensive experimental data, we con-
cluded that the growth of complex micrometer scale
superstructures can only be explained via progressive
assembly of octahedral NPs. Short chains of urea�
choline chloride DES are advantageous for the SA of
PbS compared to long-chain capping agents in organic
and aqueous solvents considered before2�7 due to
formation of extended superstructures without insu-
lating gaps. Five different stages of the assembly
process have been identified. The interparticle forces
determining the SA pattern in each stage and their
switches between the stages are discussed. The ap-
pearance of the hierarchical hyperbranched geometry
of the self-organized superstructures from PbS NPs is a
result of the interplay of dipolar interactions and
minimization of polarization energy. Decrease of po-
larity of DES upon urea decomposition is accompanied
by the disassembly/deconstruction of the superstruc-
tures due to increased electrostatic repulsion. An
increase in ion exchange processes and their effect

on superstructure geometry is also observed at the
later stages of the reaction.

RESULTS

Hyperbranched PbS Nano/Microcrystals in Deep Eutectic
Solvents. DESs53 with short chains can be a uniquely
convenient medium for assembly of NPs because they
combine the properties of both organic and inorganic
solvents. DESs also provide quite unusual electrostatic
conditions and intermolecular interactions for solutes,
altering in many instances reaction pathways.54�56

DESs share many properties with ionic liquids (ILs)
including high polarity and supramolecular self-
organization,54�56 while providing additional advan-
tages exemplified by biodegradability and synthetic
simplicity. Although ILs and DESs seem to facilitate
the formation of unusual geometries of dispersed
particles55,57,58 and low-dimensional solids,59 their suit-
ability for SA processes of NPs is still unknown.

Figure 1. Hierarchical hyperbranched PbS crystals obtained
at tr = 30 min. (a) SEM image of hyperbranched stars.
Inset shows the octahedral motif displayed at every
level of hierarchy. (b,c) TEM images of two hyperbranched
stars viewed along two perspectives. In (c) (orientation
close to [001] zone axis), the projection of two
main branches can be seen as the darker area in the
center of the star. (d,e) TEM images of a same single-arm
crystal.
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After 30 min of combining the Pb2þ and S2� pre-
cursors in hot DES, one can observe nano/microscale
assemblies that can be described as 3D hyperbranched
PbS microstars with multiple levels of hierarchy
(Figure 1a�e). Additional products included small
agglomerates of NPs and dendritic assemblies analo-
gous to the single arms of the microstars (Figure S1 in
Supporting Information). Each “star” has six main
branches pointing to the six equivalent Æ100æ direc-
tions of an imaginary octahedron (Figure 1c). Each
main branch supports four perpendicular rows of sec-
ondary branches with a diameter of ∼50�150 nm,
which will be referred to here for brevity as nanorods
(NRs). The rows of the NRs can be seen as the fringes of
themain branches and the darker central zone blocking
electron beam in two tiers. Each NR possesses four
perpendicular facets (Figure 1a). TEM tomography dis-
plays the geometrical features of the hyperbranched
microstars particularly vividly (Figure 2a). Video files
displaying the complex 3D structure are available in
Supporting Information Figures SV2 and SV3.

The size of the NRs is larger than the Bohr radius of
PbS (18 nm).60 The degree of the quantum confine-
ment in the superstructure must be very small ap-
proaching the band gap of PbS in the bulk (0.4 eV).61

Interestingly, broad UV�vis absorbance peaks at
800�900 nm (Figure S4; note that the peak at
963 nm is from DES, not from PbS) point to the fact
that the actual band gap for substantial portion of the
superstructure is 1.5�1.3 eV. Such discrepancymust be
related to nanoscale organization of the superstructure
and, therefore, to the process of its formation. No band
gap emission peak can be detected in the same region
(Figure S5). Looking into the potential origin of the
quantum confinement, we did not see obvious grain
boundaries between the NRs as can be seen in the
high-resolution TEM (HRTEM) images in Figure 3d�f.
Selected area electron diffraction (SAED) data
(Figure 3b) confirmed a seemingly single-crystalline
nature of the hyperbranched stars. High crystallinity
and atomic quality of interfaces minimizes scattering of
charge carriers important for electronic applications.62

The growth of the branches occurs along the six
equivalent Æ100æ crystallographic directions, as well as
the Æ100æ directions of each secondary branch or NR
(Figure 3). Insights into the internal organization of the
hyperbranched microstars can be obtained from the
three-dimensional (3D) images obtained by transmis-
sion electron tomography (Figure 2a and video files in
Supporting Information SV2 and SV3), which reveals
the presence of mesoscale pores in these structures.
Furthermore, one can also detect the presence of NPs
firmly attached to the surface of the structures (Figure
S6). In aggregate, the spectroscopic and microscopy
data indicate that a simple ion-by-ion growthmechan-
ism cannot govern the formation of hyperbranched
microstars. This mechanism can explain neither the

presence of strong quantum confinement nor the
presence of internal cavities.

Figure 2. HAADF-STEM images of the PbS products ob-
tained at different reaction times (tr). (a) HyperbranchedPbS
star obtained at tr = 30 min showing internal porosity and
NPs in close contact to the surface of the stars. (b) Octahe-
dral porous mesocrystal obtained at tr = 10 min. (c) PbS
nanoparticle obtained at tr = 5 days. Degree of porosity in
the products increases in the order (b) tr = 10 min > (a) tr =
30 min > (c) tr = 5 days. (d) Three-dimensional view of the
PbS nanoparticle (c) reconstructed from a tilt series and (e)
its proposed morphology, corresponding to a cuboctahe-
dron-like polyhedral shape with its indexed {hkl} facets.

Figure 3. (a) TEM image of a PbS hyperbranched star
obtained at tr = 30 min. (b) Corresponding SAED pattern
along the [001] zone axis. (c�f) TEM and HRTEM images of
the highlighted areas in (a) showing the high crystallinity of
the SA superstructure.

Figure 4. XRD patterns of the PbS (galena) products ob-
tained at different reaction times.
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Previous studies24,27�39 correctly identified the un-
iqueness of PbS microstars' geometry but did not
provide a consistent mechanism of their formation.
Observation of related hierarchical PbS dendrites with
one,24,28,31,33,34 four,28 and eight arms23,29,30,35,36 de-
monstrated the ubiquitous nature of such superstruc-
ture but, again, shed little light on themechanism. One
can clearly see a general trend for the growth of PbS
nanostructures in this particular architecture but can-
not find the reasons for such spontaneously develop-
ing complexity or the reason why it occurs for PbS and
not for ZnO, CdTe, CdS, or other materials.

Different Stages of PbS Assembly. As a part of the study
of the growth mechanism, we decided to examine
reaction products at different reaction times (tr) for the
same reaction batch. Corresponding X-ray diffraction
(XRD) patterns (Figure 4) show the presence of crystal-
line PbS (galena) as the only product at all tr ranging
from 5min to 5 days. The peak intensities increase with
tr, evidencing an increase of the crystal size at longer
reaction times, which matches the TEM observations
(Figure 5).

Let us divide the morphological changes of the PbS
structures into five periods with five characteristic
products: early NPs, octahedral mesocrystals, hyper-
branched stars, their reorganization and loss of nano-
scale complexity, and the final period and products of
deconstruction. For the first period, TEM examination
reveals the formation of relatively polydisperse octa-
hedral NPs with an average diameter of 31.3( 10.7 nm
(Figure S7) after 5 min of reaction (Figures 5 and 6a).
They are monocrystalline and display galena lattice
and interplanar distances (Figure 6c). During this per-
iod, we also see the tendency of the NPs to group. At
this point, there is little registry between the crystal
lattices of NPs in these loose agglomerates of NPs as
can be seen in the characteristic ring pattern of SAED
(Figure 6b).

During the second period with characteristic reac-
tion time of tr = 10 min, NP agglomeration be-
comes more pronounced and produces clusters of
∼100�500 nm in diameter (Figure 5). Both SEM
(Figure 7 and Figure S1 in Supporting Information)
and HAADF-STEM images of the resultingmesocrystals
(Figure 2b, tomography, and video in Figures S8a,b and
SV9) reveal the familiar octahedral shapes but much
larger in scale than those during the first period. The
mesocrystals, also known as supraparticles, are made
from imperfectly fused NPs. Despite that, the assem-
blies demonstrate the epitaxial match of crystal lattices
at the interfaces by SAED and HRTEM (Figure S10,
Supporting Information). The vertexes of the octahe-
dron are oriented along the six equivalent Æ100æ direc-
tions. Angle-resolved HAADF-STEM images (Figure
S8a,b, Supporting Information) and the video from the
3D reconstruction (Figure SV9, Supporting Information)
clearly reveal porosity inside the mesocrystals.

The composition of free NPs present at this point
determined by EDS matches PbS (Figure S8c,d, Sup-
porting Information) virtually perfectly.

The third period is characterized by the change in
growth pattern, and the octahedral mesocrystals are
transformed into hyperbranched stars representing
the most complex superstructure observed in this
system. At tr = 20 min, the simultaneous elongation
of the six vertexes of the octahedra takes place. It
results in six-branched superstructures with a span of
∼250�2500 nm (Figures 5, 7, and S1). For clarity, we
shall use from now on the subscripts meso and NP to
denote whether a specific plane of octahedron refers
to themesocrystal or constituent NP, respectively. Each
main branch grows along the Æ100æmeso direction of the
mesocrystal with incipient secondary nanobranches
oriented along the four remaining Æ100æmeso directions
perpendicular to the main branch. By tr = 30 min
(Figures 5, 7, and S1), such growth pattern gives the
hyperbranched PbS stars described in the beginning.
At this point, the packing of NPs within the structures is
improved and porosity has decreased compared to the
mesocrystals at tr = 10min (Figure 2a,b). HRTEM images
(Figure 3) reveal continuity of the crystal lattices of the
superstructure. At this point, some internal reorganiza-
tion has taken place, probably including both reorga-
nization of NPs and ions/atoms, such as interfa-
cial diffusion and processes analogous to Ostwald
ripening.

The fourth period, which starts around tr = 50 min
and continues until ca. tr = 5 h, is characterized by the
transformation of the hyperbranched PbS stars into six-
arm stars made from faceted rods without particularly
sophisticated surface topology (Figures 5 and 7). Sec-
ondary NRs of the hyperbranched stars become less
defined as a consequence of fusion of several NRs. Tips
of microbranches and NRs become flatter. The thick-
ness of the microbranches increases. As a result, at tr =
5 h, six-branched starsmade frommicrorods dominate.
Both TEM (Figure 5) and SEM (Figure 7) images indicate
that the width of the rods in the new structures
matches well the end-to-end distance between nano-
branches of the hyperbranched structures.

The disintegration of the six-arm rods into smaller
particles occurs during the fifth period of the reaction
whose onset is approximately associated with tr = 5 h.
One can observe multiple broken microbranches
(Figures 5 and 7). One can also see multiple points
where the branches were broken off;the nicely
shaped 100�150 nm cavities in the Æ100æmeso surfaces
(arrows in Figure 7). Shorter rods and numerous
∼170�500 nm particles are observed. They cannot
be the growth product of original 30 nm NPs. They are
the result of the deconstruction of the microrods from
the previous period since their diameters and widths
match. The number of such particles increases for tr =
1� 5 days (Figures 5 and 7), in parallel with the

A
RTIC

LE



QUEREJETA-FERNÁNDEZ ET AL. VOL. 6 ’ NO. 5 ’ 3800–3812 ’ 2012

www.acsnano.org

3804

decrease of the number of microrods. Inner porosity of
the particles at this point is considerably decreased
(compare Figure 2 and tomography in Figures S11 and
SV12, Supporting Information). This points to impor-
tant role of ion-exchange-driven recrystallization at
this stage. For tr = 14 days, etching of these NPs is
observed (Figure S13).

DISCUSSION

The description of the complex geometry of the
PbS superstructures and the different stages of their

growth raises a number of questions which we shall
attempt to answer. Admittedly, some of themgenerate
new questions pertaining to the different forces acting
between the NPs and how the geometry of the super-
structures reflects such interactions. It is worth noting
that the forces responsible for the SA in solution as well
as 3D geometry of the superstructures reported here
are distinct from those involved in previous reports on
evaporation-induced assembly routes63,64 or CVD.

Why Do PbS NPs Form Hyperbranched Microstructures? Ex-
perimentalobservationsofhyperbranchedmicrostructures

Figure 5. TEM images of the PbS crystals for different reaction times.
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of PbS are extensive.23�25,27�39 Despite that, the reasons
why they are forming and why the geometry of the
superstructures is so peculiar have not been addressed.
Surprisingly to us, SA processes have not been considered
as a possible formation pathway. Multiple observations of
such structures are quite clearly related not to the specific
surfactants or solvents but rather to the intrinsic properties
of PbS. The hyperbranched stars can be observed
with23,25,28,29,31�36 and without30 the surfactants whose
structure varies quite dramatically and in a variety of
different solvents. In our system, DES probably plays the
role of the solvent and a polar dynamic capping agent.
While reducing the surface energy, it does not prevent the
growth of PbS crystallites. Note that branched structures
are also observed for other materials crystallizing in
dendrites,65�68 but most of them are random with sto-
chastically determined growth directions and placements
of NPs.69

To understand the mechanism, we need to start
with the growth of nanocrystalline seeds and the

first period in the reaction. It is generally accepted that
the difference of relative growth rates of the six
{100}NP faces and the eight {111}NP faces10,20,70 of
seeds with a shape of truncated octahedron is respon-
sible for nanoscale geometries20,24,27,31 (Figure 8a). The
faster growth along the eight Æ111æNP directions per-
pendicular to {111}NP faces results in the elimination of
such faces and subsequent formation of {100}NP-faceted
cubes (Figure 8a). If growth perpendicular to {100}NP
faces is preferred, such faces eventually disappear and
resultingmorphologies are eight-faced octahedra with
{111}NP faces. If the latter growth is much faster than
that along the Æ111æNP directions and longer growth
times are allowed, six-branched star-shaped crystalline
NPs are formed due to the growth along the six Æ100æ
directions or vertexes of the octahedra (Figure 8a).10,20

Note these nanoscale stars cannot explain the forma-
tion of microscale superstructures, although the geo-
metry does have some similarity. The Æ100æ preferential
growth can be favored by the use of cetyltrimethyl-
ammonium bromide (CTAB)25,31,36 and primary
amines,23,28,32�36 as the ones from DES, whose electro-
static interaction with polar {111} faces favors the
growth perpendicularly to apolar {100} vertexes.

The second period is characterized by the formation
of mesocrystals. They tend to have the octahedral
shape. The mesocrystals at tr ∼ 10 min resemble an
enlarged version of NPs. Nevertheless, their appear-
ance cannot be explained via the same growth process
as in the first period. SEM images in Figure 7 provide
strong evidence that the mesocrystals are formed by
association of individual NPs observed in the first

Figure 6. (a) TEM image of PbS NPs obtained at tr = 5 min.
Inset shows TEM imagewith higher magnification. (b) SAED
ring pattern of the group of NPs shown in (a). (c) HRTEM
characterization of a PbS nanoparticle.

Figure 7. SEM images of the PbS products at different
reaction times. All scale bars = 500 nm. Arrows point to
the cavities in the {100} crystal faces.

Figure 8. (a) Growth of truncated octahedral seeds contain-
ing six {100} and eight {111} crystallographic faces into
(first row) cubic and eight-branched crystals and (second
row) octahedral and six-branched crystals. (b) Schematics of
the nanoparticle assembly leading initially to octahedral
mesocrystals (superparticles) and later to hierarchical hy-
perbranched superstructure.
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period. Such assemblies are unlikely to be produced in
a classical crystallization process with small molecular
precursors or ions as the building blocks. The comple-
mentary evidence of an assembly pathway can be seen
also in the HAADF-STEM images (Figure 2b) and corre-
sponding tomography studies (Figure S8 and video
files in Figure SV9, Supporting Information), which
show substantial internal porosity with cavities very
similar in size to the constituent NPs. These cavities are
inevitable when the assembly process involves poly-
dispersed NPs and the match between the neighbor-
ing building blocks is deficient. Similar cavities can
also be found in the hyperbranched superstructures
(Figure 2b and 3D video Figures SV2 and SV3, Support-
ing Information). These findings are consistent with the
notion that NPs can serve as building blocks of
microstructures4,5 and can produce ordered super-
structures due to oriented attachment1�3,7 and poten-
tially other mechanisms,8�14,70,71 and in particularly
with self-limiting association of nanoparticles in sup-
raparticles.72 The presence of internal pores in relative
uniformity in their diameters is consistent with the
agglomeration driven by van der Waals attraction
being counteracted by electrostatic repulsion.72

Identity in the geometrical (octahedral) assembly
patterns of NPs and constitutive ions;Pb2þ and S2�;
led to another observation. Formal description of the
assembly of mesocrystals and growth of individual NPs
from subnanometer scale seeds could potentially be
described by the nucleation theory originally devel-
oped for atomic precursors in solution.73,74 The same
theory could be equally applicable to the nucleation
and growth of mesocrystals with the difference that
the “monomers” here are individual NPs. From this
perspective, the formation of mesocrystals occurs
when the concentration of NPs generated in the first
period is well above supersaturation threshold in
respect to their agglomeration into mesocrystals.

The third period of the reaction leads to the hyper-
branched PbS stars. At this point, early NPs are still
present in large quantity (Figures 5 and S1). Therefore,
they can play the role of building blocks in the transi-
tion of the mesocrystals to hyperbranched stars. The
clear evidence of that can be seen in HAADF-STEM
images (Figure 2a and Figures SV2 and S6, Supporting
Information), which show NP attachment to the grow-
ing superstructure. The parallelism in the decrease of
the amount of NPs in themediumand the concomitant
enlargement of the microcrystals (Figures 5 and 7) is
consistent with this conclusion, as well. It should be
noted that the average size of the NPs at this point, tr =
30 min, is 32.9 nm ((1.1 nm) (Figure S6, Supporting
Information), which is identical within the experimen-
tal error to the average size of the NPs at tr = 5 min,
i.e., 31.3 nm ((10.7 nm) (Figure S7, Supporting
Information). This fact indicates minimal Ostwald
ripening and, therefore, further asserts secondary

importance of molecular scale precursors and ion
exchange in the formation of the superstructures.

A question needs to be raised: why do the NPs form
hyperbranched stars and not simply larger mesocrys-
tals continuing the growth pattern of the second
period? The switch of the assembly pattern can be
understood considering the similarity of mesocrystals
to self-limited supraparticles.72 The switch of the SA
pattern happens at the point because the energy of
van der Waals attraction can no longer overcome
charge�charge electrostatic repulsion betweenmeso-
crystals and individual NPs. After this point, weaker
forces acting in addition to these two forces,
such as dipole�dipole attraction, become pattern-
determining interactions. Indeed, geometry of the
hyperbranch stars indicates the preferred linear pat-
tern of assembly. The axial anisotropy associated with
the presence of electrical dipoles in NPs10,75�77 is
inherent to many nanoscale materials.78 Previous re-
ports identified the presence of dipole moment in PbS
and other NPs with cubic rock-salt structure.10,20,70

Attraction of NP dipoles has already been implicated
in many SA processes.10,75�77 Moreover, the Æ100æNP
axis in PbS and other semiconductor NPs with rock-salt
isomorphs such as CdS, CdTe, ZnSe, and PbSe is as-
sociated with the greatest dipole.10 Therefore, the for-
mation of branches along Æ100æmeso, which is aligned
with Æ100æNP, is to be expected and is exactly what is
observed in the hyperbanched structures (Figure 8b).

It is important to point out that an ensemble of NP
dipoles accumulates certain polarization as SA pro-
ceeds. The cumulative polarization of the superstruc-
ture (or the total dipole moment for head-to-tail
arrangement of dipoles) is proportional to the number
of NPs assembled. The polarization is directed along
the six equivalent Æ100æNP,meso directions represented
by the six vertexes. For antiparallel orientation of the
dipoles, the dependence would be more sophisticated
but still increase with the number of NPs. The polariza-
tion increases the energy of the superstructure and,
therefore, counteracts the SA process, causing self-
limiting. The accumulation of polarization energy can
be quite fast. As such, the gradual increase of polariza-
tion in the chains of dipolar ZnO NPs assembled in the
head-to-tail fashion leads to very short NP chains
limited to often 5�10 NPs.11 This is not true for PbS
hyperbranched stars, which are estimated on average
to have 6000 to 100 000 NPs. Consequently, theremust
be some mechanism reducing such polarization and
stabilizing the PbS superstructure.

The formation of the stars with the rays practically
equal to each other in length is hypothesized to be
related to the stabilization of hyperbranched stars. The
relief of the polarization build-up polar 1D structures
could be attained through the balancing and mutual
cancelation of the vectors of accumulating dipoles in
opposite directions. For PbS hyperbranched stars,
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these directions can bemapped in the simplest case as
six vectors all pointing away from the central point of
origin resembling the 3D Cartesian system of coordi-
nates. If such cancelation occurs, further assembly will
not be prevented by the accumulation of the polariza-
tion energy. In general, one can make a parallel with
the six ligands/ions positioned equidistantly around a
central atom, which is the most popular motif in
metal�organic complexes and ionic crystals, respec-
tively. From this perspective, it should not be surprising
to find the same motif in nanoscale objects.10,18,20

Balancing of dipoles in pairs of opposite directions
may operate throughout all levels of hierarchy.

Note now that macroscopic cancelation of dipolar
vectors pointing to opposite directions is important
but does not eliminate a large part of the actual
polarization energy. The major components of polar-
ization energy such as strain of the crystal lattice, loss of
entropy of polarized molecules of the medium, and
distortion of different chemical bonds by electrical field
operate overmolecular scale distances. As such, aNP of
3.3 nm with a dipole of 42 D, as it is the case for cubic
ZnSe,75 would have the energy of 8.256 � 10�6 eV in
a medium with ε = 65692.76 � 10�12 F 3m

�1 (see
detailed calculation in the Supporting Information).
Accumulation of dipolar NPs within a microbranch
has to imply the redistribution of charges through
the growing assembly. For insulating materials and
wide band gap semiconductors, for instance, ZnO with
conductivity of 205 cm2

3 V
�1

3 s
�1 (bulk),79 this is im-

possible. Hence, the NP dipolar chains are short.11

However, PbS has much higher conductivity of
640 cm2

3 V
�1

3 s
�1 (bulk)80 than ZnO. The conductivity

greatly facilitates the redistribution of charges once the
NPs are attached to each other. TEM images in Figure 3,
indicating nearly perfect atomic interfaces between
the assembled NPs, further support the capability to
transport charges over the entire superstructure. The
absence of the insulating layer between the individual
nanocrystals due to the noncovalent binding of DES is
also an important. Finally, the neutralization of the
dipolar charges in each arm is never complete, and
the dipoles are probably never reduced to zero, which
plays a role orienting and assembling new NPs.

Five levels of geometrically self-similar hierarchy
can be identified in PbS NP superstructures. Starting
from the atomic level of hierarchy, the rock-salt cubic
structure of PbS implies that each cation is surrounded
by six anions and vice versa, forming an octahedron
with a characteristic scale of 0.59143 nm (JCPDS 01-
078-1054). The next hierarchical level is the truncated
octahedral shape of the individual NPs serving as the
building blocks of the hyperbranched stars.10,20,70 As
was mentioned, their characteristic scale is ca. 30 nm.
The following hierarchical level corresponds to the
incipient octahedron within each NR, whose typical
widths are ∼60�150 nm. The octahedral symmetry

among nanobranches and the octahedrons produced
by the rays of the PbS stars correspond to the last two
levels of self-symmetry with characteristic lengths of
160�500 and∼1500�3000 nm, respectively. The elec-
trostatic balance in dipolar pairs of opposite direction
could be ultimately responsible for the all of the octa-
hedral symmetries of the PbSmicroscale stars through-
out the five levels of hierarchy. Obviously, smaller
structures and those made by ion-to-ion growth will
inevitably display a hierarchical pattern with smaller
number of levels although with some similarities re-
lated to octahedral geometry.10,18,20,24,27,31,63

Why Do the PbS Superstructures Disassemble? If PbS
crystals present a certain pattern of polarization, it
should be influenced by the dielectric constant of the
solvent (Supporting Information),76 which is evidenced
in the last two periods of the reaction (Figure 9).

The next change in assembly pattern occurs at ca.
tr = 50 min: the NPs remaining in the medium are no
longer incorporated along the length of the nano- and
microrods, that is, Æ100æmeso directions, but along the
Æ111æmeso directions. It leads to widening of the rays of
the microstars and disappearance of the fine structure
of the microbranches. Since this process involves
breaking the octahedral symmetry among the NRs, it
should be less favorable than the previous SA along
Æ100æmeso directions and alignment of dipoles.8,10,11

This is reflected by the slower rate of the process with
tr = ∼50 min�5 h as compared to SA along the
Æ100æmeso direction, which has tr = 30 min.

Similarly to the previous periods, the attachment
of NPs in this period occurs mostly epitaxially
(Figure 10b). However, in some cases, in HRTEM images
(Figure 10c�e), we also see non-epitaxial interfaces
between themicrorods and NPs. This suggests that the
elementary building blocks in the fourth period are not
ions but NPs as well as in the previous ones. However,
the final generation of much smoother surfaces is due
to the complementary contribution of ionic diffusion
accelerated in this period. Analysis of the images
reveals a [0�11] projection of the PbS crystal within
the microrod, while all of the NPs on the surface
correspond to [001] axis of PbS. Thus, both PbS lattices
share the Æ011æNP direction and are tilted 45� with
respect to each other. Moiré patterns characteristic of
the two crystals slightly overlaid at a small angle are
detected. These observations might indicate that the
incorporation of the NPs into the microstructures
involves non-epitaxial attachment by sharing the
Æ110æNP common direction potentially followed by
epitaxial reorganization. Such NP reorientation is ana-
logous to atomic-level rearrangements previously
observed in NPs under the electron beam81 and re-
orientation/recrystallization of CdTe NPs assembled in
chains to produce nanowires.8 It also does not rule out
additional contribution of ionic diffusion.
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The reason for the switch of the SA pattern at this
stage is the change of electrical properties of the
medium. It is known that urea/choline chloride DES is
unstable upon heating (see detailed discussion in
Supporting Information, Figures S14 and S15 and
Table S1).54 The 1H NMR spectra (Figure S14, Support-
ing Information) of the reaction medium evidence that
urea decomposition becomes noticeable at td >
30 min. It corresponds very well to the transition from
the third to the fourth period. Dielectric spectroscopy
measurements of the [DES/water] mixture at different
reaction times (Figure S16, Supporting Information)
showed that during the initial stage between td = 0
and 10min the permittivity increases, which is ascribed
to the initial evaporation of water. From td = 10�30 min,

the permittivity is kept constant and corresponds to a
medium which undergoes negligible changes, as con-
firmed by 1H NMR. However, between td = 30 min and
td = 24 h, there is a noticeable gradual decrease of both
the real and imaginary parts of the permittivity, which
can be related to a decrease of polarity over the entire
range of frequencies.

Reduction of dielectric constants results in the
increase of both electrostatic repulsion and attraction
similarly to what had been observed before by direct
variation of the mixed solvent.82 In this system,
charge�charge repulsion overcomes dipolar, van der
Waals, and other attraction interactions82 due to
longer effective range. This leads to the disassembly/
deconstruction of the SA structures. Note that decom-
position of DES will also change its ability to cap/stabilize
PbS NPs. This may also contribute to change the charge
state and orientation of dipole moment.76,82 Besides
retaining its orientation along the Æ100æNP axes, a dipole

Figure 9. Temperature profile of reaction mixture (green line). TEM or SEM images of the PbS products at different reaction
times. Scale bars are 500 nm except for the image at tr = 5 min.

Figure 10. Characterization of the PbS particles obtained at
tr = 50 min. (a) TEM image. (b) SAED pattern along the
[0�11] zone axis of the particle highlighted in (a). (c) HRTEM
image of an area within the highlighted part in (a). (d,e)
HRTEM images indicating Moiré patterns and the atomic
interplanar distances.

Figure 11. Characterization of PbS products obtained at tr =
5 h (first column) and tr = 5 days (second column). (a) TEM
image of rods and particles at tr = 5 h. Arrows point to thinner
tips of the rods. (b) Fourier transformpattern of the (c) HRTEM
image corresponding to the area squared in (a). (d) TEM image
of aparticle undergoingdeconstruction at tr = 5days. (e) SAED
patternof theparticle shown in (d) along the [0�11] zone axis.
(f) HRTEM image of the area squared in (d).
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can flip its direction along the Æ110æNP and Æ111æNP
directions or cease to exist at all.10

Extensive deconstruction is characteristic for the
fifth period of the reaction. Besides simple mechanical
breakage of themicroscale structures,28,33,34 cavities or
holes are formed on the {100}meso faces (Figure 7). The
formation of such cavities is characteristic for
PbS16,23,26,29,30,35�38 and can be attributed to the
points where the branches break off. Both stress and
accumulation of charges at these points are the great-
est. Concomitantly, four new {111}meso faces are de-
veloped at the expense of disappearance of {100}meso

faces (Figure 11). Finally, the complete erosion of the
rods through the cavities in combination with further
reconstruction process leads to their rupture into
faceted particles several hundred nanometers in size
(Figures 5, 7, and 11a,d). SAED pattern (Figure 11e) and
HRTEM image (Figure 11f) verify the monocrystalline
nature of these particles and continuous crystal lattice.
This also indicates that the Ostwald ripening and ion-
related growth process play a substantial role at this
stage.

The geometry of these remnant particles is the
derivative of various types of tetradecahedrons and
cuboctahedrons, confirming the development of
{111}NP faces at the cost of reduction of {100}NP
surface area (SEM in Figure 7; TEM of truncated octa-
hedral shape oriented along [110]70 in Figure 11d;
HAADF-STEM images, 3D reconstruction and proposed
models for the particles in Figure 2c,d and Supporting
Information Figure S11; video from the 3D reconstruc-
tion of the particles in Supporting Information Figure
SV12). One should also note that some of the resulting
NPs at the end of the deconstruction possess the same
type ofmorphology, that is, truncated octahedronwith
both {100}NP and {111}NP faces, although with a
different size than the assigned one to the PbS seeds
nucleated in the first period, assessing the thermody-
namic stability of a ubiquitous octahedral pattern.

The processes typical for the fifth period are anal-
ogous to the previously reported disassembly/decon-
struction in chains of ZnONPs,11 aswell as the decrease
CdTeNPs82 chain lengths upon decrease of the polarity
of the medium. Decrease of the polarity of the me-
dium (Figure S16) increases repulsive forces within

microbranches. The octahedral arrangements of mi-
crobranches are not stable under these circumstances.
Note, however, that the deconstruction process here
involves apparently greater forces leading to the
break-off of a continuous microcrystal rather than the
previous disassembly/nonassembly of discrete NPs.
Also note that the activation energy for the breakage
of the crystal lattice and conversion of anisotropic
nano/submicrometer structures to more energy-
efficient isotropic organization might be dependent
on the reorganization energy of ions on NP interfaces
by surface diffusion, which is quite low for PbS83,84

because similar deconstruction of PbS rods was ob-
served under the electron beam.85

CONCLUSIONS

The major thrust of this study was to gain better
understanding of the mechanisms behind the SA (and
deconstruction) of PbS crystals leading to complex
geometries. It was conclusively shown that SA pro-
cesses are responsible for the growth of PbS super-
structures. The complexity of their geometry is related
to several switches in SA patterns. Assemblies in
mesocrystals (also known as supraparticles) are gov-
erned by the balance between van derWaals attraction
and electrostatic repulsion. A parallel can be drawn
between the process of NP SA into mesocrystals and
nucleation of individual NPs being driven by over-
saturation of NPs and few-atom intermediates.
Assembly into the hyperbranched superstructures is

driven by dipolar attraction counterbalanced by a
variety of repulsive electrostatic forces. The critical role
of polarization energy as a self-limiting factor for SA is
highlighted. Unlike many other systems, PbS super-
structures with octahedral symmetries are able tomini-
mize its accumulation, partially because of the balance
of dipolar branches in pairs of opposite direction. Also,
its high conductivity and the absence of the insulating
gaps between the NPs makes possible the extended
assembly by facilitating charge transfer and polariza-
tion reduction. Decrease of polarity of themedium results
in the deconstruction of the superstructure because of
the increase of repulsive interactions. Using this knowl-
edge, one can realize controlled PbS self-assembly in a
format suitable for (opto)electronic applications.

EXPERIMENTAL SECTION
Lead(IV) acetate (95%, Sigma), thioacetamide (99%, ACS

reagent), urea (ultra, Sigma), and choline chloride (g97%, Fluka)
were used as received. DES was prepared by mixing the
components urea and choline chloride in the molar ratio 2:1,
as corresponds to the eutectic point, and heating to 80 �C in a
furnace until a homogeneous, viscous liquid was formed.53 The
synthesis was performed as follows. Deionized water (6mL) was
added to DES (30mL at 37 �C, 35.70 g) under stirring in a round-
bottom flask of 100 mL. After heating to 80 �C under stirring,
12 mL of the solvent was used to dissolve the thioacetamide

(12mmol, 0.9134 g) and the rest of the liquid was employed as a
solvent for the lead(IV) acetate (12 mmol, 5.3206 g). Both
precursor solutions were kept under stirring in an oil bath at
80 �C until transparent. Upon hot injection at 80 �C of the
colorless thioacetamide solution into the yellowish lead(IV)
acetate, the mixture turned opaque, dark brown. Then the flask
was connected to a condenser, and the temperature was
increased to 140 �C in 14 min. The solution turned black quickly
(<5 min) after the hot injection. Aliquots from the same batch
were collected at different reaction times. After cooling, the
resulting products were purified by dissolution in water
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followed by dialysis, centrifugation, and drying in a furnace at
temperature e80 �C.
Selected area electron diffraction (SAED) and transmission

electron microscopy (TEM) at both low- and high-resolution
(HRTEM) modes were performed in JEOL 3011 and JEOL 3000
FEG microscopes. Tomography experiments based on high-
angle annular dark-field (HAADF) imaging in the scanning
transmission electron microscopy (STEM) mode were per-
formed on a JEOL 2010F electron microscope tilting the sample
about a single axis using a Fischione ultra-narrow gap tomo-
graphy holder. Tilt series were aligned and reconstructed using
Inspect3D. Chemical composition of the crystals was deter-
mined by energy-dispersive X-ray analysis (EDS). Scanning
electron microscopy (SEM) was performed on a JSM-6330F
FEG microscope working at 20 kV. X-ray diffraction (XRD) of
the powders was carried out using a Rigaku rotating anode
X-ray diffractometer with Cu KR radiation (λ = 1.5418 Å�).
Chemical decomposition of the DES/water solvent was eval-

uated by means of dielectric spectroscopy and 1H NMR. Di-
electric spectroscopy measurements were carried out using a
broad-band dielectric spectrometer (Novocontrol Technologies
GmbH) in the frequency range from 1 Hz to 4 MHz. In order to
avoid the time-dependent fluctuations typical of the measure-
ments performed at 25 �C, the samples were cooled (in ca.
30 min) to �70 �C. The multiple measurements done at that
temperature coincided well. 1H NMR spectra (500 MHz) were
recorded using a Bruker spectrometer DRX-500, placing the
nondiluted samples in capillary tubes and using chloroform
(CHCl3) as external reference.
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