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O
rganizing nanoscale building blocks
into well-defined architectures is
one of the intensely pursued topics

of nanotechnology.1�4 This is of significance
not only for the design of nanodevices but
also for the fundamental understanding of
the collective properties arising from inter-
particle interactions within the assembly.
Several physical and chemical strategies are
being developed to obtain organized assem-
blies of nanomaterials.5�9Oneof thepopular
strategies involves the use of soft templates
to guide nanoparticle organization.8 Tem-
plate directed assembly approaches make
use of supramolecular interactions between
appropriately modified nanoparticle (NP)
surfaces and active sites of the template,
to induce nanoparticle ordering. Three classes
of polymeric materials, namely, biopolymers
(DNA, RNAandproteins),4,9�14 synthetic poly-
mers (functional block copolymers),15�18 and
supramolecular polymers (self-assembled
small molecules)19�30 have been explored
to this end. Among these, biopolymers and
block polymers have been explored exten-
sively for the purpose of spatially ordering
NPs. For example, by tuning the interaction
between the nanoparticles and the template,
control over spatial arrangement of nanopar-
ticles (2D or 3D) has been achieved using
programmed DNA13,14 and phase separating
block copolymer templates.16�18 These tem-
plates have also been used to obtain size-
selective NP assemblies by implementing
disparate interactive domains into their struc-
tures for enabling site-specific attachment of
differently sizednanoparticles.13,17 In compar-
ison to this, progress in exploiting supramo-
lecular polymers as templates has not been
significant. Using these materials, NP orga-
nization has been controlled in only one
direction,19�30 as with certain linear poly-
meric structures.31 A distinct advantage of
using supramolecular polymers for templating

is that their precursors, small self-assembling
molecules, can be prepared easily in large
quantities, and their structures can be readily
tailored to produce an extensive library of
molecules to generate templates with varied
architectures and also functions. Moreover,
these templates can be disassembled fairly
easily by external stimuli such as heat, pH,
and chemicals.19 In this reportwedemonstrate
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ABSTRACT

Size-selective organization of ∼2 nm dodecanethiol stabilized gold nanoparticles (AuNPs) into

periodic 1D arrays by using the surface topographical features of a soft template is described. The

template consists of micrometer length nanotapes organized into nanosheets with periodic valleys

running along their length and is generated by the hierarchical self-assembly of a diamidemolecule

(BHPB) in cyclohexane. The AuNP ordering achieved simply by mixing the preformed template with

the readily available∼2 nm dodecanethiol stabilized AuNPs is comparable to those obtained using

programmable DNA and functional block copolymers. The observed periodicity of the AuNP arrays

provided valuable structural clues about the organization of nanotapes into nanosheets. Self-

assembling BHPB molecules in the presence of AuNPs by heating and cooling the two components

led to a comparatively disordered organization because the template structure was changed under

these conditions. Moreover, the template could not order larger AuNPs (∼5 nm) into a similar 1D
array, owing to the steric restriction imposed by the dimension of the valleys on the template.

Interestingly, this geometric constraint led to AuNP size sorting when a polydisperse sample (2.5(

0.9 nm) was used for organization, with AuNPs attached to the template edges being larger

(g2.2 ( 0.9 nm) than those associated to the inner valleys (1.6 ( 0.8 nm). This is a unique

example of size-sorting induced by the surface topographical features of a soft template.

KEYWORDS: self-assembly . nanotapes . nanosheets . gold nanoparticles .
1D arrays . size-selection . size-sorting
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that supramolecular polymers can also serve as excel-
lent templates for 2D organization of NPs. Significantly,
the methodology utilized for NP organization is novel.
The soft template used by us comprises micrometer
length nanosheets self-assembled from a diamide mole-
cule, BHPB (Chart 1) in cyclohexane.32 These nanosheets
present periodic nanovalleys running along their length,
which not only facilitated the organization of readily
available dodecanethiol stabilized ∼2 nm sized gold
nanoparticles (AuNP) into 1D array, but also induced
size-selectivity. The organization occurs through non-
specific van der Waals interaction and is guided by the
surface topography of the template structure. This is the
first example demonstrating the influence of the surface
topography in the association of a soft template with
hard spherical NPs, in liquid phase.
During the course of the study, we also discovered

that small gold NPs could serve as probes to investi-
gate morphologies and structural features of low
contrast self-assembled organic superstructures by
transmission electron microscopy (TEM). The gold
NPs organized on the templates provided an excellent
contrast in TEM images, presenting much more de-
tailed information about the self-assembled super-
structures as compared to those obtained from metal
shadowing. Such strategies could serve as comple-
mentary tools in obtaining supplementary details on
self-assembled superstructures, and may be more
generally used to investigate morphologies of organic
materials by TEM.

RESULTS AND DISCUSSION

Hierarchical Self-Assembly of BHPB. BHPB self-assembles
into nanotubes, 27 nm in diameter and ∼3 nm in wall
thickness at concentrations >2% w/v in cyclohexane,
resulting in the formation of a gel.32 BHPB molecules
associate through the π�π interaction of the benzene
cores and the intermolecular H-bonding interaction
between the amide linkages of the side arms, and the
nanotube formation is believed to be a result of coiling
of initially formed nanotapes. Indeed, at lower concen-
trations (between 0.01 and 0.05% w/v), a suspension
comprising nanotapes of several micrometers length
was obtained (Figure 1 and Supporting Information,
Figure S1). These nanotapes exhibited a remarkable
ordering as observed by TEM and atomic force micro-
scopy (AFM). AFM images of the suspension drop-casted
on freshly cleaved mica (Figure 1b and Supporting
Information, Figure S1) indicated that the nanotapes
were organized laterally to formnanosheetswith regularly

spaced valleys running parallel to their lengths. The
number of nanotapes in the nanosheets ranged from
2 to about 30. AFM height analysis revealed that the
nanotape thickness is about the length of BHPB (∼3 nm)
and that someof the laterally organized tapes are in turn
stacked one on top of another. The width of an indivi-
dual nanotape measured on TEM image is around
42 nm. This was in turn made up of two 21 nm units as
indicated by a groove running parallel to this nanotape.
Some twisted and coiled nanotapes coexisted with the
organized nanotapes.

AuNP Organization. The BHPB nanosheets with nano-
valleys running parallel to their length appeared to be
promising templates for nanoparticle organization.
For this, 1.7 ( 0.4 nm dodecanethiol stabilized AuNPs
prepared by the Brust�Schiffrin strategy were used.33

Among different methods that were tried for organiz-
ing AuNPs along the nanosheets, a simple mixing of
the AuNPswith the prepared templates (mixingmethod)
gave best results. Typically, AuNP organization could be
achieved simplybymixingandshaking the suspensionof
BHPB nanotapes (0.02% w/v) and AuNP (0.002% w/v) in
cyclohexane and letting the mixture stand overnight.
The resultingmixturewas dropcasted on carbon-coated
copper grids supported on a filter paper to facilitate
quick draining of the solvent, dried under ambient
conditions, and observed by TEM without staining.
Electron micrographs of the mixture (Figure 2a�c)

Chart 1. Structure of BHPB

Figure 1. (a) TEM and (b) AFM phase images of self-as-
sembled nanosheets of BHPB (0.02 wt % in cyclohexane)
with the nanovalley feature: (Arrows) stacks of flat tapes
arranged laterally to yield nanovalleys; (arrowhead) helical
tape. Inset shows enlargement of twin tapes separated by a
groove.
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indicated a highly ordered organization of NPs on the
carbon-coated TEM grid: periodically spaced AuNP
stripes ran several micrometers in length on the grids.
When the observed morphology of the NP arrays was
compared to that of BHPB nanotapes, it turned out that
AuNPs are organized along the external edges and
valleys of BHPB nanosheets. The internanoparticle
distances within the stripes were mostly between 1.7
and 2.5 nm (Figure 2c). These values are less than twice
the length of dodecanethiol molecule (1.52 nm), sug-
gesting interdigitation of ligands between neighboring
AuNPs.34 Average distances between adjacent AuNP
stripeswere around 28, 35, or 42 nm. Adistance of 7 nm
was also measured mostly at the external edges. In
addition, interstripe distances followed a pattern with
the 28 nm distance never occurring at the external
edges. Whereas the measured interstripe distance of
42 nm corresponds well with the measured width of
an individual native BHPB nanotape, the presence of
others (which are all multiples of 7) was intriguing. A
rigorous analysis of the measured interstripe distances
of the arrays formed by mono- and bilayered na-
nosheets indicated that this is due to overlapping of
nanotapes in the nanosheets. Shown in Figure 3 are
arrays of this type, where the measured widths of the
nanosheets consisting of two, three, four, five and
seven nanotapes are 84 (2 � 42), 128 (3 � 42), 154
(3.7� 42), 196 (4.6� 42) and 250 (6� 42 nm), respec-
tively. Not all these distances account for side-ways
organization of nanotapes, as some are fractional
multiples of 42 nm (width of a single nanotape). As
the inter NP-stripe distance of a parallel pair of AuNP
stripe which deviates from an array (corresponding to
an individual nanotape) is always 42 nm, polydispersity
in nanotape width is ruled out. Interestingly, all the
inter NP-stripe distances measured are integer multi-
ples of 7. This suggests that a 7 nm repeating unit is
involved in the ordering of nanotapes. Using this piece
of information, the observed inter NP-stripe distances
can be attributed to the overlap of adjacent nanotapes
in the nanosheets with a 7 nm offset. Evidence for this
overlap was found in sections of TEM images where a
nanosheet splits into two parts (Supporting Informa-
tion, Figure S2).

A similar type of organization was observed when
a 2-fold excess (0.004%) of AuNPs was used, with the
AuNPs in excess largely remaining unattached to the
template. In certain areas of the template, such as
template edges and intersections at which two sheets
cross each other, AuNP accumulation due to solvent
drying effects was observed (Supporting Information,
Figure S3). It is noteworthy that allowing a suspension
of BHPB�AuNP mixtures on TEM grids to dry slowly
does not result in the formation of linear arrays of
AuNPs. TEM images of such samples show typical
negative staining effect with the AuNPs accumulating
around the edges of the template (Supporting Infor-
mation, Figure S4). This is an indication that the ob-
served AuNP organization is unlikely to have occurred
on the TEM grids due to solvent drying effects.

Anothermethod used for preparing the BHPB�AuNP
hydrid is the self-assemby of the BHPB molecules in
the presence of AuNPs (heat/cool method), a pro-
cess commonly used for organizing NPs using self-
assembled fibres.20�25,27,28 In thismethod, amixture of
self-assembled BHPB (0.02% w/v) and 1.7( 0.4 AuNPs
(0.002% w/v) was heated to 60 �C to dissociate BHPB
and cooled to room temperature to reassemble it in
the presence of AuNPs. This mixture was allowed to
stabilize overnight before drop-casting on TEM grids
for observation. It turned out that the nanotape mor-
phology in the hybrids obtained in this fashion is
different from that observed for hybrids obtained by
the mixing method (Figure 4a,b and Supporting In-
formation, Figure S5). In samples prepared by the heat/
coolmethod, the nanotapes were largely coiled and far
less ordered/bundled, implying that the presence of
AuNPs during nanotape formation affects template
assembly. AuNPs were distributed regularly along the
rims of these coiled tapes (Figure 4b). As the infrared
spectra of the hybrid obtained from heat/cool method
was identical to that of native BHPB nanosheets
(Supporting Information, Figure S6), it can be con-
cluded that the presence of AuNPs does not affect

Figure 2. TEM images of AuNP arrays obtainedby dropcast-
ing a stabilized mixture of self-assembled nanosheets of
BHPB (0.02% w/v) and 1.7 ( 0.4 nm dodecanethiol�AuNPs
(0.002% w/v) in cyclohexane (mixing method), at different
magnifications.

Figure 3. TEM image of AuNP arrays obtained by using the
BHPB nanosheet template. The organization is directed by
mono- and bilayered nanosheets and the measured widths
of the templating superstructures are indicated.
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the primary assembly mechanism of the BHPB mol-
ecules. It appears that the association of AuNPs with
BHPB and its primary aggregates competes with the
secondary assembly mechanism of BHPB; that is, the
formation of nanosheets and the latter is largely sup-
pressed. Perhaps, the internanotape association (nano-
sheet formation) stabilizes the planar structure of the
nanotapes and in its absence, the nanotapes tend
to coil. Thus, the heat/cool method suffers from the
disadvantage of template structure alteration, and,
under heating conditions, Oswald ripening of AuNPs
can take place.25 Consequently, this method of AuNP
organization cannot be considered as an ideal tem-
plate-assisted assembly process.

To understand the organization process, self-
assembly of BHPB and its association with AuNPs were
studied by UV�vis spectroscopy. Shown in Figure 5
are the UV�vis spectra of BHPB in the associated
(nanotape suspension) and dissociated states (sol)
and its hybrid with AuNPs obtained by (i) mixing and
(ii) heat/cool. In the sol state, BHPB (0.02% w/v) in
cyclohexane shows absorption bands at 250 and
305 nm. Upon assembly, the bands broaden and a
new band at 268 nm appears (Figure 5 and Supporting
Information, Figure S7a). The intensities of the two
bands are decreased as a result of this broadening.
These changes are consistent with π�π stacking inter-
actions of the benzene cores during assembly.32 Upon
being mixed with AuNPs (0.002% w/v), the spectral
band intensities are proportionally enhanced (Figure 5
and Supporting Information, Figure S7b). That is, the
absorption cross-section of the self-assembled BHPB
molecules is increased due to metal enhanced electro-
magnetic fields,35,36 suggesting its association with
AuNPs. When the hybrid is heated to dissociate the
BHPB molecules, the spectral bands of the sol reap-
peared with increased intensities. This implies that the
AuNPs remain associatedwith the BHPBmolecules and
its aggregates present in the sol. Upon cooling this sol
to room temperature to allow BHPB to self-assemble,
the band centered at 260 nm appeared with the same
intensity as that of the hybrid obtained by the mixing
method, whereas the band at 310 nm exhibited higher
intensity. Notably, the intensity of this band is equiva-
lent to that of the sol. That is, the assembly of BHPB in

the presence of AuNPs is not identical to that of native
BHPB nanotapes. Comparing this with the TEM results
where the nanotapes obtained in the presence of
AuNPs were found to be coiled indicates that the
changed 310 nm band intensity is related to this
process.

For hybrids prepared by either of the methods, the
AuNP plasmon band position did not show any de-
tectable spectral shift as compared to the plasmon
band in the sol state (Figure 5) or the cyclohexane
dispersion of AuNPs. The intensities of the plasmon
bands were however different for the two hybrids and
the sol of the hybrid, owing to the differential light
scattering properties of the three mixtures.

Both UV�vis results and characteristic features
of the NP arrays observed in TEM suggest that the
association of the AuNPs with the templates happened
most likely in suspensions. The absence of plasmon
band shift for the hybrids does not necessarily imply
that the assembly of AuNPs does not occur in suspen-
sion because theoretically the plasmon resonance
decays exponentially over∼20% of the AuNP core size
and hardly any plasmon coupling and hence spectral
shift is expected for 1.7 ( 0.4 nm sized AuNPs

Figure 5. UV�vis spectra of self-assembled suspensions
and sols of BHPB (0.02% w/v) and its hybrids with AuNPs
(0.004% w/v), prepared by mixing and heat/cool methods.
Spectral bands for BHPB absorption are shown on top and
the AuNP plasmon band range is enlarged and shown
separately at the bottom. Complete spectra are shown in
Supporting Information, Figure S7b.

Figure 4. TEM images of AuNP�BHPB hybrids obtained
by the heat/cool method. The sol obtained by heating
1.7 ( 0.4 nm dodecanethiol�AuNPs (0.002% w/v) and self-
assembled BHPB (0.02% w/v) was stabilized overnight
before drop casting on TEM grids.
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separated by 1.7�2.5 nm interparticle distances.37,38

This was verified by measuring the absorption spectra
of a coffee ring pattern obtained by evaporative self-
assembly39 of a drop of 1.7( 0.4 nm AuNPs on APTMS
coated glass slide. The absorption spectrumof the solid
coffee ring constituting a close-packed assembly of
AuNPs was similar to that of a AuNP dispersion in
cyclohexane (Supporting Information, Figure S7c), con-
firming the absence of plasmon coupling for assem-
blies of these particles. The hypothesis was further
confirmed by a control TEM sample. Apparently, reg-
ular arrays of AuNPs could not be obtained by sequen-
tial deposition of equal volumes (10 μL) of 0.02% w/v
BHPB suspension and 0.002% w/v dispersion of dode-
canethiol AuNPs in cyclohexane (Supporting Informa-
tion, Figure S8). In samples prepared in this fashion,
AuNPs accumulated into patches along the step edges
formed by the template on the supporting carbon
surface and did not align along the template valleys
and edges to produce linear arrays. In light of this, it is
reasonable to conclude that the observed homoge-
neous organization of AuNP on the BHPB template in
samples obtained by the mixing method is unlikely to
have occurred during TEM grid preparation.

Thus, self-assembled BHPB serves as an excellent
template for the organization of 1.7 nm sized dodeca-
nethiol stabilized AuNP. It is noteworthy that the peri-
odic 1D organization of AuNPs achieved using the
BHPB template is comparable to the ones obtained
using programmed, self-assembled DNA tiles.14 These
assemblies are also comparable to assemblies obtained
with phase separating block copolymers.15 Organiza-
tional order obtained with the BHPB template is the
best when compared to those achieved so far using
other self-assembled synthetic small molecule tem-
plates. Someof the previous approaches for organizing
NPs on self-assembled fibers consisted of using thiol
anchoring21�23 or H-bonding24 to facilitate binding of
the NPs to the self-assembled fibers. This necessitated
the presence of thiol groups or H-bonding units in the
self-assembling molecule/nanoparticle surface, which
were incorporated through additional synthetic pro-
cedures to prepare thiol analogues and nanoparticle
surfacemodification. Such procedures are not required
in our strategy because specific interaction was not
required for AuNP organization on the template. All the
previous approaches20�30 also use high concentra-
tions of self-assembling molecules to obtain solid gel
samples comprising a dense entangled network of
fibers decorated with gold NPs. These solid assemblies
have limited applicability.40 On the contrary, assem-
blies constructed using suspensions of self-assembled
BHPB molecules offer the distinct advantage of easy
transferability to different substrates.

Using the clues provided by spectral and TEM re-
sults, a model for the self-assembly of BHPB and its
association with AuNP is proposed (Figure 6). In its

minimum energy conformation, BHPB is a Y-shaped
molecule with two of its edge lengths equal to 3.2 nm
each and the remaining equal to 2.7 nm. UV�vis and
infrared spectral studies (Supporting Information,
Figures S6 and S7a)32 indicate that BHPB molecules
associate through the π�π interaction of the benzene
cores and the intermolecular H-bonding interaction
between the amide linkages of the side arms. It is
reasonable to assign these interactions to the favored
growth axis, which corresponds to the nanotape
length (Figure 6b). The BHPB nanosheet suspensions
did not yield any diffraction signals owing to their low
concentration and also lack of long-range order.
Shown in Figure 6c,d is a possible molecular packing
of BHPB in the nanotape, consistent with the observed
structural parameters. Other possible molecular arrange-
ments and the reason for choosing this particular model
are discussed in the Supporting Information (Figure S9).
As the AuNPs do not bind to the template through
specific interaction (no IR spectral shift for the hybrid as
compared to native BHPB nanosheet (Figure S6)), it is
reasonable to assume that the gold NPs associate with
BHPB template through van der Waals interaction.41

This attractive interaction most likely arises from the
interdigitation of the dodecanethiol molecules cap-
ping the nanoparticles with the ester alkyl arms of
BHPB (which are of same length), projected from the

Figure 6. Schematics of BHPB assembly and the association
of BHPB nanosheets with AuNPs: (a) energy minimized
structure of BHPB; (b) cartoon of BHPB, in which red bar
corresponds to ester arm and molecular packing along the
fiber length, involving π�π interaction of the benzene core
and intermolecular H-bonding between the amide linkages
of the side arms. Arrow points at the H-bonding direction;
(c) molecular arrangement along the width of the nano-
tape with a box showing 7 nm repeating unit; (d) complete
picture of the arrangement showing BHPB molecules pro-
jecting an alkyl group array at the tape edges and the
association of gold NPs through interdigitation; (e) cross-
sectional view of possibleways inwhich 2�3 nanotapes can
be organized in a nanosheet. Assigning a nanoparticle to
each extremity and one to an overlap yields inter NP-stripe
distances of 42, 35, 28, and 7 nm measured on TEM.
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nanotape edges, as shown in Figure 6d. The model for
the organization of the nanotapes into nanosheets to
generate the measured inter NP-stripe distances is
shown in Figure 6e. In this model, BHPB nanotapes
are considered to project arrays of alkyl groups at their
edges, in diametrically opposite direction and run
antiparallel with respect to their immediate neighbor.
Two nanotapes can organize in three ways: (i) laterally
without overlap, (ii) laterally with 7 nm overlap or (iii)
face to face with a 7 nm offset. Typically, overlap of two
nanotapes creates two valleys (one on each face of the
formed nanosheet), but only one of these valleys has
an alkyl array projected outward, and AuNPs are pre-
ferentially attached to this face. Using this model, inter
NP-stripe distances measured on nanosheets con-
sisting of mono- and bilayered nanosheets made of
several nanotapes can easily be explained.

Apparently, the organized AuNPs function as stain-
ing agents and provide a good contrast for obtaining
structural information about BHPB superstructures and
their ordering. A similar observation was made in the
recent past by Pradeep et al.,who used AuNPs to probe
the preliminary stages of the self-assembly of oligo-
(p-phenylenevinylene)-derivatives.42 The information
about the nanotape organization into a nanosheet
obtained from gold NP organization is almost impos-
sible to obtain from platinum-stained TEM images
which present unclear contrast. Evidently, such strate-
gies may be more generally adopted as complemen-
tary tools to obtain deeper insights into various struc-
tural features of self-assembled systems.

AuNP Size-Selection and Size-Sorting. Encouraged by the
success of assembling small gold NPs, attempts were
made to organize bigger 5.4 ( 1.0 nm sized dodeca-
nethiol stabilized AuNPs. A TEM of mixtures of BHPB
and larger AuNPs indicated that the templates failed
to order these NPs into 1D array. The 5.4 nm sized
AuNPs were either randomly attached to the nano-
tapes/nanosheets or aligned along their external edges,
as observed in some regions of the TEM. Very few
particles were found in the inner valleys (as shown in
Figure 7a and Supporting Information, Figure S10a).
This means, the 5.4( 1.0 nm AuNPs are too large to be
able to dock onto the valleys. In other words, the inner
valleys of the template impose a geometric restric-
tion on the organized NPs. Results similar to this have
been reported by Teranishi et al. for the organization of
dodecanethiol-protected gold nanoparticles on ridge-
and-valley structured carbon (hard template), whose
dimensions are comparable to that of self-assembled
BHPB structures. They have shown that 3.4 nm AuNPs
organize better on nanostructured carbon than the
larger 5.4 nm ones.43

UV�vis spectra of these hybrids showed increased
absorption as compared to a native BHPB nanosheet
suspension, which can be attributed to increased
electromagnetic fields around the chromophores

owing to the proximity of the AuNPs to the BHPB
nanosheets (Supporting Information, Figure S10b).
However, no detectable plasmon resonance shift was
observed. On the other hand, a coffee ring39 formed
on an APTMS-coated glass slide using these particles
yields a spectral shift of ∼20 nm (Figure S10c).38 The
fact that no plasmon band shift was detected for the
BHPB:AuNP hybrids implies that the association of
AuNPs with the template has not occurred to a sig-
nificant extent in the liquid phase. The nonhomogene-
ity of the organization observed in TEM and AuNP
alignment mainly along the template edges also in-
dicates that most of the observed linear organization
results from solvent drying effects. The presence of
multiple layers of AuNPs at the external edges (shown
in the inset of Figure 7a) supports this argument. It is
also possible that the AuNPs are attached randomly to
the nanosheet bundles or organized only on the edges
of multiply stacked thicker nanosheets, the popula-
tion of which might not be large enough to alter the
absorption spectra.

Sonicating mixtures of BHPB and 5.4 ( 1.0 nm
AuNPs briefly on an ultrasonic cleaner before dropcast-
ing on TEMgrids increased the number of AuNPs in the
inner valleys, as noticed in some sections of the TEM
images (Figure 7b). UV�vis spectra of these samples
did not show an observable shift in surface plasmon
resonance (Supporting Information, Figure S11), mak-
ing it difficult to predict if the organization occurred in
the liquid phase. Nevertheless, sonication could not be
considered as a suitable method for obtaining such
assemblies, as it considerably altered the soft tem-
plates (Supporting Information, Figure S12). Under
sonication, severe bundling and shortening of tem-
plates was observed. It is possible that the sonication
creates step-edges in the nanosheet bundles, and the
organization observed in TEM is a result of solvent
drying mediated assembly along these structural
features.

Thus, the BHPB nanosheets fail to organize 5.4 (
1.0 nm AuNPs in a manner similar to 1.7 ( 0.4 nm
AuNPs. Given these observations, it appeared that
selective assembly of smaller NPs in the inner valleys
even in the presence of bigger ones may be achieved.

Figure 7. TEM images showing AuNP organization achieved
from amixture of self-assembled nanosheets of BHPB (0.02%
w/v) in cyclohexane and 5.4( 1.0 nmdodecanethiol�AuNPs
by (a)mixing and (b) sonicating. The inset inpanel a showsan
enlarged view of the organized NPs.
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When a mixture of 1.7 ( 0.4 nm and 5.4 ( 1.0 nm
AuNPs was used for generating assemblies, AuNPs
organized into stripes consisted largely of smaller ones
(Figure 8 and Supporting Information, Figure S13).
Only a few of the bigger AuNPs were located on the
external edges of the array with most of them remain-
ing in regions outside these arrays. The results clearly
suggest that the inner valleys of the nanosheet
essentially select smaller nanoparticles. On the other
hand, template edges appear to show less specificity to
NP size: both small and large particles were found to be
attached at the edges. The observed characteristics
supports the idea that the association of small AuNPs
with the template takes place in the liquid phase while
the larger AuNPs align along the template edges and
step-edge features present on nanosheets due to
solvent drying effects, during TEM sample preparation.

Interestingly, when gold NPs of average size 2.5 nm
with a broad Gaussian size distribution (2.5 ( 0.9 nm)
was used for organization, occurrence of size-selection
was clearly evident (Supporting Information, Figure S14a).
In TEM images of these assemblies, the NPs forming
straight arrays are smaller in size than those remaining

outside. The latter formed a random network. Analysis
of the TEM images of the assembly also revealed size-
sorting of the AuNPs associated with the template.
Size analysis carried out over 1000 NPs indicated
that the AuNPs organized along the inner valleys are
1.6 ( 0.8 nm in size, while those attached to the
edges are larger. For instance, in the planar array
shown in Figure 9a, the sizes of the NPs along the
inner valleys and outer edges are 1.6( 0.6 and, 3.1( 1.2,
respectively. The coiling tape crossing this array is not
considered in the size analysis. Because this array
shows the presence of more than one layer of NPs at
the external edges, suggesting their accumulation due
to solvent drying effects, a similar analysis was carried
out on another array shown in Figure 9b, where such
effect seemed to be minimal. In this case, the inner
valleys once again contained NPs of sizes 1.6 ( 0.8 nm
while those on the outer edges were 2.2( 0.9 nm in size.
The size-sorting feature demonstrated in Figures 9a,b
was observed throughout the sample (other representa-
tive images are shown in Figure S14b), and this unequi-
vocally suggests that the ordering of ∼2 nm AuNPs
occurs in the liquid phase rather than on the TEM grid.

The observed size-sorting behavior indicates that
the BHPB template is sensitive to a very narrow differ-
ence in the NP size. The phenomena of size-sorting
are often observed with nanosized objects44,45 and the
particular case presented here is induced by the
template topography. The size selectivity exhibited in
this assembly is most likely a result of complementa-
rities of the shape and the dimension of the nanoval-
leys with that of the associated gold nanoparticles
(1.6 ( 0.8 nm). This has similarities to a typical lock-
and-key type assembly process46,47 and may very well
be driven by entropy.41,48�50 Further experiments and
theoretical studies are planned to understand the
nature of forces driving this organization.

CONCLUSIONS

A simple method to organize readily available 2 nm
sized dodecanethiol capped AuNPs into periodic 1D

Figure 9. TEM images of size-sorted gold NP arrays obtained using amixture of BHPB nanosheets (0.02%w/v) in cyclohexane
and dodecanethiol�AuNP of size 2.5 ( 0.9 nm. Insets show the AuNP size distributions in the inner valley (black bar) and
external edges (gray bar) of the template.

Figure 8. (a) TEM image of gold NP array obtained using a
mixture of BHPB nanosheets (0.02% w/v) in cyclohexane
and dodecanethiol�AuNPs of sizes 5.4 ( 1.0 nm and 1.7 (
0.4 nm. (b) Enlarged image of the middle part of the array
exhibiting a typical size-sorting effect.
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arrays by making use of surface topographical fea-
tures of hierarchically organized BHPB soft templates is
described. The organization achieved with BHPB tem-
plates using nonspecific van der Waals interactions is
comparable to those obtained using programmed
DNA14 and block copolymer templates,15 where the
two associating components, template, and the nano-
particles were tailored to interact specifically.
The observed AuNP organization on the BHPB tem-

plate appears to be driven by entropy via a lock-and-
key typemechanism, with the BHPB template acting as
lock and AuNPs fitting in as keys. While the template
spontaneously organizes AuNPs of approximately
2 nm size, it failed to yield similar results for the
larger 5.4 nm sized NPs. This indicates that the size
complementarity of the associating components
(BHPB template and AuNP) is a determinant factor
in the organization process. Valleys present on BHPB
nanosheets imposed steric restrictions on the assem-
bled AuNPs and led to the preferential association of

AuNPs of size 1.6( 0.8 nmwhen a polydisperse sample
(2.5 ( 0.9 nm) was used for organization. As template
edges did not present such geometric constraints, size-
sorted assemblies were obtained. Such size-sorting
effects can have significant implications in building
NP assemblies. Besides, the size selection property
of the BHPB nanosheets offers the possibility of using
such materials as membranes for size fractionation of
NPs.51

The organization strategy described here can be
readily extended to a variety of NP cores (metal,
magnetic, semiconductor) protected with simple alkyl
ligands. Given the vast diversity of self-assembling
molecules,52 a combination of the two can lead to
materials with interesting properties and applications.
Furthermore, NP assemblies obtained using our tem-
plate may readily be transferred to different desired
substrates and possibly aligned in preferred directions.
Such maneuverability is essential for processing solu-
tion based assemblies into devices.

METHODS
BHPB was synthesized as previously described.32 Gold NPs

were synthesized following literature procedures.33 The experi-
mental procedures and TEM images of the nanoparticles along
with their size distribution plots are included in the Supporting
Information (Figure S15�S17).

Preparation of BHPB Nanotapes (0.02% w/v). A 2 mg portion of
BHPB was heated with 10mL of cyclohexane in a tightly capped
glass vial to obtain a homogeneous solution and then cooled to
room temperature (RT) under ambient conditions. A cloudy sus-
pension of BHPB nanotapes was obtained in about 5�10 min.
This was left undisturbed at RT for about 12 h before use.

Preparation of BHPB-AuNP Hybrids. The organization of ∼2 nm
sized AuNPs by mixing method was achieved by shaking 1 mL
of BHPB nanotape suspension in cyclohexane (0.02%w/v) and a
known volume (typically between 10 and 20 μL) of 2 mg/mL
AuNP dispersion in cyclohexane in a tightly capped 4mL volume
glass vial and leaving the resulting brown colored mixture
undisturbed overnight at RT. The mixture was then drop-casted
on carbon coated copper grid for TEM observations. For obtain-
ing assemblieswith larger 5.4( 1.0 AuNPs, 10�20μL of 6mg/mL
dispersion in cyclohexane were used. For obtaining assemblies
with the small and large AuNPs mixture, 10 μL of 2 mg/mL
dispersion of 1.7 ( 0.4 nm AuNPs and 10 μL of 2 mg/mL
dispersion of 5.4 ( 1.0 nm AuNPs in cyclohexane were used.

For preparing hybrids by the heat/cool method, the same
quantities of the template suspension and nanoparticle disper-
sions were used. The tightly capped glass vial containing the
mixtures were heated to ∼60 �C to obtain a clear pale brown
solution and incubated overnight at RT.

Transmission Electron Microscopy (TEM). BHPB nanosheet suspen-
sions and BHPB�AuNP hybrids were dropcasted on carbon-
coated copper grids held in contact with filter paper to enable
quick draining and drying of the sample. The sample was dried
further under ambient conditions. Whereas the BHPB nanotape
samples were shadowed with Pt before TEM observations, the
BHPB�AuNP hybrids were observed as such without staining,
using a Philips CM12 microscope operating at 120 kV.

Atomic Force Microscopy (AFM). The BHPB nanotape suspension
(0.02% w/v) was diluted five times by the addition of cyclohex-
ane and a drop of the resulting suspension was dried on freshly
cleaved mica under ambient conditions. AFM measurements
were done with a Multimode AFM and Nanoscope IV controller

from Veeco (Santa Barbara, CA), in tapping mode under ambi-
ent conditions (air and room temperature). Cantilevers with a
nominal resonant frequency of 300 kHz and a typical spring
constant of 40 N/m were used. Tips are made of silicon with
terminal tip radius less than 10 nm.We always performed several
scans over a given surface area. These scans had to produce
comparable images to indicate that therewas no sampledamage
induced by the tip. Images were scanned at different scales at a
fixed scan rate of 1 Hz with a resolution of 512 � 512 pixels.

UV�vis Spectroscopy. UV�vis spectra were recorded on Per-
kin-Elmer Lambda 35 spectrometer. A 4 mm path length quartz
cell was used for all themeasurements. Typically, a hot sol of the
BHPB in cyclohexane was transferred to the cell and allowed to
self-assemble by letting stand at RT overnight before recording
the absorption spectra. For preparing hybrid, an appropriate
quantity of the AuNP dispersion in cyclohexane was added to
this mixture and shaken.
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