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ABSTRACT: Solution-based linear self-assembly of metal
nanoparticles oﬀers a powerful strategy for creating plasmonic
polymers, which, so far, have been formed from spherical
nanoparticles and cylindrical nanorods. Here we report linear
solution-based self-assembly of metal nanocubes (NCs),
examine the structural characteristics of the NC chains, and
demonstrate their advanced optical characteristics. In comparison with chains of nanospheres with similar dimensions,
composition, and surface chemistry, predominant face-to-face
assembly of large NCs coated with short polymer ligands led
to a larger volume of hot spots in the chains, a nearly uniform
E-ﬁeld enhancement in the gaps between colinear NCs, and a
new coupling mode for NC chains due to the formation of a
Fabry−Perot resonator structure formed by face-to-face bonded NCs. The NC chains exhibited stronger surface-enhanced
Raman scattering in comparison with linear assemblies of nanospheres. The experimental results were in agreement with ﬁnite
diﬀerence time domain simulations.
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In particular, one-dimensional arrays of metal NPs (also
called “plasmonic polymers”15) exhibit interesting optical
properties, such as multiple surface plasmon resonance peaks,
red-shift of the surface plasmon resonance with increasing
number of NPs in the chain, and the formation of hot spots in
the gaps between adjacent NPs.16 Currently, solution-based
self-assembly of plasmonic polymers has been achieved for
metal nanospheres and nanorods. Linear assembly of other
types of NPs can bring new interesting and potentially useful
properties but this is yet to be explored. Furthermore,
plasmonic polymers formed by nanospheres or nanorods
have two limitations originating from the NP structure. First,
NP chains were intrinsically ﬂexible, that is, they lack NP
colinearity, although attempts to increase chain rigidity in order
to enhance their optical properties have been made.17 Second,
due to the shape of nanospheres or curved tips of cylindrical
nanorods hot spots between the neighboring NPs in the chains
have an intrinsically small volume and can accommodate a
limited number of reporter molecules if surface-enhanced
Raman scattering (SERS) is their targeted application.

ne-dimensional nanoparticle (NP) arrays exhibit directional coupling of electronic, magnetic, and optical
properties as a result of interactions between the excitons,
magnetic moments, and surface plasmons, respectively, of
individual NPs. New collective properties of linear chains of
NPs oﬀer potential applications of these nanostructures in
functional nanomaterials and nanodevices.1,2 Self-assembly of
NPs is a powerful, scalable, and cost-eﬃcient strategy for the
fabrication of chains with small and controllable interparticle
spacing. To utilize directional nanoscale forces acting between
NPs, their surface is generally, site-speciﬁcally functionalized
with low- or high-molecular weight molecules to induce
“bifunctionality”, which results in NP polymerization in linear
chains.3−6 Recently, it has been shown that bifunctionality is
not necessary to break the symmetry in NP self-assembly: linear
chains have been formed from shape-isotropic NPs uniformly
coated with low- or high-molecular weight ligands.7−14 Several
proposed mechanisms of solution-based linear NP assembly
included (i) preferred end-on attachment of charged NPs due
to the contribution of electrostatic interparticle repulsion;7−9
(ii) alignment of electric dipoles caused by the strong dipole−
dipole NP interactions;10−12 and (iii) reorganization of polymer
ligands into a dense cylindrical brush between the neighboring
NPs, which favored the formation of linear chains.13,14
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We hypothesized that solution-based assembly of nanocubes
(NCs) can render new optical properties to plasmonic
polymers and can address the limitations listed above. Figure
1 illustrates the linear assemblies of NCs (top) and nano-

In the present work, we conducted solution-based selfassembly of Ag NCs. We report the following new and
potentially useful features of the NC chains. First, we show
qualitatively and quantitatively that NCs assembled in a face-toface conﬁguration form linear chains with a signiﬁcantly higher
rigidity (or higher colinearity of NCs) than chains of NSs with
a comparable size, composition, and surface chemistry. Second,
we show the predominant face-to-face assembly of large NCs
coated with a thin layer of polymer ligands, which is in
agreement with the results of Tao et al.,20 but for solutionbased reaction-controlled NC self-assembly. Finally, using
FDTD simulations we establish that chains of face-to-face
assembled NCs exhibit a new coupling mode originating from
the Fabry−Perot resonator structure of “bonds” formed by
adjacent NCs in the chains. We show that NC assemblies have
a stronger electric ﬁeld (E-ﬁeld) enhancement than the chains
of NSs and support the results of FDTD simulations
experimentally in SERS experiments.
Starting from the same 16 nm size Au octahedral seeds, we
conducted seed-mediated synthesis of Ag NCs,26 which yielded
NCs with the edge length in the range from 25 to 50 nm. In a
diﬀerent series of experiments, we etched Au octahedral seeds
to generate spherical seeds, which were used for the synthesis
of 50 nm diameter NSs. The NCs and NSs were functionalized
with thiol-terminated polystyrene (PS) with the numberaverage molecular weight Mn = 5000 g/mol. In order to
explore the eﬀect of the molecular weight of the polymer ligand
on the morphology of NC chains, we also capped 35 nm size
NCs with PS molecules of Mn = 50 000 g/mol. The
electrokinetic potential (ζ-potential) of both the NCs and
NSs in dimethylformamide (DMF) was −36 mV.
Figure 2a shows a typical transmission electron microscopy
(TEM) image of as synthesized 35 ± 3 nm NCs (the TEM
images of 25 ± 2 and 45 ± 3 nm NCs are given in Supporting
Information). An image analysis of 250 NCs revealed that they
had narrow size distribution (polydispersity 5%) and were
slightly truncated at the corners. The octahedral Au core was
apparent in the center of each cube due to the higher electron
density of Au than Ag component of the NCs
Following ligand exchange and surface functionalization of
the NCs with PS molecules, we acquired the extinction spectra
of the NCs with diﬀerent dimensions in DMF solution. The
spectra in Figure 2b exhibit three characteristic peaks
corresponding to diﬀerent localized surface plasmon resonance
(LSPR) modes27 of the NCs: the major peak with the spectral
position at 425, 440, and 475 nm for the 25, 35, and 45 nm size
NCs, respectively, and two shoulder features at 349 and 378 nm

Figure 1. Schematics of self-assembled linear structures formed by
NCs (a) and NSs (b). The gray shell around the NCs and NSs
represents the ligands capping the surface of NCs and NSs. Zoomed in
schematics (left) show with green color hot spots formed between
adjacent NCs (top) and NSs (bottom).

spheres (NSs) (bottom). Both types of NP building blocks
have the same composition, dimensions, and surface chemistry.
It can be expected that NCs assembled in a chain in the face-toface manner would exhibit a higher colinearity and a larger
volume of hot spots than chains of NSs and can potentially
accumulate a larger amount of SERS reporter molecules. For
example, it has been established that NC dimers prepared by
drying a colloidal solution on a substrate exhibit a maximum
SERS enhancement for the face-to-face NC conﬁguration.18,19
Recently, Tao et al. reported the self-assembly of polymergrafted metal NCs embedded in a polymer ﬁlm.20 The polymer
matrix acted as a poor solvent and the self-assembly was
diﬀusion-limited due to the low NC mobility in the viscous
medium. Simulations were performed for NCs interacting via
van der Waals attraction; however, accounting for the role of
the polymer “solvent” was challenging. In addition, in
comparison with solution-based NC self-assembly this method
provides a limited control over the self-assembly kinetics,4,21,22
the ability to quench the self-assembly after a particular time
interval,23,24 and the capability to modify or encapsulate the
self-assembled NC chains.8,25

Figure 2. Properties of individual Ag NCs. (a) Representative TEM image of 35 nm size NCs. The scale bar is 20 nm. (b) Extinction spectra of PScoated NCs with dimensions 25 (green), 35 (red), and 45 (blue) nm. The spectra are acquired from NC solutions in DMF.
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Figure 3. Eﬀect of NC dimensions on junctions formed by NCs in the chains. (a,b) Representative TEM images of the chains formed by 25 nm (a)
and 45 nm size NCs (b). Scale bar is 50 nm. (c) Evolution of extinction spectra for self-assembly of 35 nm NCs stabilized with 5K PS over 2 h. (d)
Population distribution histogram of the junction angle α between two adjacent NCs in the self-assembled chains formed by NCs with dimensions
25 nm (green), 35 nm (red), and 45 nm (blue). Bins of 10° were used. The histogram is based on an analysis of 350 measured angles for each NP
population. The inset deﬁnes the angle α between the two neighboring NCs.

for 50 nm size NCs. The positions in higher-order diﬀraction
peaks in the structure factor S(q) of NS chains scaled
approximately as multiples of the ﬁrst peak position, suggesting
the formation of a periodic one-dimensional structure. The
absence of higher order peaks for 25 nm size NC and NS
assemblies suggested a shorter correlation length in the chains,
which could originate from deviations from the colinearity in
these structures or polydispersity in interparticle distances.
Quantitative analysis of diﬀerent types of contacts
(junctions) between the neighboring NCs in the chain was
accomplished by TEM image analysis: we measured an
interparticle angle α, which was deﬁned as the angle between
the two faces of adjacent NCs (Figure 3b, inset). The value of α
varied from 0 to 90° with α = 0° for an ideal, parallel face-toface NC arrangement. Figure 3c shows the histogram of the
fraction of populations of angles α in NC chains. The fraction
of NCs assembled in a face-to-face orientation (taken at α <
10°) was signiﬁcant for all NCs, however for 45 nm size NCs it
was 2.4- and 1.8-fold higher than for 25 and 35 nm size NCs,
respectively, as shown in Figure 3d.
We note that the formation of face-to-face contacts between
NCs is expected due to the screening of a greater PS-capped
surface area from the poor solvent in comparison with the
edge-to-edge, edge-to-face, or vertex-to-vertex NC assembly.
Yet, this preferred self-assembly mode was predominantly
realized for the large, 45 nm size NCs stabilized with short
(relative to the NC size) PS ligands. The cubic shape of smaller
NCs was screened by the polymer layer, thereby making their
self-assembly more forgiving toward the formation of nonfaceto-face contacts. The transition from the random NC
attachment to the preferential face-to-face NC bonding mode
occurred for the ratio of NP size/polymer layer thickness in the
range from 10 to 18 (the thickness of the polymer layer was
determined from the analysis of TEM images of the NCs
assembled in the water/DMF mixture at Cw = 20%).

(the latter shoulder is hardly discernible for 25 nm size NCs
due to its proximity to the major peak at 425 nm).
The self-assembly of the NCs and NSs was triggered by
reducing the quality of solvent for the PS ligands. We added
water to the solution of NCs in DMF to reach the total water
concentration in the DMF-water mixture of Cw = 20%. To
minimize unfavorable interactions with the poor solvent, the PS
ligands on the neighboring NCs underwent association, thereby
leading to NC self-assembly.28 Importantly, the NCs and NSs
predominantly assembled in linear chains, which qualitatively
agreed with our earlier work conducted for gold NSs with
similar surface chemistry and electrokinetic potential (ζ ≈ 30
mV).9 The formation of linear NP assemblies was determined
by the minimization of the total energy of the system.
Interparticle attraction resulted from the hydrophobic/poor
solvency attraction force, while electrostatic repulsion forces
between charged NPs in a solvent with a high dielectric
constant, led to the end-on attachment of nanoparticles.
The self-assembly of PS-coated NCs was monitored by
acquiring the extinction spectra of the self-assembled
structures.20 In the course of self-assembly, the extinction
spectra of the NCs (Figure 3c) exhibited the appearance and
increase in intensity of the secondary plasmon peak at ∼570
nm in comparison with extinction spectra of individual NCs.
This peak originated from plasmon coupling between NPs
assembling in one-dimensional structures in solution16 and was
used as the ﬁrst experimental evidence of linear self-assembly of
the NCs.
In addition to extinction experiments, the solution-based
linear self-assembly of NCs and NSs was conﬁrmed by in situ
small-angle X-ray scattering (SAXS). The structure factor, S(q),
measured as a background corrected ratio of I(q)/I0(q), where
I(q) and I0(q) are the scattering intensities of assembled and
unassembled NPs, respectively (see Supporting Information,
Figure S22) showed ﬁrst-order peaks q1 for assemblies of 50
nm diameter NSs and 25 nm size NCs and higher order peaks
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Figure 4. Eﬀect of NP size and shape on colinearity of NPs in the chains. (a−c) Transmission electron microscopy images of chains of (a−c) NCs
with dimensions 25 (a), 35 (b), and 45 (c) nm; (d) 50 nm size NSs, scale bars are 100 nm. (e) Histogram of the distribution of populations of angle
β (deﬁned in the inset) for the chains of 50 nm diameter spheres (pink) and NCs with dimensions 25 (green), 35 (red), and 45 (blue) nm. Bins of
20° were used. The average aggregation number of the chains is 3. The histogram is based on an analysis of 250 triplets of NCs and NSs.

g/mol. To characterize the rigidity of the chains quantitatively,
we used the angle β between the lines connecting the centers of
three consecutive NPs (NCs or NSs) in the chain (see inset to
Figure 4e). In this conﬁguration, the maximum colinearity of a
NP chain corresponded to β = 180°. Figure 4d shows the
histogram of the distribution of angle β in the chains formed by
the NCs with diﬀerent dimensions, as well as the 50 nm
diameter NSs. For smaller-size NCs and for the NSs, the
colinearity between adjacent particles was noticeably lower with
a large fraction of angles in the range 120° ≤ β ≤ 180°. In this
conﬁguration, the competition of electrostatic repulsion
between the ﬁrst and the third NPs (Figure 4e, inset) and
NP attraction (the surface tension forces leading to the
screening of PS-poor solvent interactions),9 led to “forgiveness”
in the NP attachment to the chain end and the formation of
kinks along the chain.
Co-linearity assembly with 160° ≤ β ≤ 180° was observed
for ∼75% of chains of 45 nm size NCs. A stronger NC
colinearity in these chains originated from two factors:
predominant face-to-face contacts between adjacent NCs
(providing the maximum screening of interactions of PS
ligands with a poor solvent) and the electrostatic repulsion
acting between the ﬁrst and the third NPs (favoring the
formation of straight chains with β ≈180°). Thus, we conclude
that plasmonic polymers formed by 45−50 nm size NCs had
the highest fraction of face-to-face contacts and the largest
colinearity of the building blocks in the chains.
Next, for the unimers, dimers, trimers, and tetramers of such
NCs, that is, the most abundant species in the system, we
carried out ﬁnite diﬀerence time domain (FDTD) simulations
(similar chains of 50 nm diameter NSs were simulated for
comparison). The “bond” between two faces of adjacent NCs
in a face-to-face conﬁguration is represented by a thin dielectric
PS layer conﬁned between the two metal (silver) surfaces. Such
a metal−insulator−metal structure can support even and odd
plasmonic modes; however, for a vanishingly thin dielectric
layer only odd modes exist.29 The pair of face-to-face assembled
NCs forms a Fabry−Perot resonator with a resonant
wavelength determined by the NC dimensions and the
thickness of the PS-ﬁlled gap between the neighboring
NCs.29,30 If the Fabry−Perot resonance corresponds to the
excitation wavelength, strong enhancement in optical properties
is expected (e.g., in Raman scattering). For a chain of 50 nm
size NCs, we determined that the Fabry−Perot resonance

Furthermore, for the chains formed by 35 nm size NCs
stabilized with PS of Mn = 50 000 g/mol (the ratio of NP size/
polymer layer thickness of 8), we observed no preference of
face-to-face NC orientation over other attachment modes (see
Supporting Information, Figure S5). In this case, the cubelike
shape of the building blocks was screened by the highmolecular weight polymer.
Image-based analysis of angles between the faces of adjacent
NCs in the chains provided important information on the
general trend of NC-NC bonds in the chains, however this
method relied on the analysis of 2D projections of the chains
dried on a TEM grid, which could change the fraction of NC−
NC contacts with a particular NC conﬁguration in comparison
with that in the solution. To corroborate our image analysisbased ﬁndings for the chains of small and large NCs as well as
large NSs, we used in situ SAXS measurements to determine
interparticle (center-to-center) distances as 2π/q1, where the
position of the ﬁrst peak q1 in the SAXS pattern was the
deconvolution from scattering peak using Lorentzian function.
This center-to-center distance is the most probable distance
(and not an average distance) between the NCs or NSs in the
chain. Using the interparticle distances determined in SAXS
experiments and NP dimensions determined by the TEM
image analysis, we determined the gap between adjacent metal
surfaces in the chains to be 4.6 ± 2.6, 1.7 ± 2.5, and 3.9 ± 2.4
nm for the 25 and 50 nm size NCs and 50 nm size NSs,
respectively. These interparticle distances agreed with those
measured in TEM images of the NP chains (7.0 ± 2, 3.2 ± 1.5,
and 2.7 ± 2 nm for the 25 and 50 nm size NCs and 50 nm size
NSs, respectively), which implied that the imaged structures
well-represent the species self-assembled in solution. The TEM
images in Figure 4 (and Figure S6 in Supporting Information)
also suggested that the distribution of interparticle distances
was broader for smaller NCs due to their less regular face-toface orientation in the chains in comparison with larger NCs.
This feature was qualitatively reﬂected in in situ SAXS
measurements as the q1 peak is signiﬁcantly broader for 25
nm NC assemblies, which is in contrast with 50 nm NC
assemblies (Figure S22, Supporting Information).
Next, we characterized the rigidity of the chains formed by
the NCs with diﬀerent dimensions and 50 nm diameter NSs.
Figure 4a−c shows representative TEM images of the chains of
25 and 45 nm size NCs, as well as the chains formed by the
NSs, all capped with PS ligands with the molecular weight 5000
6317
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Figure 5. FDTD simulations of 50 nm size NPs and their linear assemblies. Examples of TEM images of NP dimers formed after 2 min long
assembly of NCs (a) and NSs (b). Scale bars are 20 nm. (c,d) Electric ﬁeld proﬁles calculated at the excitation wavelength 785 nm, as used in
experiments, with incident light polarization parallel to x-coordinate for (c) an individual NC (top left) and face-to-face assembled NCs dimer and
trimer (top right and bottom, respectively), and (d) for the individual NS (top left) and for the NSs dimer and trimer (top right and bottom,
respectively). Map scale is logarithmic. Numbers above the subﬁgures in (c) and (d) show the average E-ﬁeld enhancement factors per hot spot
volume.

occurred at the wavelength of 750 nm (Figure S12 and S13,
Supporting Information), which provided high local ﬁeld
enhancement for the excitation wavelength of 785 nm (later
used in SERS experiments).
Figure 5 shows normalized E-ﬁeld intensity (|E/E0|2) proﬁles
for the unimers, dimers, trimers and tetramers of NCs and NSs
and the corresponding average E-ﬁeld enhancement factors for
the interparticle gaps. A 1000-fold increase in E-ﬁeld intensity
occurred both for adjacent NCs or NSs. Yet, due to the
dominant face-to-face assembly of the NCs the average value of
|E/E0|2 in the interparticle gaps for trimer chains was 335 in
comparison with 63 for the NS assemblies. Because SERS
enhancement can be approximated by |E/E0|4, the theoretical
enhancement for the NC trimer chains was 28 times stronger
than the enhancement factor for the NS trimers.
We note that linear assemblies of NCs and NSs can exhibit a
diﬀerent dependence of the Raman enhancement factor on the
chain length. The Raman enhancement factor depends on the
location of LSPR, on the generation of hot-spots in the gaps
between NPs, and on optical absorption, that is, on loss in the
metal, which increases with increasing number of NPs in the
chain. We conducted simulations to evaluate the dependence of
the Raman enhancement factor on the number of NPs in the
chain (varied from 1 to 4). Supporting Information Figures S16
and S17 show that for NS chains, the LSPR red shifts as the
number of NSs in the chain becomes larger. Although the
system becomes more lossy, the resonance eﬀect dominates,
leading to the higher E-ﬁeld enhancement in longer chains. On
the other hand, chains of NCs exhibit a Fabry−Perot resonance
with the spectral position determined by NC dimensions and
only weakly dependent on the chain length. Thus, the Raman
enhancement factor is governed by the hot-spot strength and
optical absorption. The trade-oﬀ between optical absorption
and local ﬁeld enhancement results in the highest Raman

enhancement for trimer NC chains (Supporting Information
Figure S12 and S13).
In experiments, however, the self-assembled NP chains show
analogy with step-growth polymers and are intrinsically
polydisperse.4 A mixture of unimers, dimers, trimers, and
tetramers is more representative of the experimental situation
and can be characterized by the number-average aggregation
number Xn = (∑nixi)/(∑ni), where xi is the number of NPs in
the chain and ni is the number of chains containing xi NPs. In
the simulations, the strongest enhancement was achieved for
the NC and NS chains with Xn = 3 (Supporting Information
Figures S15 and S19). Notably, for Xn = 3 the calculated
enhancement factor was 13 times larger for the NC chains than
for the NS chains.
To validate the results of simulations, we examined SERS
properties at the excitation wavelength of 785 nm (close to the
Fabry−Perot resonance) for the chains of 50 nm size NCs and
50 nm diameter NSs. The self-assembly of these NPs was
conducted in the DMF−water mixture in the presence of the
Raman reporter oxazine. It has been earlier established by our
group that oxazine molecules partition in the associating PS
ligands upon self-assembly in the water/DMF mixture.31 In the
present work, after mixing solutions of NCs or NSs with
oxazine (both in DMF) and triggering linear self-assembly of
the NPs by adding water to Cw = 20%, we monitored the
evolution of ensemble-averaged SERS spectra of oxazine as a
function of self-assembly time. The experiments were
conducted using 30 μM oxazine in 0.2 nM solution of NCs
or NSs in the DMF/water solution. (The results of experiments
conducted at dye and NP concentrations of 7 μM and 0.04 nM,
respectively, are shown in Supporting Information, Figure S5).
We note that based on TEM image analysis, no change in the
self-assembled structures was observed, when oxazine was used
as a reporter.
6318
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Figure 6. Evolution of SERS spectra acquired at 785 nm excitation wavelength in the course of self-assembly of 50 nm size of NCs and NSs in the
water/DMF mixture at CW = 20% in the presence of 30 μM oxazine. The molecular weight of PS ligands was 5000 g/mol. The concentration of NCs
or NSs in the system was 0.2 nM. (a) Raman spectra of the control with no NPs (red line), NS chains (blue line), and NC chains (green line) at
maximum measured count. The self-assembly time is 2 min. (b) Evolution of Raman signal intensity at 563 cm−1, following the self-assembly of NCs
(green symbols) and NSs (blue symbols). The dye signal is normalized by the DMF signal at 660 cm−1. In (b) the lines are given for eye guidance.

interparticle gaps and on the free NC surface) in the chains
with Xn = 3, we found the fraction of the dye in the interparticle
gaps for the NC and NS assemblies (see Supporting
Information, Figure S7 and Table S1) and found that the
SERS enhancement factor in the interparticle gaps was 16 times
greater for the chains of NCs than for the NS chains. This
experimental result was in quantitative agreement with the
results of FDTD simulations, which for the distribution of
species with Xn = 3 showed a 13 times greater enhancement for
the NC chains than for NS chains.
The optical properties of the chains of 45−50 nm NCs
originated from several factors, all of which stemmed from the
large fraction of face-to-face NC contacts. First, there was a
nearly uniform E-ﬁeld enhancement in the gaps between NCs
in the chains. For the face-to-face colinear NCs, the hot spots
were characterized by a constant distance between adjacent
metal surfaces (except for the NC corners), whereas for the
neighboring NSs, the E-ﬁeld had a maximum enhancement in
the line of the shortest distance between the NSs (decaying as
the intersphere distance increased). Second, the PS-ﬁlled gaps
between the neighboring NCs had a 1.5-fold larger volume than
the gaps between adjacent NSs, leading to the larger amount of
oxazine in hot spots in NC chains (see Supporting Information,
Figure S7). Finally, the Fabry−Perot resonator structure
contributed to the stronger enhancement in the chains of
NCs, in comparison with NS chains.
In summary, we explored solution-based linear assembly of
NCs and determined new structure−property relationships for
plasmonic polymers made from these nanoscopic building
blocks. The self-assembly of large NCs coated with a relatively
thin layer of polymer ligands led to their preferential face-toface attachment in linear chains and resulted in more rigid
chains, compared to assemblies of NSs or chains of smaller
NCs. The preferential face-to-face NC assembly resulted in a
larger volume of hot spots, a nearly uniform E-ﬁeld enhancement in the gaps between colinear NCs and new coupling
modes for plasmonic polymers formed by the NCs in
comparison with linear assemblies of spherical NPs with similar
composition dimensions, composition and surface chemistry.
These features resulted in stronger SERS enhancement factor
for the NC chains in comparison with chains of NSs. Notably,
plasmonic polymers formed by NCs can be extracted and
isolated. Our results suggest that optical properties of selfassembled plasmonic polymers can be programmed by using
NP building blocks with particular shapes and dimensions with

Figure 6a shows the Raman spectra of oxazine corresponding
to the maximum SERS enhancement in assemblies of NCs and
NSs, as well as for the solution of oxazine in the water/DMF
mixture (used as a control system). The enhanced bands at 563
and 604 cm−1 corresponded to the vibrational modes of the
phenoxazine ring of oxazine and were consistent with the
Raman spectrum of the solution of oxazine in DMF.32
Importantly, in the control experiment carried out in the
solution of NPs and oxazine in DMF (in the absence of water
and thus, without self-assembly), a very small increase (10%) in
Raman signal of oxazine was observed at 563 cm−1 in
comparison with a solution of oxazine in DMF, indicating
that the Raman signal enhancement in the mixed solvent
stemmed from the partition of the dye in the PS ligands.
Figure 6b shows that the maximum SERS enhancement was
achieved already after 2 min of NC or NS self-assembly. Fast
NP self-assembly was attributed to the relatively high NP
concentration in the system and the acceleration of selfassembly in the presence of oxazine.31 On the basis of the TEM
image analysis of self-assembled structures, for the maximum
SERS enhancement achieved after 2 min-long self-assembly
both NC and NS chains had the average aggregation number
Xn = 3. When a lower concentration of NPs and oxazine was
used, that is, 0.04 nM and 7 μM, respectively (see Supporting
Information, Figure S23), the maximum enhancement was
achieved after 30 min self-assembly and also corresponded to
Xn = 3. Both results were in agreement with the results of
simulations.
Following SERS experiments, we determined the amount of
the dye partitioned in the PS ligands in the NCs and NSs in the
course of self-assembly (Supporting Information). The uptakes
of oxazine by the PS layer were 10 and 14%, respectively, of the
total amount of oxazine introduced in the system (we assumed
a similar uniform distribution of oxazine across the PS layer
capping the NC and NS surface). Although the area of NCs
was 1.9-fold larger than that of NSs, a lower uptake of oxazine
by the NCs than by the NSs was presumably caused by the
denser packing of the PS molecules on the planar NC surface
than on the curved surface of NSs. On the basis of the
intensities of SERS signals at 563 cm−1 and the concentration
of oxazine in PS shells (both in the interparticle gaps and on
the free NP surface), we calculated the SERS enhancement
factors for the chains of NCs and NSs to be 251 and 31,
respectively (the calculations are presented in Supporting
Information). By calculating the ratio between the PS volume
in the interparticle gaps to the total volume of PS (both in the
6319
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was determined by the summation of scattering and absorption
cross sections. A mesh override region was also introduced with
a mesh size of 0.4 nm for accurate modeling of the structure.
The calculated cross sections are shown in the Supporting
Information.

potential applications in subwavelength-scale sensing and
imaging enhancement.

■

METHODS
Synthesis of Au Seeded Ag NCs and NSs. Core−shell
Au/Ag NCs stabilized with cetylpyridinium chloride were
prepared using a modiﬁed three-step protocol reported
elsewhere.31 In the next step, using ligand exchange, we
functionalized the NPs with PS molecules. See Supporting
Information for the detailed procedure.
Self-Assembly Experiments. A stock solution of NCs in
DMF (0.5 mL) was placed in a 20 mL vial. The self-assembly of
the NCs was triggered by the dropwise addition of 0.5 mL of
the DMF/water mixture at a concentration of water of 40 vol %
in order to reach the ﬁnal concentration of water CW = 20 vol
%. A similar approach was used for the self-assembly of NSs.
The self-assembly process was monitored by acquiring
absorption spectra of the solution of NSs or NCs as a function
of the self-assembly time. The TEM images of the resulting
nanostructures were obtained using Hitachi H-7000 transmission electron microscope. The samples were prepared by
depositing a droplet of the NPs or NC solution onto the
carbon-coated copper TEM grids, exposing the droplet to the
air for 20 s, and quickly removing the solvent with a KimWipe
to prevent drying of the solution onto the grid.
Statistical Analysis of Self-Assembled Structures.
Transmission electron microscopy images were analyzed
using MATLAB. The positions of the edges and of the center
of mass of each NP were obtained by image analysis. The
mutual orientation of the neighboring NCs in the chain was
characterized by measuring the angle α between NC facets. The
angle α was calculated using the scalar product of the vectors
deﬁned by two adjacent edges (of 2D projection of two
adjacent facets). The rigidity of the chain was characterized by
the angle β deﬁned as the angle between the centers of mass of
two consecutive pairs in the NP trimer.
SERS Experiments. A Raman reporter, oxazine 720, was
introduced into the solution of 50 nm size NPs or NCs in DMF
(0.5 mL). The resulting solution was incubated for 12 h. After
that, 0.5 mL of the DMF/water mixture with water content of
40 vol % was added dropwise under stirring into the NP or NC
solution to reach CW = 20%. Immediately after the addition of
the DMF/water mixture, that is, the beginning of self-assembly
of NPs or NCs, the Raman spectra of the solution were
acquired using a compact Raman spectrometer (Advantage
Raman Series, DeltaNu, 785 nm laser line, the laser beam
diameter of 35 um at the focal point).
Electromagnetic Simulations. Optical properties of NCs
and NSs were investigated using FTTD simulations. The
simulation domain was terminated by a perfectly matched layer
to ensure minimum reﬂections from the boundaries. To
calculate the absorption and scattering cross sections, we
employed the formalism of the total ﬁeld scattered ﬁeld
(TFSF). We introduced a set of two-dimensional power
monitors, which formed two surfaces enclosing the NPs, one
inside the TF region (power monitor 1, or PM1) and the other
in the SF region (power monitor 2, or PM2). We calculated the
absorption cross-section of the nanostructures by evaluating the
net power ﬂow into PM1, which represented the power loss in
the NPs. The total power exiting PM2 was used for the
calculation of the scattering cross section as σscat = Pscat/Is,
where Pscat is the scattered power obtained from PM2 and Is is
the intensity of the light source. The extinction cross-section
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Synthesis of Au seeded Ag NCs and NSs. Core-shell Au/Ag NCs stabilized with
cetylpyridinium chloride (CPC) were prepared using a modified three-step protocol
reported elsewhere1. First, 3 nm-size Au NPs were prepared by quickly injecting
0.60 mL of ice-cold, freshly prepared 10mM NaBH4 solution into a rapidly stirred
mixture of HAuCl4 (10 mM, 0.25mL) and hexadecyltrimethylammonium bromide
(CTAB, 0.1M, 9.75mL). After being stirred for 2 min, the solution was left

2
undisturbed for 2 h and then diluted to 100 mL with deionized water. Then, 0.6 mL
of this solution was added in one portion to a mixture of HAuCl4 (0.2 mL, 10mM),
CTAB (4mL, 0.2M), ascorbic acid (3mL, 0.1M) and 43 mL of deionized water. The
reaction mixture was quickly shaken and left undisturbed at room temperature for
12 h, yielding a purple solution of octahedral Au NPs. Two washing cycles by
centrifugation at 15000 g for 15 min were used to replace the surfactant-rich
solution with deionized water. In the final step, 10 mL of the Au octahedral seeds
and 1.6 mL of the aqueous 0.1M solution of CPC were mixed in a 20 mL vial placed in
an oil bath at 60°C. This step was followed by the sequential addition of AgNO3
(0.2mL, 10mM) and ascorbic acid (0.8mL, 0.1M) under stirring. After 1h reaction,
the vial was cooled in an ice-bath. The resulting 25 nm-size NCs were washed twice
using centrifugation at 14000 g for 10 min and redispersion in deionized water.
To obtain larger NCs, in the last step, the amount of octahedral Au seeds was
decreased: to synthesize 35 nm-size NCs, 5 mL of the solution of octahedral Au
seeds and 5 mL of water were used, whereas to obtain 45 nm-size NCs, 2.5 mL of the
seed solution and 7.5 mL of water were used. The NCs were washed twice by using
centrifugation the solution for 10 min at 10000 or 8000 g for 35 and 45 nm-size
NCs, respectively, and subsequent redispersion in water. This procedure yields 50
nm-size NCs when 2 mL of the seed solution is used.
To synthesize 50 nm-size NSs, we modified the procedure described above in the
following way. As synthesized Au octahedral seeds were subjected to etching by a

mixture of H2O2 (0.2mL, 1.0M) and HCl (0.2mL, 1.0M) for 5 min, followed by two
washing cycles at 15000 g and replacing the supernatant with deionized water.
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These Au seeds were used for further Ag growth on their surface, which yielded 50
nm-size NSs. The NPs were purified by centrifugation in the same manner as the 45
nm-size NCs.

4

Figure S1. TEM images of NCs of different edge length: (a) 25 nm, (b) 35 nm, (c) 45
nm. Scale bar is 100 nm. Darker region in the center of each NC is a Au octahedral
seed.

Functionalization of NPs with PS ligands
A concentrated aqueous solution of NCs (0.5 mL, 0.3 nM) was rapidly injected under
sonication into 10 mL of SH-PS solution in dimethylformamide (DMF, 0.1 mg/mL).
The mixture was sonicated for 1 min and incubated for 30 min. The NCs were
purified from the excess of free, non-attached ligands using six 10 min-long
centrifugation cycles at various speed depending on the size of the NCs (12000 g for
25 nm-size NCs, 8000 g for 35 nm-size NCs and 4000g for 45 nm-size NCs). The final
solution was redispersed in DMF to form a stock solution, which was used within 2
weeks after NP preparation. The NSs of 50 nm diameter were functionalized with 5K
PS following similar procedure.
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Figure S2. Extinction spectra of NCs (red line) and spheres (blue line) of 50 nm
stabilized with 5K PS in DMF.

Figure S3. Electokinetic potential of 50 nm-size NCs (a) and 50 nm Ag NSs (b)
stabilized with 5K PS. The measurements are taken in DMF.
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Figure S4. Evolution of extinction spectra in the course of 2 h-long self-assembly of
NCs (a) and NSs (b) of 50 nm stabilized with PS with the molecular weight of 50000
mol/g.

Figure S5. Self-assembly of 35 nm-size NCs stabilized with PS ligands with different
molecular weight. (a) Evolution of extinction spectra of 50-nm-size NCs stabilized
with PS molecules with the molecular weight 5000 mol/g over 2 h self-assembly;
(b) evolution of extinction spectra of 50 nm-size NCs stabilized with PS with the
molecular weight 50000 in the course 24 h self-assembly. (c,d) Representative TEM
images of the self-assembled structures formed by NCs stabilized with PS ligands
with the molecular weight 5000 mol/g (c) and PS ligands with the molecular weight
50000 mol/g (d). The time of self-assembly is 30 min. Scale bar is 100 nm.
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Figure S6. TEM images of linear assemblies of (a) 25 nm-size NCs, (b) 45 nm-size
NCs, and (c) 50 nm-diameter NSs. Scale bars are 100 nm.

Determination of the concentration of NCs and NSs
The concentration of the NCs and NSs in the stock solutions was determined using
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). 50 μL of the
stock solution of 50 nm-size NPs was mixed with 0.5 mL of aqua regia, equilibrated
overnight at room temperature and subjected to a 20-fold dilution with deionized
water. The sample was analyzed using ICP-AES to determine the concentration of Au
atoms in the core of the NPs. The concentration has been determined by
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spectrometric analysis against an independent source, which is traceable to the
National Institute of Standards and Technology Standard Reference Material: 3121.
To convert the concentration of Au (determined from ICP-AES analysis) into the
concentration of NCs, we calculated the number of Au atoms in an Au octahedron
core of the NCs. To determine the concentration of NSs, we calculated the number
of Au atoms in the spherical cores of the NSs. The dimensions of the octahedral and
spherical cores were determined by the analysis of TEM images. Since Au seeds with
the same size were used for the synthesis of NCs with dimensions of 25, 35, 45 and
50 nm, the concentration of all populations of NCs was determined based on the
concentration of seeds used in the synthesis of 50 nm-size NCs.

Determination of the dye uptake upon NPs self-assembly in SERS experiments
To determine the fraction of the dye uptaken from the solution by PS ligands, we
first determined the concentration of oxazine left in the solution after NC or NS selfassembly. The solutions of self-assembled structures were twice centrifuged at
10000 g for 5 min to remove NC or NS assemblies, as well as individual NPs. Then,
the concentration of oxazine in the supernatant was determined by UV-Vis
spectroscopy. The difference between the concentrations of oxazine remaining in
the solution after the self-assembly of NCs or NSs and the control NC- or NS-free
solution of the dye was used to calculate the amount of oxazine uptaken by the selfassembled structures.
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Calculation of volumes of PS ligands in the interparticle gaps
Based on TEM image analysis, for chains of 50 nm-size NCs and NSs in the water/
DMF mixture at Cw=20%, the shortest distance between adjacent NPs was 2.7 nm
and the thickness of the PS shell around NPs, except the contact area, was 2 nm. We
used these values to calculate the volume of PS in the gap between two NPs surfaces,
or hot spot volume between the NPs.

Figure S6 shows the polystyrene bush located in the hot spot. From TEM images we
know that between 2 NCs the PS is located between the facets of the cubes, while in
the case of the NSs the polystyrene is located in a hyperboloid-shaped bush. The
volume fraction of PS bush in hot spot for a chain of X nanoparticles was expressed
as follows:

for NCs:
( X −1) ( DL12 )
Veff =
X ( L32 − L31 )

,

and for NSs:
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where D is the distance between two adjacent NCs, L1 is the size of a NC edge, L2 is
the size of the NC with the PS layer around it, r1 the radius of the core of a NS, r2 the
radius of the PS layer around a NS, d the distance between two adjacent NSs, a the
distance between the center of the gap and the vertex of the hyperboloid and b the
distance between the vertex and the asymptote of the hyperboloid, where
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hyperboloid and μ and ν the dimensions of the spherical cap of a NS.

Figure S7. Determination of the volume of interparticle gap for the chains of NSs
(left) and NCs (right). The bottom row shows 3D cartoons of the interparticle gaps.

Table S1. Comparison of SERS enhancement factors for the chains of NCs and NSs*
Type
Apparent
% of the
SERS
% dye in the
SERS
of
SERS
dye
enhancement interparticle enhancement
NP enhancement sequestered
for
gap (Xn=3)
for the dye
by PS
sequestered
partitioned
dye
in the
interparticle
gap
NC
26
10
251
1.54
1624
NS
4
14
31
2.88
105
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* as measured, corrected for the amount of dye uptaken by PS ligands, and corrected
for the interparticle gaps.

FDTD simulations for 50 nm size NCs and 50 nm-diameter NSs

Figure S8. Calculated extinction cross-section for individual NCs, NC dimers and
linear trimers. The plasmon peak of a single NC is in good agreement with the
experimental results. The red shift is larger than measured in experiments due to (i)
the variation of the gap size and/or (ii) polydispersity and non-co-linearity of NPs in
the chains.

Figure S9. Calculated extinction cross-section for individual NSs, NS dimers and
linear trimers. The plasmon peak shifts from 428 to 592 nm from the unimer to
trimer configuration.
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Figure S10. Calculated extinction cross-section for the linear ensembles of NCs with
Xn of 2, 3, and 4 with distribution of species characteristic for step-growth
polymerization.

Figure S11. Calculated extinction cross-section for the chains of NSs with Xn of 2, 3,
and 4 with the distribution of species characteristic for step-growth polymerization.

Figure S12. Calculated average E-field enhancement for NCs per hot spot volume,
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plotted as a function of the wavelength of the incident light. A peak ascribed to
Fabry-Perot ressonance appears for NC assemblies in the spectral range 700-800
nm.

Figure S13. Variation in the calculated Raman enhancement factor, plotted as a
function of the aggregation number of the NC chain at the wavelength of incident
light of 785 nm

Figure S14. Calculated average E-field enhancement for NCs per hot spot volume
for ensembles of NCs with Xn of 2, 3, and 4 with the distribution of species
characteristic for step-growth polymerization.
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Figure S15. Variation in the calculated Raman enhancement factor for NC chains,
plotted as a function of the mean aggregation number Xn at incident light
wavelength of 785 nm.

Figure S16. Calculated average E-field enhancement per hot spot volume for linear
NS assemblies as a function of the wavelength of the incident light.
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Figure S17. Variation in the calculated Raman enhancement factor, plotted as a
function of the number of NSs in the chain at incident light of 785 nm.

Figure S18. Calculated average E-field enhancement for per hot spot volume for
linear ensembles of NSs with Xn of 2, 3, and 4 with distribution of species
characteristic for step-growth polymerization.
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Figure S19. Variation in the calculated Raman enhancement factor for NC chains
with different Xn .at incident light wavelength of 785 nm

Figure S20. FDTD simulations of extinction spectra of NS trimers with angle β
equal to 180o, 150o, and 120o.

Figure S21. FDTD simulations for non-face-to-face junctions of NCs: E-field profiles
calculated at the experimental excitation wavelength 785 nm with incident light
polarization parallel to x-coordinate for the dimers of NCs with the angle α of 200
(left) and 450 (right). The map scale is logarithmic.
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Structural studies of NC and NS assemblies in solution using in situ small-angle
x-ray scattering
Small angle x-ray scattering (SAXS) measurements were carried out on the BrukerAXS Nanostar U instrument equipped with Cu rotating anode, Vatec 2000 detector
and run in the high-resolution configuration. The camera length for the instrument
was calibrated using Silver Behenate as a standard. The scattering image was
reduced to 1D data intensity I vs. q, scattering vector, using Bruker SAXS operating
software. For the measurements, the samples were transferred in thin wall
borosilicate glass capillaries with a diameter 1 mm (purchased from Charles Supper,
MA), and sealed with a hot melt adhesive. The structure factor, S(q), was calculated
as a background-corrected ratio of I(q)/I0(q), where I(q) and I0(q) are the scattering
intensities for assembled and non-assembled nanoparticles, respectively. The peak
deconvolution was performed in IgorPro software using MultiPeak fitting package.
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Figure S22. Measured structure factors S(q) for the linear assemblies of 25 nm and
50 nm NCs and 50 nm NS.

SERS experiments conducted at reduced concentration of NPs and dye

Figure S23. SERS experiments conducted for the self-assembly of 50 nm-size NCs
and 50 nm-diameter NSs in the water/DMF mixture at Cw = 20% in the presence of
7 μM oxazine. The concentration of NCs and NCs in the solution was 0.04 nM.
(a) Raman spectra of the control (red line), solution of self-assembled NCs (green
line), and solution of self-assembled NSs (blue line) at maximum measured count.
(b) Evolution of Raman signal intensity in the course of self-assembly of 50 nm-size
NCs (green symbols) and 50 nm-size NSs (blue symbols) during 2 h-long selfassembly. The dye signal is normalized to DMF signal at 660 cm-1. The lines are
given for eye guidance. (c) oxazine dye structure.
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