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S
elf-assembly of nanoparticles attracts
great interest for several reasons. First,
in the course of self-assembly, nanopar-

ticles act as artificial molecules, thereby offer-
ing the ability to create simple and complex
model systems for their molecular analogues
undergoing a chemical reaction.1�12 For
example, self-assembly of nanoparticles into
small clusters, chiral structures, or polymer-
like chains can be exploited to study reaction
mechanisms, kinetics, and thermodynamics,
as well as the formation of isomers.13�20 This
new direction of research necessitates the
development of new, efficient tools for quan-
titative characterization of self-assembly of
nanoparticles in solution.
Plasmonic nanostructures offer a very

beneficial property that can be used for

their structural characterization, that is, the
coupling of the plasmonic properties of
neighboring nanoparticles.21�25 For poly-
mer chains formed from plasmonic nano-
particles, the red shift in the localized
surface plasmon resonance band depends
on chain degree of polymerization26,27 and
offers a conceptually new strategy for poly-
mer characterization, in comparisonwith con-
ventional Gel Permeation Chromatography,
Nuclear Magnetic Resonance, or viscosity
techniques used for molecular polymers.28

We stress the importance of utilization of
ensemble-averaged plasmonic properties
that describe the entire “reaction” system,
while single particle spectroscopy provides
information about each particular nano-
structure but cannot be used for such a
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ABSTRACT Self-assembly of gold nanorods (NRs) in linear, polymer-like chains

offers the ability to test and validate theoretical models of molecular polymerization.

Practically, NR chains showmultiple promising applications in sensing of chemical and

biological species. Both areas of research can strongly benefit from the development

of a quantitative tool for characterization of the structure of NR chains in the course

of self-assembly, based on the change in ensemble-averaged optical properties of

plasmonic polymers; however, quantitative correlation between the extinction

spectra and the structural characteristics of NR chains has not been reported. Here,

we report such a tool by a quantitatively correlating the red shift of the longitudinal

surface plasmon band of gold NRs and the average aggregation number of NR chains. The generality of the method is demonstrated for NRs with different

aspect ratios, for varying inter-rod distances in the chains, and for varying initial concentrations of NRs in solution. We modeled the extinction spectra of the

NR chains by combining the theory of step-growth polymerization with finite-difference time-domain simulations and a resistor-inductor-capacitor model,

and obtained agreement between the theoretical and experimental results. In addition to capturing quantitatively the ensemble physics of the

polymerization, the proposed 'plasmonic counter' approach provides a real-time cost- and labor-efficient method for the characterization of self-assembly

of plasmonic polymers.
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characterization, because of the intrinsic polydispersity
of the system.12,28�30

Second, nanoparticle assemblies often exhibit col-
lective optical, electronic andmagnetic properties that
can be potentially used in nanoscale materials and
devices.31�43 In particular, self-assembled chains of
gold nanorods (NRs) show extinction and surface en-
hanced Raman scattering (SERS) properties, which have
found multiple applications in sensing of chemical
and biological species.44�50 To fully understand and
utilize these properties, it is important to correlate
themwith structural characteristics of the NR chains.51�53

Currently, the correlation between the average aggrega-
tion number of the chains (expressed as their number
average degree of polymerization, Xn) and the best
sensing ability of the NR chains is not obvious. For
example, our recent work shows that for a particular
internanorod distance in the chains, dimers and tri-
mers of NRs exhibit the strongest SERS enhance-
ment.54 In situ optical characterization can be effi-
ciently used to determine the average number of NRs
in the chains, after which the self-assembly process is
quenched,55 and the correlation between Xn and the
optical properties of the chains is determined.
Currently, the average aggregation number of the NR

chains is typically determined by analyzing their electron
microscopy images.12,54,56 A droplet of the NR solution
is deposited on the grid, the solvent is removed, and
the sample is imaged by collecting secondary or back-
scattered electrons. Because of the low concentration
of the NRs in solution, a large number of images have
to be processed to obtain reliable statistical informa-
tion. The process is time- and labor-consuming, and
special care has to be taken to avoid artifacts, due to
the drying process and the effect of the substrate.
Similarly, single particle spectroscopy techniques are
time-consuming, and while providing unique infor-
mation about individual small clusters or plasmonic
polymers,26,57�60 cannot be used for the characteriza-
tion of the collective optical properties of the entire
population of chains in the system. Theoretical or
numerical simulations, e.g., the finite-difference time-
domain (FDTD) method, the boundary element meth-
od, and the discrete dipole approximation, are also
limited to a small number of objects.61

Currently, no optical tool addresses the questions:
“Howmany nanorods have been assembled”? “What is
the average length (or degree of polymerization) of the

chains?” or “What is the kinetics of self-assembly?” This
information is buried in the extinction spectra and is
important both for the applications of nanorod chains
and in fundamental studies of polymerization reactions.
Here, we present amethod for the quantitative char-

acterization of the self-assembly of gold NRs in chains,
which is based on the correlation between the average
aggregation number of the chains and the red shift
in the longitudinal surface plasmon resonance (LSPR),
resulting from the surface plasmon coupling between
the neighboring NRs.62 We utilized gold NRs carrying
hydrophobic polystyrene (PS) molecules at both ends,
which formed chains, when the quality of the solvent
for the PS tethers is reduced.48,63 In this process, indi-
vidual NRs behaved as monomers (or nanomers)
and PS end-tethers acted as functional groups (two
per each NR) (Scheme 1). In a colloidal polymer (or a
nanopolymer), the NRs presented repeat units and
the PS tethers localized between the NR ends acted
as physical bonds.64 As the NRs assembled in a nano-
polymer, surface plasmon coupling between neigh-
boring NRs resulted in red shift of the LSPR of the
NRs.62,65 The shift is determined by the length (L) and
diameter (d) of individual NRs, the inter-NR distance (l),
the angle (θ) between the NRs in the chains, and the
number of NRs in the chain (x).
The generality of the method described in the pres-

ent work was demonstrated for the NRs with different
aspect ratios and for varying inter-rod distances in the
chains. Importantly, in the range of NR concentrations
studied, the reported correlation was independent
of the initial concentration of individual NRs in the
solution.
We also present the results of modeling the extinc-

tion spectra of the NR chains by combining the theory
of step-growth polymerization with FDTD simulations
and a resistor-inductor-capacitor (RLC) model.66 The
RLC model provides particular insight into the ensem-
ble physics of polymer chains, whereas the FDTD
simulations provide accurate solutions to the electro-
magnetics, specifically of the ensemble. The second
model is the first quantitative description of in situ

assembly of NPs in chains, which is important from a
modeling and physics point-of-view. The theoretical
predictions are in quantitative agreement with experi-
mental results.
In addition to the time- and labor-efficient analysis of

the self-assembled chains, the proposed 'plasmonic

Scheme 1. Self-assembly of gold NRs end-tethered with PS functional groups in nanopolymers.

A
RTIC

LE



LIU ET AL. VOL. 7 ’ NO. 7 ’ 5901–5910 ’ 2013

www.acsnano.org

5903

counter' method enables reliable in situ characteriza-
tion of self-assembly in solution containing of up
to ∼109 plasmonic chains,67 in comparison with ∼103

chains characterized by image analysis. Two immedi-
ate applications of the proposed 'plasmonic counter'
include (i) the capability of time- and labor-efficient
examination of the kinetics of self-assembly process
and (ii) studies of the correlation between the average
aggregation number of the chains and their optical
properties, e.g., SERS enhancement factor,54 which is
important for the development of effective sensing
nanostructures.

RESULTS AND DISCUSSION

Effect of Nanorod Length. Gold NRs with an average
length, L, of 99( 10 nmand diameter, d, of 12( 1.8 nm
were synthesized using the seed-mediated growth
procedure.68 The NRs were shortened to the average
lengths of 50, 80, and 90 nm by using an etching
method reported elsewhere.69 During the etching
process, the diameter of the NRs was not changed.
Thiol-terminated PS molecules (Mn = 12 000 g/mol,
PDI = 1.09) were selectively attached to the NR ends.48,70

We denoted NRs with lengths of 50, 80, and 90 nm,
which were tethered with PS with a molecular weight
of 12 000 g/mol as NR50-12k, NR80-12k and NR90-12k,
respectively (Table 1). The NRs were dispersed in
dimethyl formamide (DMF). The self-assembly of the
NRs in the end-to-end manner was mediated by add-
ing water to the solution of NRs in DMF to reach the
total concentration of water, Cw, of 15 wt %.48,51 To
minimize the surface energy of the system in a poor
solvent, the hydrophobic PS molecules formed a phys-
ical bond between the ends of the neighboring NRs,
thereby organizing NR 'nanomers' into a polymer-like
chain, as shown in Scheme 1. For all the samples, the
initial molar concentration of NRs in the DMF/water
mixture was [NR]0 = 0.1 � 10�9 mol/L.

The extinction spectra of the self-assembled NR
chains were recorded in the course of NR self-assembly
experiments (Figure 1). Figure 1a,b shows the varia-
tion in extinction spectra for NR50-12k and NR90-12k,
respectively. While the spectral position of the trans-
verse surface plasmon band (at 505�510 nm for both
samples) remained invariant, the spectral position
of the LSPR exhibited a time-dependent red-shift,
characteristic of the NR association in the end-to-end

manner.51 The change in the LSPR position, λ, was
plotted as a function of the self-assembly time, t,
(Figure 1c). For the NR50-12k sample, in the course of
self-assembly, the shift in LSPR occurred from 836 nm
(t = 0) to 983 nm (t = 8 h), and for the longer self-
assembly time of up to 24 h, no further shift was
observed (Figure 1a,c). For the NR80-12k sample, the
shift in LSPR from 1094 to 1250 nm took a longer time
of ∼16 h, after which the position of the peak became
invariant. The LSPR peak of NR90-12k sample red-
shifted from 1207 to 1390 nm in 24 h and did not reach
the plateau (Figure 1b,c). These results suggested
that the longer the NRs are, the larger the relative red-
shift of the LSPR band is, and the longer the t is that is
required to reach a plateau in the shift of LSPR.

In parallel with extinction measurements, we con-
ducted analysis of the TEM images of the individual
NRs and their chains in the self-assembling system. The
inset images in Figure 1a,b show the representative
TEM images of the chains of NR50-12k and NR 90-12k,
respectively, formed at t = 6 h. Inspection of the TEM
images of NR chains revealed that the average end-
to-end distance between the neighboring NRs was
constant during the entire self-assembly process for
all the three samples. This result is consistent with the
fact that all the NRs had PS end-tethers with the same
molecular weight of 12 000 g/mol. The results of image
analysis revealed that the number of NRs in the chains
increasedwith the self-assembly time, t, at the expense
of the decreasing number of individual NRs in the
system. We characterized the average aggregation
number of the NR chains, Xn, by using the analogy
between the NR chains and polymer chains.12 The
average aggregation number of the NR chains was
determined as

Xn ¼ total number of NRs
total number of chains

¼ ∑nxx

∑nx
ð1Þ

where x is the number of NR in the chain and nx is the
number of chains containing x NRs.28,30

The shift of LSPR peak,Δλ, was plotted vs Xn for the
self-assembled chains of NR50-12k, NR80-12k and
NR90-12k (Figure 1d). After an initial increase in Δλ, it
reached a close-to-saturation value at Δλmax. The
variations of Δλ vs Xn followed nearly single-exponen-
tial decay curves (Δλ = Δλmax � a e�X n/r), with decay
lengths, r of 2.01 (R2 = 0.9934) for NR50-12k, 2.30 (R2 =
0.9903) for NR80-12k, and 2.63 (R2 = 0.9902) for NR90-
12k, where R2 is the coefficient of determination. The
decay length increased with the NR length. This result
suggested that because a stronger plasmon coupling
existed between the longer NRs, more NRs could assem-
ble in the chain before Δλ reached the saturation.

Effect of Inter-Rod Distance. Weexamined the correlation
between Δλ and Xn for the chains with different inter-
rod distances, l, between adjacent NRs in the chains.

TABLE 1. The Dimensions of NRs and the Molecular

Weight of the PS Ligands

samples Mn of PS ligands length diameter

NR50-12k 12000 50 ( 6.1 12 ( 1.6
NR80-12k 12000 80 ( 8.7 12 ( 1.3
NR90-12k 12000 90 ( 10.4 12 ( 1.1
NR90-30k 30000 90 ( 10.4 12 ( 1.1
NR90-50k 50000 90 ( 10.4 12 ( 1.1
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We used PS tethers with molecular weights of 12000,
30 000 and 50000 g/mol, which were attached to the
ends of 90 nm-long NRs. The NR samples were denoted
as NR90-12k, NR90-30k and NR90-50k (Table 1). The self-
assembly of the NR90-12k, NR90-30k and NR90-50k
samples was carried out at [NR]0 = 0.1 � 10�9

(mol/L) in a DMF/water mixture at CW = 15 wt %. In
TEM images, the value of l was 8.2( 1.1, 18.3( 1.2, and
20.0( 1.9 nm for the chains formed by NR90-12k, NR90-
30k, andNR90-50k, respectively. The variation in the LSPR
peak position with the self-assembly time t is plotted in
Figure 2a. As l increased, the shift in LSPR reached the

plateau within a shorter time, and the value of λmax

became smaller. Figure 2b shows the variation in Δλ as
a functionofXn. The shift curvewas fittednearly to single-
exponential decay functionswith decay lengths, r, of 2.63
(R2 = 0.9902) for NR90-12k, 1.96 (R2 = 0.9823) for NR90-
30k, and 1.67 (R2 = 0.9905) for NR90-50k. The decay length
decreased as the inter-rod distance increased.

Effect of Initial NR Concentration. Next, we examined
whether the variation in NR concentration, [NR]0, af-
fects the relation between Δλ and Xn. We carried out
the self-assembly in the range of concentrations of
NR50-12K of 1.56� 10�10e [NR]0e 5.11� 10�10 mol/L.

Figure 1. Variation in extinction spectra following the self-assembly of (a) NR50-12k and (b) NR90-12k. [NR]0 = 0.1 � 10�9

(mol/L); CW = 15 wt %. The colors of lines correspond to the different self-assembly times. The insets in (a) and (b) are the
corresponding dark field TEM images of the representative NR chains at self-assembly time of 6 h. Scale bars are 200 nm.
(c) Variation of LSPR peak positions (λ) with the self-assembly time, and (d) variation of the red-shift of LSPR peak positions
(Δλ) with Xn of the NR chains for the self-assembly of NR50-12k (blue spheres), NR80-12k (green up triangles), and NR90-12k
(red down triangles). The lines are exponential decay curves fitted for each sets of data points.

Figure 2. (a) Variation of LSPR peak positions (λ) with the self-assembly time, and (b) variation of the red-shift of LSPR peak
positions (Δλ) with Xn of the NR chains for the self-assembly of NR90-12k (red down triangles), NR90-30k (orange squares),
and NR90-50k (purple diamonds) with an initial NR concentration [NR]0 = 0.1 � 10�9 (mol/L) in a DMF-water mixture at
Cw = 15 wt %. The lines are exponential decay curves fitted for each sets of data points.
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The value of [NR]0 was determined by measuring the
intensity of extinction of the individual NRs at the
wavelength corresponding to the maximum in LSPR.34

Figure 3a shows that in the NR concentration range
studied, the value of X increased linearly with t, and the
higher [NR]0 was, the faster Xn increased. Both features
were characteristic of reaction-controlled step-growth
polymerization, which was in agreement with our ear-
lier results obtained for the assembly of arrow-headed
gold NRs.12

Figure 3b shows the variation in Δλ vs Xn at different
initial NR concentrations. The relationship between Δλ
and Xn did not change in the entire NR concentration
range. This result indicated that in a particular system, the
curve of Δλ vs Xn is universal, given that the NRs have
identical sizes, shapes and associating ligands.

Theory of Polymerization of NRs into Linear Polymers. Gold
NRs end-tethered with associating ligands form a
noncovalent (physical) bond between the NR ends
and undergo self-assembly in linear chains.50 The self-
assembly occurs in a stepwise manner, analogous to
step-growth polymerization.12,28,30 The first step is
the reaction between two monomers to form a dimer.
The dimer then forms a trimer by reacting with a
monomer, or reacts with another dimer to form a
tetramer. Subsequent steps include reactions between
all x-mers in the system to form a nanopolymer chain,
where x is the number of NRs in the chain (x g 1). The
polymerization reaction yields a mixture of chains with
various aggregation numbers. The number average
degree of polymerization, Xn, continuously increases
with time as28,30

Xn ¼ 1
1 � p

(2)

where p is the conversion, i.e. the extent of reaction

p ¼ [M]0 � [M]
[M]0

(3)

where [M] is the concentration of unreacted ends of
NRs, and 2 � [M]0 = [NR]0.

For reaction-controlled step-growth polymeriza-
tion, the concentration of chains containing x NRs,
cx,p, at conversion of p can be predicted by Flory's
distribution as28,30

Cx, p ¼ [NR]0(1 � p)2p(x � 1) (4)

where (1 � p)2 is the probability of finding two
unreacted functional groups at the ends of the chain,
and p(x�1) is the probability of finding (x � 1) bonds in
the chain.

Thenormalized chain concentrationCx,p/[NR]0 presents
the number density of x-mers at conversion p. Figure S1
shows the calculated variation in Cx,p/[NR]0 vs x, plotted for
different conversion p. Although the number of individual
NRs decreases as p increases, for 0e p < 1, the individual
NRs (monomers) remain the most abundant species in
the system. Since the ratio Cxþ1,p/Cx,p= p, for p < 1, Cxþ1,p
is always smaller than Cx,p.

Modeling the Extinction Spectrum of an Individual NR Chain
Containing x Nanomers. The extinction spectrum of the
NR chain is determined by the length, L, diameter d,
of individual NRs, the inter-NR distance, l, the angle
θ between the NRs, and the number x of NRs in the
chain.38 To model the spectrum of an individual NR
chain, we first, assumed that the values of L, d, l and
θ are constant throughout the chain and examined the
relationship between x and the molar extinction coef-
ficient, εx, of an individual chain with a particular, well-
defined aggregation number x (increasing from 1 to 10).
The end-to-end assembly of collinear NR chains was
simulated by the FDTD method. The dispersive com-
plex dielectric constant of gold wasmodeled using a fit
to the experimental data of Johnson and Christy.71 The
simulation domain was terminated with a perfectly
matched layer for minimal reflections from the bound-
aries. The formalism of total field scattered field was
used to calculate the absorption and scattering cross
sections of NR chains. The extinction cross-section was
determined by the summation of scattering and ab-
sorption cross sections. For accurate modeling of the
cylindrical structure in a Cartesian coordinate system,

Figure 3. (a) Variation in the number average degree of polymerization, Xn, of the NR chains, plotted vs self-assembly time
reaction time, t, for initial concentrations of theNR50-12k of [NR]0 = 1.56� 10�10M (red squares), [NR]0 = 2.42� 10�10M (blue
squares), [NR]0 = 3.51 � 10�10 M (purple spheres) and [NR]0 = 5.11 � 10�10 M (green triangles). (b) Variations of the shift of
LSPR peak positions Δλ with the corresponding values of Xn in (a). The blue dash line is shown for eye guidance.
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a mesh override region was defined with a mesh size
of 0.8 nm.

The extinction cross section, σx, obtained from FDTD
simulations was converted to the molar extinction
coefficient, εx, as εx = 0.125σxNA/(10

3 ln 10), where NA

is the Avogadro's number, and the units of σx and εx
are cm2 and Lmol�1 cm�1, respectively.72We note that
since the NRs in solution are randomly oriented
with respect to the incident polarization, the factor of
0.125 accounts for NR rotation along two possible
angles. The extinction can then be obtained from
Ext = εxbC, where C is the concentration (in mol/L)
and b is the light path length (in cm).

Figure 4 shows the results of FDTD simulations for
the extinction coefficient of linear chains of NR50-12k,
each containing x NRs. Figure S1 displays the normal-
ized simulated spectra in the corresponding chains.
As x increased from1 to 10, theposition of LSPR (denoted
as λ) red-shifted from 836 to 976 nm. The coupling
between the NRs caused the red-shift of the LSPR with
increasing number of NRs in the chain. The effect was
particularly strong as x increased from 1 to 5, as the
majority of chain-forming NRs acquired new nearest
neighbors, but then it saturated for longer chains.
The normalized extinction intensity (extinction cross-
section divided by x) decreased slightly as a function of
x (Figure S3), which was the result of greater optical
losses, as more NRs were introduced in the chains.

Modeling Extinction Spectra of the Collection of NR Chains.
Next, we modeled the extinction spectra of the popu-
lation of NR chains at various conversions p. For dilute
colloidal solutions, the total extinction, Exttot,p, is the
sum of extinctions of the individual species. Thus, for
noninteracting self-assembled NR chains

Exttot, p ¼ b(ε1C1, p þ ε2C2, p þ ε3C3, p þ :::)

¼ b ∑
x¼ 1

εxCx, p (5)

where b is the light path length of a cuvette cell
(b = 1 cm), εx is the extinction coefficient of the
individual NR chain, Cx,p is the mole concentration of
the NR chains with a particular x at conversion p, and
the subscripts 1, 2, ..., x refer to the number of NRs in the
chain.

By inserting into eq 5 the values of εx obtained from
the FDTD simulations and cx,p obtained from eq 4,
we calculated the extinction spectra of the entire
population of NR chains at various values of p

(corresponding to a particular self-assembly time t).
Exemplary extinction spectra for p of 0.2, 0.5, and
0.8 are shown in Figure 5a�c, respectively. The thin
lines show the variation in extinction of the NR chains
with a particular x, that is, bεxcx,p eq 5 where cx,p is
calculated from eq 4 and [NR]0 = 0.1 nM. The thick lines
show the total extinction, Exttot,p, of all the chainswith a
particular p. For example, when p = 0.2, the two peaks

at 834 and 890 nm were assigned to the individual
NRs and dimers, respectively (Figure 4), and extinction
of the chains with x > 5 was negligible. For p = 0.5, the
extinction corresponding to monomer species signifi-
cantly decreased (Figure 5b), since C1,0.5 = 0.25 � C1,0
eq 4. Extinction of NR chains with x in the range of
3 e x e 6 increased, which led to a plateau in the
spectral range from 900 to 940 nm. As the chains
grew longer, the plateau shifted to longer wavelength
and became the major LSPR peak at p = 0.8 (Figure 5c).
The simulation result showed that NR chains with
1e xe 10 exhibited comparable extinction intensities.
The summation of the extinction curves of all the
x-mers yielded a total extinction curve with a LSPR
peak at 978 nm.

Figure 5d shows the variation in extinction, Exttot,p,
of the entire population of chains, calculated for 0epe

0.9 by using eq 5. The intensity of LSPR at 834 nm
(corresponding to the individual NRs) continuously
decreased, which reflected NR consumption during
the self-assembly process. Second, the total extinction
in the range from 890 to 900 nm increased for 0.1epe

0.8, and then gradually decreased at higher conver-
sion. This variation corresponded to the formation of
short chains with 1<x < 6 in the early stage of the
polymerization, followed by the consumption of the
short chains with the generation of longer chains
(xg 6). Third, above 900 nm, extinction monotonically
increased during the entire self-assembly process,
which was attributed to the assembly of NR chains
with x g 6 having their LSPR peaks very close to each
other (Figure 4). Therefore, as the population of long
chains continuously grew, the LSPR peak exhibited the
increase in intensity but less red-shifting.

The simulated spectra (Figure 5d) were in a quali-
tative agreement with the experimental spectra
(Figure 1a). The major difference between them was
that the simulated spectra showed two LSPR peaks for
0.3e pe 0.6, while the experimental spectra showed a
single peak. In addition, the experimental spectrum of

Figure 4. Simulated extinction coefficient (εx) of individual
chains with the number of NR (x) in the chain increasing
from 1 to 10. The chains are built fromNR50-12K. The colors
of lines correspond to the different values of x. The inset
shows the variation of LSPR (λ) with x. The blue line is given
for eye guidance.
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the individual NRs exhibited a full width at half-max-
imum (fwhm) value of 150 nm, which was significantly
broader than fwhm of ∼50 nm, obtained from FDTD
simulations for monodisperse NRs with the length and
diameter of 50 and 12 nm, respectively. These differ-
ences were presumably caused by the distribution of
NR dimensions and the inter-NR distances in the chains
(Figure S4), as well as lack of colinearity of the NRs in
the chains.55

To account for these inhomogeneous broadenings,
we used the RLC model and calculated the extinc-
tion peak position for the NR50�12K sample with the
minimum and maximum aspect ratio of 3.3 and 5.2,
respectively (see the histograms in Figure S4), and
assuming that the NRs in the chains are colinear. The
RLC model approximated a NR by a second order
oscillator with damping. The overall extinction spec-
trum was obtained by summing the shifted and

magnitude-scaled versions of the extinction spectrum
corresponding to the mean dimensions.

By inserting in eq 5 the values of εx obtained from
the RLC and FDTD simulations and cx,p obtained
from eq 4, we calculated the extinction spectra of the
entire population of NR chains formed at 0 e p e 0.9
(Figure 6). The LSPR peak red-shifted from 836 to
976 nm, while the experimentally acquired spectra
showed the corresponding shift from 836 to 978 nm.
The peak intensity decreased gradually, when p increased
from 0 to 0.5, reached the minimum for p at 0.4 ∼ 0.5,
and then increased again. In comparison with the
spectrum obtained for monodisperse NRs (Figure 5D),
no multiple peaks were observed for 0.3e pe 0.6. The
simulated spectra were in a remarkable agreement with
the experimental results obtained for the NRs with the

Figure 5. Simulated extinction spectra of NR chains at p of 0.2 (a), 0.5 (b), and 0.8 (c). The thin lines show extinction of the
chains with each particular x showed in inset of (a), that is, bεx cx,p, and the thick lines show the total extinction of the entire
population of chains (Exttot,p). (d) Variation of Exttot,p for 0e pe 0.9. Different colors showextinction spectra corresponding to
the system at different conversions p, as in inset in (d).

Figure 6. Simulated extinction spectra of the chains formed
by polydisperse NR50-12k at different conversions, p. The
different colors of the lines correspond to the different
values of p (shown in inset).

Figure 7. Variation in the red-shift in LSPR (Δλ) with Xn

for the NR chains, determined from the simulation (blue
line and empty blue circles) and experimental results
(solid symbols). Initial concentrations of the NRs are
[NR]0 = 1.0� 10�10 M (orange crosses), [NR]0 = 1.6 � 10�10 M
(red squares), [NR]0 = 2.4 � 10�10 M (blue squares), [NR]0 =
3.5 � 10�10 M (purple spheres) and [NR]0 = 5.1 � 10�10 M
(green triangles).
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same length and diameter distributions. We note that
the simulations showed that it takes a certain time
(denoted as t1) for the LSPR peak red-shift to reach the
minimum. Based on the simulation results, at t1 conver-
sion p is ∼0.5 (Xn = 2, eq 2), that is, it takes t1 for Xn to
increase by a unit. This correlation between t1 and Xn = 2
was consistent with our previous work.12 Finding t1 is
critical for kinetic studies of self-assembly, since the value
of Xn increases linearly with the self-assembly time.

Figure 7 shows the simulated variation in the shift,
Δλ, of LSPR (obtained from Figure 6), plotted as a
function of Xn for the NR50-12K sample (the value
of Xn was calculated by using eq 2). The result of the
simulation showed good quantitative agreement with
the experimental data.

Finally, we simulated the extinction spectra for five
NR samples studied in the present work, namely, of
NR50-12k, NR80-12k, NR90-12k, NR90-30k, and NR90-
50k. Figure 8 shows the variation of the LSPR peak
position (λ) and the variation of the red-shift of LSPR
peak position (Δλ), both plotted as a function of Xn. For
all the samples, the exponential fitting curves based on
the experimental results (solid lines) were in agree-
ment with theoretical results (dashed lines). This result
suggested that the theoretical model can be used to

predict the variation of the extinction spectra for
the self-assembly of NR in chains, and that the shift in
LSPR can be used to determine the average aggrega-
tion number of the chains.

CONCLUSION

A plasmonic counter approach enables quantitative
characterization of the variation in the average aggre-
gation number of self-assembling chains of gold NRs
by measuring the shift in LSPR in extinction spectra of
the system. The plasmonic counter method can be
used for NRs with different lengths and associative
ligands, and for varying NR concentrations in solution.
We note that in the describedmethod, the shift in LSPR
is large for NR chains with low Xn and it becomes
smaller for the chains with large Xn. Nevertheless,
because the value of Xn increases linearly with time,
as long as the rate of growth of Xn is determined by
using a plasmonic counter method, the value of Xn can
be determined at any stage of self-assembly. We stress,
however, that the method is not universal: it can be
utilized for the self-assembly process that follows the
kinetics of reaction-controlled step-growth polymeri-
zation, which is currently established for cylindrical and
arrow-headed gold NRs.

EXPERIMENTAL SECTION
Depletion-Induced Separation of the Nanorods from Spherical Nano-

particles. As-prepared gold NRs coexisted with a small (5�10%)
amount of spherical NPs with the average diameter of∼20 nm.
The NPs were separated from the NRs by using depletion
flocculation.73 The solution of as-synthesized NRs at the NP
concentration of 0.1 nM was heated to 60 �C and mixed with
1.65 g of hexadecyltrimethylammonium bromide (CTAB) and
2 g of benzyldimethylammonium chloride hydrate (BDAC) to
increase of the concentration of CTAB from0.055 to 0.100Mand
BDAC from 0.075 to 0.125 M, respectively. The total surfactant
concentration corresponded to the molar concentration of
micelles of∼3.6 mM, which was 107 times higher than the con-
centration of the NRs. After adding CTAB and BDAC, the solution
became opaque, due to the flocculation of long NRs. After 24 h,

the NRs seettled at the bottom of the flask, the supernatant
containing the NPs and the short NRs was carefully removed
from the flask and deionized water was added to redisperse the
settled long NRs.

Tuning Dimensions of Gold Nanorod. The NRs in an aqueous
solution (1 nM, 5 mL) were etched by adding H2O2 solution
(1M, 0.20 mL) as the method reported previously.69 The etching
process was monitored by following the shift in LSPR by using
UV�vis spectroscopy. When the LSPR peak shifted to 830 nm,
the NRs were removed by centrifugation.

Selective Attachment of Polystyrene Molecules to the Nanorod Ends.
The aqueous solution of NRs (1.5 mL) was centrifuged twice at
10 000 rpm for 20 min to remove the supernatant. The pre-
cipitated NRs were redispersed in deionized water (30 μL). A
tetrahydrofuran solution of thiol-terminated PS molecules was

Figure 8. (a) Variations of LSPR peak positions (λ) with Xn for the NR chains for the self-assembly of NR50-12k (blue spheres),
NR80-12k (green up triangles), and NR90-12k (red down triangles), and (b) variations of the red-shift of LSPR peak positions
(Δλ) with Xn for the NR chains for the self-assembly of NR90-12k (red down triangles), NR90-30k (orange squares), and NR90-
50k (purple diamonds) with an initial NR concentration [NR]0 = 0.1� 10�9 (mol/L) in a DMF-watermixture at Cw = 15wt%. The
lines are exponential decay curves fitted for each sets of data points. The dash lines are the corresponding curves determined
from the simulation.
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prepared at polymer concentration of 0.2 mg/mL. The NR
solutionwas rapidly injected into a 1mL of the polymer solution
and sonicated for 30 min. After sonication, the solution of NRs
was incubated for 24 h at room temperature. The excess free
polymer was removed from the solution by using eight cen-
trifugation cycles, each conducted at 8500 rpm for 25min. After
each centrifugation step, the supernatant was removed and the
precipitated PS-tethered NRs were redispersed in THF.

Self-Assembly of Gold Nanorods. Tetrahydrofuran was evapo-
rated from the NR solution by using air flow. The precipitated NRs
were redispersed in 0.25 g of N,N-dimethylformamide (DMF). The
concentration of the NRs was determined using their absorbance
at the LSPR wavelength and the corresponding molar extinction
coefficients.74 In the self-assembly experiments, it was ensured that
all the NR solutions had the same initial NR concentration, [NR]0 =
0.1 nM. The self-assembly process was triggered by slow, dropwise
addition of 0.25 g of DMF/water mixture with the concentration of
waterofCw=30wt%to0.25gof theNR solution inDMF, so that the
final concentrationofwater in theNRsolutionwas15wt%.The time
at which the last drop of water�DMFmixture was added was con-
sidered as the starting time of the self-assembly (t = 0). In parallel
with spectroscopic studies, the samples for TEM imaging were
prepared on carbon-coated TEM grids.
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