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Structure formation, melting, and optical properties of goldÕDNA nanocomposites:
Effects of relaxation time

Sung Yong Park and D. Stroud
Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA

~Received 2 September 2003; published 10 December 2003!

We present a model for structure formation, melting, and optical properties of gold/DNA nanocomposites.
These composites consist of a collection of gold nanoparticles~of radius 50 nm or less! which are bound
together by links made up of DNA strands. In our structural model, the nanocomposite forms from a series of
Monte Carlo steps, each involving reaction-limited cluster-cluster aggregation~RLCA! followed by dehybrid-
ization of the DNA links. These links form with a probabilitype f f which depends on temperatureT and particle
radiusa. The final structure depends on the number of monomers~i.e., gold nanoparticles! Nm , T, and the
relaxation time. At low temperature, the model results in a RLCA cluster. But after a long enough relaxation
time, the nanocomposite reduces to a compact, nonfractal cluster. We calculate the optical properties of the
resulting aggregates using the discrete dipole approximation. Despite the restructuring, the melting transition
~as seen in the extinction coefficient at wavelength 520 nm! remains sharp, and the melting temperatureTM

increases with increasinga as found in our previous percolation model. However, restructuring increases the
corresponding link fraction at melting to a value well above the percolation threshold. Our calculated extinc-
tion cross section agrees qualitatively with experiments on gold/DNA composites. It also shows a characteristic
‘‘rebound effect,’’ resulting from incomplete relaxation, which has also been seen in some experiments. We
discuss briefly how our results relate to a possible sol-gel transition in these aggregates.

DOI: 10.1103/PhysRevB.68.224201 PACS number~s!: 61.43.Hv, 78.67.2n, 82.60.Qr, 87.15.2v
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I. INTRODUCTION

The optical properties of metallic nanoparticles have b
investigated intensively for many years.1,2 Recently, this
work has extended to so-called functionalized metallic na
particles, which may have a variety of novel and useful o
tical and mechanical properties.3 Among these, there ha
been particular interest in the DNA-modified gold nanop
ticle ~gold/DNA nanocomposite! system. This is a materia
consisting of gold nanoparticles to which specific kinds
organic molecules~e.g., noncomplementary oligonucleotid
capped with thiol groups! can be attached. These materia
can be produced in a variety of structures using a strateg
nanoparticle self-assembly.4–8 They may also be useful fo
selective biological detection, by making use of the opti
and electrical sensitivity of their aggregates.9–14

Numerical model calculations of the optical properties
DNA modified gold nanoparticle aggregates show gene
agreement with experiments. For example, both experim
and calculations show that~i! for isolated gold nanoparticle
in suspension, there is a strong surface-plasmon absorp
in the visible, arising from oscillations of electronic charge
the gold nanoparticles; and~ii ! this absorption maximum
broadens and redshifts when the cluster radius becomes
parable to the wavelength.15–17

Although the DNA molecules absorb primarily in the u
traviolet, they nonetheless play a central role in the opt
properties of these aggregates in the visible, because
strongly influence thestructureof the gold/DNA aggregates
For example, the DNA tends to form multiple links betwe
individual gold nanoparticles. These multiple links appear
account for some key structural features of t
aggregates.18–20 In particular, the melting transition for a
0163-1829/2003/68~22!/224201~11!/$20.00 68 2242
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gold nanoparticle aggregate has a much narrower temp
ture width, and occurs at a substantially higher tempera
T, than that of a single DNA duplex.9,21 In addition, the pres-
ence of multiple links leads to a natural explanation for t
dependence of the aggregate melting temperature, den
TM , on particle size.20,22

In the present work, we extend our previous mod
calculations18,19 to take into account thedynamicsof aggre-
gate formation, and how these dynamics affect the aggre
optical properties. In our previous work, the melting of t
aggregates was treated using a purely statistical criter
Specifically, the aggregates were formed by removing D
links between gold nanoparticles on a simple cubic latti
with a suitable, temperature-dependent probability. In
limit of a large aggregate, the melting transition occurs,
this model, when the fraction of links falls below the perc
lation thresholdpc for the lattice considered. The calculate
aggregate optical properties are found to change dramatic
when this threshold is passed, in good agreement with
periment.

To improve on this approach, we describe below a mo
for structure formation which starts from isolated gold nan
particles. Our model takes into account two important fe
tures of the structure formation: the diffusion of nanop
ticles, or clusters of nanoparticles, through the solvent
form a cluster, and the chemical reaction between D
chains which produces the links between the nanoparticl

Our structural model leads to a wide range of possi
aggregate morphologies, depending on the temperature.
responding to these morphologies is a broad range of p
sible optical properties. In this paper, we will present nume
cal results for both the structural and optical properties
these nanocomposites over a typical range of parameters
physically reasonable parameters, our numerical results
©2003 The American Physical Society01-1
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in good agreement with experiment. We will present a qu
tative interpretation of these results, and compare them
our earlier, purely percolation model.

The remainder of this paper is organized as follows.
Sec. II, we describe our structural model for gold/DNA nan
composites, and explain how it is implemented numerica
In Sec. III, we review the discrete dipole approximatio
which is the method used to calculate the optical proper
of this system; we also discuss various technical det
needed to treat the irregular clusters which emerge from
structural model of Sec. II. In Sec. IV, we present our n
merical results for both the structural and the optical prop
ties of the aggregates. Finally, in Sec. V, we summarize
results, interpret them in terms of the expected behavio
typical gold/DNA nanocomposites, compare our results
available experiments, and discuss their possible impl
tions for future work.

II. STRUCTURAL MODEL AND ITS NUMERICAL
IMPLEMENTATION

In this section, we describe our structural model for t
formation of gold/DNA aggregates. We start by describi
the expected aggregation behavior at lowT. Following this,
we present our full structural model and its numerical imp
mentation for arbitraryT.

A. Aggregation at low T

Before discussing the aggregation of gold/DNA nanoco
posites at lowT, we first consider the aggregation behav
of other typical colloids, i.e., suspensions of small solid p
ticles in a liquid solvent. As the individual colloidal particle
stick together to become clusters, these clusters themse
diffuse through the solvent, and continue to collide and
gregate. This behavior is an example of cluster-cluster ag
gation.

If bonding between two colloidal particles is irreversibl
the final aggregate generally results from one of the t
processes: reaction-limited aggregation~RLA! or diffusion-
limited aggregation~DLA !. If there is a repulsive energ
barrier between two approaching colloidal particles, the
sulting process is expected to be a reaction-limited aggre
tion, because the reaction barrier is the limiting step in cl
ter growth.23 By contrast, if there were no barrier, th
aggregation would be dominated by diffusion processes,
the resulting clusters should exhibit the features of DL
DLA clusters, like RLA clusters, are fractals, but they have
substantially lowerdf than the RLA clusters. For forming
both types of fractal clusters, however, the irreversibility
binding is important. Without irreversibility, the final cluste
is likely to become compact and nonfractal.24,25

We now provide a possible justification for consideri
the growth of the colloidal cluster in a dilute solution
DNA-modified gold particles at very lowT as reaction-
limited cluster-cluster aggregation~RLCA!. Here, we should
note that for the DNA-modified gold nanoparticle syste
the mechanism for binding two DNA-modified gold nan
particles differs from the ordinary colloid aggregation pr
cess discussed above, because binding can occur only i
22420
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DNA hybridizes, i.e., if the two DNA single strands on di
ferent gold particles and one linker single DNA strand u
dergo a reversible chemical reaction to form a double stra
However, for two reasons, RLCA may still be a plausib
growth mechanism for the gold cluster aggregation in a
lute solution at very lowT. First, at the very lowT, once the
DNA hybridization occurs and the two gold particles do sti
together, they rarely unbind, since thermal fluctuation can
provide enough energy to break them apart. Thus, the ag
gation precess isirreversible. Second, in case of DNA hy
bridization, this reaction barrier can actually be experime
tally observed.26 Because of this barrier, nanoparticles mu
collide numerous times before two particles can stick
gether, since DNA hybridization takes a finite time.

As T increases, the above argument, based on the irrev
ible binding, is no longer valid, since DNA dehybridizatio
may easily take place. Thus, the restructuring of cluster
crucial for understanding the cluster morphology and
melting transition. We now describe a structural model wh
includes the effects of this restructuring on the cluster m
phology.

B. Model for structure formation at general temperature

1. Description of the model

At finite T, cluster restructuring is sensitive to the relati
magnitudes of two times scales, which we denotetbind and
tdehyb. tbind is the time elapsed when two clusters meet a
attempt to form a link, whiletdehyb is the time needed for a
double DNA strand to dehybridize into two single DN
strands under the influence of thermal fluctuations. At lowT,
tdehyb@tbind .26 Hence, there will be many cluster-cluste
binding events in the time required for a one dehybridizati
In the present model, we will assume thattdehyb@tbind at all
T. With this assumption, we can consider aggregation
dehybridization processes separately. That is, we can es
lish model in which first the monomers undergo aggregat
and form one single large cluster, and, next, the clus
breaks into smaller parts via a suitable cluster unbinding p
cess due to DNA dehybridization.27

Our aggregation procedure is carried out by a mode
RLCA,28 as justified in the preceding section. In this alg
rithm, the system is assumed to be made up initially o
large numberNm of ‘‘monomers’’ ~each consisting of a
single gold nanosphere of radiusa). In the first step of the
aggregation, we choose two monomers at random, and
place them at two different points chosen randomly on
sites of a simple cubic lattice of lattice constant, and edge
L[N, in d dimensions (d53 in all of our simulations!,
with free boundary conditions. If the particles happen to
placed on adjacent sites, they are assumed to form a
particle cluster, and are removed from the lattice. If they
placed on nonadjacent sites, the procedure is repeated
they do form a cluster. In the next step, two of theNm21
clusters, chosen at random, are placed in random, but n
overlapping positions and random orientations on the latt
If they are adjacent, the two clusters are assumed to m
and form a larger cluster; otherwise, the procedure is
peated until the number of clusters is again reduced by o
1-2
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In the nth step, the same procedure is carried with two cl
ters randomly chosen from the nowNm2n11 clusters.
Eventually, this procedure leads to the formation of a sin
large cluster.

Once our aggregation procedure is finished, the next
in the procedure is to simulate cluster unbinding due to D
dehybridization. Here we use a percolation algorithm wh
the key parameter ispe f f , the probability that a given link
between two monomers in the cluster remains the same w
out breaking. Note that thispe f f is obviously related to DNA
hybridization, and thus depends on temperature.~The exact
relation of pe f f to DNA hybridization is discussed in th
following section.! With probability 12pe f f , we randomly
remove links in the cluster, which has formed from the a
gregation procedure. After random removal of links, t
cluster may separate several clusters, and thus we u
simple computer algorithm in order to identify the separ
clusters.29 If the resulting aggregate consists of two or mo
clusters, these aggregates are placed in random, but non
lapping positions and orientations on the large cubic latt
This configuration will be used for the calculation of optic
properties.

The two procedures described above are defined as
single Monte Carlo~MC! ‘‘step.’’ To generate the final con
figuration, we carry out a series ofNMC MC steps, each
involving aggregation and cluster unbinding. The end res
is one or more final clusters.

The structure and the number of the final cluster or cl
ters depend onpe f f . If pe f f51, the final result is simply a
single cluster formed from the aggregation part of the fi
MC step, which for large enoughNm is known to be a RLCA
fractal, with fractal dimensiondf52.1 if d53.28 For pe f f
,1, two types of transitions can take place in this system
‘‘sol-gel transition’’ and a ‘‘melting transition.’’ If pe f f is
slightly less than 1, the restructuring of cluster does oc
and tends to make the cluster more compact, and it m
eventually become nonfractal at a certainp, denotedpSG.
We can call this transition sol-gel transition;30 for p.pSG,
the system will be a ‘‘gel,’’ i.e., a fractal cluster, while fo
p,pSG, it will be ‘‘sol,’’characterized by compact and non
fractal clusters. Ifpe f f is substantially smaller than 1, ther
are no longer large aggregation clusters. Thus we can de
the melting transition as the point where, even in the limit
very largeNm , the aggregation procedure described abo
leads only to finite clusters—there is no ‘‘infinite cluster
This transition occurs at a critical value ofpe f f , denoted
pM . If there is no restructuring effect, this transition is r
lated to the bond percolation transition, and thus we
consider thatpM5pc , where pc is the bond percolation
threshold ~for example, pc;0.25 on a three-dimensiona
simple cubic lattice!.29 Next, we discuss the connection b
tweenpe f f and the physical parameters of the real gold/DN
nanoparticle system, as previously analyzed in Ref. 18.

2. Determination of peff by DNA hybridization

At a low temperature T, a ‘‘link’’ is expected to consist o
a number, sayNd , of DNA ‘‘duplexes,’’ i.e., of pairs of DNA
strands connected to form a molecule. In actuality, there
22420
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linker molecule which emerges from solution to connect t
DNA single strands, each on a different nanoparticle. Even
this case, however, the melting condition can be reduce
that used here, without loss of accuracy, as will be shown
Ref. 19. Also, there are actually two chemically distin
DNA single strands~denotedA and B); each gold particle
has either allA or all B single strands attached, and the link
molecule can connect onlyA andB single strands. The exis
tence of two species can be disregarded by symmetry w
the concentrations of the two species in solution are eq
experiments have been carried out only under th
conditions.4,9,17,20,22

Thus, we simply assume that each DNA duplex cons
of one double strandD, made up of two short single strand
S ~each having 12–14 DNA base pairs!. To describe DNA
dehybridization, we adopt a simple two-state model.26,31

There also exists a more elaborate theory which can acc
for many detailed features of the gold/DNA nanocompos
including the dependence of the melting transition tempe
ture TM on the salt concentration of the solvent.20 However,
as mentioned in Introduction, both theories reached the s
qualitative conclusion about the melting transition, name
that the observed sharp melting transition and the mel
temperature dependence on the system size originate
the presence of multiple DNA links between each pair
nanoparticles. Moreover, the simple model we use here
be easily extended to the similar systems discussed in R
10 and 32–34.

In a simple two-state model, the relative proportion ofD
andS is determined by the chemical reaction

S1S
D. ~1!

The chemical equilibrium condition corresponding to Eq.~1!
is

@12p~T!#2

p~T!
5

K~T!

CT
, ~2!

wherep(T) is the fraction of the single DNA strands whic
form double strands by the reaction~1! at temperatureT,
K(T) is a chemical equilibrium constant, andCT is the molar
concentration of single DNA strands in the sample, Sinc
,p(T),1, the physical solution to Eq.~2! is

p~T!511 1
2 ~K82AK8,2 14K8!, ~3!

whereK85K(T)/CT . SinceK8(T) is typically an increasing
function of T, p(T) will generally decrease with increasin
T. In our calculations, we have also assumed the simple v
Hoff behavior

K~T!5exp@2DG/kBT#, ~4!

with a Gibbs free energy of formation

DG~T!5c1~T2TM
0 !1c3~T2TM

0 !3, ~5!
1-3
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choosing the values ofc1 , c3, andTM
0 to be consistent with

experiments on these DNA molecules.35 The temperatureTM
0

can be interpreted as the melting temperature of a sin
DNA duplex.

Given p(T), 12pe f f is the probability thatnoneof the
duplexes forms a double strand. If the duplexes react in
pendently, this probability is simply

12pe f f~T!5@12p~T!#Nd /z, ~6!

whereNd is the number of single strands on each monom
andz is the number of nearest neighbors for the given latt
(z56 for a simple cubic lattice!. Thus, pe f f(T) is also a
decreasing function ofT, but for Nd@1 will typically vary
much more sharply withT than 12p(T).

The criterion for the melting temperatureTM of the ag-
gregate is easily written down for a fully occupied lattice.
we denote the melting probability bypM[pe f f(TM), the
melting temperature for a periodic lattice of monomers
simply

12pM5@12p~TM !#Nd /z. ~7!

Equation~7! implicitly determinesTM in terms ofpM , Nd ,
andz. As discussed in Ref. 18, if we assume that the spec
links which are occupied at temperatureT are time indepen-
dent, the melting takes place atpM5pc , where pc is the
bond percolation threshold for the lattice considered,
which an infinite connected path of double DNA strands fi
forms. For example,pc;0.25 on a very large simple cubi
lattice.

Note that, according to Eq.~7!, p(TM) decreases with
increasingNd and, hence, with increasing particle radiu
since Nd should be proportional to the surface area o
nanoparticle. To obtain specific values forTM , we assume
Nd}a2, set z56, and use the experimental result thatNd
5160 whena58 nm.36 Since p(T) decreases monoton
cally with T, TM should thusincreasemonotonically witha,
as reported in experiments.20,22

In the present paper, we keep our structural model
simple as possible, so as to focus on the essential featur
the aggregation process. In reality, there are many com
cated issues which should be considered. For example
binding of DNA to the gold nanoparticles is a statistic
process,7 and thus there will always be a distribution in th
number of DNA strands per particle. Moreover, because
the high local dielectric function arising from the larg
amount of DNA on the particles, not every DNA sing
strand which is bound on the particles can hybridize with
linker DNA.36 Furthermore, it is unlikely that the gold/DNA
composite resulting from the aggregation process will form
regular crystal. All these features could, however, be
cluded in an extension of our theory.

III. OPTICAL PROPERTIES

A. Discrete dipole approximation

Given the distribution of clusters, and their geometri
we calculate their optical properties as follows. We first
sume that, at any given timet, the extinction coefficient
22420
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Cext(t) of a given cluster can be calculated as if none of
other clusters were present. This amounts to neglecting
rections due to multiple scattering among the different cl
ters. We calculateCext for each cluster using the so-calle
discrete dipole approximation~DDA!, first proposed by Pur-
cell and Pennypacker.37

As originally formulated, the DDA permits one to calcu
late the extinction coefficient of an irregularly shaped obj
of complex, frequency-dependent dielectric constantē(v),
embedded in a homogeneous medium of real dielectric c
stant ēh and subjected to an applied electromagnetic wa
with electric fieldE0exp(ik•r2 ivt)[ E0(r )e2 ivt. @In our
notation, the physical fieldEphys(r ,t) is the real part of this
complex quantity.# In the DDA, the object is replaced by
collection ofNpar identical point objects with polarizability
a(v) placed on a simple cubic lattice having a suitable l
tice constantd.

The relation between the polarizabilitya of these point
objects ande(v) is discussed in Sec. III B. The induce
dipole momentpi of the i th polarizable point object is ex
pressed as

pi5aEloc,i , ~8!

whereEloc,i , the local electric field at the position of thei th
point dipole, is

Eloc,i5E0exp~ ik•r i2 ivt !2(
j Þ i

A i j •pj . ~9!

Thus Eloc,i is the sum of the applied field atr i and all the
scattered fields2A i j •Pj emanating from the induced dipole
at r j . In the DDA, the productA i j •pj can be expressed
as15,37,38

A i j •pj5
eikr i j 2 ivt

r i j
3 H k2r i j 3~r i j 3pj !1

12 ikr i j

r i j
2

3@r i j
2 pj23r i j ~r i j •pj !#J . ~10!

Here r i j 5r i2r j and k5v/c[2p/l, c being the speed o
light in vacuum andl the wavelength in vacuum. Equation
~8!–~10! form a coupled set of 3Npar equations, which can
be solved for theNpar dipole momentspi using the complex-
conjugate gradient method combined with fast Four
transforms.38 Given thepi ’s, Cext for a given cluster is ob-
tained from the relation

Cext5
4pk

uE0u2
ImF (

j 51

Npar

E0* exp~2 ik•r j !•pj G , ~11!

where the sum runs over theNpar particles in the cluster.
1-4
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B. Dipole polarizability

In the DDA, there are many possible choices for the re
tion between the polarizabilitya(v) of the point objects and
ē(v).39 One possible choice is to use the Clausius-Moss
equation

ē~v!215
4pna

12~4p/3!na
, ~12!

wheren51/d3 is the number of point polarizable objects p
unit volume. This relationship betweenē(v) anda is accu-
rate for point polarizable objects on a cubic mesh, provid
that the wavelength in the medium,lm is much larger than
d.40 However, if d/lm is not very small, this choice ca
violate the optical theorem. To prevent this violation, an e
tension of the Clausius-Mossotti equation to include a rad
tive reaction correction has been proposed.41 For a simple
cubic lattice, this correction can be incorporated by usin
lattice dispersion relation, which is appropriate for a perio
cluster.42

One can also choosea by connecting it to the first scat
tering coefficient in the Mie theory, usually denoteda1. If
we take the ‘‘point dipole’’ as a sphere of radiusa, dielectric
constante, in a host medium of dielectric constanteh , then,
as discussed in Ref. 43, the relation betweena anda1 is

a5 i
3

2k3
a1 . ~13!

Here

a15
mc1~mx!c18~x!2c1~x!c18~mx!

mc1~mx!j18~x!2j1~x!c18~mx!
, ~14!

wherec1(x)5x j1(x) and j15xh1
(1)(x), the complex num-

ber m5Ae(v)/eh, and x52pAea/l. Here j 1(x) is the
usual first-order spherical Bessel function andh1

(1) is the
first-order spherical Hankel function.

C. Application of the DDA to the goldÕDNA composite system

In the present work, each cluster consists of a numbe
DNA-linked individual gold nanoparticles. The applicatio
of DDA to this gold/DNA system clusters has been dev
oped extensively for regular clusters.15,16 In carrying out the
calculations for irregular clusters, we do not explicitly i
clude the optical properties of the DNA molecules, sin
these absorb primarily in the ultraviolet.17 We use tabulated
values for the complex index of refractionnbulk(v) of bulk
gold,44,45 and then calculateCext for each cluster using the
DDA, using a finite-particle-size corrected dielectric functi
for the gold particles, denotede(v).

We obtaine(v) by correcting the bulk dielectric function
ebulk(v)5nbulk

2 (v) to account for the additional dampin
mechanism induced by collision of the conduction electro
with the particle surface. Specifically, we write
22420
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e~v!5ebulk~v!1
vp

2

v~v1 i /t!
2

vp
2

v~v1 i /t1 i /ta!
, ~15!

where ebulk(v), vp , and 1/t are the experimental bulk
metal values for the dielectric function, plasma angular f
quency, and relaxation rate. The quantity

1/ta5AvF /ae f f ~16!

is the surface damping term.vF is the Fermi velocity and
ae f f is an effective particle radius, defined by settin
4pae f f

3 /35vpart , wherevpart is the particle volume.~Obvi-
ously, this expression is exact for spherical particles.! The
constantsvp , t, andvF are taken from Ref. 46. The con
stantA is a theory-dependent parameter that includes de
of the scattering process,47 and is expected to be of the orde
of unity. It also can depend on ‘‘chemical interface dampin
~i.e., transfer of surface-plasmon energy into excitat
modes of the surface metal-adsorbate complex!.48 To obtain
the parameterA, we compared our calculations in the dilu
limit to experimental data for the extinction spectra of DNA
linked gold dispersed colloids,9 choosing the parameterA as
the best fitted value, as further discussed below.

Since we are treating disordered clusters, we believe
the best choice fora is Eq.~13!, and have used this equatio
in our calculations. For this choice, the DDA calculation h
been compared to a more accurate method49 for calculating
the extinction coefficient for a compact spherical aggreg
of 89 30-nm gold nanospheres in an aqueous medium.
DDA result was found to be reasonably consistent with t
more accurate method.16 Also, for a 40-sphere DLA fracta
cluster, Mackowski50 has compared the exact total cross s
tion, as obtained using a multipole formulation, to that o
tained from the dipole method in combination with Eq.~13!,
using various choices for the sphere index of refraction. T
calculated DDA results agree qualitatively with the exa
multipole calculation, except for a single discrepancy, wh
can be corrected by adding a frequency-independent con
to the extinction coefficient.

To improve the statistics, we average the calculatedCext
for each cluster over possible orientations. We then sum
averaged extinction coefficients of all the individual cluste
to obtain the total extinction coefficient of the suspensio
This method should be adequate so long as the total vol
fraction of clusters in the suspension is small~dilute regime!.

IV. NUMERICAL RESULTS

We turn now to our numerical results, based on this
proach to modeling the structural and optical properties
gold/DNA composites. We begin with the structural prop
ties.

First, we show that our numerical algorithm does inde
generate a RLCA cluster atpe f f51. In Fig. 1, we show the
radius of gyrationRg for such a cluster, plotted as a functio
of Nm . Rg is defined by the relation

Rg
25

1

Nm
(
i 51

Nm

ur i2 r̄ u2, ~17!
1-5
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where r i is the position of the i th monomer and r̄
5Nm

21( ir i is the cluster center of mass.df is then given by

df5 lim
Rg→`

d ln Nm

d ln Rg
. ~18!

Figure 1 shows that the log-log plot ofNm againstRg is
indeed a straight line with a slopedf52.1, consistent with
expectations for RLCA, providedNm exceeds about 200.

Next, we consider how the radius of gyrationRg , and
hence the fractal dimension of the clusters, varies withNMC .
In Fig. 2, we plotRg as a function of the number of MC step
NMC for probability pe f f50.9. We consider the evolution o
clusters havingNm varying from 100 to 600. In severa
cases, the final result of the evolution is more than one c
ter; in these cases, we calculateRg for the largest cluster. As
shown in Fig. 2, as the restructuring of cluster proceeds w

FIG. 1. Log-log plot of the number of monomersNm for a
RLCA cluster atpe f f51, plotted as a function of the radius o
gyration Rg . Squares, present calculations; dashed line, le
squares fit. The slope of the dashed line is 2.15df , consistent with
expectations for RLCA clusters ind53.

FIG. 2. Variation ofRg with number of Monte Carlo stepsNMC ,
as obtained using the algorithm described in the text for probab
pe f f50.9, and clusters with a number of monomersNm varying
from 100 to 600, as indicated.
22420
s-

h

increasingNMC , the radius of gyrationRg of the largest
cluster of the system becomes smaller and eventually rela
to a saturated value.

To characterize these changes, we calculate the fracta
mensiondf at the beginning of the simulation, and after th
system has fully relaxed. In Fig. 3, we show log-log plots
Rg(Nm) for two different values ofNMC , using the data of
Fig. 2. For smallNMC (NMC5100), we measuredf;2.1, as
expected for a RLCA cluster. But when we measure
valuedf for the saturatedRg at largeNMC , we find df;3,
corresponding to compact, nonfractal clusters. Thus,
clusters are becoming more compact with increasing sim
tion time.

In Fig. 4, we show some typical cluster morphologi
corresponding to the procedure described above. In F
4~a!–4~c!, we show a cluster withNm51000, at p50.9,
after 0, 7000, and 70 000 MC steps. The gradual transi
from a fractal morphology to a more compact one is evid
in the figure. ~This behavior can also be observed atp
50.95 although the saturation time is longer than atp
50.90.! Also during the simulation, we observe that mo
configurations have one large cluster and a few monomer
can be seen in Figs. 4~b! and 4~c!. This indicates that at large
pe f f the mechanism for cluster restructuring is mainly t
diffusion of monomers along the surface of the large clus

From these numerical results we may infer some qual
tive conclusions about the sol-gel transition mentioned e
lier. We denote byt1 the time needed to break one monom
from the surface of a large cluster. We estimate this time
t1}t0 /(12pe f f)

Nav, wheret0 is the time needed to break
single link between two particles andNav is the average
number of links on one monomer at the surface of a la
cluster. Thust1 diverges aspe f f→1, but is finite for any
pe f f,1, allowing the largest cluster to relax to a nonfrac

t-

y

FIG. 3. Log-log plot of the number of monomersNm for the
clusters generated by the algorithm described in the text, atpe f f

50.9, as a function of the radius of gyrationRg . The open circles
represent the data of Fig. 2 forNm as a function ofRg at NMC

5100. The slope of dashed line is 2.1, the expected value
RLCA. The open squares represent the relaxed values ofRg for
largeNMC , also taken from Fig. 2. They are well fitted by the sol
line, which has a slope of 3.0, corresponding to a compact, n
fractal cluster.
1-6
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structure. Hence, we can expect thatpSG should be close to
1, if sufficient relaxation time is provided.

Next, we turn to the calculated optical properties of the
gold nanoparticle/DNA composites, based on this structu
model. We begin by showing in Fig. 5 the computed extin
tion coefficients as a function ofl for gold monomers with
6.5 nm radius, including the quantum-size corrections e
bodied in Eqs.~11!, ~13!, ~15!, and~16!. For comparison, we
also showCext(l) with no quantum-size correction, and th
experimental data by Storhoff,et al.9 The rather sharp ex
tinction peak nearl5530 nm corresponds to the wel
known surface-plasmon peak, in which light is absorbed
an oscillation of the electronic charge within the gold nan
particle. We find that the quantum-size-corrected extinct

FIG. 4. ~a! Initial form of the cluster, after the first reaction
limited aggregation (NMC50), for Nm51000,p50.9. The clusters
are divided from a RLCA fractal, with fractal dimensiondf;2.1.
~b! Same cluster, but after 7000 Monte Carlo steps.~c! Same as~b!,
but after 70 000 Monte Carlo steps~nearly saturated!. ~d! Clusters
with p50.6, Nm51000, andNMC56000.

FIG. 5. Extinction coefficientCext(l) per unit volume of gold
for a dilute suspension of gold nanoparticles in water, plotted fo
particle radiusa56.5 nm. Crosses: experimental data of Ref.
Full curve: calculated extinction coefficient including quantum-s
corrections, as computed from Eqs.~15! and ~16! with A50.85.
Dashed line: calculated extinction coefficient using Clausi
Mossotti ~CM! equation, i.e., Eq.~12!, without quantum-size cor-
rections.
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coefficients give the best fit to the experimental data if
chooseA50.85. This value is of the order of unity, as e
pected.

We now discuss the optical properties of various cluste
In Fig. 6, we show the specific extinction coefficie
Cext(l)/L3, as calculated using the DDA for clusters of go
monomers of radius 20 nm, arranged on a simple cubic
tice of edge varying fromL51 to L57 lattice constants, and
thus fromNm51 to Nm5343. We choose the lattice consta
,548 nm. ForL51, the extinction coefficient correspond
to a single monomer. AsL increases, the peak first shift
towards the infrared, then broadens substantially.

In Fig. 7, we showCext(l)/Nm as a function ofl for Nm
varying from 1 to 343, but with particles now forming

a
.

-

FIG. 6. Cext(l)/L3 plotted as a function ofl for L3L3L
clusters with edge varying fromL51 to L57 lattice constants. In
all cases, we assume the cluster forms a cubic compact cluster
particles of radius 20 nm, lattice constant,548 nm; so the number
Nm of monomers varies from 1 to 343. We use the DDA includi
quantum-size corrections from Eqs.~15! and~16! and polarizability
obtained from Eqs.~10!, ~11!, ~13!, and~14!.

FIG. 7. Cext(l)/Nm plotted as a function ofl for various num-
ber of particlesNm from 1 to 343. In all cases, we assume t
cluster forms a RLCA cluster with particles of radius 20 nm, and
generated on a lattice with lattice constant,548 nm. Cext(l) is
calculated using the DDA as in Fig. 5.
1-7
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SUNG YONG PARK AND D. STROUD PHYSICAL REVIEW B68, 224201 ~2003!
single RLCA cluster. Once again the particles have radius
nm as in Fig. 6, and the RLCA cluster forms on a simp
cubic lattice of the same lattice constant,548 nm. The
cluster is generated using the RLCA algorithm described
the beginning of Sec. II B. As in Fig. 6, the extinction peak
redshifted and broadened asN increases, but both the shi
and the broadening aresubstantially smallerthan in Fig. 6.

As a final comparison, we show in Fig. 8 the speci
extinction coefficientsCext(l)/Nm for the fully relaxedcon-
figurations generated by the algorithm of Sec. II B. We
pe f f50.9 and considerNm varying from 1 to 400, as indi-
cated in the legend. The behavior ofCext in this case re-
sembles Fig. 6 more than Fig. 7; in particular, the surfa
plasmon peak is more broadened and redshifted than th
Fig. 7. This result is not surprising, since the clusters of F
8, like those of Fig. 6 and unlike those of Fig. 7, are comp
and nonfractal, though they incorporate some disorder.

Figures 6 and 8 show that compact, nonfractal clus
~whether regular or irregular! have similar optical properties
Now, these clusters do have various structural differenc
for example, the clusters of Fig. 8 have rougher surfaces
those of Fig. 6. We conclude that these structural differen
do not significantly affect the cluster extinction coefficien
Of the three extinction coefficients shown in Figs. 6–8, t
of Fig. 7 agrees best with experiment; those of Figs. 6 an
show too large a broadening and redshift of the surfa
plasmon peak.

In Fig. 9, we show the calculated normalized extincti
coefficientCext(l)/Nm at fixed wavelengthl5520 nm as a
function of pe f f . The three continuous curves represent
results of the model described in our previous paper.18 In this
model, the cluster is constructed starting from a simple cu
lattice of linear dimensionL,, fully occupied by monomers
of radius a. Bonds are then removed with probability
2pe f f . At a given value ofpe f f , there are one or more
clusters, depending on the relation ofpe f f to the bond per-

FIG. 8. Cext(l)/Nm plotted as a function ofl for a numberNm

of monomers varying from 1 to 400. In all cases, we use rela
configurations from the algorithm in the text, whose radii of gy
tions are shown in Fig. 2.~Examples of these configurations a
shown in Fig. 4.! Once again, we assume a monomer radius is
nm, a lattice constant of 48 nm, and use the same algorithm a
Figs. 5 and 6 to calculate the extinction coefficient.
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colation thresholdpc for the lattice and onL. The open
circles represent the result of the model of this paper, tha
the final cluster is the result of a series of MC steps, e
consisting of a RLCA aggregation, followed by a therma
induced breakup of the cluster. The calculatedCext(l)/Nm

are based on the long-time and thus relaxed configurat
generated by this procedure.

As is evident from Fig. 9, there is a sharp drop
Cext(l)/Nm at a characteristic value ofpe f f in both models,
which we identify with the melting transition for that mode
For the bond percolation model of Ref. 18, the melting va
pM is close to 0.25, the bond percolation threshold on
simple cubic lattice ind53. For the model of the presen
paper, the melting pointpM occurs at a considerably highe
value of pe f f . In the present model, unlike the previou
model of Ref. 18, the final cluster results from many steps
link removal and reformation. Thus the infinite cluste
which is formed from the percolation model, cannot survi
at the bond percolation threshold because it contains m
weak links which will break apart after several link remov
steps. Thus, there should be anincreasein the melting value
of pM , as observed in our simulations.

In Fig. 4~d!, we illustrate a typical configuration generate
at pe f f50.6 by the present model. Here we can clearly s
that there is no large cluster, even though thepe f f is much
higher than the bond percolation thresholdpc .

Even though the value ofpM at melting is larger for the
present model than in our previous model in Ref. 18,
sharpnessof the melting transition~as seen in the calculate

d
-

0
in

FIG. 9. Normalized Cext(l) at a fixed wavelength ofl
5520 nm, as calculated in the DDA, for clusters of various geo
etries and different numbersNm of monomers of radius 20 nm
plotted as a function ofpe f f . Full curves: clusters generated b
percolation model of Ref. 18;pe f f represents the fraction of links
which are present in this model. The total number of monomer
L3. Open circles:Cext at l5520 nm for the model of the presen
paper, withNm51000, with fully relaxed long-time configurations
The square atpe f f51.0 represents the calculatedCext at l
5520 nm assuming RLCA clusters. Cross atpe f f50.9 represents
the calculated values ofCext at l5520 nm for the unsaturated con
figuration obtained afterNMC57000 steps.
1-8
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optical properties! is similar to that found previously. The
reason is that the sharp transition results mainly from
individual link properties@cf. Eq. ~3!#, not the behavior of
the cluster. Thus, the present model preserves the sharp
ing transition reported in experiments.20,22

In Fig. 10, we replot the results of Fig. 9, but withpe f f
translated into a temperature using the prescription of E
~2! and ~3!. The higher melting value ofpe f f obtained from
the present model now translates into a lower melting te
peratureTM , in comparison to the percolation model in Re
18.

A striking feature of Figs. 9 and 10 is the ‘‘rebound e
fect,’’ seen in the cross and square of Fig. 9 and in the cr
in Fig. 10. The square atpe f f51 in Fig. 9 represents the
calculatedCext(l)/Nm resulting from pure RLCA. The cros
at pe f f50.9 in Fig. 9 or in Fig. 10 represents a configurati
obtained after 7000 MC steps, which is not long enough
produce the asymptotic compact cluster for this proces
this value ofpe f f . In both cases,Cext(l)/Nm is larger than
that of the fully relaxed configuration for thispe f f . This
behavior can be understood quite simply. Since these po
are not fully relaxed, they correspond to clusters which
more fractal than the fully relaxed clusters. Being more fr
tal, they show some characteristics of the melted cluster
this wavelength; hence, they have a somewhat hig
Cext(l)/Nm than the fully relaxed samples. In fact, this r
bound effect has been observed in experiments which
carried out on gold/DNA aggregates.4,9,17,20,22 However,
when gold/DNA composites are formed in the presence o
DNA-coated flat surface, this effect was not observed.20

The observation of the rebound effect in some exp
ments but not in others needs to be understood, as doe
result that among the three extinction coefficients shown
Figs. 6–8, that of Fig. 7, which represents the fractal agg
gate, agrees best with experiment. Both results suggest
fractal-like gel state persists up to surprisingly high tempe
tures, such as room temperature. On the other hand, num
cal study of our structural model suggests thatpSG is either 1
or at least close to 1, given a sufficiently long relaxati

FIG. 10. Same as Fig. 8, but withpe f f translated into a tempera
ture, using Eqs.~2! and~3!. The cross corresponds tope f f50.9 after
NMC57000.
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time, which implies that a gel state should exist only at ve
low temperatures at such long times. We will discuss b
these questions in the following section.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have described a structural model for
formation of gold/DNA nanocomposites, going well beyon
our earlier, purely percolation model. The model includ
several key features expected to play a role in these ag
gates. For example, we include both the formation of clus
via reaction-limited cluster-cluster aggregation and the th
mally induced dehybridization which breaks up the links b
tween the gold monomers. We also calculate the aggre
extinction coefficientCext(l) for some of the model struc
tures.

Our structural model is characterized by two types
transitions. The first is the melting transition mention
above. AbovepM , in the limit of a large number of mono
mers, the system is characterized by at least one large c
ter; below pM , this cluster breaks up into two or mor
smaller clusters. In our previous percolation modelpM coin-
cides with the percolation threshold, but in the pres
model, it occurs at a higher value ofpe f f . It is observable as
a rather sharp transition inCext(l) at a characteristic wave
length of about 520 nm. The other transition is the sol-
transition. Forp.pSG, the aggregate has a fractal gel-lik
structure, while forp,pSG it is a nonfractal sol. We have
presented some numerical evidence showing that this so
transition will occur atpe f f;1, if the sufficient relaxation
time is provided.

However, our calculatedCext(l) agree best with experi
ment if we assume that the composites grow into a fra
gel-like structure, rather than the compact sol structure. S
cifically, the surface-plasmon peak seen inCext(l) for iso-
lated gold monomers is broadened and redshifted by ab
the right amount, in comparison to experiment, for the frac
clusters, but by far too much for the compact, nonfrac
clusters.

Thus, it appears that the full restructuring of our mod
which would eventually give rise to a nonfractal, does not
to completion in the experimental composites. There
various possible reasons for this behavior. Most likely,
time required for a full relaxation is simply too long. If th
composite is well below its melting temperature, only
small fraction of links are broken and the relaxation is like
to be very slow. As an illustration, we found that, forpe f f
50.9, evenNMC57000 is not long enough to produce th
relaxation necessary to generate a nonfractal cluster.

Another suggestive piece of experimental evidence is
rebound effect. According to our calculations,Cext(l)
should show a characteristic increase atl5520 nm, above
its fully relaxed value, when the cluster is relaxed for on
NMC57000 steps. With this increase,Cext(l) is slightly
larger than the fully relaxed value expected at thisl for a
nonfractal cluster. Experiments do indeed show indicatio
of this rebound effect.4,9,17,20,22

In summary, we have presented a model for the struct
evolution of gold/DNA composites. This model leads to
1-9



is
m
o
a
b
e
de
ou
d
ri
.

wo
es

re

o.
n-
ar-
n-

ng,
lu-
for

SUNG YONG PARK AND D. STROUD PHYSICAL REVIEW B68, 224201 ~2003!
wide range of structures which depend on the character
parameters of the model: the number of monomers, the si
lation time, and the temperature. The optical properties
these composites calculated from the resulting structure
consistent with experiment. In particular, we obtain the o
served sharp melting transition with a characteristic dep
dence on monomer radius, a characteristic shift and broa
ing of the surface-plasmon peak in the extinction, of ab
the experimental magnitude, and a characteristic reboun
Cext(l), which indicates that the restructuring of the expe
mental composites has not been able to go to completion
view of these successes, we plan to extend the present
to study the sol-gel transition in gold/DNA nanocomposit
f
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The results of this investigation will be described in a futu
publication.51
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