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DNA-linked metal nanosphere materials: Fourier-transform solutions
for the optical response
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Methods are developed for modeling the optical properties of aggregates of large numbers of small
metal nanospheres in a dielectric medium. Aggregates are modeled as systems of coupled dipoles,
with the dipole polarizabilities for the spheres determined using Mie theory. Fast-Fourier-transform
(FFT) and conjugate-gradiet€G) techniques are used to solve the electrodynamic equations for
both ordered and disordered aggregates. Results are shown to match solutions arrived at by direct
methods. The range of validity of the coupled-dipole approximation for modeling DNA-linked
colloidal materials is established by comparison with coupled-multipole results. While the methods
are applicable only to lattice gas aggregates and aggregates composed of nanospheres on cubic
lattices, there are no restrictions as to aggregate shap00® American Institute of Physics.
[S0021-9606)0)52006-9

I. INTRODUCTION electron microscopy.Ordering is energetically favored and

has been observed for modest length scales through small-

Recent developments in the design of nanopamcle—basegqgle x-ray scatterinThe division of the nanospheres into

materials have yielded nanostructured materials with distinc- . . L . .
Fwo species on the basis of their oligonucleotide coating

tive properties. Among the new synthetic strategies is that o . .
DNA-driven assembly of colloidal nanoparticle aggregates. eads to structures that are topologically binary. Structures
Gold spheres, for example, coated with thiol-capped 0”gc)_that allow particles to have a large number of complementary

nucleotides are exposed to free oligonucleotide, one end grearest neighbors are preferred over the face-centered-cubic,
which is complementary to the DNA on half of the nanopar-hexagonal close-packed, and random close-packed structures
ticles, the other end of which is complementary to the DNAthat can form when particles interact nonspecifically.
on the rest of the nanoparticles. DNA hybridization pulls the ~ We have developed methods for modeling the electrody-
nanoparticles together and yields a reversibly aggregated diramic response of large arragsp to 13) of small coupled
electric material whose optical properties differ significantly metal nanospheres. Here we describe an explicit particle
from those of noninteracting, dispersed particles and alsghodel in which each nanosphere is modeled as a dipole re-
from those of fractal coIIOédaI aggregates formed throughg,onding to a local field composed of the incident field and
ireversible kinetic processes. the retarded fields of the other nanoparticles. Higher order
To model the optical properties of the aggregates, one . . .
: . response is neglected because, in the DNA-linked aggre-
must describe the electrodynamic response of a large number

of rather closely packed nanospheres. Whereas the respor%%tes’ the oligonucleotide layer maintains interparticle sepa-

of a single sphere is easily described as a superposition Lations that are large enough to render short-range high-order
electric and magnetic multipoles of various orders and the&ffects small. We adopt efficient methods of solving coupled
response of a small number of nanospheres can be detéfectrodynamic equatioso as to be able to model aggre-
mined by self-consistent solution of the coupled multipolegates composed of a number of particles sufficient to display
equations, collections of nanoparticles of the numberghe optical properties of the DNA-linked material.

(> 10% observed in DNA-linked colloidal networks are im- In Sec. Il we describe an interacting dipole model for
possible to model using direct methods that scale prohibielectrodynamically coupled spheres and outline a method for
tively with particle number. While ultimately it may prove efficient solution of the coupled equations based upon
reasonable to discard explicit particle models in favor of ef'conjugate-gradien(CG) and fast-Fourier-transforniFFT)

fective medium models, we use explicit models here so thartnethods. In Sec. Ill we demonstrate that the solutions pro-

details of the depe_ndence of o_ptlcal properties on mtematljuced using the CG/FFT method are the same as the solu-
structure can be reliably determined.

While the DNA-linked system presents a problem Oftions produced using sl(?vyer direct methods. .In Sec. IV we
scale, it has some distinctive structural properties that simEXPlore the range of validity of the coupled-dipole approxi-
plify the modeling problem. The DNA coating provides an mation for ordered and disordered arrays of 13 nm gold
exclusion layer that separates the nanoparticles by a few ngpheres. In Sec. V we summarize the properties of DNA-
nometers. DNA hybridization, while energetically favored, is linked nanoparticle materials that led us to develop the meth-
reversible! and mild annealing produces aggregates withods described here. In the final section, we discuss the appli-
fairly uniform metal density, as observed by transmissioncability of the methods to other materials.
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Il. ELECTRODYNAMIC THEORY FOR AGGREGATES retarded field expression eliminates the need for explicit
modeling of the time dependence of the fields and polariza-

tions. Thus,
The behavior of light incident on a macroscopic target is

governed by Maxwell's equations for the electric and mag- (@ HP+ > A -Pi=Epe;. (4)
netic vector fields. The general framework for modeling the 2R ’

optical response of a collection of spheres involves a SeIfThe N linear complex equations for 3-vectors and E;
inc,i

consistent solution of the response of each particle to th%an be formulated as a singl&\&imensional matrix equa-
incident field and the scattered fields of the other particles..

The response of individual spheres to the local field can be
determined by decomposing the local field into vector ~AP=Ej, 6)

spherical harmonies and evaluating the response to each pgynerep and E;,c are N vectors andA is a 3Nx 3N sym-

tial wave® Mie? solved the problem for dilute collections of etric matrix constructed from thexa3 interparticle inter-
spheres by deriving the plane wave response of an isolateghtion matricesA. -1

. - ; i . ij » With additional termsg; -, along the
sphere. Spherical particles of nonmagnetic materials withjiagonal. Higher multipole couplings could also be included.

size_s much smalle_r th_an the wavelength of light res_pond priHowever, as we illustrate in Sec. IV, for aggregates com-
marily to the electric dipole component of the local field. quposed of fairly uniformly packed small spheres separated by

isotropic materials, the frequency-dependent dipole polarizgisiances that are substantial relative to the particle diameter,
ability, a4, is a scalar and is determined by the electric dl-they are not needed.

pole scattering coefficient,a;,'° according to the

A. Coupled nanospheres

expressioft
B. Iterative conjugate-gradient and fast-Fourier-
3 3i transform solution
a;=r ;a1 D . . . L .
2(kr) Direct inversion of Eq(5) is time consuming for targets

) ) _ ) with large numbersN, of spheres, since the computation
wherer is the sphere radiug=mo(27/\) is the magnitude  5g5sociated with the matrix inversion scalesNis Storage

of the wavevector in a dielectric medium with real refractive requirements for the full (8 3N) complex matrixA, may
index, mo, anda, is a function of the size parametdtt, 4150 be prohibitive. Fortunately, an alternative approach
and relative metal index of refractiom= \/E/mq- Forvery  adopted for solution of a finite element form of the free-
small spheres, the' bulk dielectric function must bespace single particle scattering and absorption probiésn
corrected” for scattering from the sphere surfa@gantum applicable to the many particle coupled dipole problem. Fol-
size effect. Because, for these small spheres, the response IBwing Draine* we use a special case of the conjugate-
higher-order components of the field is so small, rather densﬁradient(CG) scheme described by Petravic and Kido
collections of spheres are well defined by their dipole re-solye Eq.(5) by iteration. Successive estimates of the polar-
sponse. ization vector,P, are made by incrementing the prior esti-
Therefore, except when the component nanospheres afgate through addition of a vector thatAsconjugate to all
very closely spacedand higher than dipole components of gaylier increments. The CG algorithm requires evaluation of
the local field become extremely lagehe response of an  matrix-vector products of the foriaX andATX, (where the
aggregate to electromagnetic radiation can be determined By 5re vectors of position-dependent 3-tuplésit not the
a self-consistent solution of the electric dipole polarizations;ngividual components of the interaction matrix, Because
P;, of each sphere in the superposed field of the incidenfhe elements of the interaction matrix depend only upon the
light and the dipole fields of the other particles. For a giveninterparticle vectorst;;, and not the individual particle po-
dipole at positiony;, sitions, for a collection of particles on a lattice, each element
of the vector AX, is a discretized convolution. The lattice is
Pi=a-Eioclri), (2) doubled in each dimension so thatand X can be regarded
as periodic, and the matrix-vector products are evaluated by
multiplication of their discrete Fourier transforms. As in Ref.
6, we use a fast-Fourier-transforffFT) techniqué® to
speed the calculation of the matrix-vector products, thereby

where E,(r;) is the sum of the incident plane wavE;
=Eyexp(k-ri—iwt) and the retarded fields

ikrii —ikr.:
—Ay;- pjzﬂ k2rij X (rij X P;) + ik reducing the scaling of the computation frad(N?) to be-
r r tweenO(N, In(N,)) andO(N{"®) whereN, is the number of
lattice sites in a rectangular volume containing the occupied
X[riszj_3rij(rij'Pj)] ’ &) sites. The sp_ecmc FFT algorithm is that of Brerfﬁeas
implemented in the DDSCAT code of Goodman, Draine, and

Flatau® Use of the FFT technique restricts particles to lattice
of the otherN—1 dipoles, andx is a polarizability tensor locations. Our method is restricted therefore to ordered nano-
with elementsay = 6, a;. The dipole fields at locatiom  particle aggregates and disordered aggregates of the lattice
depend upon the dipoleB;, as a function of the displace- gas variety. The gain in efficiency is greatest for nanospheres
ments, rjj=r;—r;, between locations andj. Use of the arrayed on simple cubic lattices. For nanospheres on a bcc
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lattice, N, is at least &, as within the aggregate boundary 5
only one quarter of the sites of the simple cubic lattice on (a)
which the bcc array is constructed are occupied. The method
imposes no restrictions on aggregate shape, and size con-
straints follow only from the aforementioned scaling of com-
putation with particle number.

direct

~

Extinction efficiency
w
A R

C. Optical cross sections

Once the polarizations?;, are known, the extinction
cross section is computed using the expregéion T

4 ar k N volume fraction Au: 0.52
— * N R} ) .
CEXt_|E—|2 Z Im{Ei”Cvi ’ Pj}' (6) %00 300 400 500 600 700 800
incl j=1 wavelength (nm)
Each term provides the formal contribution of one particle to 5
the forward scattering and, by means of the optical theorem, (b)
to the aggregate extinction. Absorption is calculated as

4mk N _
Caps= 1=z 2 1IM{P;-(a; H*PF}—33P;- P}, (D)
|E|nc| j=1

direct

and scattering as the differen@@,..;= Coxi— Caps-

Extinction efficiency

Ill. VALIDATION OF THE FOURIER-TRANSFORM

TECHNIQUE WL
The fast-Fourier transform iterative conjugate-gradient Volume fraction Au  0.68
(CG/FFT) solution for aggregate particle polarizations was o ‘ ‘ ‘ ‘
. . . . 200 300 400 500 600 700 800
tested by comparing the extinction spectra determined for wavelength (nm)

p?rtiCUIar mOdeI aggrega'tes using polarizations C(:lICUIatelc:ilG. 1. (a) Extinction spectra calculated for a 132 nm spherical aggregate of
with both direct and Fourier-transform methods. All aggr?'m nm gold spheres in a simple cubic array in water. Solid line represents
gates are composed of 13 nm gold spheres embedded iNggect solution; dashed line is Fourier-transform solutidi Same aga) for
dielectric medium with the dielectric constant of water. Cal-a 118 nm spherical aggregate with a bcc structure.
culations were performed using gold dielectric functions
from the literaturé®-2

Figure 1 displays extinction spectra for aggregates at th@s that of a lattice gas, does not preclude Fourier-space so-
upper limits of density for colloid on a given lattice. Extinc- lution of the polarization response. This was demonstrated
tion spectra for a simple cubitso array of 552 13 nm by comparing extinction spectra for substitutionally disor-
spheres forming a 132 nm spherical aggregate are illustratedered targets calculated using the FFT algorithm with spectra
in Fig. 1(a). The colloid volume fraction is 0.52, which cor- calculated from polarizations determined by a direct solution
responds to a lattice parameter equal to the particle diamete?f Eq. (5). Spectra for a disordered 156 nm target with gold
The dashed line is the extinction spectrum based on polaiolume fraction 0.2 are displayed in Fig. 2. The aggregate
izations calculated using the iterative CG/FFT solution of
Eqg. (5). The solid line is the spectrum calculated using po-
larizations determined by direct solution of E§). The two
spectra are almost identical. direct calculation

Figure Xb) compares spectra for a body-centered-cubic
(bco array of spheres arranged into a 118 nm spherical ag-
gregate. As in Fig. (B), the colloid volume fraction is the
upper limit for the given lattice, which for bcc is 0.68. As in
Fig. 1(a), the CG/FFT calculation yields the same spectrum
as the direct calculation. The matching of Fourier-transform
and direct solutions was achieved also for aggregates with

Extinction efficiency
>

lower colloid fractions that correspond to the fractions occur- o5t
ing in DNA-linked materials and for which the coupled-
dipole approximation is accurate. volume fraction Au: 0.2
The constraint that particles be located on a cubic grid, %00 300 200 500 600 700 800
which is necessary for accurate representation of interparticle wavelength (nm)

interactions in Fourier Space, does nO'F impose any restrictioig. 2. Extinction spectra calculated for a disordered 156 nm spherical
on the occupation of the lattice. Substitutional disorder, suclaggregate of 13 nm gold spheres in water. Solid/dashed lines as in Fig. 1.
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model was generated from a defect-free bcc array by random 8

deletion of 895 of the original 1243 spheres. As with the Au volume fraction: 0.2
defect-free targets, the FFT solution reproduces the direct ﬁ
solution.

Significant variation among the plasmon properties of
the various aggregates can be seen by comparing the spectra
in Figs. 1 and 2. Using an alternative theoretical treatment,
we show elsewhefé that the various features involve mag-
netic as well as electric dipole contributions to the plasmon
spectra. The aggregate-size and colloid-fraction dependence
of the collective electronic response is also considered in

2 coupled multipoles /

/w \

coupled dipoles

Extinction efficiency

Ref. 23 . 89 sphere aggregate of 30nm Au spheres in water
0200 360 400 560 660 760 800
IV. VALIDITY OF THE SINGLE DIPOLE wavelengih (nm)

APPROXIMATION FIG. 3. Extinction spectra for a spherical aggregate of 89 30 nm Au nano-

The exact solution for the extinction of a sphere in aspheres in water. The aggregate is 230 nm in diameter. The spheres are
arranged in a bcc array with 15 nm between nearest neighbors. Dotted line

pla_ne wave field is given by Mie t_heO?BAt wavelengths for  (...) is the spectrum calculated using an interacting dipole model of the
which the product|m|kr, of the size parameteky, and the  coupled spheres. Solid line-) is the coupled multipole solution.

relative refractive indexmn, is much less than one, the ex-

tinction of an isolated sphere is accurately approximated by

the electric dipole term, i.e., the first term in the sphericalf€latively low-order spherical harmonic expansiahe scal-
harmonic expansion from which the Mie result is con-ing of the computation with particle number is sufficiently
structed. For gold spheres in water, the electric dipole debigh order in particle number that we restrict our compari-
scription of the optical response is quite accurate throughol#ons to aggregates of less than 100 particles. All calculations
the visible range, for spheres 30 nm or smaller in diameterdescribed here are for gold nanoparticles in water.

In the p|asmon region' Spheres as |arge as 100 nm are rea- Initially, we Compared dlpole and muItipoIe calculations
sonably well modeled as dipoled.arger spheres approach for ordered arrays of 30 nm gold nanospheres in water.
or exceed the Rayleigh limikr~1, and require higher-order Among approximately spherical aggregates with bcc struc-
interaction model$.However, a nanosphere in an aggregateture, @ small fraction are particularly spherical by virtue of
experiences an incident field which is not a plane wave field1aving a filled shell of surface particles. Among these is an
by virtue of the modulation of that field by the other particles 89 sphere aggregate. Figure 3 displays extinction spectra for
in the aggregate. When the separation between particles &230 nm spherical aggregate composed of 89 spheres with
large, only the dipole fields are significant. When the par-separations of 15 nr(a radiug between spheres. The aggre-
ticles are close together, the higher-order multipole compogdate is 20% Au by volume and the aqueous medium is mod-
nents of the local field become important_ For a given nanoEled using a dielectric constant of 1.77. The extinction effi-
sphere size and material and a given dielectric medium, thel@encies are averaged over all aggregate orientations relative
is a lower limit to the interparticle spacings for which the t0 the propagation direction of the incident radiation. In the
dipole approximation for nanospheres gives accurate visibl&!V (where the particle size parameter, is greater than 0.4,
extinction spectra for the composite material. In this sectiorand mkr, is somewhat larggr the extinction is underesti-
we examine the validity of the dipole approximation for mated slightly when only the dipole interaction is included.

modeling the extinction of aggregates of gold nanospheres it the visible ranggwherekr is less than 0.4, bym|>1),
water. the dipole calculation closely matches the multipole calcula-

tion and accurately reproduces the plasmon peak, which is
redshifted 35 nm from the plasmon of dispersed aqueous 30
nm Au spheres Xeq=527 nm). The dipole calculation is
The interacting dipole model was evaluated by comparthus quite accurate for space-filling aggregates of spheres
ing dipole calculations with calculations in which the nano-when the sphere size is below the Rayleigh limit and the
sphere response was modeled using as many multipoles particles are separated by a radius.
required to obtain convergence of the aggregate extinction The accuracy of the coupled-dipole approximation, how-
for a range of wavelengths spanning the UV-visible specever, varies with interparticle spacing. To determine the
trum. The calculations were performed usifigmatrix  range of spacings for which the coupled-dipole description
method$* developed by Mackowski and Mishenko for clus- accurately represents the optical response of ordered Au
ters of spheres. An aggregafematrix with an aggregate- nanoparticle aggregates, we calculated extinction spectra for
centered spherical harmonic basis is constructed from transtenser versions of the 89-sphere aggregate, again using both
formed single particlel-matrices. An orientation-averaged coupled-multipole and coupled-dipole methods. The calcu-
extinction spectrum is calculated from the aggregatdated plasmon peak shifts for these aggregates are plotted in
T-matrix at each wavelength. While the method is efficientFig. 4. For particle separations of ©,80.6, and 0.4 (Au
for compact aggregates and particularly for spherical aggrerolume fractions 0.25, 0.31, and 0)3¢he wavelength of the
gates(because their response is accurately described by aggregate extinction maximum is redshifted 46.5, 65.5, and

A. Comparison of dipole calculations with exact
theory
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TABLE |. Errors associated with use of the dipole approximation in the
location of the plasmon peak extinction for spherical aggregates of 89 13 nm
Au spheres as a function of minimum interparticle spacing. Peak shifts are
relative to the wavelengttb25 nmj of the plasmon peak of an isolated 13
nm sphere. All calculations are for particles in a medium with dielectric
constant 1.77. Accurate peak shifts are calculated using a multipole descrip-
tion of the particle polarizations and fields. Peak shift errors are differences
between results of dipole and multipole calculations, expressed as a percent-
age of the accurat@nultipole) peak shifts. Among aggregates with the same
number of particles and the same minimum interparticle separation, disor-
dered arrays are larger and have lower metal fraction than ordered arrays.

e Interparticle Au volume Plasmon Shift error
dipoles only spacing fraction peak shift  using dipoles
00.0 012 Oj4 016. 018‘ 1:0 A 1:2 ~ 114 Ordered arrays

interparticle separation (radii) 95 nm(l.4&) 0.13 73 nm .
FIG. 4. Plasmon peak shifts associated with formation of an 89-sphere 6.5 nm (1.0) 0.20 9.5 nm 0.9%
aggregate of 30 or 13 nm Au spheres as a function of the radius-normalized -4 nm (0.82) 0.25 11.3 nm 1%
interparticle separations(r) within the aggregate. Exact peak shifts are 4.0 nm (0.6) 031 15. nm 6%
identified using filled circles. Peak shifts determined using approximate cal- 2.8 nm (0.4) 0.39 19. nm 9%
culations in which the intersphere couplings are approximated as dipole— Disordered arravs
dipole interactions are identified using open circles. The spherical aggre- 4
gates are composed of nanospheres arranged on a bcc lattice. The medium 5.0 nm (0.78) 0.20 11.5 nm 7%
has a dielectric constant of 1.77. Au volume fraction varies from (f&9 4.0 nm (0.6) 0.20 13.6 nm 14%
s/r=0.4) to 0.13 §/r =1.45). 2.8 nm (0.4) 0.20 17.8 nm 19%

94.4 nm, respectively, from the dispersed particle plasmonlisordered arrays, the fields vary from particle location to
peak. The dipole calculations underestimate the peak shiffsarticle location as a function of the local microstructure and
by 3%, 5%, and 8%, respectively. As expected, the accuracfjuctuations in the polarizations of nearby particles. We ob-
of the coupled-dipole approximation decreases as the inteserve, however, that lattice-gas aggregates of spliagese-
particle spacing decreases. However, the error growth igates modeled as spheres arrayed on a lattice with random
quite gradual, and the error in the plasmon peak shift is lesgacancies require higher-order interaction models if and
than 10% for spacings as small asr0.&or 1% accuracy in  only if the minimum sphere separation is a small fraction of
the plasmon peak location at this spacing, poles up to hexahe particle size. Our conclusion is based upon an evaluation
decapole must be included in the description of each 30 nrof the error associated with neglect of higher-than-dipole in-
Au sphere. teractions for several disordered arrays of gold spheres in
The scaling of the accuracy of the dipole approximationwater. For comparison with the ordered aggregates discussed
with particle size was investigated by repeating the particleabove, we again used 89-sphere aggregates of 13 nm
spacing dependent analysis with aggregates of smallapheres. The disordered aggregates have vacancy levels
spheres. Extinction spectra were calculated at both the dipolearying from 0.21 to 0.47, but identical Au volume fractions
and multipole levels for an 89 sphere aggregate of 13 nnt0.2). In a given aggregate, the minimum spacing between
spheres for a variety of particle separations. The plasmoparticles is characteristic of the defect-free bcc lattice from
peak shifts of the small-sphere aggregates as a function efhich the vacancy structure was derived. As in our evalua-
radius-normalized interparticle separation are plotted in Figtion of dipole modeling of ordered aggregates, extinction
4 (below the results for aggregates of 30 nm particeesd  spectra calculated using the coupled dipole model were com-
listed in Table I. As for the aggregates of 30 nm spheres, twpared with spectra calculated using all higher-order interac-
sets of peak shifts are shown in Fig. 4, one calculated usingons necessary to converge the spectra. Results are presented
a full interaction model, and the other based on the coupledin the lower half of Table | for three arrays, with minimum
dipole approximation. The coupled-dipole results for theseparations varying from .80 0.4. While these aggre-
plasmon peak location are accurate to within 1% for particlegates have lower metal fraction than ordered arrays with the
separated by 0r8(5.4 nm or more, but underestimate the same minimum separation, the plasmon peak shifts are close
peak shifts by 6% and 9% when the particle separations drof those of smaller, ordered arrays with the same number of
to 0.6 and 0.4 (3.9 and 2.6 nm respectively. Thus, while nanoparticles and same minimum separation.
the relative peak shift errors for spherical aggregates of 13 As with ordered aggregates, the errors associated with
nm spheres are smaller than those for aggregates of 30 nneglect of high-order interaction grow as the spacing be-
spheres at spacings less than or equal to,0e8 smaller tween nearest-neighbor particles decreases. The fractional er-
spacings the relative errors are comparable for aggregates wdr in the plasmon peak location relative to that of unaggre-
particles of either size when the Au volume fraction is thegated colloid is negligible for arrays in which the sphere
same. separation is greater than a particle radius, but grows to 7%
The success with which ordered aggregates composed &ir spheres separated by 0,8.4% for spheres separated by
closely spaced nanospheres are modeled as coupled dipol@ér, and 19% for spheres separated byr0.Bhus, for dis-
cannot be assumed to carry over to disordered aggregates. dndered aggregates, the fractional errors associated with ne-
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glected interaction orders are more than twice as large as thes appear in dipole models at separations larger than the
errors(1, 6, and 9% observed for ordered aggregates with separations found to be critical for dipole models of extended
the same particle separation, as documented in Table |, evestructures. Electrodynamic analyses of silver nanopartitles
though the plasmon shifts themselves are comparable wheronfirm the importance of higher-order couplings for pairs of
the minimum separations are the same. When compared witharticles with edge-to-edge separations less than one radius.
the error(<1%) for an ordered array with the same metal

volume fraction(0.2), the errors associated with dipole mod-

eling of substantially disordered arrays are more than an ory, APPROPRIATENESS OF THE METHOD FOR

der of magnitude larger. Thus, while the correspondence beMODELING DNA-LINKED ASSEMBLIES

tween errors in ordered and disordered arrays is weak, the ) )
importance of including higher-order interactions in models___1 N large aggregate calculations described here use CG/

of lattice-gas aggregates appears to correlate more closefy” T Methods to solve the coupled-sphere problem at the
with minimum separation than with metal fraction. This is a c0uPled-dipole level. The methods were chosen because they

reasonable consequence of the distance dependence of gfficiently provide accurate descriptions of the linear optical
response of DNA-linked nanosphere materials. Although the

various interaction orders, dipole interactions being long- i . i X
ranged and higher-order interactions increasingly shortPNA-linked matgrlals have substantial metal fract|or_ls, the_y
ranged. possess properties that greatly reduge the cpmplexﬂy of in-
teractions between component particles. Firstly, the gold
B. Discussion nanoparticles are much smaller than visible wavelengths
300-700 nm Secondly, the DNA coating separates par-
From these comparisons we conclude that the opticajicies of the standard sizd2—16 nm by distances on the
extinction of spherical aggregates of small gold nanoparticlegder of a particle radius. Thirdly, because DNA hybridiza-
is accurately represented using coupled-dipole interactiongon is not only energetically favored but also reversible, an-
when the particles are separated by a substantial fraction Ofr?ealing drives the network materials to ordered structures
particle radius. The lower limit for nearest neighbor separathat maximize the number of DNA links. Even when disor-
tions that keeps plasmon shift errors below 10% is G0t ger is presente.g., when aggregates are formed at tempera-
ordered arrays. For disordered arrays errors develop at largjyes significantly below the melting temperature, or anneal-
separations. In the examples examined here, 10% errors 8y results in only short range ordethe DNA exclusion
characteristic of disordered arrays with minimum separation;zayer greatly constrains the magnitude of the effects of dis-
of approximately 0.7. Below these limits, higher-order mul- rder on interparticle interactions. The combined effect of
tipoles induce significant additional polarizations in their gma| particle size, substantial particle separations, and uni-
nearest neighbors. form density eliminate the need to model interactions higher
The accuracy of the dipole description of DNA-linked 5 order than the dipole interactions modeled here.
nanoparticle networks is dependent, therefore, on the inter- The use of two groups of nanoparticles each with a dif-
particle separations enforced by the oligonucleotide coatingerent oligonucleotide coating facilitates the modeling in an-
X-ray diffraction daté collected at small angles for linked 14 other way. When aggregates are formed by sequence-specific
nm particles indicates a center-to-center distance of 20.5 Ny hyridization that links particles functionalized with one oli-
corresponding to a separation of 0:93or the shortest24  gonycleotide only to particles functionalized with a different
base pair standard linker. The dipole model can thus begjigonucleotide, binary structures are formed. Body-
expected to provide a more or less accurate description of theantered-cubic structures, which among binary structures
plasmon peak location depending on the range of order ofaye the highest nearest-neighbor nunigéand, therefore,
the linked material, with an error of a few percent for the the largest number of DNA links per particle, are favored.
most disordered material. Close-packed structures, which provide an average of six
Other theoretical studiés ™’ of the dielectric properties complementary nearest neighbors are disfavored. The exclu-
of disordered metal dielectric composites have revealed thgjgn of hexagonal close-packed and random close-packed

simplification of the interparticle interaction that derives gtryctures allows for the use of methods that are applicable
from the presence of an exclusion region around each pagnly to cubic lattice materials.

ticle. Prior to these, Lamb, Wood, and Ashcfftiscussed,

conversely, that multipole effects in low inclusion fraction,

disordered systems of unprotepted particles Qerive from the¢, concLusION

occurance of closely approaching particles within the mate-

rial. We have demonstrated that efficient conjugate-gradient
Because our primary interest is in three-dimensional agand fast-Fourier-transform methods can be used to calculated

gregates, we have not explored the accuracy of the dipolthe optical response for large aggregates of small nano-

approximation for lower-dimensional structures. However, aspheres. While CG/FFT methods are used routinely in

the level of electrostatics, this has been done by Elamo  electromagneticd and have recently been used to model the

found that the coupled-dipole description of infinite 1D andscattering of grains in spaéaye are not aware of their use in

2D arrays is comparably accurate to that of 3D arrays. Irmodels of composite media. Use of the CG/FFT method

contrast, in those few-particle arrays where quadrupole excigreatly reduces the computational and memory requirements

tations do couple strongly to the dipole response, inaccuraef the coupled particle problem.
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In this work we use CG/FFT methods to solve thenanosphere code and the machinery for efficient calculation
coupled-sphere problem at the coupled-dipole level. Whileof dipole polarizations. We thank D. Mackowski and M.
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