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Small-angle x-ray-scattering study of silver-nanocrystal disorder-order phase transitions
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A conceptually unique approach was developed to study the interparticle interactions between organized
alkanethiol-capped silver nanocrystals. Dense nanocrystal fluids were formed by evaporating the solvent from
a ‘‘size-polydisperse’’ (si612%) nanocrystal dispersion on a substrate. The sample polydispersity pre-
vented the disorder-order phase transition~i.e., superlattice formation! from occurring. Small-angle x-ray
scattering was then used to measure the static structure factorsS(q), of these disordered nanocrystal films as
a function of the ratiô L&/R between the capping ligand chain length to the core nanocrystal radius. The
pair-distribution and direct correlation functions were then calculated from Fourier transformations ofS(q).
This enabled the use of the hypernetted chain approximation to calculate the pair interparticle potentialu(r ).
The 6-12 Lennard-Jones potential provided reasonable fits to all experimentally determined values ofu(r ),
indicating the predominance of relatively short-range repulsion between nanocrystals. Monodisperse
dodecanethiol- and octanethiol-capped silver nanocrystals were then condensed into ordered arrays. Face-
centered-cubic~fcc! packing was favored for̂L&/R,0.60, and body-centered-cubic~bcc! packing was favored
when ^L&/R.0.60. Lower-symmetry body-centered-tetragonal packing was observed for octanethiol-capped
silver nanocrystals witĥL&/R.0.66. A simple model employing the experimentally determined values for
u(r ), predicts that the fcc→bcc superlattice phase transition occurs when^L&/Ri0.65.
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I. INTRODUCTION

The ability to assemble organized arrays of semicond
tor or metal quantum dots with precise control over the
and interdot dimensions is of growing interest since th
mesoscopic materials often exhibit physical properties
differ from natural bulk materials and could lead to the d
velopment of a diverse set of new technologies, ranging fr
coatings, electronics, magnetics, separations, and adhes
Recently, several groups have proved that quantum dot
perlattices can be constructed with tunable nanometer-s
dot and interdot dimensions by spin-coating dispersions
sterically stabilized nanocrystals on a suitable substrate1–15

This approach has been shown to be quite general and
been applied to a variety of semiconductor and metal m
rials, including g-Fe2O3,

1 CdSe,2,3 Ag,5,11,13,14 Au,4,6–9,12

Ag2S,10 and CoO.15

Fundamental interest in these nanocrystal arrays lar
stems from the unique size-dependent optical, electro
and/or magnetic properties of the individual nanocrystals
result from their small size~,100 Å diameter!.16 The ability
to condense nanocrystals onto solid supports might fur
their characterization by enabling many of the solid-st
techniques developed to study thin films to be applied to
study of nanocrystal properties. These arrays also provide
opportunity to study collective physical behavior resulti
from interactions between neighboring dots, since inter
spacings are on the order of only 10 Å. In these situatio
the superlattice structure may significantly affect the phys
properties of the nanocrystal array~for example, see Ref. 3!,
which motivates the need for a fundamental understandin
nanocrystal self-organization. Currently, however—ev
though nanocrystal self-organization is the only prov
method for achieving these structures with dimensions
PRB 590163-1829/99/59~22!/14191~11!/$15.00
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least one order of magnitude smaller than those possible
ing lithographic techniques—there exists little more than
empirical sense of how nanocrystals self-organize.

The material properties that appear to enable nanocrys
to form superlattices are sufficient steric stabilization p
vided by capping ligands@e.g., dodecanethiol (C12H25SH),
see Fig. 1# and a narrow particle size~and shape! distribu-
tion. As the solvent evaporates from the dispersion on a s
strate, the nanocrystal volume fraction increases, eventu
reaching the point where the nanocrystals lock into pla
Since nanocrystals diffuse rapidly due to their small si
they can sample a very large number of configurations d
ing solvent evaporation, and can thus, essentially ach
their lowest energy structures. Therefore, both the disorde

FIG. 1. Silver nanocrystal coated with a dodecanethiol mo
layer. The thiol chemisorbs to the silver surface resulting in
formation of a hydrophobic shell of alkane chains that prevent ir
versible aggregation. The capping layer density determines the
terparticle spacing in the condensed superlattice.
14 191 ©1999 The American Physical Society
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dispersion and the ordered superlattice can be describe
ing statistical thermodynamic models of fluids and solids

The important parameter in these models is the pair in
action potentialVi j , between two isolated nanocrystalsi and
j, separated by a distancer. This parameter is explicitly re
lated to the free energyF of a given phase:

F52
1

b
lnF (

arrangement
of nanocrystals

expS 2 (
i , j , interactions

bVi j D G , ~1!

where b51/kT.17,18 Therefore, withVi j known, the most
stable structures can be determineda priori by calculating
F. ~It should be noted, however, that even whenVi j is
known, calculatingF is in most cases not trivial and th
study of phase transitions of molecular liquids and solids
still an active area of research.! For example, if nanocrystal
interact like hard spheres, then the experimentally obser
nanocrystal ordering could simply be described as
Kirkwood-Alder transition from a disordered fluid~disper-
sion! to an ordered solid~superlattice! and the most stable
superlattice structure would be face-centered-cubic~fcc!
~Fig. 2!.11,19–22These nanocrystals, however, do not beha
like hard spheres.8,9,12,14,23,24

The soft organic capping ligand shell occupies a volu
significant compared to the core volume and must be con
ered. Some have proposed that very strong interactions o
between stabilizing ligands within the superlattice.8,9,25 Al-
though this has not been confirmed experimentally,
chains certainly fill the interstitial space in the superlatt
and the nanocrystals pack as ‘‘soft spheres’’ with an ‘‘effe

FIG. 2. ~a! Thermodynamic pressure plotted versus particle d
sity as depicted in~b! for a dispersion of hard spheres as calcula
using molecular-dynamics simulations~Refs. 21,22!. As solvent
evaporates from the dispersion the volume decreases resultin
increasedfv , thus increasingP. When a monodisperse collectio
of ~fluid! particles reachfv50.49, it undergoes the so-calle
Kirkwood-Alder disorder-order phase transition to an fcc solid. R
entrant melting occurs atfv50.55. A collection of particles with a
standard deviation about the mean diameter much above 10%
remain the fluid phase~no order!, as depicted by the dashed curv
in ~a!.
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tive hard-sphere’’ diameter that encompasses both the i
ganic core and the organic capping layer.14 Furthermore, the
dispersion energy between nanocrystals appears to resul
net weak attraction between particles, particularly in the c
of metal nanocrystals which have a high Hamaker const
This attraction leads to ordering phenomena qualitatively
ferent from what would be expected for hard spheres:
example, the formation of opals of polydisperse go
nanocrystals;23 the ability to control the thickness of nano
crystal films by varying the solvent polarity;12 the preferred
formation of body-centered-cubic~bcc! superlattices for gold
nanocrystals with high ratios of capping ligand chain leng
to core particle diameter;8,9 and negative pressure-area is
therms for silver nanocrystal monolayers present at the
water interface on a Langmuir-Blodgett trough.24 The attrac-
tion also appears to aid the ordering process by pull
nanocrystals close to their entropically favored~at high vol-
ume fractions! lattice position in the superlattice.14 There-
fore, in order to understand nanocrystal self-organization,
interparticle interactions must be understood.

Small-angle x-ray-scattering~SAXS! measurements ca
probe both the structure of individual dispersed nanocrys
@the shape factor,P(u)# and the superstructure of condens
nanocrystal arrays@the static structure factor,S(u)#, with the
scattered x-ray intensityI (u)}P(u)S(u).2,3,8,9,11,14,26–28For
noninteracting particlesS(u)51. But for concentrated fluids
and solids,S(u)Þ1 andS(u) reveals the superstructure an
the degree of ordering. For an ordered solid,S(u) exhibits
features characteristic of a periodic array with long-ran
order, whereas, features characteristic of short-range o
develop for a dense fluid. A number of statistical mechani
methods have been proposed for liquids~disordered fluids!
that relate the experimentally measurable quantityS(u) to
Vi j , and vice-versa.18,29These methods rely on the use of th
pair-distribution functiong(r ), and the direct correlation
functionc(r ), and have been applied to the study of vario
supermolecular structural problems, including noble g
liquids,30 ordered diblock copolymer micelles,31 and disor-
dered ~or amorphous! metals for structural
determination.32,33 Therefore, the aim of this paper is t
determineVi j using small-angle x-ray scattering in order
elucidate its importance to nanocrystal self-organization.

The approach adopted was to determineVi j experimen-
tally @hereafter denotedu(r )#, by performing SAXS mea-
surements on dense disordered nanocrystal fluids. V
dense nanocrystal fluids were experimentally accessed
condensing a slightly polydisperse nanocrystal dispers
onto a substrate. By incorporating a size distribution with
standard deviation about the mean diameter slightly lar
than the maximum value of;10% required to achieve or
dering, the ordering phase transition typical for siz
monodisperse nanocrystals upon solvent evaporation d
not occur.34,35 The nanocrystal film can, therefore, be co
ceived of as a very viscous disordered fluid or as an am
phous solid. Consequently, models developed for molec
liquids which relateS(u) andu(r ) were applied to nanocrys
tal systems.

II. EXPERIMENT

A. Nanocrystal preparation and characterization

Silver nanocrystals capped with alkanethiols~C8H17SH
and C12H25SH! were prepared by arrested precipitation usi
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standard methods.11,13,14,36In a typical experiment, an aque
ous solution of silver ions~0.15 g AgNO3 in 30 ml pure
water! was added to chloroform containing the phase tran
catalyst, tetraoctylammonium bromide@(C8H17!4NBr, 2.23 g
in 20.4 ml chloroform#. The organic phase was then co
lected. The silver ions were subsequently reduced w
NaBH4 ~0.39 g in 24 ml pure water! in the presence of the
thiol (831023 mol). The thiol stabilizes the growing col
loids by binding to the nanocrystal surface and helps
maintain a relatively narrow particle size distribution. T
resulting colloidal dispersion was washed with ethanol
remove all the phase transfer catalyst and any unbound t

The nanocrystal size distribution was narrowed by s
selective precipitation using chloroform/ethanol as

solvent/nonsolvent pair.2,11,13,14Ethanol was added dropwis
to the nanocrystal dispersion until opalescence persisted.
opalescence results from the agglomeration of only the la
est particles in the dispersion, which were collected by c
trifugation. A series of precipitations from a single prepa
tion enabled the isolation of nanocrystals with decreas
average radius. The polydisperse sample was isolated
overtitrating the dispersion with polar solvent slightly pa
the endpoint typically used for monodisperse samples.
alkanethiol-capped silver nanocrystals redisperse in a va
of organic solvents, including chloroform, hexane, and to
ene.

Transmission electron microscopy~TEM! using a JEOL
JEL-2000 EX electron microscope with a 200 kV acceler
ing voltage~lattice resolution of 0.14 nm and point-to-poin
resolution of 0.3 nm! was used to characterize nanocrys
monolayers spin coated onto carbon-coated copper g
Characterization of the organic capping with1H NMR ~using
a JEOL JNM-GX270 FT spectrometer at 20 °C!, and
Fourier-transform infrared spectroscopy~using a Mattson
Galaxy 3000 FT spectrometer with CaF2 windows, and a
0.20 mm path length at 20 °C!, and elemental analysis, con
firmed that a close-packed monolayer of alkanethiols s
round each nanocrystal.14

B. Small-angle x-ray scattering

SAXS measurements were performed on beam line 8.
the Synchrotron Radiation Source at the Daresbury Lab
tory, Warrington, U.K, with monochromatic radiation o
wavelengthl51.54 Å. Scattered photons were collected
a multiwire gas-filled quadrant detector. The scattering an
was calibrated using an oriented specimen of wet colla
~rat-tail tendon!. The incident radiation intensity was re
corded using a parallel plate ionization detector located
fore the sample cell. All experimental data were corrected
background scattering, sample absorption, and the positi
alinearity of the detector.

SAXS measurements were collected for hexane-dispe
alkanethiol-capped silver nanocrystals~1–5 mg/ml! and sil-
ver nanocrystal~optically transparent! thin films. The films
were formed by spin coating a mica substrate with 0.2 m
a 7 mg/ml dispersion of nanocrystals in hexane at room t
perature~20 °C!.
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III. RESULTS AND DISCUSSION

A. SAXS measurements: The size distribution and
superstructure

From a collection of hydrocarbon-coated silver nanocr
tals, the silver cores can be considered as the sole sourc
the x-ray scattering signal since the electron density diff
ence between the alkane capping ligands and hexane is m
mal. The intensity of radiation scatteredI (u), relates propor-
tionally to the shape factorP(u) and the static structure
factor S(u): I (u)}P(u)S(u).26,28 By first measuringP(u)
for dilute noninteracting particle dispersions,S(u) can sub-
sequently be determined for concentrated nanocrystal
films.

The analytical expression forP(u) for a sphere is26,37

P~u!5P~qR!5F3
sin~qR!2qRcos~qR!

~qR!3 G2

, ~2!

with the wave vectorq, defined asq5(4p/l)sin(u), whereu
is the scattering angle 2u. ~q is inversely proportional to the
characteristicd spacing in the system:d52p/q.! For a poly-
disperse sample, the size distribution,n(R)/ntotal, affects
I (q):26,37

I ~q!}E
0

`S n~R!

ntotal
D P~qR!R6dR. ~3!

The shape of the size distribution must be assumed in o
to calculate the average particle radiusR̄, and the standard
deviations, from the SAXS data. A Gaussian distribution

FIG. 3. ~a! Shape factors@P(qR)# measured for two different
hexane-dispersed dodecanethiol-capped silver nanocrystal sam

curve ~A! R̄541 Å ~66.8%!; curve ~C! R̄536 Å ~614.4%!. S(q)
51 in these dispersions. Curves~B! and~D! are the corresponding
normalized diffraction patterns@i.e., plottingP(qR)S(q)# for these
nanocrystal samples spin-coated onto mica substrates. Curve~A!
and ~C! are offset by a factor of 100.~b! Structure factors@S(q)#
determined from diffraction patterns~B!, ~ !, and~D!, ~ !,
in Fig. 3~a!.
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n~R!

ntotal
5

1

sA2p
expF2~R2R̄!2

2s2 G , ~4!

was assumed for all curve fits.
Curves~A! and ~C! in Fig. 3~a! show P(qR) measured

from dilute hexane dispersions of monodisperse and poly
perse dodecanethiol-capped silver nanocrystals, respect
~1 mg/ml!. These curves are characteristic of noninteract
particles and the position of the maxima in the oscillations
curves~A! and ~C! in Fig. 3~a! correspond roughly to the
average nanocrystal radius, while the intensity of the os
lations corresponds to the size distribution. For example,R̄ is
larger for curve~A! than curve~C! ands is smaller. Curves
such as these were fitted with Eqs.~2!–~4! to determineR̄
and s for all of the samples examined in this study~see
Tables I and II and the associated discussion below!.

Mica substrates were then spin coated with the nanoc
tals to form a transparent violet film. Curves~B! and ~D! in
Fig. 3~a! show the measured values ofP(qR)S(q) for these
films. Since the curves differ from curves~A! and ~C!, it is
clear thatS(q)Þ1. Both curves~B! and~D! show decreased
scattering at lowq accompanied by distinct peaks at higheq
resulting from destructive and constructive interference
to ordering in the film. Therefore, both samples exhibit so
degree of order.

The sharp diffraction peaks inS(q) for the monodisperse
sample reach values close to 25@Fig. 3~b!# and index to an
fcc superlattice with an interparticle separation of 15.9 Å.
contrast, the SAXS pattern for the polydisperse nanocry
film in Fig. 3~b! displays only two peaks inS(q) with longer
range oscillations characteristic of liquids, where short-ra
ordering occurs due to excluded volume effects. The TE
images in Fig. 4, compare such ordered and disordered n
crystal thin films, and establish that the polydisperse nan
rystals pack as an open network, which is clearly differ
from that of the highly compact hexagonal close-pack
monolayer formed with monodisperse nanocrystals. Furth
more, the broad diffraction peaks exhibited by the polyd
perse sample cannot be indexed simply as an fcc lattice
a large positional distribution.

The SAXS data in Fig. 3, corroborated with the TE
images in Fig. 4, indicate that the structures of the conden
films formed from monodisperse and polydisperse sam
are qualitatively different. It should be noted that the diffe
ence in size distribution between these two samples is o
7.6%. The polydisperse samples (s5614.4%) still exhibit
s-
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distinct oscillations inP(qR), which typically characterize
reasonably monodisperse colloidal dispersions. However,
polydisperse sample has not undergone the fluid-solid ph
transition, which means thatS(q) may be determined for
dense nanocrystal fluids.

The following section presents the experiments in wh
polydisperse samples were condensed into thin films,S(q)
was measured, and thenu(r ) was calculated fromS(q) us-
ing available statistical models for fluids.

B. Disordered dense nanocrystal films

A series of six dodecanethiol-capped silver nanocrys
samples with differing average core diameters were isola
from consecutive size-selective precipitations. The SA
patterns of these samples dispersed in hexane are show
Fig. 5~a!. Fitting Eqs.~2!–~4! to curves A–F determined th
values ofR̄ ands listed in Table I.R̄ decreased by approxi
mately 3.2 Å with each precipitation ands had an average
value of613%.

After measuring P(qR), the nanocrystals were spi
coated onto mica substrates. Figure 5~b! shows S(q) for
these films. The diffraction peaks cannot be indexed to an
lattice andS(q) oscillates around a value close to 1, indica
ing short-range order in the samples. Despite the size di
bution, the first-order diffraction peak shifts predictably
higherq with decreasing core size.

The corresponding radial distribution functionsg(r ), are
plotted in Fig. 6~a!. g(r ) indicates the probability of finding
another particle at a distancer, from the center of a centra
particle and is calculated from a Fourier transformation
S(q):29

g~r !511
1

2p2rr E q„S~q!21…sin~qr !dq. ~5!

The particle number densityr, was estimated by assuming
closest-packed disordered fluid withfv50.68.35 Without

considering the size distribution,r5fv /@ 4
3 p(R̄1d/2)3#.

The denominator represents the volume occupied per
ticle, which includes the portion of the capping ligands th
keep the nanocrystals separated in the film. The effect of
size distribution onr was accounted for in the calculation
by assuming a Gaussian distribution, usingR̄ and d
513.9 Å ~discussed below! as determined from the SAXS
measurements:
ocrys-
is
TABLE I. Average size and size distribution for the polydisperse dodecanethiol-capped silver nan
tals determined by fitting Eqs.~2!–~4! to the SAXS data in Fig. 5~a! for hexane dispersions. Also shown
the film density calculated using Eq.~6! and the best-fit parameters foru(r ) in Fig. 8.

Sample R̄ ~Å! s
r

(3106 Å 23) sLJ ~Å! « ~kT! A ~eV! dSAM

A 36 5.2~14.4%! 0.8 80.0 5.6 7.8 15
B 33 4.1~12.4%! 1.1 74 4.6 7.8 15
C 29 3.5~12.1%! 1.6 67 2.5 7.8 15
D 25 2.5~10%! 2.5 68 2.7 7.8 13
E 23 3.1~13.5%! 3.2 60 1.3 3 10
F 20 3.5~17.5%! 4.7 52 0.9 1.5 7
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r50.68

E 1

sA2p
exp@2~R2R̄!2/2s2#dR

E $~1/sA2p!exp@2~R2R̄!2/2s2#%3@~4p/3!~R1d/2!3#dR

. ~6!
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This number density represents an upper limit and affe
only the magnitude ofg(r ). Estimatingr using a lower limit
of fv50.55, which is representative of the reentrant melt
for hard spheres,22 increases the maximum value ofg(r ) by
;8% at most.

The regular oscillations occurring ing(r ) indicate liquid-
like structure. Some evidence of longer-range structural
der occurs in samples A and D in Fig. 6~a! with the second
and third peaks slightly coupled as might be found in a ne
fcc crystal38 or a glass.33 However, the values of the maxim
of g(r ) are very low, indicating a low coordinatio
number.28,29g(r ) for the other samples oscillates as expec
for fluids. The first peak ing(r ) in Fig. 6~a! corresponds to
the center-to-center interparticle distance. The surface
surface interparticle spacing~d! between these nanocrysta
does not depend on particle diameter and has an ave
value for the six samples of 13.9 Å. This value is sligh
less than the average interparticle spacing measured bet
dodecanethiol-capped silver nanocrystals in
superlattices.11,14 The smaller interparticle spacing in th
fluid results from the lower coordination between partic
which forces the capping ligands to fill more space, th
decreasing the ‘‘screening length’’ between particles.

By using the theories developed for molecular liquid
u(r ) was calculated fromS(q). In a liquid, many-body ef-
fects are important and must be accounted for when rela
u(r )—for two isolatedspecies—to the liquid structure me
sured using SAXS. Correlation functions have been de
oped to relateu(r ) to the potential felt between two particle
in the presence ofN-2 other particles,w(r ). The total cor-
relation function,h(r )5g(r )21 can be decomposed int
direct and indirect contributions,c(r ) and g(r ), respec-
tively, using the Ornstein-Zernike equation,

h~r 12!5g~r 12!1c~r 12!5c~r 12!1rE c~r 23!h~r 13!dr3 ,

~7!

where the subscripts denote the species in the fluid.29 The
Fourier transformations ofh(r ) @H(q)5S(q)21#, the
Ornstein-Zernike equation@H(q)5C(q)1rC(q)H(q)#,
and c(r ) @C(q)5r*c(r )eiq•rdr #, can be employed to cal
culatec(r ) from S(q):18,29

c~r !5
1

4prr E qS S~q!21

S~q! D sin~qr !dq. ~8!

Figure 6~b! showsc(r ) calculated for the dense nanocrys
fluids examined in Figs. 5 and 6~a!. c(r ) varies more
slowly with r thang(r ), as expected.
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After calculating the correlation functions from exper
mentally measured values ofS(q), u(r ) was calculated us-
ing the hypernetted-chain~HNC! approximation18,29

bu~r !5g~r !212c~r !2 ln@g~r !#. ~9!

The HNC approximation was chosen since it appears to
describe the properties of dense fluids, such as the o
component plasma.39 Figures 7 and 8 showu(r ) calculated
for the nanocrystal fluids examined in Figs. 5 and 6.
attractive energy minimum appears for all core particle
ameters. This attraction decreases with decreased pa
size, as expected for a series of particles capped with
same ligands.12,14

One estimate ofu(r ) for these sterically stabilized nanoc
rystals is the sum of the van der Waals attraction and
steric repulsion:38

u~r !5Esteric1EvdW. ~10!

Estericcan be calculated using the expression developed b
Gennes for a tightly packed monolayer in a go
solvent:40–42

TABLE II. Average sizes and size distributions for monodi
perse dodecanethiol-capped (C12) ~samples i–v! and octanethiol-
capped (C8) ~samples a–e! silver nanocrystals determined by fittin
Eqs. ~2!–~4! to the SAXS in Figs. 9~a! and 10~a!. The fcc d111

spacing, the center-to-center distanceC, and the interparticle spac
ing d, determined for the corresponding superlattices by index
the diffraction patterns in Figs. 9~b! and 10~b!, are also shown.

Sample R̄ ~Å21! s d111 ~Å! C ~Å! d ~Å!

i 41 2.8~6.8%! 84.8 97.9 15.9
ii 38.5 2.7~7.0%! 77.2 89.1 12.1
iii 35 3.2~9.1%! 73.6 85.0 15.0
iv 31.5 3.3~10.5%! 68.5 79.1 16.1
v 29 3.3~11.4%! 101.8a 72b 14b

a 25 3.0~12.0%! 51.1 59.0 9.0
b 22 2.5~11.4%! 48.0 55.4 11.4
c 21 2.4~11.4%! 46.5 53.7 11.7
d 20 2.4~12%! 72.8a 51.5b 11.5b

e 18 1.7~9.4%! a557.4,c570.0c 49.6d 13.6d

ad110 for a bcc superlattice.
bCalculated by indexing the first peak in Fig. 9~b! as bcc~110!.
cDimensions of the body-centered-tetragonal unit cell determi
by indexing the diffraction pattern in Fig. 10~b!.

dThe closest nearest-neighbor distance in the bct superlattice.
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Esteric'
100RdSAM

2

~C22R!ps thiol
3 kT expS 2p~C22R!

dSAM
D .

~11a!

Esteric depends on the area occupied by the thiol on the p
ticle surface,s thiol ~s thiol54.3 Å for dodecanethiol on silve
nanocrystals14!, the length of the capping ligandsdSAM
@where dSAM is taken as the brush thickness of a se
assembled dodecanethiol monolayer, 15 Å~Ref. 43!#, and
the particle radiusR. The strength of the vdW attraction i
material dependent and depends on the value of the Ham
constantA, and can be calculated using the expression44

EvdW52
A

12H 4R2

C224R2 1
4R2

C2 12 lnFC224R2

C2 G J .

~11b!

FIG. 4. TEM images of dodecanethiol-capped silver nanocr
tals condensed onto carbon substrates showing the differenc
superstructure between~a! an ordered monodisperse sample;~b! a
disordered polydisperse sample~sample iii and b in Table II, re-
spectively!.
r-

-

ker

The Lennard-Jones~LJ! potental

u~r !54«F S sLJ

r D 12

2S sLJ

r D 6G , ~12!

can also be used as an estimate ofu(r ). In Eq. ~12!, sLJ is
the effective hard-sphere diameter and« is the magnitude of
the attractive minimum.

Figure 8 shows the experimentally determined values
u(r ) fit with Eqs. ~11! and ~12!. Apart from the oscillations
in u(r ) in samples A–C, the LJ potential adequately fits t
shape of every interparticle potential curve. The correspo
ing values ofsLJ and« are shown in Table I. The oscillation
may be an artifact of the Fourier-transform method, or th
may actually be present, as has been found in liquid meta29

Neither Eq.~10!, nor the LJ potential, can account for the
oscillations inu(r ). The most significant deviations betwee
the measured values ofu(r ) and the model curve fits occu
at low r as the effective hard-sphere diameter is approach
This may be due to the particle size distribution in t
samples, which would tend to broaden the energetic m
mum in u(r ). Since a small amount of polydispersity als
occurs in the ‘‘monodisperse’’ samples that crystallize in
superlattices~compare68% to 614%!, we have neglected
the effects of this size distribution onu(r ); therefore, the

-
in

FIG. 5. SAXS measurements of polydisperseC12-capped silver
nanocrystals:~a! P(qR) measured from a hexane dispersion, a
~b! S(q) measured for spin-coated thin films on mica substrates
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model fit parameters represent ‘‘average’’ values for
sample with the given size distribution and average part
radius.

A value of dSAM515 Å was initially used for all fits and
the best value forA was 7.8 eV for the larger particles, whic
is about four times greater than the value of 1.95 eV e
mated for gold nanocrystals interacting across a hydrocar
layer.23 For samples A–C, Eqs.~10! and~11! model the po-
tential quite accurately with these values fordSAM and A.
However, the attractive minimum appears to shift closer
the particle surface with decreased particle diameter, wh
is counter to what would be expected from Eq.~10! using a
constant value ofdSAM515 Å. In order to fitu(r ) for the
particles withR̄,25 Å using Eq.~10!, the values ofdSAM
andA decreased significantly.

The apparent decrease indSAM for smaller particles might
be explained in terms of the very high curvature of the p
ticle surface: even though the thiol ‘‘headgroups’’ are clo
packed on the particle surface, the chains have a signifi
amount of freedom further from the particle surface and c
not be considered close-packed.14 The greater the curvature
the smaller the chain density and therefore, the lower
relative stabilization.

FIG. 6. ~a! Radial distribution function and~b! the direct corre-
lation function plotted for samples A–F in Table I. The curves a
offset for clarity.
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The range of the repulsion is apparently quite short ra
and can be modeled as 1/R12. Interestingly, the repulsion
cannot be modeled with a long-range potential like t
screened Coulomb potential. Using Eqs.~10! and ~11!, the
steric repulsion,Esteric}1/R20, is even shorter range than th
LJ repulsion and predicts behavior closer to that of h
spheres. The experimentally observed formation of b
phases of condensed nanocrystal arrays,8,9 however, does not
support hard-sphere behavior and in Fig. 8 it appears that
~10! does not model the repulsion accurately for small na
crystal core radii. As mentioned above, the smaller na
crystals have an extreme radius of curvature and the assu
tion of a tightly-packed monolayer is unlikely to hold.

The importance of the solvent with respect to the int
particle potential cannot be ignored. The interparticle pot
tials in Figs. 7 and 8 have been determined fordry films. The
steric stabilization between nanocrystals dispersed in a g
solvent, such as hexane, would be stronger than observe
air ~a poor solvent!. Therefore, the unexpectedly high valu
for the best fits ofA might be attributed as an overcompe
sation for unreasonably high estimates ofEsteric calculated
using Eq.~10!, since it is valid only for good solvents. Th
interactions between particles in the dry film, however,
the important values to know in order to determine the fi
structure.12 In the following section, the usefulness of the L
parameters determined from the fits ofu(r ) in Fig. 8 will be
demonstrated by calculating the critical value of^L&/R for
the fcc→bcc phase transition.

C. Solids: Prediction of superlattice packing

The superlattice structure has been found by Whetten
co-workers8,9 to depend on the ratio of the capping ligan
chain length^L&, to the metal core radiusR. Nanocrystals
with small^L&/R favor fcc packing as would be expected f
hard spheres, whereas increased^L&/R eventually results in
bcc structures. Charge-stabilized colloids analogously fa
fcc phases under conditions of high charge screening and
phases with low screening and large interparti
separations;45,46 and qualitatively similar behavior has bee
found for diblock copolymer micelles in which increase
ratios of coronal shell thickness to core radius results in
fcc→bcc phase transition.31,47 For the charge-stabilized col
loids, it has been shown thatu(r ) is the factor that often

FIG. 7. The pair-interaction potentialu(r ), calculated using the
HNC approximation. Curves A–F correspond to samples A–F
Table I and Figs. 4 and 5.
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FIG. 8. Curve fits ofu(r ) from Fig. 5: the data curve is labeled with the sample A–F; the LJ curve fit is labeled with LJ@Eq. ~12!#; and
the curve fit using Eqs.~10! and~11! usingA5300 kT anddSAM515 Å are labeled as S. The best fit values forA anddSAM listed in Table
II. The LJ parameterssLJ and« are shown in Table I for samples A–F.
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determines the preferred phase in these systems. For h
sphere potentials, the fcc phase is always preferred,21,22

whereas the bcc phase may form under certain condit
whenu(r ) has a longer range repulsive component, like
Yukawa potential or the inverse power potentialr 2n with
n,6.45,48–51In contrast, little is understood about the effe
of u(r ) on the ordering behavior ofsterically stabilized col-
loids since the repulsive potentials between particles
seemingly too short-ranged to allow bcc ordering.51 For ex-
ample, density-functional theory withu(r ) values predicted
using self-consistent field calculations, failed to predict
fcc→bcc phase transition for diblock copolymer micelles31

Therefore, in the following section, the measured values
u(r ) for the nanocrystal systems will be utilized to provid
insight into the fundamental nature of the fcc→bcc phase
transition.

A series of size-selected monodisperse dodecanethiol-
octanethiol-capped silver nanocrystals were isolated
condensed into thin films on mica substrates. Table II listR̄
ands for these samples determined by fitting Eqs.~2!–~4! to
the P(qR) profiles measured from dilute hexane dispersio
shown in Figs. 9~a! and 10~a!. The average radii differ be
tween preparations by approximately one lattice plane.
size distributions haves on the order of610% or less.

Figures 9~b! and 10~b! show the SAXS patterns for th
condensed nanocrystal films. The diffraction patterns for
larger particles index as fcc superlattices. As the core di
eter was decreased, the lattice spacing decreased corres
ing to R̄ as shown in Table II. The interparticle separation
the superlattices remained constant irrespective of the
particle size, with values of 15 and 11 Å for th
dodecanethiol- and octanethiol-capped nanocrystals, res
tively. The separation of 1.25 Å/CH3 means that the inter
particle spacing could be tuned with a resolution of less t
2 Å. Below a critical particle size, the diffraction peak pos
tions change and no longer index to an fcc lattice. The sm
est dodecanethiol-capped nanocrystals appear to form a
lattice. This structure, however, cannot be unambiguou
assigned since some splitting in the first-order diffract
peak is evident. However, the octanethiol-capped nanoc
rd-
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tals clearly display a phase transition from fcc to bcc to b
Estimating the fully extended lengtĥL&, of the saturated
hydrocarbon chain withn atoms as52

^L&5~0.15410.1265n! nm, ~13!

the critical values of̂ L&/R for the fcc→bcc phase transition
were determined to be 0.59 and 0.60 for dodecanethiol-
octanethiol-capped nanocrystals, respectively.

The progression from fcc to bcc to the more open
structure with increasinĝL&/R agrees exactly with what ha
been observed by Whetten and co-workers8,9 for alkanethiol-
stabilized gold nanocrystals, and the value of^L&/R50.6
determined in this study lies well within their proposed pac
ing limits for the bcc phase: 0.4,^L&/R,1.0.9 However, the
observed values of̂L&/R are slightly less than the approx
mate value of 0.70 determined by Whettenet al.8,9 The value
of ^L&/R50.6 determined from the data in Figs. 9~b! and
10~b!, however, represent a lower limit since the (110)bcc
diffraction peaks for samples iv and d show a small degree
peak splitting, which may indicate a mixture of some f
ordered nanocrystals in the bcc phase. However, decrea
the core radius of the octanethiol-capped nanocrystals fur
~sample e! gave a distinct superlattice pattern that could on
be indexed to a body-centered-tetragonal~bct! phase with a
lattice asymmetry,a/c51.2. ^L&/R50.66 for this sample
and represents anupperlimit for ^L&/R for a fcc→bcc phase
transition for the nanocrystals prepared in this study. Int
estingly, the critical value of̂L&/R51.5 determined by Gas
and co-workers31,45 for diblock copolymer micelles is much
different than the values measured for nanocrystals. H
ever, estimating a value for^L& as the interparticle spacing i
a charge-stabilized colloid array,̂L&/R'0.8 for the
fcc→bcc phase transition for these colloids,45 which interest-
ingly compares quite closely to the critical value of^L&/R
measured for sterically stabilized nanocrystals.

The values ofu(r ) measured in the previous section c
be used to calculate the difference in free energy between
fcc and bcc phasesDF fcc→bcc. The free energy of the super
lattice is a function of the kinetic energy, the binding energ
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and the entropy in the lattice.DF fcc→bcc can be expresse
solely in terms of the differences in binding energyDE, and
entropyDS,

DF fcc→bcc5DE2TDS, ~14!

since the kinetic energy term cancels.48

The binding energyU, for the two superlattice structure
can be calculated explicitly using the LJ parameters listed
Table I:53

U52«FA12S sLJ

r D 12

2A6S sLJ

r D 6G , ~15!

wherer is the interparticle spacing in the lattice andAn de-
pends on the crystal structure. For the 6-12 LJ poten
A12,fcc512.13, A12,bcc59.11, A6,bcc512.25, A6,fcc514.45.53

The difference in the binding energy per nanocrystal
tween the bcc and fcc phases gives the energy differe
DEfcc→bcc. Unlike the case for the charge-stabilized colloi

FIG. 9. ~a! P(qR) measured by SAXS for a series o
dodecanethiol-capped silver nanocrystals dispersed in hexane
size selective precipitation. The curves are offset by a factor of
whereP(q50)51. The average particle radius shrinks by appro
mately one atomic shell per size selection step.~b! SAXS patterns
for nanocrystal thin films spin-coated onto mica substrates.
corresponding average particle diameter andd111 spacing are listed
in Table II.
in

l,

-
ce

with u(r ) that can be modeled with a screened Coulo
potential in which the fcc phase is favored with high scree
ing, and the bcc phase is favored for low screening~i.e., the
Wigner lattice54,55!, the sterically stabilized nanocrystals wit
the experimentally determined shorter range repulsive po
tials, always energetically favor the higher coordination
phase—fcc.

The entropy difference between the two phases can
estimated by expanding the partition function, assumin
harmonic system with 3N degrees of freedom at temper
tures above the highest normal mode frequency:DS
>3Nk ln(vE /vE8).48,56 Friedel57 has argued that the ratio o
the effective ‘‘Einstein frequencies,’’vE /vE8 , can be esti-
mated with a nearest-neighbor central force model to g
DSfcc→bcc50.61NkT. Therefore, the entropy difference a
ways favors the more open bcc structure.

Figure 11 showsDF fcc→bcc calculated as a function o
^L&/R using the experimentally measured LJ paramet
listed in Table I. The size polydispersity in these samp

fter
0,
-

e

FIG. 10. ~a! P(qR) measured by SAXS for a series o
octanethiol-capped silver nanocrystals dispersed in hexane
size selective precipitation. The curves are offset by a factor of
whereP(q50)51. The average particle radius shrinks by appro
mately one atomic shell per size selection step.~b! SAXS patterns
for nanocrystal thin films spin coated onto mica substrates.
corresponding average particle diameter andd111 spacing are listed
in Table II.
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was not accounted for in the calculations.58 As ^L&/R in-
creases, the tendency to form a bcc superlattice incre
until a critical value of^L&/R'0.65 is reached. For̂L&/R
i0.65, the bcc phase is most stable. This is surprisin
close to the value determined experimentally by both
group and Whettenet al.8,9 Therefore, based on these calc
lations, it would appear that it is the ‘‘macroscopic’’ attra
tive and entropic forces that drive the fcc→bcc phase transi
tion. This contrasts with the idea proposed by Leudtke a
Landman and co-workers8,9,25 that the ‘‘microscopic’’ chain
interactions are solely responsible for the observed fcc→bcc
phase transition for alkanethiol-stabilized gold and silv
nanocrystals. However, the lower symmetry bct superlat
formed by higĥ L&/R octanethiol-capped silver nanocrysta
in this study~sample e! is qualitatively consistent with pre
dictions made by Leudtke and Landman and co-workers8,9,25

and seems to indicate that the chain-chain interactions d~at
least partially! affect superlattice ordering. Therefore, th
^L&/R dependence on the fcc→bcc phase transition appea
to result from a combination of ‘‘macroscopic’’ and ‘‘micro
scopic’’ effects, and the capping ligands serve either as sp
fillers, or may contribute to some portion of binding energ
or stabilization energy, of the superlattice. Microscop
probes which could illuminate the chain configurations in
superlattice should provide the needed evidence to show
the chains contribute to nanocrystal ordering.

IV. CONCLUSION

In this paper, a conceptually unique approach to the m
surement ofu(r ) between thiol-stabilized nanocrystals h

FIG. 11. The free-energy difference between the fcc and
superlattice structuresDF fcc→bcc ~d!, calculated as a function o
^L&/R using Eqs.~13!–~15! and the experimentally determined va
ues ofu(r ) for dodecanethiol-capped silver nanocrystals.
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been developed. By incorporating a small size distribution
the nanocrystal sample, condensed films of these particle
not exhibit ordering, and can thus be treated as dense fl
Using SAXS, bothP(qR) and S(q), were measured.S(q)
for the disordered films were used to calculate the pair in
particle potentialu(r ) as a function of the ratio of the cap
ping ligand chain length to the core nanocrystal rad
^L&/R. These calculations relied on the accuracy of the
pernetted chain~HNC! approximation at very high fluid den
sities and any error associated with the use of this inte
equation comes from the fundamental difficulties related
the study of dense fluids, and does not reflect the adeq
of the experimental approach.u(r ) could be modeled using

an expression for steric repulsion derived by de Gennes40–42

for larger particles, but appears to break down for sma
particles, most likely due to the extreme curvature of
nanocrystal surface. All of theu(r ) curves could be fit with
the 6-12 Lennard-Jones potential, indicating a relativ
short-range repulsion for all particle sizes.

The fcc→bcc phase transition was observed for bo
dodecanethiol- and octanethiol-capped silver nanocrysta
^L&/R50.60. The octanethiol-capped silver nanocrystals
hibit bct packing at̂ L&/R.0.66. The experimentally deter
mined values ofu(r ) were used in conjunction with a simpl
model for DF fcc→bcc, which predicted the fcc→bcc phase
transition to occur at̂ L&/R50.65. This value correspond
quite closely to the experimental values observed in
study, as well as the values measured by Whetten
co-workers.8,9 In short, it appears that the ‘‘macroscopic
attraction between particles and the ordering entropy in
superlattice are certainly important to the superlattice st
ture.
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