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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” ¢==*12%) nanocrystal dispersion on a substrate. The sample polydispersity pre-
vented the disorder-order phase transitiae., superlattice formatignfrom occurring. Small-angle x-ray
scattering was then used to measure the static structure f&tprsof these disordered nanocrystal films as
a function of the ratioL)/R between the capping ligand chain length to the core nanocrystal radius. The
pair-distribution and direct correlation functions were then calculated from Fourier transformati®&(g)of
This enabled the use of the hypernetted chain approximation to calculate the pair interparticle pafential
The 6-12 Lennard-Jones potential provided reasonable fits to all experimentally determined val(es of
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-cubiéfcc) packing was favored fail )/R<<0.60, and body-centered-cullicc) packing was favored
when(L)/R>0.60. Lower-symmetry body-centered-tetragonal packing was observed for octanethiol-capped
silver nanocrystals witfL)/R>0.66. A simple model employing the experimentally determined values for
u(r), predicts that the fee-bcc superlattice phase transition occurs wiley R=0.65.
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I. INTRODUCTION least one order of magnitude smaller than those possible us-
ing lithographic techniques—there exists little more than an
The ability to assemble organized arrays of semiconducempirical sense of how nanocrystals self-organize.
tor or metal quantum dots with precise control over the dot The material properties that appear to enable nanocrystals
and interdot dimensions is of growing interest since thesdo form superlattices are sufficient steric stabilization pro-
mesoscopic materials often exhibit physical properties thayided by capping ligandge.g., dodecanethiol (H,sSH),
differ from natural bulk materials and could lead to the de-See Fig. 1 and a narrow particle sizeand shapedistribu-
velopment of a diverse set of new technologies, ranging fronion. As the solvent evaporates from the dispersion on a sub-
coatings, electronics, magnetics, separations, and adhesivé§ate, the nanocrystal volume fraction increases, eventually
Recently, several groups have proved that quantum dot stieaching the point where the nanocrystals lock into place.
perlattices can be constructed with tunable nanometer-scaf@ince nanocrystals diffuse rapidly due to their small size,
dot and interdot dimensions by spin-coating dispersions othey can sample a very large number of configurations dur-
sterically stabilized nanocrystals on a suitable substrafe. ing solvent evaporation, and can thus, essentially achieve
This approach has been shown to be quite general and h#gir lowest energy structures. Therefore, both the disordered
been applied to a variety of semiconductor and metal mate-
rials, including y-Fe,0,,1 CdSe?® Ag,>1h1314 oy 46-912
Ag,S,*® and CoO¥®
Fundamental interest in these nanocrystal arrays largely
stems from the unique size-dependent optical, electronic,
and/or magnetic properties of the individual nanocrystals that
result from their small sizé<100 A diameter.® The ability
to condense nanocrystals onto solid supports might further
their characterization by enabling many of the solid-state
techniques developed to study thin films to be applied to the ///7;,///,”\\\1\;
study of nanocrystal properties. These arrays also provide the
opportunity to study collective physical behavior resulting
from interactions between neighboring dots, since interdot
spacings are on the order of only 10 A. In these situations, &‘\x\_
the superlattice structure may significantly affect the physical
properties of the nanocrystal arréfpr example, see Ref)3 FIG. 1. Silver nanocrystal coated with a dodecanethiol mono-
which motivates the need for a fundamental understanding Qfyer. The thiol chemisorbs to the silver surface resulting in the
nanocrystal self-organization. Currently, however—everformation of a hydrophobic shell of alkane chains that prevent irre-
though nanocrystal self-organization is the only provenversible aggregation. The capping layer density determines the in-
method for achieving these structures with dimensions aterparticle spacing in the condensed superlattice.
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a) tive hard-sphere” diameter that encompasses both the inor-
ganic core and the organic capping layeFurthermore, the
dispersion energy between nanocrystals appears to result in a
net weak attraction between particles, particularly in the case

ordered solid of metal nanocrystals which have a high Hamaker constant.
This attraction leads to ordering phenomena qualitatively dif-
ferent from what would be expected for hard spheres: for

F example, the formation of opals of polydisperse gold
,=0.55 nanocrystalg? the ability to control the thickness of nano-
crystal films by varying the solvent polarity;the preferred
> formation of body-centered-cubibcc) superlattices for gold
p nanocrystals with high ratios of capping ligand chain length

to core particle diameté® and negative pressure-area iso-
therms for silver nanocrystal monolayers present at the air-

b) water interface on a Langmuir-Blodgett troutftiThe attrac-
tion also appears to aid the ordering process by pulling

550 S nanocrystals close to their entropically favored high vol-

g;g(?: @] @ ume fractiony lattice position in the superlatticé. There-

fore, in order to understand nanocrystal self-organization, the
fluid fee solid interparticle interactions must be understood.
_ _ Small-angle x-ray-scatteringSAXS) measurements can
_ FIG. 2. () Thermodynamic pressure plotted versus particle den+, po poh the structure of individual dispersed nanocrystals
S|ty as depicted irfb) for a dlsper3|on of hard spheres as calculated[the shape facto?(6)] and the superstructure of condensed
using molecular-dynamics simulationfRefs. 21,22 As solvent nanocrystal arrayithe static structure facto§( )], with the
evaporates from the dispersion the volume decreases resulting D attered x-ray intensity( 8) < P(6)S(6).23821 ,1'4,ze_zqzor
'ncrease‘ﬂ’v’ t.hus 'ncreas'ngf' Whe’? a monodisperse collection noninteracting particleS§(#) =1. But for concentrated fluids
of (fluid) particles reach¢,=0.49, it undergoes the so-called and solidsS(#) # 1 andS(8) reveals the superstructure and
Kirkwood-Alder disorder-order phase transition to an fcc solid. Re-

entrant melting occurs at, = 0.55. A collection of particles with a the degree of orderlng. For an prd_e-red soE(IQ) exhibits
TFatures characteristic of a periodic array with long-range

standard deviation about the mean diameter much above 10% wi o
remain the fluid phaséno ordey, as depicted by the dashed curve order, whereas, featur_es characteristic of_ s_hort-range o_rder
in (a). develop for a dense fluid. A number. of _stf'itlsncal mechamcal
methods have been proposed for liquidssordered fluids
that relate the experimentally measurable quarty) to
L\% , and vice-vers&?°These methods rely on the use of the
pair-distribution functiong(r), and the direct correlation
function c(r), and have been applied to the study of various
supermolecular structural problems, including noble gas
liquids*° ordered diblock copolymer micellé$,and disor-
dered (or amorphous metals for  structural
determinatior’?*® Therefore, the aim of this paper is to

dispersion and the ordered superlattice can be described

ing statistical thermodynamic models of fluids and solids.
The important parameter in these models is the pair inte

action potentiaV;; , between two isolated nanocrystaland

j, separated by a distanceThis parameter is explicitly re-

lated to the free energly of a given phase:

1 ) . o
F=——In > exp — O BVii ||, @ determineV;; using small-angle x-ray scattering in order to
B Ofrr:gﬂggpgse&s i, interactions elucidate its importance to nanocrystal self-organization.

1718 _ The approach adopted was to determifg experimen-
where g=1/kT.7"*" Therefore, withV;; known, the most ta|ly [hereafter denotedi(r)], by performing SAXS mea-
stable structures can be determiregriori by calculating  syrements on dense disordered nanocrystal fluids. Very
F. (It should be noted, however, that even wh¥p is  dense nanocrystal fluids were experimentally accessed by
known, calculatingF is in most cases not trivial and the Condensing a s||ght|y p0|ydisperse nanocrysta| dispersion
study of phase transitions of molecular liquids and solids isonto a substrate. By incorporating a size distribution with a
still an active area of researghizor example, if nanocrystals standard deviation about the mean diameter slightly larger
interact like hard spheres, then the experimentally observeghan the maximum value of10% required to achieve or-
nanocrystal ordering could simply be described as ajering, the ordering phase transition typical for size-
Kirkwood-Alder transition from a disordered fluitlisper-  monodisperse nanocrystals upon solvent evaporation does
Sion) to an ordered SO”C(SUperlattiCé and the most stable not Occur’?4v35 The nanocrysta| film can, therefore' be con-
superlattice structure would be face-centered-cuffiec)  ceived of as a very viscous disordered fluid or as an amor-
(Fig. 2."+'°"??These nanocrystals, however, do not behaveshous solid. Consequently, models developed for molecular

like hard sphere§?1214.23.24 liquids which relateS(6) andu(r) were applied to nanocrys-
The soft organic capping ligand shell occupies a volumeg| systems.

significant compared to the core volume and must be consid-

ered. Some have proposed that very strong interactions occur Il. EXPERIMENT
between stabilizing ligands within the superlatfice® Al-
though this has not been confirmed experimentally, the
chains certainly fill the interstitial space in the superlattice Silver nanocrystals capped with alkanethid;H,,SH
and the nanocrystals pack as “soft spheres” with an “effec-and G,H,sSH) were prepared by arrested precipitation using

A. Nanocrystal preparation and characterization
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standard methods:*3143¢|n a typical experiment, an aque- 3
ous solution of silver iong0.15 g AgNQ in 30 ml pure
watep was added to chloroform containing the phase transfer
catalyst, tetraoctylammonium bromifCgH;,)4,NBr, 2.23 g

in 20.4 ml chloroform. The organic phase was then col-
lected. The silver ions were subsequently reduced with

P (qR), P(aR)S(q)

NaBH, (0.39 g in 24 ml pure watgrin the presence of the -2

thiol (8xX10 3mol). The thiol stabilizes the growing col- 34

loids by binding to the nanocrystal surface and helps to

maintain a relatively narrow particle size distribution. The ; b) |s

resulting colloidal dispersion was washed with ethanol to 204 <} i

remove all the phase transfer catalyst and any unbound thiol. = 151 - 0
The nanocrystal size distribution was narrowed by size & 104 N -3 =

selective precipitation using chloroform/ethanol as the v e

solvent/nonsolvent pafr*''3!4Ethanol was added dropwise ° o ";

to the nanocrystal dispersion until opalesgence persisted. The 00 005 041 045 02 025

opalescence results from the agglomeration of only the larg- o

est particles in the dispersion, which were collected by cen- q (A"

trifugation. A series of precipitations from a single prepara-

tion enabled_ the isolation Qf nanocrystals with qecreaSin%exane-dispersed dodecanethiol-capped silver nanocrystal samples:
average radius. The polydisperse sample was isolated béﬁrve(A) R=41A (+6.8%; curve (C) R=36 A (+14.4%. S(q)

overtitrating the dispersion with polar solvent slightly past_ i, ihese dispersions. CurvéB) and (D) are the corresponding

the endpomt typ'ca”Y used for monodlspgrse Samples- Thﬁormalized diffraction patterris.e., plottingP(qR)S(q)] for these

alkanethiol-capped silver nanocrystals redisperse in a varietyanocrystal samples spin-coated onto mica substrates. ClAyes

of organic solvents, including chloroform, hexane, and tolu-and (C) are offset by a factor of 10ab) Structure factor$S(q)]

ene. determined from diffraction patterri8), (— — —), and(D), (—),
Transmission electron microscogyEM) using a JEOL in Fig. 3a).

JEL-2000 EX electron microscope with a 200 kV accelerat-

FIG. 3. (a) Shape factor§ P(qR)] measured for two different

ing voltage(lattice resolution of 0.14 nm and point-to-point ll. RESULTS AND DISCUSSION

resolution of 0._3 nmwas used to characterize nanocrystfil A. SAXS measurements: The size distribution and
monolayers spin coated ont'o carbpn—coated copper grids. superstructure

Characterization of the organic capping with NMR (using , _

a JEOL JNM-GX270 FT spectrometer at 20°Cand From a collection of hydrocarbon-coated silver nanocrys-

tals, the silver cores can be considered as the sole source of

Galaxy 3000 FT spectrometer with GaRindows, and a the x-ray scattering signal since th_e electron density pllffe_r-_
ence between the alkane capping ligands and hexane is mini-

0.20 mm path length at 20 )Cand elemental analysis, con- mal. The intensity of radiation scattere@), relates propor-

firmed that a close-packed monolayer of alkanethiols Surfionally to the shape factoP(#) and the static structure

round each nanocrystd. factor S(6): 1(6)=P(6)S(6).252 By first measuringP( 6)

for dilute noninteracting particle dispersior,6) can sub-
sequently be determined for concentrated nanocrystal thin
films.

The analytical expression fd?(¢) for a sphere &3’

Fourier-transform infrared spectroscopysing a Mattson

B. Small-angle x-ray scattering

SAXS measurements were performed on beam line 8.2 of
the Synchrotron Radiation Source at the Daresbury Labora- . 2
tory, Warrington, U.K, with monochromatic radiation of P(6)=P(qR)=|3 sm(qR)—ngcos(qR) ,
wavelengthh =1.54 A. Scattered photons were collected on (aR)

a multiwire gas-filled quadrant detector. The scattering angle

was calibrated using an oriented specimen of wet collageW'tE the V‘E’W? vectoc?égzefmeq ?S]:(A'r/ >\)S|n(0t), whletreteh
(rat-tail tendof. The incident radiation intensity was re- IS the scattering ang (qis inversely proportional to the

corded using a parallel plate ionization detector located be(_:haractenstm:i spacing in the systenit=2/q.) For a poly-

fore the sample cell. All experimental data were corrected fo?'sggrgg sample, the size distributiam(R)/ Ny, affects
background scattering, sample absorption, and the positionaﬂq '
alinearity of the detector. o/ n(R

SAXS measurements were collected for hexane-dispersed o n(R) 6

. . . I(q) P(QRIR%dR. 3

alkanethiol-capped silver nanocrystals-5 mg/m) and sil- 0 \ Niotal
ver nanocrystaloptically transparentthin films. The films
were formed by Spin Coating a mica substrate with 0.2 ml OfThe shape of the size distribution must be assumed in order
a 7 mg/ml dispersion of nanocrystals in hexane at room temto calculate the average particle radiRs and the standard
perature(20 °O). deviationg, from the SAXS data. A Gaussian distribution

@
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n(R) 1 _(R_ﬁ)z distinct osciIIation; inP(gR), w_hich t_ypicaI_Iy characterize
= ex 552 , (4) reasonably monodisperse colloidal dispersions. However, the
Motal o y27 o polydisperse sample has not undergone the fluid-solid phase

transition, which means the8(q) may be determined for

was assumed for all curve fits. .
dense nanocrystal fluids.

Curyes(A) and (C.) n F'.g‘ 3@ show P_(qR) measured . The following section presents the experiments in which
from dilute hexane dispersions of monodisperse and polydis-

. . . erl)olydisperse samples were condensed into thin filgis,
perse dodecanethiol-capped silver nanocrystals, respectiv NVos measured. and th erfr) was calculated fron$(q) us-
(1 mg/m). These curves are characteristic of noninteractin ’ q

particles and the position of the maxima in the oscillations ir£11ng available statistical models for fluids.

curves(A) and (C) in Fig. 3(@ correspond roughly to the
average nanocrystal radius, while the intensity of the oscil-

lations corresponds to the size distribution. For exaniplis,
larger for curve(A) than curve(C) ando is smaller. Curves A series of six dodecanethiol-capped silver nanocrystal
such as these were fitted with Eq8)—(4) to determineR samples with differing average core diameters were isolated
and o for all of the samples examined in this stugsee from consecutive size-selective precipitations. The SAXS
Tables | and Il and the associated discussion below patterns of_ t_hese samples dispersed in hexane are shown in
Mica substrates were then spin coated with the nanocryd=i9- 5(@. Fitting Egs.(2)—(4) to curves A—F determined the
tals to form a transparent violet film. Curvé®) and(D) in  values ofR and e listed in Table |.R decreased by approxi-
Fig. 3(a) show the measured values B{qR)S(q) for these mately 3.2 A with each precipitation anglhad an average
films. Since the curves differ from curvés) and(C), itis  value of +13%.
clear thatS(q) # 1. Both curvegB) and(D) show decreased After measuring P(gR), the nanocrystals were spin
scattering at lovg accompanied by distinct peaks at higher coated onto mica substrates. Figuréh)5shows S(q) for
resulting from destructive and constructive interference dughese films. The diffraction peaks cannot be indexed to an fcc
to ordering in the film. Therefore, both samples exhibit somdattice andS(q) oscillates around a value close to 1, indicat-
degree of order. ing short-range order in the samples. Despite the size distri-
The sharp diffraction peaks iB(q) for the monodisperse bution, the first-order diffraction peak shifts predictably to
sample reach values close to fHg. 3(b)] and index to an  higherq with decreasing core size.
fcc superlattice with an interparticle separation of 15.9 A. In  The corresponding radial distribution functiogér), are
contrast, the SAXS pattern for the polydisperse nanocrystailotted in Fig. §a). g(r) indicates the probability of finding
film in Fig. 3(b) displays only two peaks iB(q) with longer  another particle at a distancefrom the center of a central
range oscillations characteristic of liquids, where short-rang@article and is calculated from a Fourier transformation of
ordering occurs due to excluded volume effects. The TEMS(q):2°
images in Fig. 4, compare such ordered and disordered nano- 1
crystal thin films, and establish that the polydisperse nanoc- _ C1\e
rystals pack as an open network, which is clearly different g(r)=1+ 2 2pr j a(S(q)~Dsin(gr)da. ®
from that of the h|ghly compact hexagonal close—packedl.he particle number densify, was estimated by assuming a
monolayer formed with monodisperse nanocrystals. Further- . ; o 35
. : . . closest-packed disordered fluid witth,=0.68>> Without
more, the broad diffraction peaks exhibited by the polydis- —r i R v = 3
perse sample cannot be indexed simply as an fcc lattice witRonsidering the size distributiorp= ¢, /[ 3 7(R+ 6/2)°].

a large positional distribution. The denominator represents the volume occupied per par-
The SAXS data in Fig. 3, corroborated with the TEM ticle, which includes the portion of the capping ligands that
images in Fig. 4, indicate that the structures of the condense¢eep the nanocrystals separated in the film. The effect of the
films formed from monodisperse and polydisperse samplesize distribution orp was accounted for in the calculations

are qualitatively different. It should be noted that the differ-by assuming a Gaussian distribution, usifiy and &
ence in size distribution between these two samples is only13.9 A (discussed belowas determined from the SAXS
7.6%. The polydisperse samples=t +14.4%) still exhibit measurements:

B. Disordered dense nanocrystal films

TABLE I. Average size and size distribution for the polydisperse dodecanethiol-capped silver nanocrys-
tals determined by fitting Eq$2)—(4) to the SAXS data in Fig. ®) for hexane dispersions. Also shown is
the film density calculated using E) and the best-fit parameters fo(r) in Fig. 8.

p
Sample R (R) o (1P A~9) oy A) e (KT) A (eV) Ssam
A 36 5.214.4% 0.8 80.0 5.6 7.8 15
B 33 4.112.4% 1.1 74 4.6 7.8 15
C 29 3.512.1% 1.6 67 2.5 7.8 15
D 25 2.510%) 2.5 68 2.7 7.8 13
E 23 3.113.5% 3.2 60 1.3 3 10
F 20 3.517.5% 4.7 52 0.9 15 7
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1 _
f exd — (R—R)?/20?]dR

o\N2m

p=0.68

8 : (6)
.fﬂlmvg;kmq—(R—ﬁf&aﬁ}xﬂ4ﬂ$(R+&aﬂdR

This number density represents an upper limit and affects After calculating the correlation functions from experi-
only the magnitude of(r). Estimatingp using a lower limit  mentally measured values &{q), u(r) was calculated us-
of ¢,=0.55, which is representative of the reentrant meltinging the hypernetted-chaifHNC) approximatiof®2°
for hard sphere& increases the maximum value gfr) by
~8% at most.
The regular oscillations occurring @(r) indicate liquid- Bu(r)=g(r)—1—c(r)—In[g(r)]. €)
like structure. Some evidence of longer-range structural or- L . .
der occurs in samples A and D in Figap with the second The '__'NC approximation was chosen since it appears to best
and third peaks slightly coupled as might be found in a neardescribe the properties of dense fluids, such as the one-
fcc crystaf® or a glass® However, the values of the maxima omponent plasm. Figures 7 and 8 show(r) calculated
of g(r) are very low, indicating a low coordination for the nanocrystal fluids examined in Figs. 5 and 6. An

number?82%g(r) for the other samples oscillates as expectecfiiractive energy minimum appears for all core particle di-
for fluids. The first peak img(r) in Fig. 6a) corresponds to ameters. This attraction decreases with decreased particle

the center-to-center interparticle distance. The surface-t> 28 @S expected for a series of particles capped with the

surface interparti i same ligands™**

particle spacing@) between these nanocrystals . . .
does not depend on particle diameter and has an average One estimate ofi(r) for these sterically stablllze_:d hanoc-
value for the six samples of 13.9 A. This value is slightly ystgls IS th? ng of the van der Waals attraction and the
less than the average interparticle spacing measured betwed¥ "¢ repulsiort’
dodecanethiol-capped  silver nanocrystals in  fcc
superlattices™* The smaller interparticle spacing in the U(r) = Egerict Evaw - (10)
fluid results from the lower coordination between particles
which forces the capping ligands to fill more space, thusg
decreasing the “screening length” between particles.

By using the theories developed for molecular liquids
u(r) was calculated frons(qg). In a liquid, many-body ef-
fects are important and must be accounted for when relating
u(r)—for two isolatedspecies—to the liquid structure mea- perse dodecanethiol-cappe€,f) (samples i—y and octanethiol-
sured using SAXS. Correlatlo_n functions have been _devel(-:apped Cs) (samples a-jesilver nanocrystals determined by fitting
pped to relateu(r) to the potentla! felt between two particles Egs. (2—(4) to the SAXS in Figs. @) and 1Ga). The fcc dyy
in the presence oN-2 other particlesy(r). The total cor-  spacing, the center-to-center distai@eand the interparticle spac-
relation function,h(r)=g(r)—1 can be decomposed into ng 5, determined for the corresponding superlattices by indexing

direct and indirect contributions;(r) and y(r), respec- the diffraction patterns in Figs.(§) and 1@b), are also shown.
tively, using the Ornstein-Zernike equation,

stericcan be calculated using the expression developed by de
Gennes for a tightly packed monolayer in a good
'solvent?0-42

TABLE Il. Average sizes and size distributions for monodis-

Sample R (A1) o dig (A) cA) s@A)
i 41 2.86.8% 84.8 97.9 15.9
h(rqp) = y(r12)+c(r12)=c(r12)+pf c(ryg)h(rqz)drs, ii 385 2.717.0% 77.2 89.1 121
7) il 35 3.2(9.1% 73.6 85.0 15.0
iv 315 3.310.5% 68.5 79.1 16.1

where the subscripts denote the species in the fuithe v 29  3.311.4% 101.8 722 1R

Fourier transformations ofh(r) [H(q)=S(q)—1], the

Ornstein-Zernike equation[lgl()q)[= C(Z?()q)Jr;()qC)(q)l}l(q)], a 25 3012'02/@ 511 59.0 9.0
andc(r) [C(q)=pSc(r)e'? dr], can be employed to cal- b 22 2.311.4% 48.0 5.4 114
culatec(r) from S(q): 8% c 21 2411.4% 46.5 53.7 117
d 20 2.412%) 72.8 51.8 119
e 18 1.79.4% a=57.4,c=70.0 49.6 13.6

1 S(@)—1) .
c(r= 4pr J q( )Sln(qr)dq. ® 4,0 for a bee superlattice.

S(q)
bCalculated by indexing the first peak in Figh®as bc€110).
Figure b) showsc(r) calculated for the dense nanocrystal °Dimensions of the body-centered-tetragonal unit cell determined
fluids examined in Figs. 5 and(®. c(r) varies more by indexing the diffraction pattern in Fig. if).
slowly with r thang(r), as expected. “The closest nearest-neighbor distance in the bct superlattice.
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FIG. 4. TEM images of dodecanethiol-capped silver nanocrys-
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FIG. 5. SAXS measurements of polydispe@g-capped silver
nanocrystals{a) P(QR) measured from a hexane dispersion, and
(b) S(q) measured for spin-coated thin films on mica substrates.

The Lennard-Joned.J) potental
7| ”_(7u|®
r r

u(r)=4e , (12

tals condensed onto carbon substrates showing the difference in

superstructure betwedn) an ordered monodisperse samgle); a
disordered polydisperse sampgample iii and b in Table II, re-

spectively.

100R3gy

Egeric™ ————m e
steric (C _ 2R) ’7T0't3h|0|

— 7(C—2R)

can also be used as an estimateu@f). In Eq. (12), o is
the effective hard-sphere diameter anid the magnitude of
the attractive minimum.

Figure 8 shows the experimentally determined values of
u(r) fit with Egs. (11) and(12). Apart from the oscillations
in u(r) in samples A-C, the LJ potential adequately fits the
shape of every interparticle potential curve. The correspond-
ing values ofo| ; ande are shown in Table I. The oscillations

Esteric depends on the area occupied by the thiol on the parmay be an artifact of the Fourier-transform method, or they
ticle surface ool (oio=4.3 A for dodecanethiol on silver may actually be present, as has been found in liquid m&tals.

nanocrystal¥), the length of the capping ligand8say,

Neither Eq.(10), nor the LJ potential, can account for these

[where dsay is taken as the brush thickness of a self-pscillations inu(r). The most significant deviations between

assembled dodecanethiol monolayer, 15Hef. 43], and

the measured values afr) and the model curve fits occur

the particle radiuR. The strength of the vdW attraction is at lowr as the effective hard-sphere diameter is approached.
material dependent and depends on the value of the Hamakghis may be due to the particle size distribution in the

constantA, and can be calculated using the expres$ion

A 4R?

Bvw= " 15| cr—are

samples, which would tend to broaden the energetic mini-
mum in u(r). Since a small amount of polydispersity also
occurs in the “monodisperse” samples that crystallize into
superlatticegcompare+8% to +14%), we have neglected
the effects of this size distribution om(r); therefore, the
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a) 6
4.0 4t
3.5 | A —~
}_
3.0 L N e i
2.5 L s e B >
= E D
o 2.0 L ] e
1.0 | S F
0.5
0 Lo FIG. 7. The pair-interaction potentialr), calculated using the
0 100 200 300 400 HNC approximation. Curves A—F correspond to samples A—F in
r (A) Table | and Figs. 4 and 5.
The range of the repulsion is apparently quite short range
b and can be modeled asREP. Interestingly, the repulsion
) cannot be modeled with a long-range potential like the
screened Coulomb potential. Using Eq$0) and (11), the
steric repulsionE i 1/R?, is even shorter range than the
- LJ repulsion and predicts behavior closer to that of hard
= A spheres. The experimentally observed formation of bcc
S -~ phases of condensed nanocrystal arf&isowever, does not
'c% ) support hard-sphere behavior and in Fig. 8 it appears that Eq.
g (10) does not model the repulsion accurately for small nano-
e crystal core radii. As mentioned above, the smaller nano-
crystals have an extreme radius of curvature and the assump-
tion of a tightly-packed monolayer is unlikely to hold.
FETE NWREN BWEES FUUEN PRV S TEe NN W awe . . .
0 100 200 300 400 T.he importance of the sqlvent with respect to.the inter-
f(A) particle potential cannot be ignored. The interparticle poten-

tials in Figs. 7 and 8 have been determineddor films. The
steric stabilization between nanocrystals dispersed in a good
FIG. 6. (a) Radial distribution function anb) the direct corre-  golvent, such as hexane, would be stronger than observed for
lation functioq plotted for samples A—F in Table |. The curves aregjr (a poor solvent Therefore, the unexpectedly high values
offset for clarity. for the best fits ofA might be attributed as an overcompen-

sation for unreasonably high estimates Ef,. calculated

model fit parameters represent “average” values for ausing Eq.(10), since it is valid only for good solvents. The

sample with the given size distribution and average particle?nteractions between particles in the dry film, however, are
radius. , ,

A val fSer 15 A initiall d for all fits and the important values to know in order to determine the film
h bvatue IO ](3/)’5\\"_ Z 8W6$fmltlﬁ yl use ort.al s ak? h structure*? In the following section, the usefulness of the LJ
€ bestvalue loawas 7.5 €V Tor the farger particles, whic .parameters determined from the fitsugf) in Fig. 8 will be

IS ?bgl]{t fourldtlmes grea}[telr .thfm ﬂf‘ value of 1.§5dev eZt"demons;trated by calculating the critical value{afy/R for
mated for gold nanocrystals interacting across a hydrocarbof) . ¢ e phase transition.

layer? For samples A—C, Eq$10) and(11) model the po-
tential quite accurately with these values ¢, and A. ) o _ )
However, the attractive minimum appears to shift closer to C. Solids: Prediction of superlattice packing
the particle surface with decreased particle diameter, which The superlattice structure has been found by Whetten and
is counter to what would be expected from E0) using a  co-worker§® to depend on the ratio of the capping ligand
constant value oBsay=15A. In order to fitu(r) for the  chain length(L), to the metal core radiuR Nanocrystals
particles withR<25A using Eq.(10), the values ofdss,  With small(L)/R favor fcc packing as would be expected for
and A decreased significantly. hard spheres, whereas increaged/R eventually results in
The apparent decreasedgyy, for smaller particles might bcc structures. Charge-stabilized colloids analogously favor
be explained in terms of the very high curvature of the parfcc phases under conditions of high charge screening and bcc
ticle surface: even though the thiol “headgroups” are closephases with low screening and large interparticle
packed on the particle surface, the chains have a significaseparation&>*® and qualitatively similar behavior has been
amount of freedom further from the particle surface and canfound for diblock copolymer micelles in which increased
not be considered close-packédlhe greater the curvature, ratios of coronal shell thickness to core radius results in an
the smaller the chain density and therefore, the lower thécc—bcc phase transitiott:*’ For the charge-stabilized col-
relative stabilization. loids, it has been shown thai(r) is the factor that often
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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 wijtid.J12)]; and

the curve fit using Eqg10) and(11) usingA=300 kT andésay=15 A are labeled as S. The best fit valuesAoand Ssuy, listed in Table
Il. The LJ parameters ; ande are shown in Table | for samples A—F.

determines the preferred phase in these systems. For hardds clearly display a phase transition from fcc to bcc to bct.
sphere potentials, the fcc phase is always preféréd, Estimating the fully extended lengttiL), of the saturated
whereas the bcc phase may form under certain conditionsydrocarbon chain witm atoms a¥

whenu(r) has a longer range repulsive component, like the

Yukawa potential or the inverse power potential” with (L)=(0.154+0.1265) nm, (13
n<6.5%-51n contrast, little is understood about the effect

of u(r) on the ordering behavior afterically stabilized col-  the critical values of L )/R for the fcc—+bcc phase transition
loids since the repulsive potentials between particles argvere determined to be 0.59 and 0.60 for dodecanethiol- and
seemingly too short-ranged to allow bcc orderthdror ex- octanethiol-capped nanocrystals, respectively.

ample, density-functional theory witl(r) values predicted The progression from fcc to bcc to the more open bct
using self-consistent field calculations, failed to predict thestructure with increasinl)/R agrees exactly with what has
fcc—bcc phase transition for diblock copolymer miceffés. been observed by Whetten and co-worRérsr alkanethiol-
Therefore, in the following section, the measured values oftabilized gold nanocrystals, and the value(bf/R=0.6
u(r) for the nanocrystal systems will be utilized to provide determined in this study lies well within their proposed pack-
insight into the fundamental nature of the febcc phase ing limits for the bce phase: 0<4(L)/R<1.0° However, the
transition. observed values dfL)/R are slightly less than the approxi-

A series of size-selected monodisperse dodecanethiol- anlate value of 0.70 determined by Whetttral 8° The value
octanethiol-capped silver nanocrystals were isolated andf (L)/R=0.6 determined from the data in Figs(b® and
condensed into thin films on mica substrates. Table Il Rsts 10(b), however, represent a lower limit since the (110)
ando for these samples determined by fitting E@®—(4) to  diffraction peaks for samples iv and d show a small degree of
the P(qR) profiles measured from dilute hexane dispersiongpeak splitting, which may indicate a mixture of some fcc
shown in Figs. €a) and 1@a). The average radii differ be- ordered nanocrystals in the bcc phase. However, decreasing
tween preparations by approximately one lattice plane. Théhe core radius of the octanethiol-capped nanocrystals further
size distributions have on the order of+10% or less. (sample ¢ gave a distinct superlattice pattern that could only

Figures 9b) and 1@b) show the SAXS patterns for the be indexed to a body-centered-tetragotiait) phase with a
condensed nanocrystal films. The diffraction patterns for théattice asymmetrya/c=1.2. (L)/R=0.66 for this sample
larger particles index as fcc superlattices. As the core diamand represents arpperlimit for (L)/R for a fcc—bcc phase
eter was decreased, the lattice spacing decreased correspotransition for the nanocrystals prepared in this study. Inter-

ing to R as shown in Table II. The interparticle separation in€Stingly, the critical value ofl.)/R=1.5 determined by Gast
the superlattices remained constant irrespective of the co@d co-workerS-“*for diblock copolymer micelles is much
particle size, with values of 15 and 11 A for the different than the values measured for nanocrystals. How-
dodecanethiol- and octanethiol-capped nanocrystals, respe@Yer, estimating a value fdt) as the interparticle spacing in
tively. The separation of 1.25 A/GHmeans that the inter- @ charge-stabilized colloid array(L)/R~0.8 for the
particle spacing could be tuned with a resolution of less thaficc—bcc phase transition for these colloffsyhich interest-

2 A. Below a critical particle size, the diffraction peak posi- ingly compares quite closely to the critical value (@f)/R
tions change and no longer index to an fcc lattice. The smallmeasured for sterically stabilized nanocrystals.

est dodecanethiol-capped nanocrystals appear to form a bcc The values olu(r) measured in the previous section can
lattice. This structure, however, cannot be unambiguouslye used to calculate the difference in free energy between the
assigned since some splitting in the first-order diffractionfcc and bcc phaseSFi.._.c. The free energy of the super-
peak is evident. However, the octanethiol-capped nanocrydattice is a function of the kinetic energy, the binding energy,
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FIG. 9. (@ P(gR) measured by SAXS for a series of .
dodecanethiol-capped silver nanocrystals dispersed in hexane after FIG. 10. (8 P(qR) measured by SAXS for a series of

size selective precipitation. The curves are offset by a factor of 10(1).ctanethioll-cappeq .silv.er nanocrystals dispersed in hexane after
whereP(q=0)=1. The average particle radius shrinks by approxi- size selective precipitation. The curves are offset by a factor of 10,

mately one atomic shell per size selection si@p.SAXS patterns whereP(q=0)= l The average particle_radius shrinks by approxi-
for nanocrystal thin films spin-coated onto mica substrates. Thénately one atomic shell per size selection st SAXS patterns

corresponding average particle diameter dagd spacing are listed for nanocrystal thin films spln cpated onto mica .substrat.es. The
in Table II. corresponding average particle diameter dpgd spacing are listed

in Table Il.

and the entropy in the latticedF¢. .. can be expressed with u(r) that can be modeled with a screened Coulomb
solely in terms of the differences in binding eneyi, and  potential in which the fcc phase is favored with high screen-

entropyAS, ing, and the bcc phase is favored for low screeriirg, the
Wigner lattice*>9), the sterically stabilized nanocrystals with
AFec b= AE—TAS, (14 the experimentally determined shorter range repulsive poten-
since the kinetic energy term cancéls. gﬁlaséealv%/fgs energetically favor the higher coordination

The binding energy, for the two superlattice structures

can be calculated explicitly using the LJ parameters listed in The entropy d|ﬁer§nce betwegr_l the two phases can be
Table 153 estimated by expanding the partition function, assuming a

harmonic system with ¥ degrees of freedom at tempera-
o\ 2 oL\ 8 tures above the highest normal mode frequend&ys
) 5( ) } (15  =3NkIn(wg/wg).*®° FriedeP” has argued that the ratio of
the effective “Einstein frequencies,vg/wg, can be esti-
wherer is the interparticle spacing in the lattice aAd de-  mated with a nearest-neighbor central force model to give
pends on the crystal structure. For the 6-12 LJ potentialA S, ,,.c=0.6INKT. Therefore, the entropy difference al-
Al 1e=12.13, Agp pe=9.11, Agpe=12.25, Ag o= 14.45%  ways favors the more open bcc structure.
The difference in the binding energy per nanocrystal be- Figure 11 showsAF.. e Calculated as a function of
tween the bcc and fcc phases gives the energy differengd )/R using the experimentally measured LJ parameters
AEfc_pee- Unlike the case for the charge-stabilized colloidslisted in Table I. The size polydispersity in these samples

U=2¢

Alz( e ;
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1.0 been developed. By incorporating a small size distribution in
0.5F Pec the nanocrystal sample, condensed films of these particles do
0 OE e * not exhibit ordering, and can thus be treated as dense fluids.
AF E J .\\ Using SAXS, bothP(gR) and S(q), were measureds(q)
Jeesbee 0.5 fee for the disordered films were used to calculate the pair inter-
(kT) -10f , Ghenmoe particle potentiali(r) as a function of the ratio of the cap-
A5E e ping ligand chain length to the core nanocrystal radius
5.0 Bttt ' (L)/R. These calculations relied on the accuracy of the hy-
02 04 06 0.8 1.0 pernetted chaifHNC) approximation at very high fluid den-
< L) / R sities and any error associated with the use of this integral

equation comes from the fundamental difficulties related to

FIG. 11. The free-energy difference between the fcc and bedh€ Study of dense fluids, and does not reflect the adequacy
superlattice structureAF. p.c (@), calculated as a function of Of the experimental approach(r) could be modeled using
(L)/R using Eqs(13)—(15) and the experimentally determined val- an expression for steric repulsion derived by de Getthés
ues ofu(r) for dodecanethiol-capped silver nanocrystals. for larger particles, but appears to break down for smaller

particles, most likely due to the extreme curvature of the
was not accounted for in the calculatiofisAs (L)/R in-  nanocrystal surface. All of the(r) curves could be fit with

creases, the tendency to form a bce superlattice increasgge 6-12 Lennard-Jones potential, indicating a relatively
until a critical value of(L)/R~0.65 is reached. Fo{L)/R short-range repulsion for all particle sizes.

=0.65, the bcc phase is most stable. This is surprisingly The fccbcc phase transition was observed for both

close to the value determined experimentally by both oury ; ; ;
8.9 ~dodecanethiol- and octanethiol-capped silver nanocrystals at
gt?grﬁ’saﬂdw\gv&gttae'&teﬂr thgt](?triotrﬁé ??nsa?c?rssr::;h?cs’?act?rlgg- (L)/R=0.60. The octanethiol-capped silver nanocrystals ex-
’ bp P hibit bct packing afL)/R>0.66. The experimentally deter-

tive and entropic forces that drive the fetdcc phase transi- ined val i qi nci ith a simol
tion. This contrasts with the idea proposed by Leudtke andninéad vaiues o (r) were used in conjunction with a simple
model for AF;.._.nee; Which predicted the fecebcc phase

Landman and co-worket$?°that the “microscopic” chain ! !
interactions are solely responsible for the observed-occ ~ transition to occur atL)/R=0.65. This value corresponds
phase transition for alkanethiol-stabilized gold and silverduite closely to the experimental values observed in this
nanocrystals. However, the lower symmetry bct superlatticStudy, as V\ée” as the values measured by Whetten and
formed by high(L)/R octanethiol-capped silver nanocrystals CO-workers>® In short, it appears that the “macroscopic”
in this study(sample &is qualitatively consistent with pre- attraction between particles and the ordering entropy in the

dictions made by Leudtke and Landman and co-woRdets superlattice are certainly important to the superlattice struc-
and seems to indicate that the chain-chain interactiongto ture.

least partially affect superlattice ordering. Therefore, the

(L)/R dependence on the feebcc phase transition appears

to result from a combination of “macroscopic” and “micro-

scopic” effects, and the capping ligands serve either as space

fillers, or may contribute to some portion of binding energy, ACKNOWLEDGMENTS
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