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Nanocrystal Arrested Precipitation in Supercritical Carbon Dioxide
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Fluorocarbon-coated silver, iridium, and platinum nanocrystals ranging in size from 20 to 120 A in diameter
are synthesized in supercritical (sc)-£8y arrested precipitation from soluble organometallic precursors.
The synthesis is performed in a single gihase by reduction with Hat elevated temperatures ranging from

60 to 100°C. Precursor degradation and particle nucleation occur in the presence of stabilizing perfluoro-
octanethiol ligands, which bind to the surface of the metal agglomerates and quench particle growth. The
ligands are sulfficiently solvated by G@ provide a steric barrier to uncontrollable aggregation during synthesis.
The particles redisperse in acetone and fluorinated solvents. The dominant mechanism to particle growth is
through cluster agglomeration followed by ligand passivation, leading to self-similar size distributions with

a standard deviation a£47%. Additionally, the nanocrystal size is tunable with precursor concentration,
with higher precursor loadings resulting in larger nanocrystal sizes.

Introduction than those of hydrocarbon solvents, which makes it more like
a fluorocarbort3-16 Thus, the key to stabilizing C&based

Nanocrystals, 26100 A in diameter, exhibit unique size- colloidal dispersions of orgariit and inorganic solid$® and
dependent optical, catalytic, magnetic, and electronic properties ) ) ) ) !
P bt yi gnet IC propert water-in-CQ microemulsiong? has been the design of surfac-

compared to their bulk counterparts and could enhance avarietyt ts with suitable “CGophilic” lecul " id
of technologies including coating, environmental, chemical ants with suitable “C@philic” molecular groups to provide

processing, medical, electronic, and sensing applicatiohs. :hﬁ stfenc barrlelr tc;l aggregaflotn. SulrliaCtamS W&th {rl]uorm?]ted
Arrested precipitation has proven to be one of the most ais, lor example fiuoroacrylales, alkanes, and etners, have

successful approaches for synthesizing nanocrystals in this sizdroven to be highly effective, as the weak van der Waals forces

range. This wet chemical synthetic method relies on organic ar%cons!dsten.tl Wegg' th(cj)se gf QO ificka tal
ligands to passivate particle surfaces during growth to provide tffe'? y('i Siv tan. %a mium su II' narotchrys als V\t/ere
size control and colloid stabilizaton. Supercritical fluids (SCF) synthesized in water-in-Gnicroemulisions. In these systems,

offer potential advantages over conventional solvents for arrested'" caln_be ch_f#:entg_mg to r%lzover the ;t)_arulgles fromththe Tflcrto- ;
precipitation synthesis and nanocrystal processing: they exhibit EMuIsions without irreversibie aggregation because the surfactan

characteristics of both liquids and gases, with sufficient densities ISI noﬁ che(;ntlﬁaltly bound tto Ithe nanodcryi';]al sutr_fél?lcsflrah_et ted
(and thus solvent strengths) required for ligand solvation, but al. showed that nanocrystals capped with partially Tiuorinate

with much lower viscosities and higher diffusivitiésSCF thiols (synthesized in an acetone/water mixture using a modi-

density can be altered through modest changes in pressure angcation of the biphasic synthesis developed by Brust and co-

temperature. The solvent density strongly influences the interac-‘él\’.orlfgrgz)3 illitﬁ)ersi n botth dl|qU|d_ f?‘t”‘:. supr)]ercrglcal c?rképn d
tions between surfactant tails and solvent molecules that are®'0X!9€ ough arrested precipitation has been studie

directly responsible for steric stabilizatién] making SCF extensively in conventionql organip solvents,. we have utilized
solvation characteristics highljunable Indeed, lattice-fluid NS @pproach to synthesize sterically stabilized monolayer-

theory8® Monte Carld® simulation, light scattering and pr(:ected nanocrytstals_ mfé(ﬁ;}r the first t|me(.j ted
neutron scatteririg have confirmed that colloid steric stabiliza- . . ere, we report a singlé-pnase sc Q@l_s_e_ arrested pre-
tion in supercritical fluids varies with solvent density. A tunable cipitation synthesis of silver, platinum, and iridium nanocrystals,

SCF solvent could provide reversible stabilization and desta- 20-120 A n diameter. Hydrogen is used to reduce an
bilization of colloidal dispersions, which could improve many organometallic precursor (silver acetylacetonate (Ag(acac)) for

aspects of nanocrystal processing, such as size-selective Separg_xarr}ple)_ln the presence of pe_rfluorooctanethlol, a-Phlic
tions, synthesis and self-assembly. capping ligand. The thiolate binds to the nanocrystal surface

Compared to other supercritical fluids, carbon dioxide §CO and_carbon dioxide solvates the partially fluorinated hydr_ocarbon
offers a variety of attractive features. €@ nonflammable, chal_ns. The _monolay(_ar of a(_JI_sorl_)ed ligands surrounding each
essentially nontoxic, and environmentally benign, and its low part!cle provides steric stabilization of the nanqcrystals. The
critical temperature and pressure of 3C and 71 bar, partlples can be col.lected .an.d. redispersed n ac.etone or
respectively, are easily accessible. There are, however, signifi-.ﬂuo”nf’lted _solvents without S|g_n|f|cant aggregation or increase
cant challenges in using sc-G@or arrested precipitation of N part!cle size. Recently, _Watklns and cq-workers shqwed that
nanocrystals. COhas a low polarizability per volume (and reduction of organometallic precursors with hydrogen in carbon

T ) ) . ISRy
refractive index) resulting in far weaker van der Waals forces dioxide leads to highly uniform thin metal filn?:

Experimental Section
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Injection TABLE 1
Pump precursor thiol/precursor av nanocrystal
. concn ratio temp diameter stddev %
I 09[/ }%O(i ul exp (mM) (mol/mol)  (°C) A (A) stddev
10

Iniecti A 1.8 14.9 60 39 18 46

njection B 22 10.3 90 26 11 45

C 2.9 8.2 70 50 23 45

D 3.4 6.0 80 57 33 57

E 3.4 5.7 90 55 27 49

F 3.4 6.0 100 59 31 52

800 i G 36 5.8 70 56 22 40

Hvdrogen H 3.9 6.4 70 69 34 49

Variable | yarog I 49 11.0 70 107 40 38

Volume njection

View Cell Loop point-to-point resolution operating with a 200 kV accelerating

voltage and GATAN digital photography system. TEM images
were obtained by depositing the nanocrystals on 200 mesh
carbon-coated copper grids. Particle size and size distributions
were determined usingcion Image for Windowsoftware. At

least 400 nanocrystals were measured for each sample. Energy-

platinum nanocrystals were synthesized using (methylcyclo- dispersive X-ray spectroscopy (EDS) was performed in situ on
pentadienyl)(1,5-cyclooctadiene)iridium(l) and dimethyl(1,5- a JEOL 2010 TEM equipped with an Oxford Link 1SIS EDS

cyclopentadiene)platinum(ll), respectively (Strem Chemicals, ;
Inc.). A thiolated fluorocarbon molecule, H11H,2H,2H— Instrument.
perfluorooctanethiol (Oakwood Products Inc. yCoHASH),

was used as the stabilizing ligand. Carbon dioxide (purity ~ Results

99.99%) (Matheson Gas Products) and hydrogen (purity Silver nanocrystals were synthesized in sc,®@ reducing

99.999%)_ (Praxglr, Inc.) were used as recelv_ed. All reactions Ag(acac) at elevated temperatures in the presence of hydrogen
were carried _out in atemper_ature-contro_lled stamless s_teel, high-3nd perfluorooctanethiol (see Table 1). The reaction proceeds
pressure variable volume view cell equipped with a piston and \yith hydrogen aiding Ag(acac) reduction to silver, followed by
a sapphire window in the front and an inside diameter of {he formation of silversilver bonds in nucleated clusters of
1.75 cm. silver atoms. The reaction temperatures listed in Table (60
In a typical experiment, 5:916.0 mg of Ag(acac), was loaded  100°C) are significantly lower than those typically usedl@0
into the reaction cell with a working volume (volume with piston  °C) for chemical vapor deposition of metal films using similar
in cell) of 27 mL. The cell was sealed and filled with-148 precursorg’ The reactivity at low temperatures is a manifesta-
mL of CO; at 138 bar and 20C. The cell was then pressurized  tion of the very high solubility of hydrogen and organometallic
to 276 bar with carbon dioxide on the backside of the piston, precursors in C@%2° Perfluorooctanethiol provides steric
using a Dionex model 501 Computer Controlled Syringe Pump, stabilization and particle size control by binding to the surface
and heated to the reaction temperature with heating tape attache@f the growing silver particles. Nanocrystals ranged from 26 to
to an Omega CN76000 temperature controller. The precursor107 A in average diameter, depending on the precursor
does not decompose under these conditions. Fluorinated thiolconcentration (see discussion below). Figure 2a shows a rep-
(162—-324 mg) and hydrogen (6.22 mg) were simultaneously resentative TEM image of the silver nanocrystals synthesized
introduced into the reaction vessel with a high-pressure injection in sc-CQ. Although the particle size distribution was relatively
pump through two six-port rotary valves positioned in series broad with standard deviations about the mean diameter of
(Valco) with attached sample loops. A schematic of the +47%, extended regions of hexagonal close packing could still
apparatus is shown in Figure 1. The reaction temperature waspe found in the sample without size fractionation, as seen in
verified with a thermocouple inserted into the reaction cell, and Figure 2b. As revealed in the high-resolution TEM image in
the pressure was held constant throughout the reaction. TheFigure 2c, the silver nanocrystal cores are crystalline, with the
reaction proceededf@ h toensure completion, although visual {111} lattice planes visible.
observation indicated that the inside of the cell reached its Figure 3 shows the average particle size and polydispersity
darkest after approximately 1 h. After the reaction, the cell was pjotted as a function of initial precursor concentration. Under
cooled to room temperature and depressurized; W& then  the conditions explored for the particle growth experiments, the
vented as a vapor from the top of the cell, leaving most of the ayerage particle diameter depended strongly on the precursor
other components other thar i the cell. The nanocrystals  concentration. As shown in Table 1, the average particle
were collected from the cell using Omnisolv spectrophotometry diameter increases from 25 to 107 A with only a 2-fold increase
grade acetone (EM Science). After collection, the nanocrystalsjn Ag(acac) concentration, thus allowing the nanocrystal size
were precipitated using an antisolvent, heptane, to separateo be methodically tuned with changes in the precursor
unreacted precursor, unbound capping ligands, and undesiregoncentration. The polydispersity, however, remained relatively
reaction byproducts that remained suspended in the supernatanfndependent of the precursor concentration and average nano-
from the nanocrystals. Nanocrystals were then redispersed incrystal diameter with a standard deviation about the mean
acetone for further analysis. The nanocrystals were also dispersgiameter of+47%. Figure 4 shows the average particle size
ible in fluorinated solvents, such &kuorinert brand electronic and polydispersity as a function of temperature for experiments
liquid and 1,1,2 trichlorotrifluoroethane (Freon). D—G. These experiments were done at approximately the same
Characterization. Transmission electron microscopy (TEM) precursor concentration and thiol/precursor ratio. On the basis
images of the nanocrystals were obtained using a JEOL 20100f these results, it can be seen that neither the final particle
high-resolution transmission electron microscope with a 1.7 A size nor the polydispersity is greatly affected by the reaction

Figure 1. Schematic of reaction apparatus.

(Ag(acac)), Aldrich Chemical Co.), with hydrogen at slightly
elevated temperatures ranging from 60 to 2Q0 Iridium and
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Figure 3. Average nanocrystal diameter vs initial precursor concentra-
tion for silver nanocrystals. Error bars correspond to the sample
polydispersity, not the uncertainty of the size measurement tech-
nigue. Nanocrystals synthesized at €D (H), 70 °C (@), 80 °C (v),

90 °C (#), and 100°C (a).
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Figure 4. Average nanocrystal diameter vs reaction temperature for
experiments B-G. Error bars correspond to the sample polydispersity,
not the uncertainty of the size measurement technique.

fluorinated ligands on the nanocrystal surfa&€&he organic

Figure 2. (a) TEM image of silver nanocrystals coated WithFGCoHz- molecu_les maintain_ a separati_on betwe_en the nanocrystals of
SH ligands synthesized in GO(b) TEM image of hexagonally close  approximately 20 A in the TEM images (Figure 2a for example).
packed array of silver nanocrystals. (c¢) HRTEM image of silver The EDS spectra of the silver nanocrystals (Figure 6) confirms
nanocrystal with visible lattice fringes. the presence of carbon, fluorine, sulfur, and silver in the sample.
The interparticle spacing of the perfluorocarbon-coated nano-
temperature. Figure 5 shows the particle size histograms for crystals is significantly larger than the interparticle edge-to-edge
reactions A-l. separation found for silver nanocrystals coated with octanethiol
It is worth noting that the thiol/precursor ratios, which ranged (~10 A):3° Self-assembled fluorocarbon monolayers (FSAMSs)
from 6:1 to 15:1, had little effect on the particle size. The thiol/ have been found to be more rigid than hydrocarbon monolayers
precursor ratios used here are much higher than what is typically(SAMs)*3 due to the bulkiness of the fluorine groups. This
used in conventional solvert§%-32 These experiments were rigidity decreases the ability of the capping molecules to flex
performed in the presence of a large excess of thiol. The largeand bend as two nanocrystal cores come together, which leads
excess of thiol was used to ensure complete surface coverageo larger interparticle separations for fluorocarbon-coated nano-
of the synthesized silver nanocrystals due to the significant crystals.
challenges in stabilizing particles in sc-e@see discussion The absorbance spectrum of perfluorooctanethiol-capped
section). A more intensive study would be required to determine silver nanocrystals formed in sc-G@hows the characteristic
the effect of the thiol/precursor ratio on particle size, which is silver surface plasmon resonance (Figure 7) with a maximum
beyond the scope of this work. absorbance peak at 400 r#fThis spectrum is similar to the
The nanocrystals could be repeatedly redispersed in acetoneabsorbance spectrum of perfluorodecanethiol-capped silver
and fluorinated solvents as a result of tight binding of the nanocrystals synthesized by reducing silver nitrate in an acetone/
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Figure 5. (a)—(i) Silver nanocrystal size distributions for experiments|A
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Figure 6. EDS spectra of silver nanocrystals coated with perfluoro- 325 375 425 475 525 575
octanethiol ligand. Wavelength (nm)

water solutior?® The difference in peak width between the two Eigure 7-t IUVf—ViS gbzortfn(ce s;))egtra of S"};,ef HQHOCWG'IS;;E- 0]
spectra results from a difference in particle size between the \2nocrystals lormed by Aglacac) decomposition in S¢

two sample$# the nanocrystals formed in acetone are slightly %d':aﬁf?r‘]‘sinH’M?;Stgsffe%r;:?éﬁﬂi%é"mg%gﬁgafoé?;ggr?éﬁyo
smaller,d = 55 A, compared to the nanocrystals made i,CO  cetone. (iii) Nanocrystals formed by AgN®eduction in water/

d = 59 A. More distinctly, however, the fluorocarbon-coated chloroform biphasic solution with GH,sSH, dispersed in hexane.
nanocrystals exhibit a much broader absorbance peak than

dodecanethiol-capped silver nanocrystals approximately equalDiscussion

in size. Most likely, the extremely high electronegativity of the
fluorine groups surrounding the nanocrystals gives rise to a
shorter electron mean free path relative to the hydrocarbon-
coated particled®

Iridium and platinum nanocrystals were synthesized using

Steric Stabilization in CO,. Sterically stabilized nanocrystals
must exhibit a repulsive force sufficient to overcome the long-
range attractive van der Waals fordggqw, between particle
cores to maintain stabilit§®-36

(methylcyclopentadienyl)(1,5-cyclooctadiene)iridium(l) and di- ¢ = —

methyl(1,5-cyclopentadiene)platinum(ll), respectively. The reac- vaw 5

tions in both cases were carried out at®and 276 bar. For _A_ 2R + 2R + In( d” + 4Rd )
iridium, the precursor concentration was 3.3 mM and the thiol/ 6|2+ 4Rd d?+ 4Rd+ 4R? & + 4Rd + 4R?
precursor ratio was 7.6:1. In the case of platinum, the precursor (1)

concentration was 3.6 mM and the thiol/precursor ratio was 6.6:

1. Parts a and b of Figure 8 show TEM images of the iridium Equation 1 is valid for two particles of equal radRgnteracting

and platinum nanocrystals, respectively. Like the silver nano- across a medium with an edge-to-edge separatidihe most
crystals, these particles exhibit crystalline cores. important parameter in this equation is the Hamaker constant
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A, which represents the coreore interaction strength. The removing the solvent to enable redispersion. Hexanethiol-capped
Hamaker constant depends on the dielectric constran(d silver nanocrystals, for example, are not easily dispersed in
refractive index ) of the particles and the nature of the conventional organic solvents; therefore, it is not surprising that
solvating medium. The Hamaker constant can be estimated usingperfluorooctanethiol-capped particles with only six fluorocarbons

a simplification of Lifshitz theory’ are not easily dispersed in GQvhich induces even stronger
core—core interactions. In polar solvents, however, the steric
3 _[e,—€)2 3w, (n12 — n22)2 repulsion provided by the chains appropriately reflects the
A=K (2) complete chain length. In acetone and ethanol for example, the
4 €, + € 16\/§(n2+n2)3/2 . . . .
1° "2 1 ) large dipole-dipole interactions between the solvent and the

CH,—CF, group, which carries a substantial dipole moment,
The subscript 1 represents the particles, while 2 represents therovides the necessary solvation properties for redispefion.
solvent r_nediumh is Planck’s _constant and; is th_e maximum Growth Mechanism. Hydrogen decomposes the organo-
electronic ultraviolet adsorption frequency typically assumed metqjlic precursor to metal atoms in the presence of perfluoro-
to be 3x 101°s. Using eq 2, CQinteractions across a vacuum  qcianethiol. Chen et al. describe the mechanism for monolayer-

can be determined by setting andn; to 1. The d.|electr|c protected nanocrystal formation in solution as a three-step
constantblof S|Iyer nanocrg/stfals |g SIZG gepen_dent,khoweverl, aprocess involving nucleation, growth, and passivatfoRor
reasonable estimate can be found by substituting a known va ueexample, silver nanocrystal nucleation occurs as the solution

Iﬁr bu',[k S|Ive|r mteracgn? acfos(j a;hva;:u”um.of 2'??”? reaches supersaturation and continues until the concentration
ese two values are cetermined, the following refaionship Can ¢ o6 atoms falls below the saturation limit. Nucleation

be used to determine the Hamaker constant for silver mteractlonre”eveS the excess free energy in the supersaturated solution.

in COx%7 The nucleation and growth steps must be temporally separated
in order to achieve narrow particle size distributions, and in
Az ~ («/A—n_ «/A_e,a)z () batch systems, rapid nucleation followed by particle growth
typically occurs®4%-42 Once nucleated, the particles may grow
Auzais for the interaction of two silver cores across £81 is by a combination of essentially two different mechanisms: (1)

for silver in a vacuum, ands is for CO, across a vacuum.  reactant diffusion-limited growth (silver atom condensation on
Silver interactions in C@are very strong due to the large existing particles) or (2) core fusion (coagulation). The organic
polarizability of the metal and the extremely low polarizability ligands bind to the particle surfaces and halt particle growth at
of the solvent. The Hamaker constant for silver in sc,GD long times to stabilize nanometer-size particles. At long times
25°Cis 1.4 eV, compared to 0.93 eV in acetone. Therefore, relative to the nucleation event, the particle size distribution
silver nanocrystals experience nearly 50% stronger attractionreaches a self-preserving form that depends on the growth

in CO; than they do in acetone. The increased eaere mechanism, independent of the initial size distribution of the
attraction makes nanocrystal stabilization more difficult in,CO  particle nucle#?

than in conventional solvents. _ _ B Figure 3 shows that the average nanocrystal size increases
. Ligand talls.must be well solva.ted to provide steric stabiliza- \yith increasing precursor concentration. To determine if the
tion. The chains must protrude into the solvent to enable the recyrsor concentration affects the particle growth mechanism,
molecular fluctuations that give rise to steric repulsion between hq size distributions (shown in Figure 5) can be plotted in a

particl_es. _Fluorination of the_ hydrocarbon chain induces ligand (¢4yced form to determine whether they exhibit self-preserving
sqlvgtlon in CQ. Th.e repulsive force must overcomdgqy to _behavior*3-%5 Friedlander et al. showed that a convenient
eliminate aggregation; thus, the chain length of the capping gjmiiarity transformation using a nondimensional distribution

ligand is very important for stabilization. In ref 23,:C function, 1(7) = n(v)$/N.2 (wheren(v) is the concentration
perfluorocarbon (§F1:C2H4SH) stabilizing ligands were used, ¢ particllg}é zvith volumer, and ¢/N., is the average patrticle

;’(‘;'tt?]:'t%?gl ﬂ#ﬁgg:fﬁaﬁgsvoeﬁz E)rr']d Z:%:yﬁrtgc:r:gglls d?sdjicr:;gt]volume), can be plotted to compare size distributions between
of nanocr .stals in pure GOIn the gr]esent%tud ngerquorg- different systems. The total number of particds, and total
y P P Y, - volume of particlesp, are calculated using the relationships
carbon molecules (F13CoH4SH) were used to stabilize the N = [ dv andd = do. Fi 9 sh
nanocrystals. These chains were sufficient to control particle = = Jo N(v) dvand¢ = Jg vn(v) dv. Figure 9 showspa(y)
plotted as a function of = vN./¢, the dimensionless particle

growth, and flocculation did not occur during the synthesis. . ) i : .
However, after collection and washing, the nanocrystals would volume fraction. The particle diameter data determined experi-
mentally from TEM were converted to volumes by assuming

not redisperse in pure GOdespite the fact that they could be i X ! >
redispersed in acetone and fluorocarbon solvents and were well-SPherical particles. For all of the samples studiedy) exhibits
capped as observed by TEM. It would appear that the perfluoro- self-sm_ular behavior, which |nd|ca_tes that the precursor con-
octanethiol (eight carbons) is simply not long enough to provide c€ntration does not affect the particle growth mechanism.
redispersibility in CQ. For certain limiting cases of particle growth mechanigniy)

The limited stability with GF13C,H4SH is somewhat unex-  has been calculated and can be compared directly with
pected given that octanethiol has been used successfully toexperimental results. Essentially, two growth mechanisms,
sterically stabilize silver nanocrystals in conventional solvéhts. ~ coagulation and condensation, compete to broaden or sharpen
Consider, however, that it is the fluorinated segment of the the size distribution. Growth by condensation, also known as
ligand that CQ most effectively solvates, not the Gigroups. diffusion-limited growth, narrows the particle size distribution
The fluorinated part of the perfluorooctanethiol ligand is 20% at long times'?46:47 Coagulation, on the other hand, leads to
shorter than in the perfluorodecanethiol ligand. In a sense, thisbroad particle size distributions. Essentially, we are interested
is like capping the nanocrystals with g €hain, which simply in determining the extent to which coagulation and condensation
does not provide sufficient spatial separation (or large enough control particle growth. The high degree of polydispersity seen
low cohesive energy density domains) between the particles afterin these samples (standard deviation of 47%), along with the
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Figure 8. TEM image of (a) iridium nanocrystals coated with
CeF13C:H4sSH and (b) platinum nanocrystals coated withF@EC,-
H4SH.
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Figure 9. yi(n) versusy. Experiments AQ), B (O), C (), D (a),
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log-normal shape of the size distributions, indicate a coagulation-
controlled growth process. Quantitatively, the moments of the
size distribution functiom = rafr, andus = ra/r3 can be used

to determine the significance of coagulative growth relative to

Shah et al.
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Figure 10. 2(n) versusy. Experiments AQ), B (O), C (), D (a),
E (@), F @), G (®), H (a), and | (7). ¥ameory (—) represents the
theoretical coagulation solution.
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condensation. The parametaris the arithmetic mean radius
defined as)ri/N., rs is the cube-mean radius defined as

«3/2ri3/Nm, and ry is the harmonic mean radius defined as
Ne/Y (1/r;). For a monodisperse sampte= r3 = ry, andus =

us = 1. In our case, the average value faris 1.48 andus is
0.82. Values ofu; > 1.25 andus < 0.905 indicate that
coagulation controls growth.

An effective method of comparing size distributions is to
compare the nondimensional distribution functiga(y) = N,/

Ne = f;° ¥i(n) dv. N, represents the total number of particles
larger tharw: N, = /% n(v) dv. In Figure 10,2(1) are plotted

as a function ofy. Again, the data exhibit a high degree of
self-similarity. The theoretically calculated values foi(7) for
Brownian coagulative growth at long times, assuming a particle
sticking probability of 1, are also plotted in Figure 10. The model
calculations agree well with the data apart from a slight variation
in the middle of the size distribution. The data skew slightly to
a higher average volume. The deviation from the model curve
can be interpreted as an indication that the particle sticking
probability is less than 1. Given that the particles, particularly
at long times, are coated with the organic ligands, a sticking
probability less than 1 is expected. Certainly, the sticking
probability must decrease essentially to values of zero in order
to maintain stable particles.

Figure 11 shows TEM images of polycrystalline silver
nanocrystals with multiple misaligned lattice fringes. The
internal crystalline domains possibly relate to the initial particle
nuclei prior to coagulation. It is important to note, however,
that the majority of the particles examined appear to be single
crystals, as seen in Figure 2c. Although one might expect all of
the particles to be polycrystalline in a system dominated by
coagulation, Yacafmaand co-workers recently observed atomic
reorganization and restructuring in gold particles as large as 70
A in diameter after coagulatiof§.In our system, it appears that
crystal planes can realign within the nanocrystal core; however,
the polycrystallinity resulting from the coagulative growth
process persists in some particles.

Conclusions

Fluorocarbon-coated silver, iridium, and platinum nanocrys-
tals ranging in size from 20 to 120 A in diameter were
synthesized in sc-C{by arrested precipitation. These fluoro-
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Figure 11. TEM images of polycrystalline silver nanocrystals coated witRr:6C;H,SH ligands synthesized in GQ(a)—(c) Multiple misaligned
lattice fringes visible in nanocrystal core. (d) Coagulated nanocrystal with partial realignment of crystal planes.

carbon-coated nanocrystals represent the first synthesis ofconstant, independent of nanocrystal size. Nondimensional
nanocrystals in pure GOThe nanocrystals can be redispersed analysis of the particle size distributions showed a self-similar
in acetone and fluorinated solvents. solution, indicating consistency in the reaction mechanisms
Because of the wide variety of available organometallic between the experiments. The log-normal shape of the size
precursors soluble in sc-GOand the large solubility of  distributions, along with the polydispersity of the samples and
hydrogen, many different types of metal and semiconductor the first and third moments of the size distributions indicate a
nanocrystals can feasibly be synthesized. The most effectivegrowth mechanism that is dominated by coagulation between
precursors dissolve easily in GOare stable at moderate the nanocrystal cores. The perfluorooctanethiol capping ligand
temperatures, and must decompose quickly to the base metalised in this study is unable to provide redispersibility in pure
with the addition of hydrogen. If hydrogen cannot reduce the sc-CQ due to its length. The extremely low polarizability of
precursor at moderate conditions, then higher temperatures orsc-CQ results in approximately 50% larger van der Waals
stronger reducing agents become necessary for particle forma-attractions for silver as compared with the case in conventional
tion. The nature of the binding group on the stabilizing ligand solvents. Partially because of this factogF&CoH4SH ligands
must also be considered when applying these methods to othektabilize silver nanocrystals in pure @@uch more effectively
materials. The stabilizing ligand must interact with the solvent than GF;3C,H,SH. In conclusion, the reaction method described
to provide protection against irreversible aggregation and exhibit here provides a pathway to the synthesis of metal nanocrystals

a binding strength weak enough to allow particle growth, yet with unique dispersibility characteristics in an environmentally
strong enough to arrest particle growth in the nanometer size penign solvent.

range.
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