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Ge nanowires seeded from Au nanoparticles capped with fluorothiolate ligands were synthesized
in supercritical carbon dioxide (sc-CO2) by the thermal decomposition of diphenylgermane (DPG) at
a temperature of 380 �Cand a pressure of 25.7MPa. Both perfluorinated and semifluorinated capped
Au nanoparticles acted as effective catalysts for growing Ge nanowires, with mean diameters of
11 nm (σ = 2.8) and 14 nm (σ = 3.5), respectively. The mean diameter of the Ge nanowires grown
from the fluorous-capped Au nanoparticles were considerably smaller than those synthesized from
dodecanethiol-capped nanoparticles in sc-toluene, under the same reaction conditions, i.e., 28 nm
and σ = 10.3. Differences in the ligand conformations on the surface of the Au nanoparticles and
phase separation of the fluorocarbon/CO2 and hydrocarbon/toluene systems gave rise to greater
steric stabilization of the fluorous-capped Au nanoparticles in CO2, resulting in small diameter
nanowireswith a relatively narrow size distribution. Electrical analysis of the nanowires showed them
to be p-type (hole) semiconductors.

Introduction

In recent years, extensive research has focused on the
synthesis, assembly and potential applications of Group
IV semiconductor nanowires, due to their size-dependent
electrical, optical, and mechanical properties that are not
observed in the bulk materials.1-6 There is particular
interest in the controlled synthesis of nanowires below
their Bohr radius, where quantum confinement effects
become prominent.7 Germanium (Ge) possesses a con-
siderably larger Bohr radius compared to that of silicon (Si),
i.e., 24.3 and 4.9 nm, respectively; however diameter
control at this length scale is lacking. Templated struc-
tures such as ordered mesoporous silicates and anodic
aluminum oxide (AAO) allow good control over nano-
wire diameters, but templating techniques often produce

poorly crystalline nanowires, and complete filling of
small-pore templates has proved difficult.8,9 Patterning
of substrates with Au nanoparticles by lithographic tech-
niques or the use of colloidal nanoparticles has proved to
be an effective route for the controlled growth of Ge
nanowires in the diameter range between 20 and 50 nm.10-12

Colloid-mediated growth has been applied to the vapor-
liquid-solid (VLS), solution-liquid-solid (SLS), and
supercritical fluid-liquid-solid (SFLS) synthesis of Ge
nanowires.13-15 The synthesis of high yields of small
diameter nanowires (<20 nm) with narrow size distribu-
tions remains challenging as Au nanoparticles readily
aggregate when subjected to elevated synthesis tempera-
tures, particularly if the concentration of nanoparticles is
high.SolutionsynthesisofGenanowires seeded fromorganic
monolayer capped Au nanoparticles dispersed in super-
critical (sc) organic solvents,haspreviouslybeenshowntopro-
duce high quality crystalline nanowires.16,17 Furthermore,
the ability to solubilize a greater concentration of precursor
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relative to vapor phase techniques can result in nanowire
yields of milligram quantities.17,18 Korgel et al.19,20

reported that Ni-seeded Ge nanowires grown in sc-toluene
had a mean diameter of 14.5 nm compared to Au-seeded
nanowires which had a mean diameter of 55 nm. This
reduction in the mean nanowire diameter was attributed
to a solid-phase growth mechanism where the solid Ni-
Ge eutectic droplet is less susceptible to aggregation than
Au, which forms a liquid alloyed seed droplet.13

Extending the supercritical fluid (SCF) approach to nano-
wire synthesis, we investigate supercritical carbon dioxide

(sc-CO2) as a solvent forGenanowire growth.CO2 is among

the most widely used SCF having relatively low critical

conditions (Tc=31 �C; Pc=7.4 MPa), and additionally, it
is a nonflammable, nontoxic, and environmentally friendly

solvent, making it an attractive alternative to conventional

organic solvents.21 CO2 also offers significant challenges as
a solvent; its low polarizability per unit volume and low

dielectric constant results in weaker van der Waals forces

compared to those of hydrocarbon solvents.22,23 While CO2

can solubilize some lowmolecularweight hydrocarbons, it is

a poor solvent for most nonvolatile lipophilic and hydro-

philic solutes.24 One strategy for overcoming these solvation

problems is to use CO2-philic ligands such as fluorinated
compounds. Fluorocarbons display high solubility in CO2

owing to their low cohesive energy densities which provide

favorable energetic interactions with the solvent.25 Harrison
et al.26 were the first to report the formation of water-in-

CO2 micromulsions by the use of hybrid fluorocarbon-
hydrocarbon surfactants. Fluorocarbon-coated Ag, Pt, and

Ir nanoparticles have also been synthesized in sc-CO2 by
arrested precipitation, where the tunable solvent density of

CO2 allowed the dimensions of the nanoparticles to be

tailored.27,28

The origin of the high solubility of fluorocarbons in
CO2 has been the subject of many theoretical and experi-
mental investigations; however, considerable debate still
remains regarding the specific nature of fluorocarbon-
CO2 interactions. Using NMR, Dardin et al.29 found
differences in the chemical shifts of 1H and 19F nuclei,
suggesting the presence of a specific fluorocarbon-CO2

interaction. Later, NMR studies andmolecular dynamics

simulations carried out by Yonker et al.30,31 found
no evidence for a distinct fluorine-CO2 interaction.
Wallen and Raveedran32 reported that the interactions
of hydrocarbons and fluorocarbons with CO2 while en-
ergetically comparable are fundamentally different in nat-
ure, with fluorocarbons interacting through the carbon
atom of CO2 and hydrocarbons interacting through the
oxygen atoms.
Here, we report the synthesis of Au nanoparticles

stabilized by perfluorinated and semifluorinated ligands
and their use as catalysts for the growth of Ge nanowires
in sc-CO2. We investigate the effect of the fluorous-capped
Au catalysts on the growth of Ge nanowires, compared to
those seeded from hydrocarbon-capped Au nanoparticles
grown in supercritical hydrocarbon solvents.

Experimental Section

Au Nanoparticle Synthesis. 1H,1H,2H,2H-Perfluorodecan-

ethiol, 6-(perfluorohexyl)hexanol, and perfluorohexane were

purchased from ABCR GmbH & Co. KG, Germany. All other

chemicals were purchased from Sigma Aldrich. The semifluori-

nated thiol was synthesized from the corresponding alcohol

using modified literature procedures.33,34 Briefly, the alcohol

and PPh3 were dissolved in dry acetonitrile in a 2-neck round-

bottom flask with a condenser attached. The flask was degassed

with N2 and heated to 70 �C. At this temperature, bromine was

added dropwise under constant stirring. The reaction proceeded

for 6 h. The bromide was extracted with ether, washed three times

with saturated NaCl solution, dried over anhydrous MgSO4,

and the solvent removed on a rotary evaporator. IR (KBr, cm-1):

2920-2860 (vCH), 1240-1145 (vCF), 566 (vCBr).

The bromide was converted to the thiol via a thioacetate

derivate using thioacetic acid. Briefly, a freshly prepared sodium

methoxide solutionwas cooled in an ice bath, and thioacetic acid

was added dropwise, followed by the bromide. The mixture was

heated to 70 �C and left to stir for 6 h. The thioacetate derivative

was extracted by the procedure previously described. The thiol

was obtained by refluxing the thioacetate derivative in NaOH

under nitrogen. The thiol was recovered by extraction with ether,

washed three times with saturated NaCl solution, dried over

anhydrous MgSO4, and the solvent removed. IR (KBr, cm-1):

2930-2860 (vCH), 2580 (vSH), 1240-1145 (vCF).
1H NMR,

CDCl3, 298 K. δ 1.4 (m, 13H, (CH2)6 and SH); 1.5 (m, 4H,

CH2CH2CF2 and 2H, CH2CH2SH); 1.9 (m, 2H, CH2CF2);

2.5 (td, 2H, CH2SH, J = 7.3 Hz).

Au nanoparticles stabilized by dodecanethiol (DDT),

1H,1H,2H,2H-perfluorodecanethiol (pF), and 6-(perfluoro-

hexyl)hexane thiol (semi-F) were synthesized on the basis of

the Brust method.35,36 Au nanoparticles were isolated as black

solids and dried in a vacuumoven overnight. The dried products

were weighed correct to 5 decimal places. Thermal gravimetric

analysis (TGA) of the capped Au nanoparticles was used to deter-

mine the organic weight fraction, thereby allowing accurate Au
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concentrations to be used for the synthesis of the Ge nanowires.

The fluorous-capped nanoparticles were dispersed in perfluor-

ohexane, and the dodocanethiol capped nanoparticles were

dispersed in toluene.

Ge Nanowire Synthesis in sc-CO2. Ge nanowires were synthe-

sized by thermal degradation of an organo-germane precursor in

the presence of thiolate-capped Au nanoparticles. Details of the

SCF experimental setup have been described elsewhere.16,37 Ge

nanowires were synthesized using an injection method: for the

fluorothiolate capped Au nanopaticles-CO2 system, the Ge pre-

cursor, diphenylgermane (DPG), and Au nanoparticles, dissolved

in a minimum amount of perfluorohexane (Au/Ge molar ratio of

1:1000), were loaded into an injection cell under a nitrogen atmo-

sphere. The injection cell was pressurized to 27.6 MPa. A second

reaction cell, containing a Si wafer sealed under a nitrogen atmo-

sphere, was then heated to 380 �C and pressurized to 27.6 MPa.

The Si wafer provided a substrate to collect the reaction product.

The precursor solution was injected via an injection loop into the

reaction cell, and the reaction proceeded for 40 min. The cell was

cooled to room temperature and slowly depressurized. The DDT-

Au nanoparticle/toluene system followed the same reaction pro-

cedure. Each reaction was repeated three times in order to observe

accurate trends in nanowire diameters and distributions. Statistical

data determining nanowire diameters and size distributions were

based on the analysis of at least 150 nanowires for each synthesis.

Materials Characterization. Au nanoparticles and Ge nano-

wires were characterized using scanning electron microscopy

(SEM), transmission electron microscopy (TEM), X-ray dif-

fraction (XRD), thermogravimetric analysis (TGA), and infra-

red (IR) spectroscopy. SEM images were acquired on an FEI

Inspect F instrument, operating at a 5 kV accelerating voltage.

TEM images were acquired using a Jeol 2000 FX and Jeol 2100

at 200 kV accelerating voltage. X-ray diffraction (XRD) mea-

surements were carried out using Philips X’Pert Data Collector.

TGA was performed on a TA Instruments Q500 TGA, using

∼20 mg of Au nanoparticles weighed onto a Pt dish. The

experiments were run at temperatures from 25 to 450 �C at a

heating rate of 5 �C min-1 in air. IR spectra were recorded on a

BioRadFTS-40AFTIR spectrometer. Spectra weremeasured at a

resolution of 4 cm-1. XPS data was also acquired using a

KRATOS AXIS 165 X-ray photoelectron spectrometer equipped

with a dual anode (Mg/Al) source. Survey spectrawere captured at

a pass energy of 100 eV, step size of 1 eV, and dwell time of 50 ms.

The core level spectra were an average of 10 scans captured at a PE

of 25 eV, step size of 0.05 eV, and dwell time of 100 ms.

For the electrical characterization of individual germanium

nanowires, the nanowire raw material was first dispersed in iso-

propanol, and then single nanowireswere deposited bydrop-casting

onto a thermally grown SiO2 layer (thickness 300 nm) on top

of a highly doped Si-wafer (serves as back-gate). On the substrate,

a marker system was predefined allowing for the selective addres-

sing of individual wires for the following electrical contacting

procedure. Single nanowires were contacted by standard elec-

tron-beam lithography and a subsequentmetal deposition process.

DC electrical measurements on single nanowires were carried out

under ambient conditions at room temperature.

Results and Discussion

Nanoparticle Synthesis andCharacterization.Figure 1a-c
shows TEM images of Au nanoparticles capped by per-

fluorodecanethiol (pF), (perfluorohexyl)hexane thiol
(semi-F), and dodecanethiol (DDT) ligands, respectively.
The fluorous-capped nanoparticles were nondispersible in
common organic solvents, such as toluene, chloroform, or
acetone but could be dispersed in fluorinated solvents such
as perfluorohexane. Size selective precipitation was under-
taken to produce capped Au nanoparticles with mean
diameters close to 2 nm and with a polydispersity not more
than 20%. The mean diameters were 2.1 nm (σ = 0.29),
2.3 nm (σ=0.46), and2.2nm (σ=0.33) for thepF, semi-F,
and DDT-capped Au nanoparticles, respectively.
FTIR spectroscopy of the Au-capped nanoparticles,

shown in Figure 2, confirmed the presence of fluorinated
ligands on the surface of the nanoparticles. Absorption
peaks located at 1205 cm-1 and 1240 cm-1 can be assig-
ned to the asymmetric stretch (va) of the CF2 group, and
the band located at 1145 cm-1 can be assigned to the
symmetric (vs) CF2 stretch.38 XPS was carried out to
confirm the attachment of the thiol capping ligands to
the Au nanoparticles. Figure 3a illustrates the S 2p
doublet from the pF-Au and semiF-Au nanoparticles.
The S 2p3/2 peak was located at a binding energy of 162.2
eV for both samples, which is in excellent agreement with
literature reports for bound thiolates onAu surfaces.39-41

The absence of a S 2p3/2 peak at 163 eV indicates that free
thiols, i.e., unbound thiols, are not present.41 Further-
more, the C 1s spectra, shown in Figure 3b confirms the
presence and chemical composition of the perfluori-
nated and semifluorinated ligands. Fluorocarbons give
rise to large chemical shifts in the C 1s spectra, which
are clearly observed at binding energies of 291.1 and
293.5 eV, corresponding to the CF2 and CF3 function-
alities, respectively.42 The greater intensity of the
aliphatic hydrocarbon peak (285 eV) of the semi-F Au
nanoparticles compared to the pF-Au nanoparticles is
consistent with the larger hydrocarbon component
present in the semifluorinated capping ligands.
Figure 2b shows the TGAweight loss profiles for the Au

nanoparticles. The DDT and semi-F ligands displayed a
smooth desorption from the surface of the nanoparticles,
while the pF-capped nanoparticles show a two step weight
loss, which has been attributed to the lower volatility of the
hydrocarbon ligand.43 The organic weight fraction of the
capping ligands was found to be 47, 39, and 27%, corres-
ponding to ca. 102, 118, and 108 ligands per nanoparticle
for the pF, semi-F, and DDT ligands, respectively. The
ligand grafting density was estimated from the mean dia-
meters of the nanoparticles obtained from TEM analysis;
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the polydispersity of the nanoparticles was not taken into
account.
Ge Nanowire Synthesis in sc-CO2. Ge nanowires were

synthesized from Au nanoparticles stabilized by three
different capping ligands; DDT in sc-toluene and pF
and semi-F both in sc-CO2. Figure 4 shows SEM images

and diameter distributions of Ge nanowires synthesized
at 380 �C and 27.6 MPa. The pF-capped nanoparticles
produced Ge nanowires with the smallest mean diameter
(Davg) of 11 nm and standard deviation, σ=2.8 (relative
error over 3 experiments = 12%). In comparison, Ge
nanowires grown fromDDT-capped Au nanoparticles in

Figure 2. (a) FTIR of fluorous-capped Au nanoparticles and (b) TGA weight loss profile for fluorous-capped and DDT-capped Au nanoparticles.

Figure 1. TEM images and size distributions of Au nanoparticles capped with (a) perfluorodecanethiol (pF), (b) (perfluorohexyl)hexane thiol (semi-F),
and (c) dodecanethiol (DDT), and (d) diameter size distributions and structures of the respective ligands.
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sc-toluene had a Davg = 28 nm and were substantially
more polydisperse (σ= 10.5). The semi-F ligands, which
contain a significant hydrocarbon component (F6H6),
yielded nanowires with Davg = 14 nm (σ = 3.5, relative
error over 3 experiments =21%). The XRD patterns,
Figure 4e, of all the nanowires synthesized in this study
could be indexed to crystalline Ge with a diamond cubic
structure.
Although a detailed analysis of the nanowire growth

direction was not conducted, nanowires synthesized in
sc-CO2predominantly displayed a Æ110æ growth direction,
as shownby theTEMimages inFigure 5,which is consistent
with literature reports of SFLS grownGe nanowires.44 The
nature of the capping ligand and the reaction solvent did not
appear to influence the nanowire growth direction.
Table 1 summarizes the reaction conditions investi-

gated and illustrates a clear reduction in the mean dia-
meter of the Ge nanowires synthesized from the fluorous-
capped Au nanoparticles in sc-CO2 compared to that in
the DDT-capped Au nanoparticles in toluene. This find-
ing is somewhat surprising as Au attractions in CO2 are
relatively strong due to the low polarizability of the sol-
vent and consequently, Au nanoparticles would be ex-
pected to aggregate readily in sc-CO2 and therefore yield
larger diameter nanowires. However, there are consider-
able differences between the two synthesis conditions, i.e.,
the fluorocarbon ligands in a sc-CO2 environment and the
hydrocarbon ligands in a toluene solvent. The origin of
the smaller mean diameter seen for Ge nanowires synthe-
sized in the fluorocarbon/CO2 system was investigated as
a function of the differences in (i) the solvent properties of
CO2 and toluene and (ii) the conformation and properties
of the fluorocarbon versus hydrocarbon stabilizing ligands.
The electrical integrity of the as-synthesized nanowires

was also tested by carrying out electrical field-effectmeasure-
ments at room-temperature on individual nanowires.
The synthesized nanowires were first deposited on a SiO2

surface, thermallygrownonadegeneratelydopedSi-substrate,
which also served as the gate electrode. Source and drain
electrodes (300 nm wide, 80 nm high, and electrode distance

800 nm) on top of the single nanowire were defined via
lithographical means.2,45,46 Palladium was used as electrode
material.
In Figure 6, the typical electric-field-effect transfer

characteristic of aGe nanowire is shown.A strong switch-
ing behavior with the applied gate voltagewas observed in
all of the contacted nanowires of this type. This electrical
response proves unambiguously that our synthesized Ge
nanowires are p-type (hole) semiconductors, since an
increase in the current for negative voltages is observed.
The p-type conduction coincides with the presence of Au
during synthesis. Au is known to be a strong electron-
acceptor within Ge,47 and thus, our measurements indi-
cate that small amounts of Au-dopants might have been
incorporated into the Ge nanowires during synthesis. In
the inset of Figure 6, the two-point current-voltage
characteristics of a single nanowire is shown. The char-
acteristic is nonlinear as expected formetal/semiconductor
nanowire/metal devices. Therefore, the overall electrical

Figure 4. SEM image of Ge nanowires seeded from (a) pF-capped Au
nanoparticles and (b) semi-F-capped Au nanoparticles in sc-CO2, (c) Ge
nanowires seeded from DDT-capped Au nanoparticles in sc-toluene by
precursor injection, (d) histogramsof the nanowire diameter distributions
from the respective Au nanoparticles, and (e) XRD patterns of reaction
products.

Figure 3. XPS data showing (a) S 2p and (b) C 1s XP spectra of pF-Au
and semiF-Au nanoparticles.
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behavior we have observed is characteristic of Ge
nanowires as is reported in earlier work found in the
literature.48-51

Influence of Reaction Solvent. The poor solvating ability
of sc-CO2 is well reported.24,52 Hence, we investigated

whether the smaller mean diameter Ge nanowires ob-
tained with the fluorous-capped Au nanoparticles was
simply due to the precipitation of large Au nanoparti-
cles in the pressurized injection cell (27.6 MPa, 25 �C),
resulting in the stabilization of low concentrations of
small nanoparticles in CO2 which seeded Ge nanowire
growth. It should be noted that Au nanoparticles which
precipitate from solution will still act as seeds for Ge
nanowire growth at the bottom of the reaction cell.53

An examination of the reaction product both on the Si
wafer inside the reaction cell and product collected
from the reaction side walls did not reveal the presence
of larger diameter nanowires.
The strength of theAu van derWaals attractions across

CO2 can be estimated from the Hamaker constant using
the following combining lawA121≈ ((A11)

1/2- (A22)
1/2)2,

where A11 is the Hamaker constant for Au across a
vacuum, obtained from the literature.54 A22 is the Ha-
maker constant for CO2 across a vacuum, which can be
estimated based on Lifshitz theory55 (eq 1):

A22 ¼ 3

4
kBT

ε2 - 1

ε2 þ 1

� �2

þ 2hve

16
ffiffiffi
2

p ðn2 - 1Þ2
ðn2þ1Þ3=2

ð1Þ

Figure 5. Ge nanowires grown in sc-CO2, at a temperature of 380 �C and pressure of 27.6 MPa, seeded from (a) pF-capped and (b) semi-F-capped Au
nanoparticles.

Table 1. Summary of Reaction Parameters and the Physical Properties of the Ge Nanowires Obtained

exp AU nanoparticle ligand solvent temp (�C) Davg (nm) std. dev. (σ)

a pF-Au CO2 380 11.3 2.8
b pF-Au CO2/perfluorohexane 380 12.5 2.4
c pF-Au CO2 400 16.8 3.1
d Semi-F-Au CO2 380 14.4 3.5
e Semi-F-Au CO2/perfluorohexane 380 13.8 4.0
f DDT-Au Toluene 380 27.8 10.3
g DDT-Au Toluene 400 31.9 12.2

Figure 6. Electrical field effect of a single Ge synthesized in sc-CO2

showing typical switching behavior with gate-voltage at room tempera-
ture. The current increases with negative gate-voltage indicating that the
nanowire is a hole-conductor. Inset: Typical nonlinear current-voltage
characteristic of a Ge nanowire contacted to Pd electrodes.
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where h is Plank’s constant, kB is Boltzmann’s constant,

T is the temperature, and ve is the maximum electro-

nic ultraviolet absorption frequency taken to be 3 �
1015 s-1.54 The density dependent dielectric constant

and refractive index can be estimated from equations

of state.56,57 Neglecting the effects of particle size, the

Hamaker constant for Au across CO2 (A121) at a temp-

erature of 380 �Cand pressure of 27.6MPa is estimated to

be 2.0 eV, while at a temperature of 25 �C and pressure of

27.6 MPa (in the injection cell), A121 is estimated to be

1.4 eV. Furthermore, the Hamaker constant of Ag across

CO2 at a pressure of 27.6 MPa and temperature of 80 �C,
conditions known to stabilize fluorous-capped Ag nano-

particles, has been reported to be 1.5 eV.58 Estimations

based on the Hamaker constants and experimental studies

of fluorous-capped Ag nanoparticles indicate that the

Au nanoparticles should be dispersed in sc-CO2 at a

temperature of 25 �C and a pressure of 27.6 MPa, where

high CO2 density favors good solvent conditions. More-

over, a visual inspection, through a sapphire window in

the front of the injection cell, showed that all of the Au

nanoparticles appeared to be well dispersed in the sc-CO2

phase, with no precipitation of the larger particles at the

bottom of the cell. However, there are also discrepancies

in the literature surrounding the solubility of fluoro-

thiolate-capped nanoparticles; for example, Shah et al.59

reported that fluorinated-capped Ag nanoparticles could

be dispersed in sc-CO2 and also in acetone, an unusual

solubility behavior which Yonezawa60 and co-workers

attributed to insufficient sample purification and the

presence of excess stabilizing ligand. Therefore, to

improve the solvating power of CO2 and to minimize

possible Au nanoparticle precipitation, a fluorinated

cosolvent, perfluorohexane, was added to CO2 and used

as the reaction solvent. Cosolvents are known to greatly

enhance the solubility of solutes in CO2
61,62 and perfluor-

ohexane, which has a critical temperature of 175 �C and

critical pressure of 1.6MPa, ismiscible withCO2, and also

solubilizes the fluorinated capped Au nanoparticles.63 If

precipitation of larger Au nanoparticles was significant

for nanowires grown in sc-CO2, then the use of a cosol-

vent to prevent such precipitation would be expected to

give rise to Ge nanowires with a larger mean diameter,

compared to sc-CO2 on its own. Ge nanowires were

synthesized in a sc-CO2/perfluorohexane (50% v/v) sol-

vent under the same temperature and pressure as nano-

wires grown in pure CO2. Figure 7 shows SEM and TEM

images of the resulting nanowires having amean diameter

(12.5 nm, σ = 2.4) and size distribution comparable to

those of nanowires synthesized in sc-CO2, as shown in

Table 1. There was, however, a slight increase in the

amount of Ge particulates produced, most likely due to

the incompatibility of the fluorinated solvent with the

organo-germane precursor. The fact that Ge nanowires

grown in pure CO2 and CO2/perfluorohexane solvents

have similar diameters is suggestive that the decrease in

the mean diameter of nanowires grown in sc-CO2, when

compared to that of toluene, is not largely attributed to the

precipitation of large Au nanoparticles in the reaction cell.
In VLS growth, the mean nanowire diameter is deter-

mined by the dimensions of the saturated Au/Ge eutectic
droplet from which they nucleate.13 A large variation in
the distribution of nanowire diameters in any given sample
usually results from the agglomeration of the Au nanopar-
ticles or Au-Ge liquid alloy droplets, prior to nanowire
growth. There are two important factors which affect
nanowire growth from the saturated Au seed. First, the
diffusion rate of the Ge precursor to the Au nanoparticle
determines how fast saturation of the catalyst particle
occurs, with faster diffusion rates resulting in smaller dia-
meter nanowires.12 Korgel et al.16 reported that alkyl-
germane precursors have slower decomposition kinetics
compared to aryl-germanes, leading to longer seed satura-
tion times and consequently broader diameter distributions
for nanowires grown in SCFs. While the decomposition
kinetics of aryl silanes has been shown to be influenced by
the reaction solvent,64 aryl germane decomposition appears
to be much less dependent on solvent properties, which can
be attributed to the higher reactivity of aryl-germanes.65

In fact,DPGhasprovedaversatile precursor forGenanowire

Figure 7. (a) SEM image, (b) TEM image, and (c) size distribution histogram of Ge nanowires synthesized in sc-CO2/perfluorohexane at a temperature
of 380 �C and a pressure of 27.6 MPa.
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synthesis in a wide range of solvents including CO2, hexane,
toluene, and high boiling solvents such as squalene, tri-
octylamine, and triphenylphosphine.14,44,66,67 In our experi-
ments, it is unlikely that the decomposition kinetics of the
DPG would differ considerably in sc-CO2 and sc-toluene
under the same reaction conditions of temperature and
pressure; there is no apparent functionality of either
solvent that could significantly affect the stability of the
intermediates. There is little evidence to suggest that the
smaller mean diameter of nanowires grown in sc-CO2 is
attributable to the faster decomposition of the Ge pre-
cursor in CO2 compared to toluene.
The second contributor to broadening of the nano-

wire diameter distribution in VLS growth is the degree of
aggregation of the catalyst nanoparticles. To prevent
colloidal aggregation, the van der Waals forces of attrac-
tions between the Au cores must be mediated by the steric
repulsion provided by the capping ligands. At high sol-
vent density, the capping ligands are well solvated, as the
presence of solvent in between the ligands screens the
intrachain attractions. As the solvent density decreases,
solvent molecules move away from the ligands in order to
gain entropy, and solvent quality diminishes. Under these
poor solvent conditions, the chains contract and no longer
provide adequate steric repulsion to overcome the attractive
core interactions, resulting in nanoparticle aggregation.
When the Au nanoparticles were heated to the reaction

temperature in the absence of DPG, the nanoparticles
underwent significant aggregation (>50 nm) regardless
of the nature of the capping ligand or solvent. One notice-
able difference was that the diameters of the aggregated
fluorinated nanoparticles were more monodisperse than
the aggregated DDT-capped nanoparticles (see Support-
ing Information, Figure S1, for TEM and size distribu-
tion analysis). A similar observation was made by Korgel
and co-workers16 for Ge nanowire growth in sc-cyclo-
hexane, who reported that without the onset of nanowire
growth, the catalyst particles underwent far greater aggre-
gation. Colloidal stability of fluorous-capped Au nano-
particles in sc-CO2 would be expected to differ from
hydrocarbon-capped Au nanoparticles in sc-toluene due
to differences in solvent properties and ligand character-
istics. Therefore, the role of the capping ligands as a func-
tion of conformation and stability at high temperatures
was investigated.
Influence of Ligand Conformation and Nanoparticle

Stability. The greater the degree of nanoparticle aggrega-
tion the larger and more polydisperse are the resulting
nanowires from which they nucleate. Consequently, a
plausible mechanism for the smaller and narrower dia-
meter distributions obtained for the fluorocarbon/CO2

system may stem from reduced nanoparticle aggregation
relative to those in the hydrocarbon/toluene environment.
TGA analysis of the Au nanoparticles in Figure 2b shows
that the semi-F ligands begin to desorb at a higher

temperature (∼220 �C) compared to the DDT ligands,
reflecting the higher boiling point of the ligand. Desorp-
tion of the capping ligands results in partially protected
nanoparticles which are extremely susceptible to aggrega-
tion as the loss of the ligands gives rise to a loss of steric
repulsion between the nanoparticles.58 TGA profiles of
the pF-capped and DDT-capped Au nanoparticles show
that while both ligands begin to desorb at similar tem-
peratures (∼180 �C), the fluorinated ligands desorb over a
wider temperature range, most likely due to the lower
volatility of the fluorous ligands. The length of the
capping ligands also influences nanoparticle aggregation
with longer ligand lengths providing a greater interparti-
cle separation distance and improved steric stabilization
relative to that of shorter ligands.59 The length of a DDT
ligand is 18 Å, which is shorter than the fluorous ligands,
∼21 Å for pF, and∼22 Å for semi-F. Fluorocarbons and
hydrocarbons also display differences in chain confor-
mation.68 Unlike hydrocarbon chains which adopt a planar
zigzag conformation, fluorocarbons assume a helical struc-
ture due to the steric repulsion between the bulky fluorine
atoms. These steric constraints make fluorocarbons more
rigid than their hydrocarbonanalogues.69A combination of
slower capping liganddesorption, longer ligand lengths, and
greater rigidity of the fluorocarbon chainswould reduce nano-
particle aggregation, leading to smaller diameter nanowires.
Interactions between the stabilizing ligands and the

solvent effects ligand conformation, and Monte Carlo
simulations have shown that ligand conformation plays
an important role in colloidal interactions in SCFs.70-73

Chain conformation strongly depends on solvent quality,
and solvents are generally classified as good solvents in
which ligands assume a coil-like conformation and extend
out into the solvent, or a poor solvent in which the ligands
adopt a compact globular structure. Luna-B�arcenas et al.70

found that as solvent density is decreased, a chain in a
SCF collapses from an extended to a closed conformation
at the coil-to-globule transition density (C-GTD). Figure
8 (data taken from ref 71) illustrates the variation of the
C-GTD as a function of the reduced temperature (Tr),
where Tr=T/Tc. As the temperature increases, the
reduced density causes the chain attractions to dominate,
and the ligands collapse near the well-known lower
critical solution temperature (LCST).74 However, as the
temperature is increased further the chains become
extended again. This chain expansion is attributed to
the attractive energies becoming less important relative to
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the thermal energy of the system as shown by the Flory
parameter χ (eq 2):71

χ � ε11 þ ε22 - 2ε12
kBT

ð2Þ

where ε11 and ε22 are the strength of the ligand and solvent
interactions, respectively. The solvent isobar shown in
Figure 8 represents a reduced pressure (Pr) of 3.7, where
Pr = P/Pc, and is the reaction pressure used for the Ge
nanowire synthesis in sc-CO2 in our study. According to
simulations, at a Pr = 3.7, chain collapse will occur at a
Tr = 1.37, and the chain will re-expand on further heat-
ing at a Tr > 1.65, as the attractive chain interactions
become less pronounced at higher temperatures. Simula-
tions predict that under the synthesis conditions ofPr=3.7
and Tr = 2.2, the ligands will have an extended conforma-
tion even though solvent density is low, thereby allowing for
some degree of steric stabilization. Neutron reflectivity75

and SANS76 measurements have shown oligomer solvation
inCO2 to improve at higher temperatures for a given solvent
density. Korgel et al.77 provided experimental support for
colloidal stabilization in low density sc-CO2 reporting that
octanol was effective in stabilizing 10 nm Ge nanocrystals
synthesized in sc-CO2 at a Tr = 2.5.
When the fluorous-capped Au nanoparticles and DPG

are heated to the reaction temperature in the absence of
CO2, large aggregated particles are produced, illustrating
the importance of CO2 in providing some degree of
solvation to the nanoparticles. It must be noted that the
Au nanoparticles still undergo aggregation and that the
initial mean diameter of the nanoparticles is∼2.2 nm; but
the fluorinated ligands in sc-CO2 may provide a greater
degree of stabilization relative to the hydrocarbon ligands
in sc-toluene, and hence the resulting mean diameter of

the nanowires grown in sc-CO2 are smaller than those
grown in sc-toluene. While computer simulations do not
adequately describe the phase behavior of oligomers in
supercritical organic solvents, these studies provide in-
sights into the fundamental effects of ligand and solvent
interactions. Luna-B�arcenas and co-workers72 defined a
conformational parameter (ψ) to describe the universal
effects of solvent-ligand energetic interactions and size
ratio, whereψ<1 constitutes a good solvent system (eq 3):

Ψ ¼ ðε11=ε22Þ
ðσ11=σ22Þ3

ð3Þ

ε11 and ε22 represent the ligand-ligand and solvent-
solvent energetic interactions, σ11 and σ22 represent the
ligand and solvent size, respectively. From eq 3, an increase
in the chain interactions relative to solvent interactions
favors chain collapse as the solvent is less effective at
solvating the ligands and ψ increases. The high eletro-
negativity and lowpolarizability of fluorine results in very
weak ligand interactions, compared to that of hydrocarbon
chains.78 In sc-toluene, the stronger chain attractions may
render the chains less effective in mediating core attractions.

Conclusions

Fluorous-capped Au nanoparticles provide an alterna-
tive solvent for the SCF synthesis of Ge nanowires as the
fluorinated ligands allows for the dispersibility of the
catalyst in sc-CO2. Ge nanowires synthesized from
fluorous-capped Au nanoparticles have smaller mean
diameters, with narrower size distributions than DDT-
capped nanoparticles synthesized in sc-toluene. The smal-
ler mean diameter of nanowires grown in sc-CO2 may be
attributed to the greater degree of Au nanoparticle stabi-
lization experienced by the fluorinated-capped nanopar-
ticles due to a combination of longer ligand length,
increased ligand rigidity, and better solvation at high
temperatures, owing to weaker chain interactions com-
pared to hydrocarbon ligands. Furthermore, the experi-
mental results support MC simulation predictions that
colloidal stabilization in sc-CO2 is possible even in low
solvent density. The electrical behavior of theGe nanowires
is characteristic to what has previously been reported in the
literature for Au-seeded semiconductor nanowires.
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Figure 8. Coil-to-globule transition density (C-GTD) as a function of
temperature.Tc represents the critical point forCO2.Data are fromref 71.
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