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ABSTRACT: This article describes a robust method for the facile
synthesis of small Ag nanocubes with edge lengths controlled in the
range of 18—32 nm. The success of this new method relies on the [ 7 P 5 o Ty Ty — T
substitution of ethylene glycol (EG)—the solvent most commonly used - ® - | g

in a polyol synthesis—with diethylene glycol (DEG). Owing to the e 0

increase in hydrocarbon chain length, DEG possesses a higher viscosity _ b _ \\ . \
and a lower reducing power relative to EG. As a result, we were able to s & 2 '

achieve a nucleation burst in the early stage to generate a large number
of seeds and a relatively slow growth rate thereafter; both factors were
critical to the formation of Ag nanocubes with small sizes and in high B b
purity (>95%). The edge length of the Ag nanocubes could be easily 18k s e ——
tailored in the range of 18—32 nm by quenching the reaction at

different time points. For the first time, we were able to produce uniform sub-20 nm Ag nanocubes in a hydrophilic medium and
on a scale of ~20 mg per batch. It is also worth pointing out that the present protocol was remarkably robust, showing good
reproducibility between different batches and even for DEGs obtained from different vendors. Our results suggest that the high
sensitivity of synthesis outcomes to the trace amounts of impurities in a polyol, a major issue for reproducibility and scale up
synthesis, did not exist in the present system.

Silver Nanocube

1. INTRODUCTION their use as seeds with well-defined facets for directing
overgrowth; and their unique use as sacrificial templates for
galvanic replacement to generate hollow nanostructures (e.g.,
Ag—Au nanoboxes and nanocages) for a variety of
applications.'” >

Over the past decade or so, a number of different methods
have been demonstrated for the synthesis of Ag nanocubes. For
example, our group pioneered the synthesis of Ag nanocubes
via polyol reduction in ethylene glycol (EG) in 2002.%° This
one-pot strategy was further improved thereafter by introducing
a trace amount of sulfide (S*7) or hydrosulfide (HS™) into the
chloride-mediated polyol synthesis and by switching the
precursor compound from silver nitrate (AgNO;) to silver
trifluoroacetate (CF;COOAg).””~>* With these modifications,

Noble-metal nanocrystals have received ever increasing
attention in recent years due to their remarkable physicochem-
ical properties that are often substantially different from those
of bulk materials.' > Silver nanocrystals, in particular, have been
a subject of intensive research owing to their great performance
in a broad range of applications involving localized surface
plasmon resonance (LSPR), surface-enhanced Raman scatter-
ing (SERS), metal-enhanced fluorescence, sensing, imaging,
catalysis, and antimicrobial technology.°™'® It has been
established that the physicochemical properties of Ag nano-
crystals are strongly dependent on their size, shape, and
morphology. As such, many studies have been dedicated to the
syntheses of Ag nanocrystals with well-controlled sizes and

shapes. Thanks to the efforts from many research groups, Ag we were able to generate Ag nanocubes with tunable edge
nanocrystals can now be prepared with a myriad of different lengths in the range of 30—70 nm. Recently, the upper limit of
shapes or morphologies, with notable examples including size was further extended to 2004nm and beyond by switching
spheres, cubes, bars, octahedrons, right bipyramids, decahe- to a seed-mediated approach.’® In addition to the polyol
drons, rods/wires with a pentagonal cross section, and concave reduction, other strategies such as hydrothermal synthesis and
cubes or octahedrons, among others."*™'¢ Among them, Ag

nanocubes have received particular interest owning to their Received: November 23, 2012

sharp corners beneficial to both LSPR and SERS applications; Published: January 14, 2013
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Figure 1. TEM images of Ag nanocubes obtained at different reaction times of a standard synthesis in DEG: (A) 30, (B) 60, (C) 120, and (D) 180
min. The nanocubes had edge lengths of (A) 18, (B) 23, (C) 28, and (D) 32 nm, respectively.

solid—liquid interface synthesis have also been reported for the
preparation of Ag nanocubes.>>™>” Despite these successful
demonstrations, it remains a grand challenge to synthesize
uniform Ag nanocubes with edge length below 30 nm. This
technical challenge can be attributed to three possible sources:
(i) It is very hard to terminate the growth process due to the
intrinsic autocatalytic activity of Ag nanocrystals, unless the
precursor has been completely consumed. In that case, the Ag
nanocrystals can quickly grow into relatively large sizes. (ii)
Small Ag nanocubes tend to lose their sharp corners due to the
high sensitivity of Ag toward oxidative etching caused by the
oxygen from air. (iii) The high mobility of Ag atoms often
facilitates the transformation of small Ag nanocubes into a
thermodynamically more stable shape such as cuboctahedron
when there is no sufficient capping for the {100} facets. To
date, there is only one publication on the reproducible synthesis
of Ag nanocubes (truncated at corners) with edge lengths
below 30 nm, which was conducted in isoamyl ether by
introducing Fe(III) species as an oxidative etchant to eliminate
twinned seeds.>® However, the Ag nanocubes obtained using
this protocol were dispersed in a hydrophobic solvent and they
could not be directly used with a hydrophilic system without
going through a ligand exchange process, which is often
troubled by problems such as low efficiency of phase transfer,
possible irreversible aggregation of nanoparticles, as well as
permanent alterations to the shape and related properties.*~*'
In addition, the previously reported polyol methods are often
troubled by the unexpected impurities contained in the
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commercial reagents. Taking EG as an example, due to its
synthesis and storage in steel vessels, it is often contaminated
by trace amounts of Fe(II) or Fe(IIl) species.* Both of them
can induce or influence oxidative etching by coupling with the
O, from air, causing problems for reproducibility and scale-up
production. Taken together, it is not hard to understand why it
has been so difficult to develop a robust and reliable method for
generating uniform Ag nanocubes smaller than 30 nm in edge
length, in a hydrophilic phase, and with high purity.

In the present work, we accomplished the synthesis of Ag
nanocubes with uniform and controllable edge lengths below
30 nm by using diethylene glycol (DEG) rather than EG as
both a solvent and a reductant. The edge lengths of the Ag
nanocubes could be easily tuned in the range of 18—32 nm by
quenching the reaction at a specific time point with the
assistance of a UV—vis spectrometer. Different from the
previous methods based on EG, the use of DEG offers a
nucleation burst to generate a high concentration of Ag nuclei/
seeds in the early stage and then a much slower growth rate
thereafter. The use of polyols with longer hydrocarbon
chains—for example, triethylene glycol (TEG) and tetra-
ethylene glycol (TTEG)—only led to the formation of twinned
particles with irregular shapes, implying that the production of
small Ag nanocubes with uniform sizes is highly sensitive to the
reaction kinetics. To our knowledge, this is the first time that
Ag nanocubes could be synthesized in a hydrophilic phase with
the edge lengths being pushed down to the sub-20 nm regime.
Moreover, this new method based on DEG is highly robust and
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reproducible, and could be easily scaled up while maintaining
high purity (typically, >95%) for the final products. Owing to
their small sizes and high purity, the as-prepared Ag nanocubes
were further employed as templates to prepare Ag—Au
bimetallic nanostructures with hollow interiors via a galvanic
replacement reaction. Such small and hollow nanostructures
with tunable LSPR properties are expected to show enhanced
performance in a number of in vivo applications that include
drug delivery, optical imaging, and photothermal therapy.

2. EXPERIMENTAL SECTION

Chemicals and Materials. Diethylene glycol (DEG, >99.0%)
involved in the standard synthesis was obtained from Sigma-Aldrich
(lot no. BCBF4248 V) while DEG used for the comparison study was
obtained from J. T. Baker (lot no. K02621). Triethylene glycol (TEG,
>99.0%), tetraethylene glycol (TTEG, 99%), silver trifluoroacetate
(CF;CO0Ag, >99.99%), sodium hydrosulfide hydrate (NaHS-xH,0),
aqueous hydrochloric acid solution (HCl, 37%), hydrogen
tetrachloroaurate(IlI) hydrate (HAuCl,-3H,0), poly(vinyl pyrroli-
done) (PVP, My, = 55000), poly(ethylene glycol) methyl ether
(mPEG, M, =~ 1000), formaldehyde (37 wt % in H,0), and sodium
chloride were all obtained from Sigma-Aldrich. Deionized (DI) water
with a resistivity of 18.2 MQ-cm was used throughout the experiment.
The standard synthesis of Ag nanocrystals was carried out in a 100 mL
flask with round-bottom (ACE Glass).

Synthesis of Ag Nanocubes in DEG. In a standard synthesis, 5
mL of DEG was added into a flask and heated under magnetic stirring
in an oil bath set to 150 °C for 30 min. Other reagents were separately
dissolved in DEG and sequentially introduced into the flask using a
pipet. Specifically, 0.06 mL of NaSH solution (3 mM) was added first.
After 4 min, 0.5 mL of HCI (3 mM) was added, followed by 1.25 mL
of PVP (20 mg/mL). After another 2 min, 0.4 mL of CF;COOAg
solution (282 mM) was introduced. During the entire process, the
flask was capped with glass stoppers except for the addition of
reagents. The synthesis was quenched by placing the flask in an ice—
water bath and the products were collected by centrifugation, followed
by washing with acetone and then DI water to remove the remaining
precursor, DEG, and excess PVP. We controlled the sizes of the Ag
nanocubes by monitoring the position of their major LSPR peak using
a UV—vis spectrometer. Briefly, a small amount (a few drops) of the
reaction solution was taken out from the flask using a glass pipet and
diluted with 1 mL DI water in a cuvette. The extinction spectrum was
recorded and compared with the calibration curve to determine the
size of the nanocubes.

Synthesis of Au Nanoframes and Nanocages Using the Ag
Nanocubes as Templates. The Au nanoframes and nanocages were
prepared via a galvanic replacement reaction between the as-prepared
Ag nanocubes and an aqueous HAuCl, solution. In a typical process,
100 pL of the Ag nanocubes (1.5 X 10" particles/mL) was dispersed
in 5 mL of DI water containing 1 mg/mL PVP and heated to 90 °C. A
specific amount of 0.1 mM HAuCl, aqueous solution was then added
using a syringe pump at a rate of 10 mL/h under magnetic stirring. We
recorded the UV—vis spectra to track the progress of the reaction as
the volume of HAuCl, solution was increased. The as-prepared sample
was washed with 10 mL saturated solution of NaCl to remove AgClL
Finally, the product was centrifuged and washed with DI water three
times and then dispersed in DI water for further characterization.

Instrumentation. Transmission electron microscopy (TEM)
images were taken using a Hitachi H-7500 microscope operated at
75 kV. Extinction spectra of all the Ag nanocrystals were recorded
using a Varian UV—vis spectrometer (Cary 50). The concentration of
Ag was determined using a Perkin-Elmer inductively coupled plasma
mass spectrometer (ICP-MS, NexION 300Q) and then converted to
the concentration of Ag nanocubes once the particle size had been
determined from TEM imaging. An Eppendorf centrifuge (5430) was
used for the centrifugation and washing of all samples.
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3. RESULTS AND DISCUSSION

Synthesis and Size Control of Small Ag Nanocubes in
DEG. Figure 1 shows TEM images of the Ag nanocubes that
were obtained at different stages of a standard synthesis in
DEG. The edge lengths increased from 18 to 32 nm. After the
addition of CF;COOAg for 30 min, we obtained Ag nanocubes
with an edge length of 18 nm (15% truncation at corners,
which was calculated by cutting the cube with a sphere whose
radius was 85% of the distance from the particle’s center to its
apex).*” When the reaction time was prolonged to 60, 120, and
180 min, the edge lengths of the Ag nanocubes increased to 23,
28, and 32 nm, respectively. In this new synthesis, the relatively
slow growth rate made it feasible to finely tune the size of the
Ag nanocubes and therefore obtain uniform nanocubes with a
specific size sought for a particular application. Compared to
previously reported methods, the relatively slow growth rate of
Ag nanocubes in the present work represents a major
advantage. For example, the NaSH-mediated polyol method
for the synthesis of Ag nanocubes in EG was typically
completed in 8—10 min, and it only took roughly 2 min for
the nanocubes to grow from 25 to 45 nm.*”** The fast growth
rate makes it very hard to monitor the size of Ag nanocubes
during a synthesis, and it was impractical to stop the reaction at
an appropriate time to obtain nanocubes with a specific size.
On the other extreme, the HCl-mediated polyol synthesis of Ag
nanocubes in EG usually took 16—2S h to generate well-
developed nanocubes,®” which is not only time-consuming but
also impractical for size control. A few years ago, we developed
a new approach based on EG to Ag nanocubes of 30—70 nm in
edge length with CF;COOAg as a precursor, and this synthesis
typically took a duration of 15—90 min to complete.*® Although
a relatively slow growth rate was achieved in this method, the
reaction was still too fast in the early (typically within the first
15 min) stage of a synthesis to control. As a result, it could not
be used to obtain Ag nanocubes with edge lengths less than 30
nm. In the present synthesis, the slower reduction kinetics in
DEG allowed us to prolong the formation of Ag nanocubes
over a longer period of time (180 min vs 30 min). As a result,
we could easily monitor the growth of Ag nanocubes and finely
tune their sizes in the range below 30 nm by simply varying the
growth time with the aid of a UV—vis spectrometer. More
importantly, as shown by the TEM images in Figure 1, all the
as-obtained Ag nanocubes were very uniform in size, and the
purity of cubic shape exceeded 95% for all the samples. The
achievement of such a small and uniform size for the Ag
nanocubes could be attributed to the rapid formation of a high
concentration of Ag nuclei or seeds in DEG, followed by
growth of the seeds at a relatively slow rate.

The uniform Ag nanocubes with controlled edge lengths
allowed us to systematically investigate their LSPR properties as
a function of size. Figure 2A shows the normalized UV—vis
extinction spectra recorded from aqueous suspensions of the Ag
nanocubes shown in Figure 1. The major LSPR peaks displayed
a constant red-shift from 401 to 407, 413, and 418 nm as the
size of the nanocubes increased. A shoulder peak at ~355 nm
appeared after 30 min, suggesting that Ag nanocubes with sharp
corners started to form at this point, which was in agreement
with our previous observation during the synthesis of Ag
nanocubes in EG.*® This shoulder peak became more obvious
to observe with the increase of reaction time, indicating that the
corners of the Ag nanocubes were increasingly sharpened
during the further growth. Significantly, there was a linear
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Figure 2. (A) UV—vis spectra of Ag nanocubes shown in Figure 1,
which had different edge lengths. (B) Plots showing the wavelength
(1) of the major LSPR peak (solid symbols) and the full width at half-
maximum (A4) of the major LSPR peak (hollow symbols) as a
function of the edge length (L) of Ag nanocubes. The fitting curve for
solid symbols can be expressed as A = 1.212L + 379.1 (R? = 0.9999),
which was used to calculate the edge length of Ag nanocubes from the
major LSPR peak position derived from the UV—vis spectrum.

relationship between the major LSPR peak position and the
edge length of the Ag nanocubes (Figure 2B). The fitting curve
could be expressed as A, = 1.212L + 379.1 (R* = 0.9999),
where 4., and L are the major LSPR peak position and the
edge length, respectively. In practice, we can obtain Ag
nanocubes with a specific size by constantly checking the
UV-—vis spectra taken at different reaction stages. Since the
growth rate of Ag nanocubes in DEG was reasonably slow, their
edge lengths could be controlled with an accuracy of 1-2 nm
by using the UV—vis spectroscopic method. In addition, the
other plot in Figure 2B shows that the full width at half-
maximum (AA) for the major LSPR peak of the Ag nanocubes
was as narrow as ~30 nm and essentially did not change as the
nanocubes grew in size, suggesting that the nanocubes were
maintained with the same size and shape uniformity during
their growth. Taken together, it can be concluded that uniform
Ag nanocubes with specific sizes could be readily obtained by
stopping the reaction at different time points.

We also optimized the synthesis by adjusting the reaction
temperature and the amount of PVP added into the reaction
system. When the synthesis was performed at 130 and 170 °C
while other parameters were kept the same as the standard
procedure, the products showed a mixture of Ag nanocubes and
nanoparticles of other shapes (see Figure S1, A and B, in the
Supporting Information). On the other hand, it was found that
the amount of PVP in the synthesis also affected the purity of
nanocubes. When the mole ratios of PVP to CF;COOAg was
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4:1 or 1:1, a small amount of other types of nanoparticles such
as rods, spheres, and irregular particles were obtained (Figure
S1, C and D). These results suggest that 150 °C and a mole
ratio of 2:1 between PVP and CF;COOAg in the standard
procedure seemed to be the optimal conditions. In addition,
like the synthesis of Ag nanocubes in EG, it was found that
NaSH and HCI both played important roles in the new
protocol. As shown in Figure S2, twinned nanoparticles with
irregular shapes were obtained in the absence of both NaSH
and HC], or either one of them (a small number of nanorods
and nanocubes also formed in the synthesis without adding
NaSH). The corresponding LSPR peaks were much broader
than what was observed for the Ag nanocubes prepared using
the standard procedure, suggesting that the size/shape
variations of these Ag nanoparticles were broader. Moreover,
no obvious peak around 355 nm was observed in the extinction
spectra, indicating that the Ag nanoparticles in these samples
did not have sharp corners. Combined together, it can be
concluded that both NaSH and HCI were critical to the
successful synthesis of small Ag nanocubes with sharp corners
and in high yield/purity.

Although several methods have been reported for the
synthesis of Ag nanocubes, most of them were plagued by
limitations such as low throughput, low yield/purity, as well as
poor robustness and reproducibility. By manipulating the
reduction kinetics with DEG, we could not only finely tune the
edge length of the Ag nanocubes to a region below 30 nm but
also achieve high yield and purity (typically, >95%) for the
sample, together with good robustness, high reproducibility,
and scale-up capability. Figure 3A shows the extinction spectra
of Ag nanocubes prepared in five separate batches using the
standard procedure where the reactions were all stopped at t =
60 min after the addition of Ag precursor. It is clear that their
spectra (curves 1 to S) overlapped reasonably well, indicating
that the present method did have good reproducibility for the
synthesis of small Ag nanocubes in terms of size/shape
uniformity and corner sharpness. We also conducted a 10X
scale-up synthesis to evaluate the capability of this new method
for high-volume production of Ag nanocubes. The extinction
spectrum of the Ag nanocubes is shown in Figure 3A as curve 6,
which also overlapped well with the spectra of other samples
obtained using the standard procedure. The TEM image in
Figure 3B clearly shows that uniform Ag nanocubes with high
purity (>95%) was also obtained in the scale-up synthesis. The
setup used for the scale-up synthesis and the final suspension of
Ag nanocubes are shown in Figure S3. The capability of this
method for scale-up synthesis will play an important role in
developing various applications of such small Ag nanocubes.
Other than the DEG supplied by Sigma-Aldrich in the standard
synthesis, we have also tested DEG obtained from J. T. Baker to
demonstrate the robustness of this new protocol. On the basis
of the result shown in Figure S4, we can claim that small Ag
nanocubes with high purity and size/shape uniformity could
still be obtained, suggesting that the unexpected trace
impurities in polyol was not an issue at all in the polyol
synthesis based on DEG.

To better understand the nucleation and growth of Ag
nanocubes in DEG, aliquots were taken at different time points
of the early (<30 min) stage in a standard synthesis and the
samples were then analyzed using TEM. After the addition of
Ag precursor, the colorless solution became whitish, immedi-
ately followed by a light yellow color, suggesting that a burst of
nucleation occurred, during which a large number of nuclei
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Figure 3. Demonstration of reproducibility and scale-up capability for
the synthesis of small Ag nanocubes in DEG: (A) UV—vis spectra of
five different batches of nanocubes prepared using the standard
procedure (curves 1—5) and of the nanocubes produced in a 10X
scale-up synthesis (curve 6); and (B) low-magnification and high-
magnification (inset) TEM images of the Ag nanocubes obtained in
the scale-up synthesis. The scale bar in the inset is S0 nm.

were formed in a short period of time. As shown by TEM
images in Figure 4, some large particles (~80 nm) still existed
at t = 3 min, together with a few small particles. This
observation was consistent with our previous synthesis of Ag
nanocubes in EG, where it was established that both the
formation of AgCl particles (the large ones) and the birth of
single-crystal Ag seeds (the small ones) occurred simulta-
neously in the early stage of a synthesis.*® The number and size
of the large AgCl particles decreased with the reaction time,
accompanied by the increase of small Ag seeds in terms of both
size and number. At ¢ = 10 min, all the AgCl particles had
disappeared and only small Ag nanospheres with a diameter of
12 nm were observed in the system. Afterward, the nanospheres
increased in size at a relatively slow rate and nanocubes with an
edge length of 18 nm started to appear at t = 30 min.
Comparison of Different Polyols for the Synthesis. It
is clear that single-crystal Ag seeds could be obtained in high
purity during the nucleation stage for both the EG and DEG
systems.>® However, a slower growth rate could be achieved in
DEG than in EG. The slower kinetics associated with the
growth of Ag nanocubes in DEG could be attributed to a longer
hydrocarbon chain and thus weaker reducing power in
comparison with EG.*>** It is thus interesting to see whether
uniform Ag nanocrystals with smaller sizes can also be obtained
in other polyols with longer hydrocarbon chains than DEG. To
address this important issue, we compared the synthesis of Ag
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nanocrystals in polyols with different lengths of hydrocarbon
chains. The chemical structures of these polyols were
summarized in Figure SS. Like in the standard procedure
used for DEG, we also investigated the time-dependent
evolution of Ag nanocrystals in TEG and TTEG. As shown
by the TEM images in Figure 5, both large AgCl particles
(~100 nm) and a few small Ag nanocrystals were formed in
TEG at ¢t = 1 min, which is similar to what was observed during
the synthesis in DEG. At t = 10 min, the AgCl particles
disappeared and small Ag nanocrystals with two major sizes
were observed. One was around 22 nm and the other was
below 5 nm. It should be noted that most of the larger particles
(~22 nm) contained twin defects, and they tended to grow at a
relatively faster rate than the smaller ones. Eventually, the final
product obtained at t = 2 h became a mixture of rods,
bipyramids, cubes, and cuboctahedrons with two major sizes of
~41 and ~5 nm. In the case of TTEG, a mixture of AgCl and
Ag nanoparticles was also observed in the early stage (Figure
6). However, after the AgCl particles had disappeared at t = 30
min, essentially all of the Ag nanoparticles (~21 nm in size)
showed a twinned structure and they tended to aggregate.
These twinned particles then grew into large structures with
irregular shapes in a short period of time.

We also recorded UV—vis spectra of the Ag nanoparticles
prepared in TEG and TTEG (Figure S6). As the reaction time
increased, the LSPR peaks of Ag nanoparticles obtained in both
TEG and TTEG were constantly red-shifted, suggesting that
their average sizes were gradually increased. It should be noted
that the full width at half-maximum of these LSPR peaks were
much broader than those of Ag nanocubes prepared in DEG,
indicating that the size/shape distributions of the nanoparticles
prepared in TEG and TTEG were broader than the nanocubes
obtained in DEG.

From the viewpoint of nucleation and growth, the
concentration of Ag atoms should steadily increase with
reaction time after the injection of a salt precursor, which is
reduced and depleted in the presence of a reductant. Once the
concentration of Ag atoms has reached the point of
supersaturation, the atoms will start to aggregate into small
clusters (i.e.,, nuclei) through homogeneous nucleation. Then,
the resultant Ag nuclei will grow in an accelerated manner due
to the involvement of autocatalysis, and thus, the concentration
of Ag atoms in the solution will quickly drop to a level below
supersaturation. As long as the concentration of Ag atoms is
held below the threshold for homogeneous nucleation, no
additional nucleation events will occur. Therefore, one has to
fulfill the following requirements in order to obtain Ag
nanocubes with a single-crystal structure and small sizes: (i)
rapid formation of a large number of nuclei/seeds in the early
stage to deplete essentially all the Ag atoms; and (ii) slow
growth of the nuclei/seeds in the following step to allow for
quenching of the synthesis once a specific size has been reached
for the nanocubes. If nucleation is allowed to proceed over an
extended period, the precursor will be unevenly depleted,
resulting in different growth rates for the nuclei formed at
different stages of a synthesis. These arguments suggest that an
effective approach to the synthesis of Ag nanocrystals with
uniform sizes and shapes and in high purity is to separate the
nucleation and growth steps.

To achieve a brief spurt of nucleation in a polyol synthesis,
one has to optimize several parameters such as the
concentration of precursor, the temperature, and the reducing
power of polyol. In the present work with different polyols, the
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Figure 4. TEM images showing the early stages of a standard synthesis of Ag nanocubes at: (A) 1, (B) 3, (C) S, (D) 10, (E) 20, and (F) 30 min.

concentration of precursor and temperature were both fixed.
Thus, the reducing power of a polyol is expected to play the
most important role in the nucleation and growth. It has been
demonstrated that the longer the hydrocarbon chain of a polyol
has, the weaker its reducing power will be, so the reducing
powers of polyols should decrease in the order of: EG > DEG >
TEG > TTEG.*** Therefore, it is not hard to understand why
uniform Ag seeds could be obtained in high yields in both EG
and DEG. It was because a rapid nucleation burst was ensured
by their relatively strong reducing powers. On the contrary, Ag
nanoparticles with broad size distributions were obtained in
TEG and TTEG due to their relatively weak reducing powers
and thus nucleation over an extended period of time.
Furthermore, the slow nucleation in TEG and TTEG led to
the formation of seeds with twin defects in an effort to reduce
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the total surface free energy. Such a dependence of crystallinity
on reaction kinetics was also observed by Lee and co-workers in
the synthesis of Au nanoparticles.*’

Although single-crystal Ag nanocubes could be obtained in
both EG and DEG under appropriate conditions, one could
only produce small Ag nanocubes with edge lengths below 30
nm in DEG. Except for the difference in reduction kinetics
between EG and DEG, their difference in viscosity could be a
major parameter responsible for the small size and good
uniformity of the Ag nanocubes obtained in DEG. According to
the Stokes—Einstein equation, the diffusion coefficient D of a
spherical particle with radius r is related to the viscosity of the
medium 7 by the following equation:

D = kyT/6mnr (1)
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g
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Figure S. TEM images of Ag nanocrystals obtained from a synthesis in TEG at different time points: (A) 1, (B) 10, (C) 30, (D) 60, (E) 90, and (F)
120 min. Except for the solvent, all other parameters were kept the same as the standard procedure involving DEG.

where kg is the Boltzmann constant and T is the absolute
temperature. As expected, the diffusion rate of a Ag atom or
particle in DEG is much lower as compared with that in EG
owing to the difference in viscosity (1.3 vs 0.9 mPaes for DEG
and EG at 150 °C).***” As a result, the probability for the Ag
atoms and particles to collide is much lower in DEG than in
EG, resulting in the formation of Ag nuclei/seeds at a higher
concentration in the former solvent. According to the
measurements by ICP-MS and TEM, the concentrations of
Ag nanocubes prepared in DEG and EG were 1.5 X 10" and
1.1 X 10" particles/mL, respectively. Since a larger number of
nuclei/seeds will consume more precursors during their
growth, smaller Ag nanocubes will be obtained in DEG when
the amount of Ag precursor is fixed. To understand the role of
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viscosity in suppressing aggregation of Ag nuclei in the initial
stage of a synthesis, we also introduced a small amount of
mPEG into the EG-based synthesis® to increase the viscosity
of the system. As shown in Figure S7, the average edge length
of the Ag nanocubes prepared under this condition was indeed
smaller than the products obtained in the absence of mPEG (35
nm vs 45 nm), confirming the important role of solution
viscosity in increasing the density of nuclei and thus reducing
the size of Ag nanocubes. In addition to the benefit of higher
viscosity, the slower reduction kinetics of DEG relative to EG
during the growth stage allowed the seeds to grow at a relatively
slow rate. Combined together, we were able to reproducibly
generate small Ag nanocubes with controlled edge lengths. On
the other hand, although the viscosities of TEG and TTEG are
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100 nm

Figure 6. TEM images of Ag nanocrystals obtained from a synthesis in TTEG at different time points: (A) 1, (B) 10, (C) 30, (D) 60, (E) 90, and
(F) 120 min. Except for the solvent, all other parameters were kept the same as the standard procedure based on DEG.

higher than that of DEG, the mixture of single-crystal and
twinned seeds, which are formed due to the slow nucleation
over a longer period of time, will grow at different rates. As a
result, Ag nanoparticles with a broad size distribution and a
number of different shapes were obtained when TEG or TTEG
is used as the solvent.

In addition to the replacement of solvent for generating Ag
nanocubes with small sizes in a polyol synthesis, it is also
possible to achieve the same goal by adjusting other parameters
that can influence the reduction kinetics and viscosity of an EG-
based system. For example, we have tried a synthesis in EG
with the addition of formaldehyde as an extraneous reductant at
relatively low temperatures (100 and 130 °C), which was
supposed to offer a proper reducing power and relatively high
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viscosity. However, we only obtained Ag nanoparticles with
irregular shapes and broad size distributions under these
conditions (Figure S8). This result suggested that it might be
more complicated and much harder to put the synthesis under
control relative to the present approach that only involved a
simple change of solvent. In addition, we also tried to further
manipulate the synthesis by employing mixtures of EG and
DEG at different proportions. As indicated by the width of
LSPR peak in Figure S9, the introduction of EG into DEG
tended to make the Ag nanocubes less uniform in size. Taken
together, we can conclude that replacement of EG by DEG
while keeping other conditions the same is the simplest and
most effective approach to the generation of Ag nanocubes with
small and uniform sizes.
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Figure 7. TEM images of typical Au nanocages/frames obtained via a galvanic replacement reaction between HAuCl, and the small Ag nanocubes
with different edge lengths: (A) 18, (B) 23, (C) 28, and (D) 32 nm. The insets are the corresponding high-magnification TEM images, with the scale

bars of 20 nm.

Synthesis of Small Au Nanocages/frames with
Tunable Optical Properties. From the perspective of
applications, single-crystal Ag nanocubes with high purity can
serve as seeds for the growth of homogeneous and/or
heterogeneous nanocrystals with a variety of shapes,
morphologies, and structures, as well as fabrication of bimetallic
nanostructures via a galvanic replacement reaction. The
resultant nanostructures derived from seeds/templates based
on Ag nanocubes are promising candidates for various
applications due to their tunable optical, electrical, and catalytic
properties.” ~>° For all these applications, it is necessary to
achieve high purity, good uniformity, high reproducibility, and
robustness for the synthesis of Ag nanocubes, as well as the
capability of scaled up production. By using the small Ag
nanocubes as templates, Au nanocages/frames with much
smaller sizes relative to what has been reported previously
could be fabricated via galvanic replacement reaction.”***
Moreover, the optical properties of such small Au nanocages/
frames could be tailored by simply using Ag nanocubes with
different sizes. As shown in Figure 7, hollow cubic nanocages/
frames with edge lengths of 21, 26, 31, and 35 nm were
obtained corresponding to Ag nanocubes of 18, 23, 28, and 32
nm in edge length, respectively. We also recorded TEM images
from the Au nanoframe (21 nm) at different tilted angles
relative to the electron beam to confirm its frame-like structure
(Figure S10). A detailed discussion on the mechanism of the
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galvanic replacement reaction can be found in our previous
publications.*®

Figure 8 shows the LSPR extinction spectra of the Au
nanocages/frames obtained by pumping specific amounts of

Fig. 7A Fig ?\B Fig. 7C  Fig. 7D

Extinction (a.u.)

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 8. UV—vis spectra taken from aqueous suspensions of the Au
nanocages shown in Figure 7 (as marked on the spectra).

HAuCl, solution into the suspensions of Ag nanocubes with
different edge lengths. The LSPR peaks of Au nanocages/
frames could be tuned to the maximal wavelengths of 650, 700,
730, and 760 nm when Ag nanocubes with edge lengths of 18,
23, 28, and 32 nm, respectively, were employed as the
templates. In principle, the LSPR peak positions of Au

dx.doi.org/10.1021/ja311503q | J. Am. Chem. Soc. 2013, 135, 1941—1951
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nanocages/frames can be constantly tuned by adding different
amounts of HAuCl,. In other words, their optical properties are
highly dependent on the degree of the hollowness in the
structure of an Au nanocage/frame. Herein, thanks to an
accurate control of the edge length of the Ag templates, we
could easily tune the LSPR peak positions of the Au
nanocages/frames by using Ag nanocubes with different sizes,
meanwhile maintaining a high degree of hollowness in the
structures. Such Au nanocages/frames with relatively small
sizes, tunable optical properties, and high degrees in hollowness
are expected to offer enhanced performance in a range of in vivo
applications involving drug delivery, optical imaging, and
photothermal therapy.

4. CONCLUSION

We have demonstrated a facile and robust method for the
synthesis of Ag nanocubes with controlled edge lengths below
30 nm by replacing EG with DEG as both a solvent and a
reductant. Compared with EG, DEG possesses a higher
viscosity and a lower reducing power owing to the increase
in hydrocarbon chain length. As a result, we could achieve a
nucleation burst in the early stage to generate a large number of
single-crystal Ag seeds and a relatively slow growth rate in the
subsequent stage to ensure uniformity and size control. Thus,
small Ag nanocubes with uniform, tightly controlled sizes and
high purity (typically, >95%) could be reproducibly obtained
between batches. With the aid of a UV—vis spectrometer, the
edge length of the resultant Ag nanocubes could be readily
tuned in the range of 18—32 nm by quenching the reaction at
different reaction times. The use of polyol with longer
hydrocarbon chains (e.g, TEG or TTEG) only led to the
formation of twinned particles with irregular shapes, suggesting
that the production of uniform and small Ag nanocubes is
highly sensitive to the reaction kinetics. For the first time, we
were able to produce uniform sub-20 nm Ag nanocubes on a
relatively large scale and in a hydrophilic solution. Using the as-
prepared Ag nanocubes as templates, small Au nanocages/
frames (21—3S nm) with controllable optical properties were
also prepared via a galvanic replacement reaction. The good
robustness and reproducibility, as well as the capability for
large-scale synthesis, of the present protocol will offer new
opportunities of applications for both the Ag nanocubes and Au
nanocages. The strategy reported in this article for screening
appropriate solvents/reductants in an effort to manipulate the
reaction kinetics and thus achieve size control, robustness, and
reproducibility, can also be extended to other systems.
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