Anisotropic Nanopatrticles

Angewandte

DOI: 10.1002/anie.200802185

Imidazolium-Based Ionic Liquids as Efficient Shape-Regulating
Solvents for the Synthesis of Gold Nanorods**
Hyung Ju Ryu, Luz Sanchez, Heidrun A. Keul, Aanchal Raj, and Michael R. Bockstaller*

Dedicated to Professor Gerhard Wegner on the occasion of his 68th birthday

The tuneable NIR absorbance of gold in conjunction with its
low cytotoxicity has fueled research in the synthesis of rodlike
gold nanocrystals for a wide range of biomedical applications
such as sensing, imaging, and photothermal therapy.l'! How-
ever, a fundamental problem in the realization of these
technologies is the need for (cytotoxic) surfactants—such as
cetyltrimethylammonium bromide (CTAB)—in order to
induce the anisotropic particle growth in aqueous solution.”
Herein we present an alternate synthetic strategy based on
ionic liquid solvents that alleviates the need for shape-
regulating surfactants.

Tonic liquids (ILs) have attracted interest as benign
solvent systems for the synthesis of nanomaterials as they
combine several attractive characteristics, for example inher-
ent conductivity, stability over a broad range of electro-
chemical potentials, and environmental benefits deriving
from the low vapor pressure and straightforward separation
procedures.”* Two major strategies have been pursued for
the synthesis of metal nanoparticles in IL solution: 1) the
addition of auxiliary capping agents (in analogy to the
reactions in aqueous solution) to stabilize the formation of
nanosized particles, and 2) the use of modified ILs capable of
acting both as solvent and capping agent. For example, thiol-
and alcohol-substituted ILs were applied for the synthesis of
Au and Pt nanoparticles by reduction of the respective metal
salts with a strong reducing agent (NaBH,).>*! Common to
these prior studies is the use of strong reducing agents and the
(predominantly) covalent linkage of the capping agent to
stabilize the growing metal nuclei.
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We report herein that under conditions of decelerated
particle growth (by use of weak reducing agents) the
stabilization of gold nanocrystals is facilitated by solvent
coordination in unmodified imidazolium ionic liquids."®
Imidazolium cations are particularly intriguing stabilizing
agents for gold nanocrystals since related aromatic hetero-
cycles have been shown to preferentially bind to high-energy
crystallographic orientations of gold surfaces such as the
{100}, {110}, and {311} orientations.’'” This suggests that
imidazolium-based ILs may stabilize non-equilibrium particle
shapes (such as nanorods) that exhibit fewer low-energy {111}
facets than the equilibrium (Wulff) shape.

We demonstrate herein that anisotropic gold nanocrystals
can be synthesized in 1-ethyl-3-methylimidazolium ethyl-
sulfate ((EMIM][ES]) in very high yield in the absence of
auxiliary shape-regulating surfactants. Dependent on the
amount of Ag' present in the reaction mixture, the particle
aspect ratio can be controlled within the range a = L/d =1-15
(where L and d denote the particle length and thickness); this
is comparable to the range of shape anisotropy that has been
demonstrated in aqueous solutions.

The synthetic approach is based on the seeded-growth
method originally developed by the Murphy group for the
synthesis of gold nanorods in aqueous surfactant systems!'>4l
and takes advantage of the stabilization of Au'in the presence
of weak reducing agents in [EMIM][ES]. In a first step,
spherical gold nanocrystals (seed crystals) are synthesized in
IL solution ([EMIM][ES]) using strong reducing agents
(trisodium citrate and/or sodium borohydride. Note that the
reductive strength of borohydride exceeds that of citrate;
however, for the purpose of the present paper, both will be
considered as strong reducing agents). Subsequently the
nanocrystals are injected into a “secondary-growth solution”
comprising a solution of Au', Ag', and a weak reducing agent
(ascorbic acid) in [EMIM][ES].™ The reaction process is
illustrated in Scheme 1.

[EMIM][ES] was chosen as the IL because of its hydro-
philic characteristics and high dielectric constant (¢ =27.9)
which supports the dissolution of inorganic salts." Seed
crystals of three different sizes were synthesized (by pro-
gressively increasing the amount of NaBH, during the
reduction process) in order to elucidate the effect of seed
crystal size on rod formation: (d)s;=(9.4+4)nm, (d)s,=
(6.5+£2.1) nm and (d)g; = (3.9 +1.6) nm. The Ag' content in
the growth solution was set at x,,=0, 0.04, 0.08, and 0.16
(with x,, = c(Ag')/c(Au") denoting the molar ratio of Ag') in
order to elucidate the relevance of Ag' on the rod-formation
process.
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Scheme 1. Two-step synthesis of gold nanoparticles: Reduction of Au
in [EMIM][ES] by (relatively) strong reducing agents (citrate and/or
sodium borohydride) results in the formation of spherical crystals
(seed crystals). The size of these seed crystals is controlled by the
relative amount of NaBH,. Addition of the weak reducing agent
ascorbic acid stabilizes Au' in [EMIM][ES] solution and facilitates
anisotropic growth after addition of seed crystals.

Figure 1 depicts the optical absorption spectra of tenfold
diluted samples of the nanorod solution recorded 2, 5, 10, and
30 minutes after the injection of seed crystals (d)s, = (6.5+
2.1) nm to a growth solution with x,, = 0.08. At short reaction
times (t=2 and 5 min) the absorption spectra are dominated
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Figure 1. UV/Vis absorption spectra of nanorod solutions after reac-
tion times of 2 (black), 5 (red), 10 (green), and 30 min (blue), along
with photographs of the particle solutions. The increase and red-shift
of the longitudinal plasmon resonance (indicated by arrows) from
A=725 nm (10 min) to A=749 nm (30 min) is characteristic for
anisotropic particle growth. The inset depicts the development of
shape anisotropy a as function of time ¢ as deduced from the optical
spectra using Mie theory. The curve reveals a sigmoidal anisotropy
evolution with maximum growth rate at t~10 min. The line is
introduced to guide the eye.
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by the damped plasmon resonance at A=>542 nm that is
characteristic of small spherical gold nanocrystals in [EMIM]
[ES]. After t=10 minutes a distinct long-wavelength absorp-
tion at A =725 nm is observed, which becomes a dominant
absorption peak at =749 nm for the sample obtained after
t=30 minutes. This transition is indicative of the growth of
anisotropic gold particles in which the splitting of the plasmon
resonance in transverse and longitudinal excitation modes
gives rise to the characteristic long-wavelength plasmon
absorption.!"”!

Growth of anisotropic particles is confirmed by trans-
mission electron microscopy (TEM, Figure 2). After 1=
10 minutes the formation of tadpole-type nanoparticles is
observed with dimensions of (d) =(5+3) nm and (L) = (18 +
5) nm. With increasing reaction time ¢ the average particle

Figure 2. Bright-field TEM image of gold nanorods in [EMIM][ES] after
different reaction times t. a) After t=10 min, (d) = (5+3) nm and

(L) = (18+5) nm; the inset shows seed nanocrystals

({d)s;= (6.5+2.1) nm). b) After t=30 min, (d)=(9£2) nm and

(L) = (46.1 £8) nm; the inset shows distribution of nanorod anisotropy
a after t=30 min (v: normalized particle frequency).

shape anisotropy (a) (determined by electron microscopy) is
found to increase to (a) ~ 6 after t =30 minutes Using model
calculations based on Mie theory (not shown here) the
wavelength for the longitudinal plasmon resonance can be
estimated for gold nanorods with an aspect ratioa =6 to be 4,
~900 nm. This is somewhat larger than the A.,=749 nm
obtained from Figure 1 and suggests that TEM overestimates
the average rod anisotropy by about 25%. The length
disparity of nanorods evident from the micrograph (Fig-
ure 2b) also rationalizes the shoulder in the absorbance
spectra after =30 minutes in the wavelength range 550 < A <
700 nm. No significant change in the optical characteristics of
the particle solutions was observed after ¢=30 minutes
(supporting the sigmoidal development of particle aspect
ratio deduced from the absorption spectra shown in Figure 1),
and the solutions remained stable over two weeks—the
maximum time considered in the experiments. Analysis of
electron micrographs such as Figure 2 furthermore reveals a
ratio of rodlike to spherical particle morphologies in excess of
9:1, indicating a high yield of rods.

Similar to previous reports on the synthesis of gold
nanorods in aqueous surfactant solutions, rod formation was
found be sensitive to the size of seed crystals; in other words,
the rod anisotropy was found to progressively increase with
decreasing seed crystal size (for constant x,,).'*'™ For
example, at x,,=0.08 no rod formation was observed for
large seed crystals ({(d)s; = (9.4 =3) nm), whereas small seed
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particles ({(d)s3=(3.9+£1.6) nm) resulted in nanorods with
average anisotropy of (a) =6.1. We attribute the size depend-
ence of the growth process to both kinetic and thermody-
namic stabilization of large nanocrystals with the equilibrium
shape."’!

The presence of Ag' during the growth process was found
to be critical to induce the formation of nanorods. Figure 3
depicts the electron micrographs of nanorods that were
synthesized using small seed crystals ({(d)s;=(3.9+1.6) nm)
with progressively increasing molar fraction of Ag' (Xag=
0.04, 0.08, and 0.16 after t=30min). Both the particle
anisotropy and nanorod yield (i.e. the number of rods relative
to the total number of particles) are found to increase with
increasing x,,. In the absence of Ag' (i.e. x,,=0) only
spherical particles formed.

The relevance of Ag' bears similarity to observations
made with aqueous surfactant systems in which a small
amount of Ag' was found to support the formation of rodlike
particle shapes. In aqueous systems it has been proposed that
Ag' contributes to the stabilization of non-equilibrium rodlike
particle shapes through underpotential deposition and the
formation of ad-layers on the gold crystal surface—presum-
ably on the high-energy {110} and {100} facets that are
prevalent in single-crystalline gold nanorods.'*' While the
role of Ag' cannot be resolved in the present study it is
interesting to note that the results suggest the shape-regulat-
ing effect to be associated with Ag' rather than AgBr which
has been discussed as a possible contributor in the stabiliza-
tion process in aqueous systems.

The micrographs shown in Figure 3 reveal a significant
difference between the morphology of nanorods formed in
[EMIM][ES] and those in aqueous surfactant solutions.
Whereas in the latter case “ideal” rodlike single-crystalline
or twinned morphologies have been observed, nanorods
synthesized in [EMIM][ES] exhibit a more irregular head/
tail-type geometry, in which the (presumably) seed nano-
crystals (“head”) can be distinguished from the attached
“tail” of the rod.'¥ To elucidate the origin for the difference
in particle-shape evolution, high-resolution electron micro-
scopy (HRTEM) was performed on nanorods after t=
30 minutes (synthesized using seed crystals (d)s,=(6.5+
21)nm and x,,=0.08; see also micrograph shown in
Figure 2b). Figure 4 confirms the predominant single-crystal-
linity of the nanorods and reveals that the nanorods’ growth
direction is primarily along the (100) direction. This suggests
that the role of [EMIM][ES] in regulating the particle shape is
similar to that of CTAB in aqueous solution, for which the
anisotropic growth has been related to the higher binding
affinity of the surfactant to the high-energy {100} and {110}
crystal facets.'

Intriguing insight into the origin of the rather irregular
rodlike shape of nanorods in [EMIM][ES] is provided by the
HRTEM images shown in Figure 4b and 4c, which depict a
profile view along [010] direction. The magnified profile view
clearly reveals the “irregular” structure of the {100} rod facet
resulting from atom-height surface steps (indicated by arrows
in Figure 4c). The deviation of nanorod facets from the
“ideal” atomically smooth atom arrangement as a conse-
quence of surface relaxation and reconstruction processes was
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Figure 3. a—c) Bright-field TEM images of gold nanorods in [EMIM][ES]
for different molar fractions of Ag' at t=30 min after addition of seed
crystals (d)s;=(3.9£1.6) nm. Insets depict the respective particle
anisotropy distribution. a) x,, =0.04, (a) =4.2. b) x,,=0.08, (a) =6.1,
(L)=(32.2+4.1) nm. ¢) x4 =0.16, (a)=10.9, (L) = (45.9+6.2) nm.

d) Plot of the average rod anisotropy as function of x,; (a) is found to
increase approximately linearly with x,,. The inset shows the increase
in nanorod yield Y (defined as the number fraction of rodlike particles)
with increasing x,,. Dashed lines are inserted to guide the eye.

first demonstrated by El-Sayed and co-workers using single-
crystalline gold nanowires grown by electrolytic deposition.””!
Fundamentally, surface relaxation and reconstruction de-
scribe the process by which layers of atom planes in the
vicinity of the surface assume spacings (relaxation) or
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Figure 4. HRTEM images of gold nanorods grown in [EMIM][ES]:

a) {111} sublattice (lattice distance: 0.236 nm) (scale bar: 5 nm) and
b) {100} sublattice (scale bar: 5 nm). The micrographs reveal the
single-crystalline structure and primary direction of particle growth
along (100). Inset in (a) shows the respective crystallographic direc-
tions. c) Magnified [010] profile view, demonstrating the formation of
atom-height surface steps along the (001) crystal facets. Arrows
indicate location of surface steps (scale bar: 2 nm). d) Sketch showing
the approximate atomic positions deduced from (c).

arrangements (reconstruction) that are different from those
of atoms in the bulk in order to lower the overall free energy.
While relaxation and reconstruction processes have received
much attention in the study of planar metal surfaces, the
implications on the growth of nanocrystals have only rarely
been explored. Recently, Keul etal. demonstrated the
occurrence of (1x2) missing-row reconstruction on {110}
crystal facets of gold nanorods synthesized by the seeded-
growth approach.”! They postulated that surface reconstruc-
tion constitutes a competing mechanism during particle
growth that is responsible for the transition from anisotropic
to isotropic growth observed in aqueous nanorod solutions.!!
We hypothesize that the origin of the difference in particle
shapes of nanorods synthesized in [EMIM][ES] and aqueous
solution is related to subtle differences in the specific binding
affinity of [EMIM][ES] and CTAB to the crystal facets
(perhaps mediated by the formation of Ag ad-layers) which
alter the respective surface reconstruction and relaxation
processes. In particular, the frequency of surface-step irreg-
ularities of nanorod [010] facets as deduced from Figure 4¢
exceeds the numbers reported for nanorods in aqueous
media, thus suggesting surface reconstruction to be more
effective in [EMIM][ES] solution. It is conceivable that the
more defective particle surface structure affects particle
growth and results in more irregular morphologies. We note
that this assertion is preliminary owing to the lack of sufficient
statistics in HRTEM analysis; the change in solvent and
surfactant will likely have a complex and multifaceted effect
on the reaction process, including mass transport and
thermodynamic driving force in addition to surface recon-
struction processes.

In conclusion, the high-yield formation of rodlike gold
nanoparticles in [EMIM][ES] in the absence of shape-
regulating surfactants demonstrates new opportunities for
IL solvent systems for the synthesis of nanomaterials. The size
and shape of the nanoparticles is dictated by the preferential
binding affinity of the imidazolium cations to low-density gold
crystal facets when weak reducing agents are being used for
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particle growth. This could be of interest, for example, for the
synthesis of gold nanorods for biomedical applications in
which a fundamental problem persists in the cytotoxicity of
the capping agents needed to induce the anisotropic growth.
Since preliminary toxicological studies on imidazolium-based
ionic liquids are encouraging, the IL-based synthesis
approach could be more compatible with biomedical appli-
cations.”

Experimental Section

[EMIM][ES] (99 % ) was supplied by Alfa Aesar and dried in vacuum
at 60°C for 48 h prior to use. HAuCl, (99.99 %), AgNO; (99.99 %),
trisodium citrate (99 %), NaBH, (99.99 % ), and ascorbic acid (99.9 % )
were obtained from Aldrich and used without further purification. All
reactants were found to dissolve in [EMIM][ES] after stirring for 1 h
and heating to 7=60°C and to remain in solution after cooling to
room temperature.

Citrate-capped seed nanocrystals with an average particle
diameter of (d);=(9.4+3)nm were synthesized by addition of
0.5mL of trisodium citrate (50 mm in [EMIM][ES]) to SmL of
HAuCl, (1mMm in [EMIM][ES]). The solution was stirred for
120 minutes at 85°C before cooling to room temperature. Particle
with sizes of (d),=(6.5+2.1) nm were synthesized by addition of
0.1 mm of NaBH, to the citrate solution in the presence of CTAB
(0.3 mm). Particles with diameters of (d);=(3.9+1.6) nm were
synthesized by addition of 0.5 mL of NaBH, (0.5mL, 0.2 mm) to
5mL of HAuCl, (1 mm in [EMIM][ES]) in the presence of CTAB
(1 mm) at 0°C. The solution was stirred for 60 minutes at 0°C before
heating to room temperature. A secondary-growth solution was
prepared by addition of 30 pL of ascorbic acid (1m in [EMIM][ES]) to
2.5 mL solution of HAuCl, (5 mm in [EMIM][ES]). Addition of the
reducing agent resulted in a color transition from yellow to trans-
parent within 60 s, indicating the complete reduction of Au' to Au'.
Au' was found to be stable in [EMIM][ES] even in the presence of
excess amounts of ascorbic acid. Ag' was introduced into the growth
solution by addition of 0, 12.5, 25, and 50 pL of AgNO; (40 mMm in
[EMIM][ES]) to 2.5 mL of the Au' solution, corresponding to molar
ratios of x,, =c(Ag")/c(Au') =0, 0.04, 0.08, and 0.16, respectively. In
order to induce rod formation 12 pL of the seed solution was added to
the secondary-growth solution under vigorous stirring at 25°C.

UV/Vis spectroscopy was performed using a CARY 500 spec-
trophotometer. Transmission electron microscopy (TEM) was per-
formed using a JEOL 2000 FX microscope operating at 200 kV.
Specimen preparation was by drop-casting tenfold-diluted particle
solutions on amorphous carbon-coated copper grids. High-resolution
TEM was performed using a Philips Tecnai microscope operating at
200 kV.
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