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Geometric control of copper nanoparticles was attempted with nonionic microemulsions contain-
ing tetrabutylammonium hydroxide (TBAOH). By using copper(II) salts as precursors, metallic
anisotropic Cu nanoparticles were obtained via a two-step chemical reaction. Corresponding
plasmon resonances were monitored under differing reaction conditions. The effect of TBAOH
and Cu precursor on the resulting geometries was examined so that the anisotropic morphologies of
Cu nanoparticles could be confirmed as evolving under the controlled condition where cupric
hydroxides formed predominantly as intermediates. Distinguishable optical spectra dependent upon
the geometries of nanoparticles were obtained, and narrow and intense plasmon resonances centered
within the range of 585-590 nm were observed from truncated triangular Cu nanoplates with
optimum aspect ratios. In addition, the controlled reactions were processed in another two
microemulsions by using nonionic surfactants with different lengths of polyoxyethylene groups.
Finally, electrodynamics calculations were used to further explain the spectral changes with an
increase in the geometric anisotropy of Cu nanoparticles.

Introduction

An interesting optical response of nanostructured noble
metals arises from the coherent collective oscillation of
free electrons when electromagnetic irradiations are
applied, and is referred to as localized surface plasmon
resonance (LSPR).1-3 Over recent years, LSPRs of
metallic nanoparticles includingAu andAg have received
intense attention for their opto-physical value as novel
optical phenomena3 and their promising use for sensi-
tive optical sensing,4 cancer therapeutics,5 and surface-
enhanced Raman spectroscopy.6 Because the LSPRs are
highly sensitive to the size, geometry, composition of
metallic nanostructures, and surrounding medium, as
well as interparticle spacing,2,7-10 their manipulation

has been pursued by controlling such parameters. In
particular, geometric control has been a fascinating route
for manipulating the optical response of metallic nano-
particles, increasing the diversity of geometry-dependent
LSPRs in terms of spectral ranges and line shapes.
Additionally, a good agreement between experimental
measurements and theoretical predictions of optical re-
sponse for the certain nanostructured geometric targets
should be allowed on the basis of effective control of
geometries.2,11

Observations of characteristic geometry-dependent
LSPRs of Cu nanoparticles have been made by tailoring
geometries, and manipulating their dimensions has
resulted in a remarkable variation in LSPRs.12-15 These
have been discussed through particular preparation
methods of Cu particles with different geometries. LSPRs
have been represented as broad double bands observed
from isotropic nanoshells surrounding silica particle
cores.12 Anisotropic particle arrays deposited on hard
substrates with a certain orientation also showed char-
acteristic dipolar plasmon resonances. Transverse dipolar
LSPR peaks were displayed from parallel nanowires,13

and single intense dipolar plasmon LSPR peaks were
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observed from triangular particles14 in localized areas
where Cu deposition was performed. Such geometry-
dependent LSPRs could be remarkably tuned by the
control of particle size12-14 and, in particular, oriented
one-dimensional nanowires showed strong dependence of
LSPRs upon the angles of light incidence.14

The LSPRs of collections of anisotropic Cu nanodisks,
isotropic nanospheres, and nanocubes have been investi-
gated by wet-chemical methods using anionic micellar
templates. Distinctive plasmon resonances have been
measured by controlling the relative proportions of nano-
disks and nanospheres.15,16 The spectral change ofLSPRs
as the proportion of anisotropic particles increased up to
about 60% of Cu colloids was explained by compar-
ing experimental spectra with calculated optical results
obtained by taking into account the experimentally
determined proportions of nanodisks. Specifically, a
red-shifted broad plasmon resonance was measured from
a Cu colloid containing the highest proportion of Cu
nanodisks.15 The experimental spectra of the anisotropic
particles were, however, rather different from calculated
spectra because of the large shape distribution of the
whole colloid.
To clarify an influence of nanoparticle aspect ratios on

the optical spectra of colloidal anisotropic Cu nano-
particles, we proposed nonionic W-in-O microemulsion
strategies for the synthesis and geometric control of
colloidal truncated triangular nanoplates in the presence
of ionic stabilizers such as tetrabutylammoniums (TBAs)
and alkyl carboxylates in water phases. By utilizingW-in-O
microemulsions as microreactors, the anisotropic control
of Cu nanoparticles after the reduction of cupric hydrox-
ide would be conducted by ionic stabilizers such TBA
alkyl carboxylates released after the formation of cupric
hydroxide. TBAþ ions have been known to form micelles
or vesicles with alkyl carboxylates in water phase.17,18

Plus, the ability of TBAþ ions to solubilize and transfer
hydrophobic alkyl carboxylates by forming micelles into
aqueous phase was expected to give rise to ionic stabiliza-
tion of TBA salts on metal surfaces. In particular, TBAþ

ions were also reported to be superior to that of quater-
nary ammonium cationswith shorter chains, such as ethyl
or methyl groups.19 Our previous study indicated the
insufficient anisotropic control of Cu nanoparticles
into anisotropic morphologies occurred yielding a large
amount (∼40%) of spherical particles when using tetra-
ethylammonium cations.
On the basis of the expectation of improved ionic

stabilization onmetallic Cu nanoparticles bymore hydro-
phobic tetrabutylammonium alkyl carboxylates in the
aqueous solution, we examined the effect of reactant con-
centrationson the aspect ratiosof obtainedCunanoparticles,

and found that anisotropic control of Cu nanoparticles

into truncated triangular plates can be induced in the
nonionic microemulsions by monitoring distinctive plas-

mon resonances of anisotropic Cu nanoparticles with

optimum aspect ratios. In addition, the controlled reac-
tions yielding anisotropic particles were processed in

another two nonionic microemulsions to confirm the

similarity in the production of anisotropic particles and
evolution of LSPRs under the same reaction condition.

The spectral change of LSPRs with increasing geometric

anisotropy of Cu particles was also investigated by com-
paring theoretically calculated results to experimental

LSPRs of Cu nanoparticles in terms of spectral shift

and fluctuation in intensity.

Experimental Section

Chemicals.Nonionic surfactants such as Igepal CO-520 (NP-5),

CO-720 (NP-12) and n-hexyl alcohol, tetrabutylammonium

hydroxide solution (TBAOH, 40 wt %), hydrazine mono-

hydrate (N2H4 3H2O), and copper(II) 2-ethyl hexanoate

(Cu(EH)2) were received from Aldrich corporation. Tergitol

NP-9 (NP-9) was purchased from Fluka. Cyclohexane (CHA,

J. T. Baker) and deionized water (18.2 MΩ cm) were also

required to compose microemulsions. The chemicals were used

without further purification. Cu(EH)2 was dissolved in cyclo-

hexene (CHE), and N2H4 3H2O in water to prepare 8-12 M

aqueous solutions before use.

Synthesis. Nonionic surfactant solutions (A) that contain

NP-9 in CHA (2.6 mmol/18 mL) were separated into two por-

tions by transferring 8-mL aliquots of each NP-9 solution to

another vial (B). The volumes of TBAOH solutions and addi-

tional water were dispersed inA under agitation and the volumes of

reducing agent N2H4 (0.72-1.44 mmol) were dispersed in B,

respectively. After the two emulsions were stabilized, the

0.5-1.5 mL of Cu(EH)2 solutions was added to the A, waiting

15min for reaction. The concentration of TBAOHwas adjusted

by varying the added volume of water, while maintaining

the fixed water phase volume. The [TBAOH]/[Cu(EH)2] was

adjusted from 2.0 to 4.7. The reduction was initiated by mixing

two emulsions (A and B) under moderate agitation, and the

reaction progressed for 6-8 h at room temperature. InNP-5 and

NP-12 microemulsions, identical processes were available for

the synthesis ofCu truncated triangular nanoplates. The 5mmol

of NP-5 was needed to stabilize microemulsion systems, and the

1.8mmol ofNP-12was usedwith n-hexyl alcohol (7.3mmol) for

stabilization.

Characterization. The Fourier transform infrared (FT-IR)

spectra (PerkinElmer, Spectro 2000 Explorer) of Cu(EH)2 and

Cu(OH)2 were recorded from the isolated solids after washed

with ethanol and diethyl ether, respectively. Powder X-ray dif-

fraction (PXRD) patterns were collected through X-ray dif-

fractometer (MAC Science, M18XHF-SRA). Then the LSPRs

of resulting Cu nanoparticles in nonionic microemulsions were

measured by a UV-vis spectrometer (Varian, Cary). The over-

all geometries were characterized by a high-resolution TEM

(HRTEM, JEOL, JEM2010) equippedwithCCDcameras from

the samples on copper grids, and selected area electron diffrac-

tion (SAED) patterns were taken by using the HRTEM.

Electrodynamics Calculations. The discrete dipolar approxi-

mation (DDA) has been accepted as one of the powerful

numerical methods useful for investigating the scattering

and absorption of given Cu targets with arbitrary geometries.
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The DDA calculations were carried out utilizing the implemen-

tation developed by Draine and Platau.21,22 The number of

dipoles were established higher than 21 000 in all calculations.

Results and Discussion

Synthesis ofAnisotropicCuNanoparticles viaAs-Prepared

Cu(OH)2. Two-step chemical reactions are involved in
the nonionic reverse microemulsion synthesis. One step is
the reaction of copper(II) alkyl carboxylates with hydrox-
ide ions, and the other is the reduction of as-prepared
cupric hydroxides into copper nanoparticles. W-in-O
microemulsions served as microreactors to confine the
resulting size of colloidal Cu particles to below 100 nm.
Cu(II) alkyl carboxylates added through a continuous oil
phase could approach the dispersed water phase contain-
ing TBAOH in the microreactors; they readily reacted with
hydroxide ions, releasing alkyl carboxylate anions. Result-
ing Cu(II) species deposited at the interface of the two
phaseswere introduced to the following reduction reactions.
Additional emulsions containing hydrazine aqueous

phase are required for the second reduction step, which
proceeded bymixing two emulsions. Two chemical routes
can be suggested as follows, and the schematic represen-
tation is provided in Scheme 1.

CuðEHÞ2 þ 2TBAþ þ 2OH- f CuðOHÞ2
þ 2TBAþ þ 2EH- ð1Þ

CuðOHÞ2 þ 1=2N2H4 f f Cuþ 2H2Oþ 1=2N2v ð2Þ

In reaction 1, the formation of blue or greenish-blue
solids was observed in alkaline solutions that were ad-
justed by the concentration of TBAOH. The substitution
of 2-ethyl hexanoates by free hydroxide ions occurs,
yielding copper hydroxides that are blue or blue-green
gels or powders in water as shown in eq 1. But it is
complicated to clarify the products of the first reaction
in detail when the resulting solutions bear different
adjusted pH values because of the low stability of copper

hydroxide under alkaline conditions. It is noted in the
present work that the synthesis of truncated triangular Cu
nanoplates was carried out when theR, the molar ratio of
[TBAOH]/[Cu(EH)2], was kept at 2.0 (see the following
sections). The insoluble solid products obtained when
R = 2.0 could be characterized.
Figure 1 shows FT-IR spectra recorded from the

Cu(EH)2 precursors and isolated products after alkaline
treatment. After reaction 1, the substitution reaction is
indicated by the apparent disappearance of a strong
stretching vibration peak arising from the coordinated
2-ethylhexnoate anions at 1583 cm-1, accompanied by
the production of Cu(OH)2 species. An absorption peak
at 3565 cm-1 and a broad band around 3400 cm-1 can be
assigned to water-bounded hydroxyl ions of copper hy-
droxide, and additional two peaks at 698 and 460 cm-1

are caused by vibrations of Cu-O and Cu-O-H
groups.23,24 Other peaks arose from TBAþ ions and
residual ethyl hexanoate anions.
The predominant production of copper hydroxide

obtained at R = 2.0 was supported by an X-ray diffrac-
tion pattern (see Figure 2). All the reflections of copper
hydroxides were indexed to the orthorhombic Cu(OH)2,

Scheme 1. Two-Step Reaction Processed in Nonionic W-in-O Microemulsions by Mixing Two Microemulsions

Figure 1. FT-IR spectra of (a) Cu(II) 2-ethyl hexanoates and (b) isolated
Cu(OH)2 products. The absorption peaks attributed to the Cu(OH)2 are
indicated by the asterisks.
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in agreement with JCPDS 13-0420 and as-prepared
Cu(OH)2 from Cu2(OH)3NO3.

23 The interfacial formation
ofCu(OH)2 nanowires between the immisciblemacroscopic
phases was also found in previous studies,24,25 and the high
broadness of diffraction patternswould arise from the small
sizes of grains formed at the microscopic interface in the
discontinuouswater phase ofmicroemulsionmicroreactors.
In addition, the partial production of black solids, CuO, at
the interface could not be excluded when the concentration
of TBAOH was raised to more than twice as much as the
concentration of Cu ions. The similar production of CuO
tookplace at the interface of immisciblemacroscopic phases
when hydroxide ions increased relative to the Cu(II) ions.25

The XRD pattern of the black precipitate obtained when
R=3.8 in Figure 2 shows intense diffracted peaks that can
be exactly assigned to monoclinic CuO (JCPDS 41-0254)
through the gradual dehydration of Cu(OH)2.
In reaction 2, the reduction of as-prepared Cu(OH)2 into

metallic Cu solids occurred gradually through the inter-
droplet dynamic exchange of two water phases containing
Cu(II) species and hydrazine. Slow reduction processes
prevent the intermediates from being rapidly reduced to
too large and irregular Cu particles, but it required quite an
excessive amount of N2H4, which is higher than Cu(II)
contents by a factor of 27 in typical syntheses, tomaintain a
sufficient reduction rate that leads toCu(0) production. The
hydrazine reduction of Cu(OH)2 did not immediately ap-
pear to yield Cu particles even with an excessive amount of
hydrazine,whichwas evident throughcharacteristicLSPRs.
Figure 3A shows that appearance of copper metallic species
by reduction of as-prepared Cu(OH)2 is dependent uponR.
AtRbelow2.0, largeCuparticle precipitateswere deposited
at the bottomof glassware, losing colloidal stability through
the rapid reduction of Cu(II) species. At R above 2.0,
colloidal Cu nanoparticle formationwas commonly evident
through corresponding LSPRs via the intermediate period
whichwas prolonged for about 2 h; at the intermediate stage
only a continuously increasing absorption was observed

over the visible range, without any plasmon peak within
500 - 600 nm (spectrum d in Figure 3A). A similar optical
profile was found from the small Cu nanoparticles with the
size of a few nanometers.26 It is not easy to ascertain the
composition of intermediate products, because the low
stability of Cu nanoparticles against oxidation causes rapid
conversion of Cu to Cu2O. Such a lack of a LSPR peak
was also observed from the absorption spectra of Cu2O
nanoparticles.27 But in thismicroemulsion synthesis, hydra-
zine served as a successful reducing agent for the conversion
ofCu(II) solids intoCu(0), and consequently, the formation
of Cu particles could be detected by plasmon resonance
peaks as shown in Figure 3A. The formation of Cu nano-
particles via hydrazine reduction of Cu(II) species soluble in
organic solvents were found in previous literatures.28,29 The
similarobservationof characteristicLSPRsweremade from

Figure 2. PXRDpatterns of isolatedproducts obtainedafter the reaction
between TBAOH and Cu(EH)2 at different R values. R indicates the
molar ratio of [TBAOH]/[Cu(EH)2].

Figure 3. (A) UV-vis absorption spectra a-c showing characteristic
LSPR peaks recorded from Cu nanoparticles in microemulsions with an
increase in the concentration of Cu(EH)2. Spectrum d was recorded
before the growth into Cu nanoparticles during reduction of copper
hydroxides. (B)UV-vis spectra a-ewith an increase in the concentration
of TBAOH. Figures indicate the maximum wavelengths (λmax) of plas-
mon resonance peaks at different R= [TBAOH]/[Cu(EH)2].
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anisotropic Cu nanoparticles with the size of several tens of
nanometers.
In addition, when hydroxide ions from TBAOH were

consumed during reduction steps (eq 2), 2-ethyl hexa-
noate ions relatively prevailed and could serve as counter-
ions of TBAþ ions at the expense of hydroxide ions. It
was obviously confirmed in previous studies that alkyl
carboxylates could be soluble and associated with TBAþ

ions to form micellar aggregates in aqueous phase.17-19

The substitution reaction of Cu(EH)2 with OH- in eq 1
enables the ethyl hexanoate to pair with TBAþ to form
micellar aggregates and to bring the TBA salts in close
proximity to the Cu(0) clusters produced during the fol-
lowing reduction reaction below submicrometer ranges in
microemulsions.
Change in Optical Response of Cu Nanoparticles by

Regulating the Reactant Molar Ratios. Once Cu nano-
particles are formed in nonionic microemulsions, the
color of the mixtures abruptly turns red or dark red.
The Cu nanoparticle formation was monitored through
UV-vis spectroscopy. The characteristic LSPR peaks
emerged along with the production of Cu nanoparticles.
Figure 3 shows the absorption spectra of as-prepared Cu
nanoparticles in NP-9 microemulsions under the control
of reactant concentrations, and a remarkable dependence
of the optical response on reactants such as TBAOH and
Cu(EH)2 is observed.
First, the absorption profiles of nanoparticles were

strongly affected by the amount of Cu(EH)2, as shown
in Figure 3A. By increasing the concentration of Cu(EH)2
under the fixed amount of TBAOH and hydrazine,
R values could be decreased. As the R value decreased
from 2.5 to 2.0, the maximumwavelength (λmax) of LSPR
peaks was red-shifted from 573 to 585 nm. The regulation
of R values also gave rise to a change in line shape of
absorption spectra. But further spectral changes were not
found with R values higher than 2.5, and reduction
process when R is below 2.0 yielded large precipitates
losing colloidal stability, rather than Cu colloids. The
stoichiometric excess of Cu(EH)2 on completion of
Cu(OH)2 after reaction 1 manipulates the reduction
routes (reaction 2) by involving the direct hydrazine
reduction of remaining Cu(EH)2 precursors. Preliminary
experiments to examines the direct reduction of Cu(EH)2
precursors without substitution with TBAOH also re-
sulted in similar production of precipitates, without
undergoing the intermediate stage as described in a pre-
vious section.
Second, the concentration of TBAOH can also influ-

ence the optical response of Cu nanoparticles, andR values
could be increased by increasing [TBAOH] under a fixed
amount of Cu(EH)2.Awider controllable range ofR values
from 2.0 to 3.8 was allowed by adjusting [TBAOH]
(see Figure 3B). The LSPR peaks were blue-shifted from
585 to 565 nm by raising R values from 2.0 to 3.0, and
a further shift was not observed when R is above 3.0.
The intensity of LSPR peaks diminished noticeably by
increasing R up to 3.8, whereas the LSPR λmax was not
shifted. Quite an excessive amount of TBAOH (R= 4.7)

renders eventually a plasmon peak extinct. In other
words, Cu nanoparticles could not be formed dominantly
at this point. In the hydrazine reduction of Cu(OH)2, an
excessive amount of hydroxide ions was inclined to favor
the predominant production of Cu2O particles rather
than Cu.30 Moreover, the hydrazine reduction of CuO,
whose production was detectable at high R values, could
be terminated to form only Cu2O.31 The hydrazine re-
duction of Cu(II) species when R is higher than 3.8 may
result in the production of Cu2O. Note that a significant
amount of CuO could be formed when the R value was
raised up to 3.8. The concentration of hydroxide ions
plays a significant role in preparing Cu nanoparticles in
the present synthesis via hydrazine reduction.
Change in LSPRs with Geometric Variation of Cu Nano-

particles by Regulating R Values. In Figure 4, absorption
spectra measured with different R values were relatively
represented by the normalization at the λmax. It was
confirmed that the spectral shift of LSPRs due to increas-
ing [TBAOH] parallels the change of LSPRs observed by
decreasing [Cu(EH)2] with respect to the spectral blue-
shift of LSPRs occurring with an increase in theR values.
Only the R values from 2.0 to 3.0, where the major
production of Cu nanoparticles were expected, were
selected to discuss the dependence of LSPRs on R values.
The gradual red-shift from 565 to 585 nm and relative
spectral enhancement of LSPR peaks were manifest
through the normalization as the R value decreased from
3.0 to 2.0. The most intense peak centered at 585 nm
emerged when R=2.0. A sequential decrease in relative
intensity of LSPR peaks was observed with increasing the
R value, and it is obvious that the LSPRs were highly
sensitive to the R values.
To confirm correlation of nanoparticle geometries with

corresponding LSPRs, the geometric characterization of
Cu nanoparticles prepared at different R values from
2.0 to 3.0 was conducted using electron microscopy.

Figure 4. Normalized absorption spectra representing relative position
and intensity of LSPR peaks. Spectrum (a) R = 2.0, λmax = 585 nm;
(b) R = 2.1, λmax = 580 nm; (c) R = 2.5, λmax = 573 nm; (d) R = 3.0,
λmax = 565 nm.

(30) Xu, H.; Wang, W.; Zhu, W. J. Phys. Chem. B 2006, 110, 13829–
13834.

(31) Wang,W.;Wang, G.; Wang, X.; Zhan, Y.; Liu, Y.; Zheng, C.Adv.
Mater. 2002, 14, 67–69.
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TheCu nanoparticles responsible for themost red-shifted

and intense LSPRs at 585 nm were revealed to be com-
posed of truncated triangular plates (45%), elongated
particles (39%), and irregular particles (16%) as shown in
Figure 5A. The existence of partial stacking of truncated
Cu nanoplates along basal planes was also observed in the
whole Cu colloid as represented in amagnified view of Cu

particles (Figure 5B). Analogous partial stacking between
neighboring nanoplates was also observed from relatively
thick truncated Ag nanoplates.32 The majority of the
elongated Cu particles may be categorized as nanoplates
in consideration of their perpendicular alignment. Trun-
cated triangular nanoplates were indexed to be face-

centered cubic Cu nanocrystals, as revealed by a SAED
pattern (Figure 5C). The d-spacing values taken from
most of diffracted spots are 0.211, 0.182, 0.128, and
0.110 nm, and close to lattice parameters for bulk Cu.
The SAED pattern contains [011] zone axis diffracted
spots of Cu, which are denoted with circles. There are a

few spots with a d-spacing value of 0.215 nm, which
corresponds to a (200) lattice plane of Cu2O. The Cu2O
appears to be formed on exposure to air during drying on
grids. The average size of truncated triangular Cu nano-
plates was estimated by TEM images, using more than

400 particles, and the thickness was taken from the
stacked particles. Their size measured 60 nm (15.3% in

width of base and 22 nm(12.5% in thickness, and almost

all the basal planes of truncated triangular nanoplates are

estimated below 65 nm in width. Irregular particles

including distorted cubes and ellipsoids were generated

below 16% of a whole colloid.
Cu nanoparticles prepared at R=2.5 are shown in

Figure 5D, and the corresponding LSPR λmax of the

nanoparticles was blue-shifted to 573 nm (spectrum c in

Figure 4). The TEM images of the nanoparticles show

that the resulting morphologies are distorted, becoming

disk-like and irregular with the shrinkage of size to

around 50 nm in width. It is noteworthy that triangular

and elongated geometries weremaintained to some extent

until the R was raised up to 2.1 (see the Supporting

Information, S1), whereas the production of ellipsoids

and irregular particles losing truncated triangular geom-

etries was clearly evident when R was increased above 2.1.
WhenRwas further raised up to 3.0, the most isotropic

geometries such as cubelike structures and spheres were

found. The obtained Cu nanoparticles displayed the

LSPR peak center at 565 nm. A further decrease in size,

however, was not found, and the cubes and spherical

particles were of a comparable average volume, measur-

ing about 49 nm in diameter. The relative intensity in the

LSPR taken from the nanoparticles obtained with given

the highest R value was dramatically diminished com-

pared to LSPR intensity taken from most anisotropic

particles prepared at R = 2.0.

Figure 5. Corresponding TEM images showing geometries of Cu nanoparticles prepared at different R values and an electron diffraction pattern of
truncatedCunanoplates. ((A,B)R=2.0, correspondingLSPRλmax=585nm; (C) electrondiffraction pattern taken fromthe sample preparedatR=2.0;
(D) R= 2.5, LSPR λmax = 573 nm; (E) R= 3.0, LSPR λmax = 565 nm).

(32) Zhu, J.; Bi, H.; Wang, Y.; Wang, X.; Yang, X.; Lu, L.Mater. Lett.
2008, 62, 2081–2083.
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From the geometric analysis, it is clear that the increase
in R values results in a significant geometric variation of
Cu nanoparticles. The optimum aspect ratio of Cu nano-
particles was attained when R approached 2, which is the
lowest value allowed in the present synthesis.We can also
clarify the remarkable dependence of LSPRs on nano-
particle geometries by correlating optical spectra with
corresponding geometries. The spectral red-shift of di-
polar plasmon resonance peaks of anisotropic noble
metallic nanoparticles such as nanoplates and nano-
prisms is closely associated with an increase in aspect
ratios, which are determined by the extent of anisotropic
growth.33-35 In addition, in the case of nanostructured
Cu, such a red-shift of LSPR peaks was found from
anisotropic nanoparticle arrays with increasing aspect
ratios.14 The sequential red-shift is likely to be a reflection
of the increase in aspect ratios through the geometric
control of Cu nanoparticles with decreasing R values.
In particular, the absorption profiles taken with R =

3.0 exhibit weak LSPR peaks and an increasing absorp-
tion curve below them as shown in Figures 3 and 4, unlike
absorption spectra taken from truncated triangular nano-
plates obtained at R = 2.0 which show represent intense
LSPRs and relatively low shoulders. In addition, an
important aspect is the relative spectral enhancement of
LSPRs along with the spectral shift. It is well-known that
Cu has a dielectric function which is subject to the inter-
band transitions extending to lower energy (∼2.15 eV)
compared to those of Au and Ag.36,37 Significant damp-
ing of LSPRs centered at 565 nm occurred, and the
intensity of plasmon resonances diminished gradually as
LSPR λmax approached the interband transition thresh-
old below ∼577 nm.37 The LSPRs of Cu nanoparticles
obtained atR above 2.5 were located within the interband
transition region. In the present results, the relative
enhancement of LSPRpeaks could be observed by getting
out of the interband absorption threshold through the
spectral red-shift of LSPR λmax with increasing nanopar-
ticle aspect ratios. The broad shoulders of the optical
profiles are likely to originate from the interband transi-
tion absorption itself.14,29 Very similar optical profiles of
partially anisotropicCu nanoparticles28 and nanoplates29

prepared with amphiphilic polymer stabilizers were
found to show intense LSPR peaks. But the relative
intensities of LSPRs taken from two different anisotropic
nanoparticles are not quite identical. More intenses
LSPR peaks were observed from the Cu nanoplates,
due to their higher aspect ratios.
It is interesting to note that the anisotropic geometries,

truncated triangular nanoplates, were induced just by
adjusting the reactant concentrations such as [Cu(EH)2]
and [TBAOH] in nonionic microemulsion synthesis, in
contrast to only a spherical geometry obtained in typical

nonionic microemulsion methods.27,38 Spherical noble
metallic particles have been favored in the presence of
symmetrical TBA halides,39,40 short carboxylates,41 and
polyoxoanions,42 whereas the anisotropic growth into
plates and prisms have been found by asymmetrical tetra-
alkylammonium salts, such as cetyltrimethylammonium
bromides which tend to form micelles in aqueous
phase.33,35 An excessive amount of TBA halides appears
to have a detrimental effect on the anisotropic control of
geometries in the present synthesis (see the Supporting
Information, S2 and S3). Even a small amount of addi-
tional TBA halide salts, such as TBA chloride and
bromide, caused a blue-shift of LSPRs even though
R was fixed at 2.0.
It should be recalled that the solubility of alkyl carboxyl-

ates was significantly raised by the cationic exchange
with TBAþ ions, and the phase behavior of micellar or
vesicular solutions was exhibited through the association of
the two opposite ions through the cationic exchange.17-19

Therefore, from our investigation of the spectral change
caused by additional counterions including halides and
hydroxides, we suggest that the stabilization of aniso-
tropic growth can be driven by the ion pairs of TBAþ and
ethyl hexanoates in water phases. TBAþ salts have been
also known to have a strong tendency to be adsorbed on
the surface of noble metals.39-42 In the present synthesis,
the optimum condition for the control of truncated
triangular geometries is found at R= 2.0 where the ratio
of [TBAþ]/[ethyl hexanoate] closely approaches 1.
As distinct from our previous results by tetraethyl-

ammonium hydroxide, present results show the remark-
able susceptibility of nanoparticle geometries and LSPRs
to the concentration of TBAOH.
Truncated Triangular Cu Nanoplates in Different Non-

ionic Microemulsions. The present synthesis of truncated
triangular nanoplates was conducted by utilizing non-
ionic microemulsions emulsified by a NP-9 surfactant as
one of polyoxyethylene (POE) nonyl phenyl ethers. Ma-
nipulation of size and corresponding optical response was
attempted simply by altering the type of nonionic surfac-
tants.As alternatives,NP-5 andNP-12 surfactants, which
differ only in the length of POE blocks from NP-9
surfactants, were adopted. By processing the controlled
reactions to yield truncated triangular nanoplates inNP-9
microemulsions, the effect of differentR values on result-
ing geometry and LSPRs of Cu particles were also
examined in NP-5 and NP-12 microemulsions. As in the
previous observations by using NP-9, the LSPRs of Cu
nanoparticles were red-shifted on decreasing R values
in the two microemulsions, and optimum aspect ratios
of anisotropic particles were achieved when R=2.0.
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The results in Figure 6 also support the fact that truncated
nanoplates are responsible for intense plasmon reso-
nances. Absorption profiles showed the well-defined
LSPR peaks and broad shoulders in common, and rela-
tive increase in the intensity of LSPRs was also observed
along with spectral red-shifts as R values approach 2.0.
Figure 6B represents geometries of Cu nanoparticles

prepared in NP-5 microemulsions. The most abundant
geometry of Cu nanoparticles is found to be truncated
triangular plates (62%), and there are a minor amount
of hexagonal plates up to 21% and stacked elongated
particles (9%) together. Note that the formation of non-
controlled ellipsoidal particles and irregular particles was
almost excluded, amounts are below 8%. It is obvious on
the basis of geometric analysis that the most effective
anisotropic control of Cu nanoparticle geometries into
truncated nanoplates was carried out in NP-5 micro-
emulsions. Considering elongated structures as plates
aligned perpendicular to substrates, the occupancy of
nanoplates was over 90%. The size of truncated triangu-
lar nanoplates was measured to be 50 nm(12% in width
of basal planes, and hexagonal particles measured 47 nm
(8%. Thickness was estimated from elongated particles
to be 17 nm (12% on the assumption that elongated
particles would be stacked nanoplates. Interestingly, the
λmax of a LSPR recorded from truncated triangular
nanoplates in a NP-5 microemulsion is located at longer

wavelength (587 nm) than that of truncated triangular
nanoplates obtained in a NP-9, even though the average
size is below 50 nm in width and is smaller than truncated
triangular nanoplates with a LSPR λmax of 585 nm. The
longer wavelength appears to be attributed to the rela-
tively narrow thickness of the truncated triangular nano-
plates compared to their width. The aspect ratio, defined
as the ratio of width to thickness, of truncated triangular
nanoplates in NP-5 truncated triangular nanoplates is
2.9, which is higher than 2.7 of truncated triangular
nanoplates prepared in NP-9 microemulsions. Similarly,
nanoplates exhibiting hexagonal and truncated triangu-
lar geometries were obtained in a NP-12 microemulsion
when R= 2.0, and the most red-shifted LSPR peak
centered at 590 nm (Figure 6C and D). The nanoplates
prepared in NP-12 microemulsions have the largest aver-
age size, 71 nm in width, with quite a large distribution,
and their aspect ratio of 3.2 is the highest among three
different truncated nanoplates, whereas the thickness of
22 nm is close to that of truncated nanoplates in a NP-9
microemulsion.
The truncated triangular nanoplates with different size

ranges were synthesized through the same reactions only
by altering the type of nonionic surfactant. The average
size was confined in nonionic microemulsions to around
50 nmwith NP-5 (HLB: 10), 60 nm with NP-9 (12.9), and
finally 70 nm with NP-12 (14) in order. In the present

Figure 6. Absorption spectra of Cu nanoparticles prepared at different R values in (A) NP-5 and (C) NP-12 microemulsions, respectively. (B, D)
Corresponding TEM images of truncated triangular nanoplates preparedwhenR=2.0 in the twomicroemulsion. The figures indicate LSPR λmax of each
spectrum.
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synthesis, results reveal that water phases stabilized by
different POE blocks of nonionic surfactants influence
the resulting size of nanoplates, and a trend that indicates
the size of nanoplates increased as the length of hydro-
philic chains increased is found in three different Cu
nanoplates, although the effect of n-hexyl alcohol as
cosurfactant cannot be fully understood in NP-12 micro-
emulsionswhere the use ofNP-12 should be required. The
red-shifts of LSPR λmax to 587 and 590 nmwere observed
from truncated nanoplates prepared in NP-5 and NP-12
microemulsions, respectively.
The extent of spectral red-shiftsmay be closely involved

with the optimum nanoparticle aspect ratios attained in
three different nonionicmicroemulsions. The geometrical
distribution can also be a likely factor affecting LSPRs,
because there is a distribution of geometries from hexa-
gon to triangular plates. Although all aspects of geom-
etric differences in truncated nanoplates prepared in
three different microemulsions cannot be completely
taken into account, it is obvious that the most intense
LSPR peaks emerged from the most anisotropic trun-
cated triangular nanoplates, and the truncated plate
geometries could be driven in the presence of TBAþ ions
and alkyl carboxylate anions regardless of the type of
nonionic microemulsions.
Effect of Reducing Agent Concentration. The reduction

of Cu(II) into Cu(0) was conducted by hydrazine in the
water phase, and nucleation and growth took place in a
single reduction step for the synthesis of Cu truncated
triangular nanoplates. The effect of hydrazine was also
examined by varying its amount in a fixed volume of
water phases when R=2.0. The H value is defined as
the molar ratio of [N2H4] to [Cu(EH)2]. As the H value
increased up to 27, the same amount of hydrazine in
the experiments as discussed in the previous section, the
intensity of LSPR peaks increased continuously, as
shown in Figure 7. The enhancement of LSPR intensity
appears to attribute to the increase in the amount of
truncated triangular nanoplates after the same period of
time. The peak when H = 20 displayed its LSPR λmax at

584 nm, but there was not a remarkable difference in the
λmax. The [N2H4] should be raised to much higher con-
centration than [Cu(EH)2] not only to prevent the surface
oxidation of Cu truncated triangular nanoplates under
air atmosphere but to maintain the reduction rate suffi-
ciently high enough to cover the whole growth stages. But
the high reduction rate does not necessarily ensure the
efficient anisotropic growth of Cu particles. In contrast to
the results up to H=27, LSPR peaks were shifted to
blue when H values were higher than 30 (582 nm), and
the maximum position of a LSPR reached 576 nm with
H=40. The change in absorption spectra with varying
H values is not significant, but it represents a very similar
trend to one under the control of the R values. Despite
using effective stabilizers, the anisotropic growth could
not be induced efficiently when the reduction rates were
too fast. A significant amount of disklike particles and
spheres were produced at the high H value (see the
Supporting Information, S4). The efficiently slow reduc-
tion rate at the growth stage have been elucidated as a key
to the anisotropic growth of metallic nanoparticles in a
single reduction step.33,41 In nonionic microemulsions,
the growth stages went through the interdroplet dynamic
exchange, so the reduction rate both relatively fast
enough to facilitate the formation of Cu nanoparticles
and slow enough to induce efficient anisotropic growth
was required to avoid the production of roughly con-
trolled Cu nanoparticles.
Oxidation of Anisotropic Cu Nanoparticles on Exposure

to Air.Measurements of optical spectra and geometries in
previous sections were made with colloidal Cu nano-
particles prepared in sealed vials containing constant
volume of air. Particularly, optical measurements in the
present work were carried out 8 h after initiation of
hydrazine reduction of Cu(II) species. To examine the
effect of oxidation on the LSPRs of Cu nanoparticles
prepared at R=2.0, we incubated as-prepared truncated
Cu nanoplates on exposure to air by opening sealed vials,

Figure 7. Effect of N2H4 concentration on absorption spectra of Cu
nanoparticles. (a)H=20,LSPRλmax=584nm; (b)H=23,λmax=585nm;
(c)H=27,λmax=585nm; (d)H=30,λmax=582nm; (e)H=33,λmax=
578 nm; (f) H= 40, λmax = 576 nm.

Figure 8. Temporal absorption spectra ofCunanoparticles incubated on
exposure to air under ambient condition. Each a spectrum was recorded
from colloidal samples after different periods of exposure. Maximum
wavelengths of absorption peaks during the oxidation are 585 (2 h), 587
(4 h), 594 (6 h), and 596 nm (8 h), respectively.
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and a change in optical response of the Cu nanoplates was
monitored at different periods of exposure time. We have
already found in the present synthesis of Cu nanoplates
that the concentration of hydrazine should be adjusted to
the level where a reducing rate is high enough to overcome
the oxidation rate regulated by air contained in closed
glassware. The oxidation power of air appears to surpass
the reducing power of a fixed amount of hydrazine when
microemulsions containing anisotropic Cu nanoparticles
are kept continuously exposed to air.
In Figure 8, a temporal change in optical spectra of

anisotropic Cu nanoparticles on exposure air is illus-
trated. Even until after 2 h, a LSPR λmax was maintained
at 585 nm, which is the same as that of as-prepared Cu
nanoplates. A LSPR at this point also showed a well-
defined peak. Although a slight spectral change, a red-
shift of LSPR λmax to 587 nm and a small decline in LSPR
intensity, occurred 4 h after initiation of exposure to air,
there was not a manifest variation in line shape taken
from the sample at this point. The absorption spectra still
displayed narrowLSPRpeaks. The rapid oxidation of Cu
nanoparticles appears to be substantially inhibited by the
remaining amount of hydrazine on completion of Cu(II)
into Cu(0) until after about 4 h of exposure. A spectral
shift and change in line shape were significant after 6 h.
An LSPR shift to 594 nm was measured, with spectral
broadening. The intensity of LSPRs diminished remark-
ably whereas broad absorption above 650 nm increased,
altering the line shape of absorption spectra. The change
of optical spectra continued until a colloidal sample
started losing its colloidal stability 10 h after being left
on exposure to air. The gradual oxidation of anisotropic
Cu nanoparticles eventually gave rise to a significant
dampening of a LSPR and just a broad absorption band
extending from 450 to 800 nm after 8 h.
The temporal change of LSPRs during the oxidation of

anisotropic Cu nanoparticles features a gradual red-shift
and spectral broadening. The observed trend in the spectral

change is an inverse trend in a change of experimental
optical spectra measured during oxide shell removal of Cu
nanoparticles surrounded by Cu2O.14 A similar trend of
LSPRvariation includingdampingand spectral broadening
by the oxidation of poly(vinyl pyrrolidone)-capped Cu
nanoplates was found in previous literature.29

Simulated Extinction Spectra of Cu Nanoplates. For a
reasonable elucidation on the spectral change by increas-
ing aspect ratios, electrodynamics calculations were car-
ried out assuming representative geometries as hexagonal
plates. It is not easy to take into account all the structural
factors affecting the optical response of Cu nanoparticles,
thus target geometries are simply assumed to be isotropic
spheres and anisotropic hexagonal nanoplates for evalu-
ating the effect of an increase in aspect ratios on dipolar
plasmon resonances of Cu nanoparticles. All the extinc-
tion of Cu nanoparticles were calculated by using experi-
mental average aspect ratios of Cu nanoparticles and
dielectric constants of copper from Lynch and Hunter.44

Figure 9 illustrates a comparison between experimental
and calculated extinction spectra of Cu nanoplates and
isotropic Cu nanoparticles. A remarkable difference
between line shapes of optical profiles recorded from the
particles prepared at R = 3.0 and truncated triangular
nanoplates at R= 2.0 prepared in three nonionic micro-
emulsions. We have already speculated that the enhance-
ment in intensity and spectral red-shifts of LSPR peaks is
attributed to an increase in aspect ratios in Cu nanopar-
ticles. Note that estimated aspect ratios from truncated
nanoplates in NP-5, 9, and 12 microemulsions were 2.9,
2.7, and 3.2, respectively.
In Figure 9B, extinction spectra were calculated by

taking into account the three aspect ratios of truncated

Figure 9. Comparison between experimental and calculated optical spectra of Cu nanoparticles. (A) Experimental absorption spectra of truncated Cu
nanoplates obtainedatR=2.0 andnanoparticles obtainedatR=3.0. (B)Calculated extinction spectra of (a) a spherical target and (b-e) hexagonal prism
targets with different aspect ratios. The aspect ratio of hexagonal plates is defined as width between two parallel edges of hexagon to thickness.

(43) Xiong, Y; McLellan, J. M.; Chen, J.; Yin, Y.; Li, Z. Y.; Xia, Y.
J. Am. Chem. Soc. 2005, 127, 17118–17127.

(44) Lynch, D. W.; Hunter, W. R. In Handbook of Optical Constants
of Solids; Palik, E. D., Ed. Academic Press: New York, 1985;
pp 350-356.
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triangular nanoplates prepared in different microemul-
sions. Extinction from sphere and prism targets with the
aspect ratios of 1 and 2.3 was calculated additionally to
evaluate the effect of the sequential increase in aspect
ratios on the spectral change. Line shapes of extinction
spectra calculated from the hexagonal plate targets are
very close to those of absorption profiles consisting of
intense plasmon resonance peaks and lower shoulders
below them (spectrum c, d, and e). The hexagonal plate
targets displayed the narrow and intense LSPR peaks in
common, whereas the extinction spectrum of an aniso-
tropic target with an aspect ratio of 2.3 and a sphere could
not show any LSPR peak with a maximum.Moreover, in
parallel to experimental results, the relative intensity of
LSPRs increases gradually by raising the aspect ratios
from 1.0 to 3.2, and the spectral red-shift from around 560
(spectrum a) to 582 nm (spectrum e) is also observed,
although the intensity of a plate targetwith an aspect ratio
of 2.9 is lower than a target with an aspect ratio of 2.7 due
to the smaller particle volume of the geometric target.
The red-shifts and relative enhancement of LSPRswere

also predicted fromCu spheroids by increasing geometric
aspect ratios.45 Line shapes exhibiting narrow LSPR
peaks and flat shoulders below them are very close to
those found in calculated extinction spectra of Cu nano-
disks.29 In the present calculations, we focused on the
effect of aspect ratios on the changes in intensity and
position ofLSPRs. The predicted trend of spectral change
with increasing aspect ratios from electrodynamics cal-
culations indicates the evolution of intense LSPR peaks
with their maximum at longer wavelengths, and is in
agreement with the experimental trends.

Conclusions

Anisotropic growth of Cu nanoparticles was attained
byusingCualkyl carboxylate salts and tetrabutylammonium
hydroxide in nonionic microemulsions, and the resulting

geometries were strongly influenced by the molar ratio
of the two reactants. The optimum aspect ratios of Cu
nanoparticles were attained with the molar ratio leading
to the dominant production of copper hydroxide as
intermediates. It was speculated and then demonstrated
that geometric control of truncated triangular nanoplates
can be induced by the use of ionic stabilizers of tetra-
butylammonium alkyl carboxylate salts even in nonionic
microemulsions. The same reactions using the identical
ionic stabilizers led to the common production of trun-
cated triangular nanoplates in three different nonionic
microemulsions. The geometric control of truncated nano-
plates could be carried out over 80% of the colloids in the
present nonionic microemulsion syntheses, and espe-
cially, in NP-5 microemulsions, the proportion of Cu
nanoplates was confirmed to be above 90%. Although
there are slight geometric variations in nanoplates pre-
pared in the three different microemulsions, it is revealed
experimentally that optical spectra composed of narrow
intense LSPR peaks and broad shoulders are observed
from truncated Cu nanoplates with optimum aspect
ratios through the geometric control. The strong depen-
dence of LSPRs on geometric anisotropy is in agreement
with the predicted trends taken from electrodynamics
calculations. We conclude that the spectral red-shift
accompanied with relative enhancement in the intensity
of LSPR peaks is due to an increase in geometric anisot-
ropy, and the observation of narrow and intense plasmon
resonances can be ensured by geometric control of aniso-
tropic truncated nanoplates.
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