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a b s t r a c t

The effects of magnetic processing on the orientation and the organization of three different types of
gold nanorods (AuNRs) [l-AuNR (aspect ratio (AR) = 8.3), m-AuNR (AR = 5.0), and s-AuNR (AR = 2.5)] using
a strong magnetic field were investigated. This investigation was performed using the extinction and the
polarized extinction spectra that correspond to surface plasmons on a glass plate, and scanning electron
microscopy (SEM). For m-AuNR, the results obtained from the extinction spectra and SEM images showed
that a side-by-side aggregation of AuNRs formed in the presence of a magnetic field (10 T). In the absence
of the magnetic field, side-by-side AuNRs aggregates were not observed. The polarized extinction spectra
and the SEM images on the plates indicated that the long axes of AuNRs were oriented parallel to the
magnetic field. Similar effects of magnetic processing on the orientation and the organization of AuNRs
were observed in the l-AuNR. The magnitude of magnetic orientation in the l-AuNR was larger than that
in the m-AuNR. No orientation or organization effects for the s-AuNRs on glass plates were observed.
agnetic organization The effect of AR on the magnetic orientation of three AuNRs confirms that the magnetic orientation of
AuNRs is because of the anisotropy in the magnetic susceptibilities of the adsorbed CTAB on AuNRs. When
the magnetic processing was performed using the dilute concentration of aqueous solutions of m-AuNR,
the opposite magnetic orientation, that the long axes of m-AuNRs were oriented perpendicular to the
magnetic field, was obtained. The magnetic orientation is probably responsible for the magnetic property
of the pristine m-AuNR.
. Introduction

The application of strong magnetic fields on materials induces
trong magnetic-field effects. This can lead to the creation of highly
unctional nanomaterials with new properties, which result from
he new interfaces or nanostructures formed by the strong mag-
etic fields [1].

The magnetic orientation of crystals [2], polymers [3], fibrin fiber
4,5], and carbon nanotubes [6,7] by strong magnetic fields using a
uperconducting magnet has been widely investigated. 2D- and 3D-
atterns in silver dendrites in a strong magnetic field were reported
8,9]. Significant morphological changes induced by magnetic fields
ere interpreted in terms of the magnetohydrodynamic mecha-
ism. In this process the Lorentz force and/or a magnetic force that

s caused by a gradient magnetic field affects the motions of ions in

magnetic field. Magnetic field effects (MFEs) on growth morphol-
gy in electropolymerization, photoelectrochemical reactions, and
he redox behaviors of the conducting polymer, polypyrrole, have

∗ Corresponding author. Tel.: +81 92 802 2814; fax: +81 92 802 2815.
E-mail address: yonemura@mail.cstm.kyushu-u.ac.jp (H. Yonemura).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.04.010
© 2011 Elsevier B.V. All rights reserved.

been reported by Mogi et al. [10,11]. The MFEs were explained via
the diamagnetic orientation of the polymers. Recently, Tanimoto
et al. reported 3D morphological chirality in membrane tubes pre-
pared through a silicate garden reaction using a strong magnetic
field [12,13].

We have reported the effects of magnetic processing on the
morphological, electrochemical, and photoelectrochemical proper-
ties of electrodes modified with nanoclusters of phenothiazine-C60
systems [14–16]. Recently, we have also reported that the
magnetic orientation of nanowires consisting of regioregular
poly(3-alkylthiophene) (poly(3-hexylthiophene) [17] and poly(3-
butylthiophene) [18]).

Gold nanorods (AuNRs) possess unique optical properties that
are dependent on the size and the aspect ratio (AR: the ratio of
the longitudinal-to-transverse length). A spherical gold nanoparti-
cle has only one localized surface plasmon (SP) band in the visible
region. By contrast, AuNRs have a couple of localized SP bands. One
localized SP band corresponds to the transverse oscillation mode,

which absorbs in the visible region around 520 nm. However, the
other SP band corresponds to the longitudinal oscillation mode
that absorbs in the far- to near-infrared region. The localized SP
resonance properties can be tuned via the AR of the AuNR [19].

dx.doi.org/10.1016/j.jphotochem.2011.04.010
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:yonemura@mail.cstm.kyushu-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2011.04.010
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Fig. 1. Three different ty

he AuNRs have a high sensitivity to the dielectric constant of the
urrounding medium (e.g. solvent, substrates, adsorbents and the
nter-distances of AuNRs) [20–25]. In addition, the localized SP res-
nance properties caused by inter-SP coupling are influenced by the
rientations of the AuNRs, which include side-by-side, end-to-end
nd side-to-end structures [21–25].

Recently, we reported the effects of magnetic processing on the
rientation and the organization of AuNR/poly(styrenesulfonate)
PSS) composites on a substrate [26]. The magnetic processing
esulted in magnetic organization via the side-by-side aggrega-
ion of some AuNR/PSS composites and the long axes of AuNRs
riented parallel to the magnetic field. The magnetic orientation
s most likely because of the anisotropy in the magnetic suscep-
ibilities of the adsorbed hexadecyltrimethylammonium bromide
CTAB) on AuNRs.

However, the role of PSS in the orientation and organization of
uNR/PSS composites has not yet been explained. Also, the effects
f AR on the magnetic orientation and organization of AuNRs have
ot yet been examined. In this study, we examined the effects of AR
n the magnetic processing, organization and orientation of AuNRs
n a substrate using three AuNRs with different ARs to identify the
echanisms involved.

. Experimental

AuNRs were prepared using modifications to the previously
eported method [27]. The AuNRs were supplied by Dai Nippon
oryo Co. Ltd. (Osaka, Japan) and Mitsubishi Materials Co. Ltd.
Tokyo, Japan). Three different types of AuNRs (l-AuNR, m-AuNR,
nd s-AuNR) were used (Fig. 1). The average length and width of
he AuNRs were 63.8 and 7.7 nm for the l-AuNRs; 36.6 and 7.2 nm
or the m-AuNRs; and 11.6 and 4.6 nm for the s-AuNRs. Therefore,
he ARs of l-AuNR, m-AuNR, and s-AuNR are 8.3, 5.0 and 2.5, respec-
ively. The AR of the m-AuNR is same as that of the AuNRs in the

uNR/PSS composites [26].

The AuNRs in aqueous solution contain an excess amount of
TAB, which serves as a stabilizing agent. Centrifugation (7000 rpm,
5 min; l-AuNR, 15,000 rpm, 20 min; m-AuNR, and 20,000 rpm,

Fig. 2. Schematic of the mag
gold nanorods (AuNRs).

30 min; s-AuNR) of the aqueous AuNRs solution was carried out
twice to remove the excess CTAB.

Magnetic processing of the samples was performed using a
superconducting magnet with a vertical (Bmax = 10 T) magnetic field
[16,18,26]. A superconducting magnet (Oxford Instruments, LOW
loss 10 T High field solenoid system S10-76.5 (60 RT)-B, Oxford-
shire, UK) with a vertical magnetic field was used [16,18,26]. The
magnet had a tube bore width of 60 mm without the aluminum
thermostat present, and a bore width of 40 mm with the thermo-
stat. The maximum field (Bmax(vertical)) and field (B) × gradient
field (dB/dz) were 10 T and 485 T2/m, respectively, where z is the
distance from the center of the bore tube. The samples were placed
at the middle position (10 T and 0 T2/m). For comparison, a sample
was placed outside the tube. The temperatures of the samples in
the absence and the presence of the magnetic field were kept con-
stant using a temperature regulated circulating water-bath system
(NESLAB RTE-8, Thermo Scientific, Waltham, MA).

Magnetic processing of the samples was performed using the
component of the magnetic field parallel to the surface of the glass
or ITO plate (Fig. 2). The glass plates were made hydrophilic via
treatment with a mixed solution (1:1) of aqueous hydrogen per-
oxide (31%) and ammonia (28%). The ITO plates were cleaned via
washing in acetone and methanol, and ozone exposure. In Fig. 2,
the glass or ITO plate was immersed in an aqueous solution of
AuNR (l-AuNR, m-AuNR, or s-AuNR). In the vessel the magnetic
processing was performed using a magnetic field that was directed
parallel to the sample surface. In effects of magnetic processing on
the m-AuNRs on a substrate, two concentrations of aqueous solu-
tions of m-AuNR, such that the extinction of SP band at 914 nm were
0.1 (Fig. 3) and 0.05, were prepared. In effects of AR on the mag-
netic processing of AuNRs on substrates, the concentrations of three
aqueous solutions of AuNRs, such that the extinction of SP band
at their corresponding peak wavelengths (l-AuNR; 1292 nm, m-
AuNR; 914 nm, or s-AuNR; 710 nm) was 0.1 (Fig. 3), were prepared.

After evaporating water at 323 K at atmospheric pressure, SEM
measurement of the sample on the ITO plates, and extinction spec-
tra or polarized extinction spectra measurements of the samples on
the glass plates were performed. SEM images were obtained using

netic processing (10 T).
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Fig. 3. Extinction spectra of l-AuNR (green dotted line), m-AuNR (red solid line), and
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ison with AuNR dimers. According to previous theoretical studies
of the plasmon resonance spectra of inter-AuNRs [21–25], a signif-
icant blue-shift of more than 100 nm in the SP band corresponding
-AuNR (blue dashed line) in aqueous solutions at room temperature. (For interpre-
ation of the references to color in this figure legend, the reader is referred to the
eb version of the article.)

Hitachi S-5000 microscope. Steady-state and polarized extinc-
ion spectra of the solutions or glass plates were recorded using
UV–VIS–NIR scanning spectrometer (Shimadzu UV-3150, Kyoto,

apan), a polarizer (Assy III; 260–2500 nm) and a sample immo-
ilization set of glass plates (Shimadzu P/N 206-81042) at room
emperature [7,17,18,26].

. Results and discussion

.1. Characterization of three AuNRs

The SP bands of the aqueous solutions of three l-AuNR, m-AuNR,
nd s-AuNR following centrifugation are shown in Fig. 3. In the
gure, two SP bands of m-AuNR and s-AuNR, and three SP bands

or l-AuNR can be seen. In the l-AuNR, the SP band in the visi-
le region at 515 nm represents the transverse oscillation mode.
he stronger SP band corresponds to the longitudinal oscillation
ode at 1292 nm. The weaker SP band at 769 nm corresponds to

he longitudinal oscillation mode of the small amount of shorter
uNRs present the l-AuNR. In the m-AuNR, the SP band in the visi-
le region at 509 nm represents the transverse oscillation mode,
nd the stronger SP band corresponds to the longitudinal oscil-
ation mode at 914 nm. These results for the m-AuNR are in fair
greement with those in our previous paper [26]. In the s-AuNR,
he SP band in the visible region at 515 nm represents the trans-
erse oscillation mode, and the stronger SP band corresponds to
he longitudinal oscillation mode at 710 nm. The peak of SP band
orresponding to the longitudinal mode drastically increases with
ncreasing AR, which can be seen in Fig. 3 [19]. However, the peak
f SP band that corresponds to the transverse mode changes little
ith increasing AR.

.2. Effects of magnetic processing on the m-AuNRs on a substrate

The extinction spectra and polarized extinction spectra of the
hree types of AuNRs on glass plates were measured. The spectra
ere acquired to investigate the magnetic organization and ori-

ntation of the AuNRs, which has been previously reported for
ingle carbon nanotubes [7], their composites [7], polythiophene
anowires [17,18] and AuNR/PSS composites [26].

We examined the extinction spectra and the polarized extinc-
ion spectra of the m-AuNR on glass plates to investigate the role
f PSS in magnetic processing on the AuNR/PSS composites [26].

irst, we carried out magnetic processing using normal concentra-
ion of aqueous solutions of m-AuNR (Extinction = 0.1, at 914 nm)
s similar to AuNR/PSS composites in the previous paper [26]. In
he extinction spectrum of the m-AuNR on the glass plate, two SP
hotobiology A: Chemistry 220 (2011) 179–187 181

bands (560 and 1031 nm) corresponding to the transverse and the
longitudinal modes were observed in the absence of magnetic pro-
cessing at 323 K (Fig. 4). An extinction band in the 1200–1750 nm
region was barely visible (Fig. 3). The extinction band in the near-
infrared region (800–1200 nm) was broadened when compared
with the same band in the aqueous solution of m-AuNR (Fig. 3).
These results indicate that end-to-end and side-to-end aggrega-
tions, but not side-by-side aggregations of AuNRs are present in
the absence of a magnetic field [28]. However, the profile of the
extinction spectrum of m-AuNR on a glass plate in the absence of
magnetic processing was similar to the spectrum recorded for the
species in aqueous solution (Fig. 3).

By contrast, in the presence of magnetic processing (10 T) at
323 K, the extinction spectrum of the m-AuNR was drastically
different from the spectra observed for m-AuNR samples in the
absence of magnetic processing on the glass plate (Fig. 4) and in the
aqueous solution (Fig. 3). The peak of the SP band corresponding
to the longitudinal mode was observed at 888 nm and signifi-
cantly blue-shifted compared with that (1031 nm) in the absence
of magnetic processing (Fig. 4). Conversely, the peak in the SP band
corresponding to the transverse mode was observed at 574 nm and
was red-shifted compared with the band observed (560 nm) in the
absence of magnetic processing (Fig. 4). In the presence of magnetic
processing the absorbance of SP corresponding to the transverse
mode was stronger than that corresponding to the longitudinal
mode. By contrast, the extinction of the SP corresponding to the
transverse mode was noticeably weaker than that of the SP cor-
responding to the longitudinal mode for the species examined in
the absence of magnetic processing in the glass plate (Fig. 4) and in
solution (Fig. 3).

The simulated optical spectra corresponding to the longitudinal
and transverse oscillation modes of SP in AuNRs were gener-
ated using the discrete dipole approximation method, which has
been previously described [21]. In this paper, in the presence of
side-by-side orientation, the longitudinal SP band was found to
be blue-shifted, and this was attributed to the coupling of the
plasmons in neighboring AuNRs. The blue-shift increases with
decreasing neighboring AuNR distance. Furthermore, simulations
have shown that larger blue-shifts in the longitudinal SP band occur
in trimer versus dimer AuNRs. The coupling of plasmon of the trans-
verse SP in neighboring AuNRs leads to a red-shift. Moreover, the
larger red-shift observed for the AuNR trimers of the transverse SP
band was accompanied by larger extinction efficiency in compar-
Fig. 4. Normalized extinction spectra of m-AuNR in the absence of magnetic pro-
cessing (blue dashed line) and the presence of magnetic processing (10 T; red solid
line) on glass plate by using the aqueous solution of m-AuNR (concentration: Extinc-
tion = 0.1 at 914 nm). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
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Fig. 5. Polarized extinction spectra for m-AuNR in (a) the absence of magnetic
processing and (b) the presence of magnetic processing (10 T) at 323 K. In the
absence of magnetic processing, both polarization parallel (red solid line) and
perpendicular (blue dashed line) to gravity were investigated. In the presence of
magnetic processing (10 T), the polarization direction of the light is parallel (B(//);
red solid line) or perpendicular (B(⊥); blue dashed line) to the applied magnetic-field
direction on glass plate by using the aqueous solution of m-AuNR (concentra-
tion: Extinction = 0.1 at 914 nm). (c) The difference polarized extinction spectrum
(�Extinction = Extinction(B(//)) − Extinction(B((⊥)) derived from the polarizations
parallel and perpendicular to the magnetic field. (For interpretation of the refer-
e
a

t
s
1
n
c
o
e
A

w
F
g
I

(R(B = 0 T) = Extinction(946 nm)/Extinction(550 nm) = 1.35) in the
nces to color in this figure legend, the reader is referred to the web version of the
rticle.)

o the longitudinal mode is expected when the presence of side-by-
ide interactions when the neighboring AuNR distance is less than
0 nm. The features in extinction spectra in the presence of mag-
etic processing (Fig. 4) are most likely a result of inter-plasmon
oupling because of side-by-side aggregation of m-AuNR. The effect
f magnetic processing on the organization of m-AuNR (Fig. 4) is
ssentially same as that in the AuNR/PSS with AuNRs of the same
R(=5.0) [26].

Polarized extinction spectra for the m-AuNR on glass plates
ere measured to study the magnetic orientation of the m-AuNR.
ig. 5 shows the polarized extinction spectra of the m-AuNRs on
lass plates in the absence and presence of magnetic processing.
n Fig. 5(a), the two SP bands of m-AuNR were approximately the
hotobiology A: Chemistry 220 (2011) 179–187

same for both polarization directions (parallel and perpendicular)
in the absence of magnetic processing. However, the extinction
band of the longitudinal SP (800–1750 nm) of the m-AuNRs on the
glass plates with the polarization direction parallel to the magnetic
field (B(//)) was larger than that with the polarization direction
perpendicular to the magnetic field (B(⊥)) after magnetic process-
ing (10 T). This can be seen in Fig. 5(b). In addition, the extinction
band of the transverse SP with the polarization direction paral-
lel to the magnetic field (B(//)) was appreciably weaker than that
with the polarization direction perpendicular to the magnetic field
(B(⊥)) (Fig. 5(b)). In the difference polarized extinction spectrum
(�Extinction = Extinction(B(//)) − Extinction(B((⊥)), the extinction
band of the longitudinal SP (620–1750 nm) yielded a positive value
for �Extinction, while the extinction band of the transverse SP
(475–620 nm) yielded a negative value for �Extinction (Fig. 5(c)).
The peak near 947 nm and the dip near 560 nm probably arise from
the large side-by-side aggregation of the m-AuNRs. The results,
which are presented in Fig. 5, strongly indicate that the long axes
of m-AuNRs orient parallel to the magnetic field. The results in
Fig. 5 are consistent with those of the AuNR/PSS composites [26].
Through comparison of the results between the m-AuNRs and the
AuNR/PSS composites [26], it is clear that the effects of magnetic
processing on the magnetic organization and orientation of the
AuNR/PSS composites are caused by the AuNRs not the PSS.

Fig. 6 shows SEM images of m-AuNRs on ITO plates in (a) the
absence and (b) presence of magnetic processing (10 T). In the
absence of magnetic processing, random orientation of the AuNRs
was observed (Fig. 6(a)). By contrast, magnetic orientation of m-
AuNR was observed in the presence of magnetic processing. The
long axes of m-AuNRs in the large side-by-side aggregates of the
AuNRs were oriented parallel to the magnetic field (Fig. 6(b)). The
results seen in the SEM images are in fair agreement with those
of the extinction spectra (Fig. 4) and the polarized extinction spec-
tra (Fig. 5). All of these experimental results strongly indicate the
formation of side-by-side aggregates of many m-AuNRs, which the
long axes of the m-AuNRs are oriented parallel to the magnetic field
used for processing.

Next, we carried out magnetic processing using dilute con-
centration of aqueous solutions of m-AuNR (Extinction = 0.05, at
914 nm). In the extinction spectrum of the m-AuNR on the glass
plate, two SP bands (559 and 978 nm) corresponding to the trans-
verse and the longitudinal modes were observed in the absence of
magnetic processing at 323 K (Fig. 7). The profile of the extinction
spectrum of m-AuNR on a glass plate in the absence of magnetic
processing was similar to the spectrum recorded for the species in
aqueous solution (Fig. 3), as similar to that in Fig. 4.

In the presence of magnetic processing (10 T) at 323 K, the
extinction spectrum of the m-AuNR was different from the spectra
observed for m-AuNR samples in the absence of magnetic process-
ing on the glass plate (Fig. 7). The peak of the SP band corresponding
to the longitudinal mode was observed at 946 nm and signifi-
cantly blue-shifted compared with that (978 nm) in the absence
of magnetic processing (Fig. 4). Conversely, the peak in the SP band
corresponding to the transverse mode was observed at 550 nm and
was also blue-shifted compared with the band observed (559 nm)
in the absence of magnetic processing (Fig. 7). In Fig. 7, the dras-
tic change of the spectral shape and the peak shifts of the SP
bands corresponding to both the longitudinal and transverse modes
were not observed as compared with those in Fig. 4. The ratio of
the extinction of the longitudinal and the transverse mode at the
peaks (R(B = 10 T) = Extinction(978 nm)/Extinction(559 nm) = 1.23)
in the presence of magnetic processing was smaller than that
absence and the presence of magnetic processing.
From similar discussion in Fig. 4, these properties in the extinc-

tion spectra in the presence of magnetic processing (Fig. 7) are
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Fig. 6. SEM images of m-AuNRs on ITO plates in (a) t

ost likely a result of inter-plasmon coupling because of side-by-
ide aggregation of m-AuNRs. The effect of magnetic processing is
ssentially same as that in the AuNR/PSS composites [26] and the
-AuNRs (Fig. 4). The magnitude of effect of magnetic process-

ng on the spectral shape and the peak shifts of two SP bands in
ig. 7 is smaller than that in Fig. 4. The results are probably caused
y that the neighboring AuNR distance side-by-side aggregation of
-AuNRs in Fig. 7 is long and/or small side-by-side aggregation of
-AuNRs in Fig. 7 forms in Fig. 7 as compared with those in Fig. 4.
Polarized extinction spectra for the m-AuNR on glass plates were

lso measured to study the magnetic orientation of the m-AuNR as
imilar to Fig. 5. Fig. 8 shows the polarized extinction spectra of
he m-AuNRs on glass plates in the absence and presence of mag-
etic processing. In Fig. 8(a), the two SP bands of m-AuNR were
pproximately the same for both polarization directions (parallel
nd perpendicular) in the absence of magnetic processing. By con-
rast, the extinction band of the longitudinal SP (800–1750 nm) of
he m-AuNRs on the glass plates with the polarization direction per-
endicular to the magnetic field (B(⊥)) was larger than that with
he polarization direction parallel to the magnetic field (B(//)) after

agnetic processing (10 T) as shown in Fig. 8(b). In addition, the
xtinction band of the transverse SP with the polarization direc-
ion perpendicular to the magnetic field (B(⊥)) was appreciably
eaker than that with the polarization direction parallel to the
agnetic field (B(//)) (Fig. 8(b)). In the difference polarized extinc-

ion spectrum (�Extinction = Extinction(B(//)) − Extinction(B((⊥)),

he extinction band of the transverse SP (490–580 nm) yielded

positive value for �Extinction, while the extinction band of
he longitudinal SP (580–1750 nm) yielded a negative value for

Extinction (Fig. 8(c)). The peak at 530 nm and the dip near 945 nm

ig. 7. Normalized extinction spectra for m-AuNR in the absence of magnetic pro-
essing (blue dashed line) and the presence of magnetic processing (10 T; red solid
ine) on glass plate by using the aqueous solution of m-AuNR (concentration: Extinc-
ion = 0.05 at 914 nm). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)
ence and (b) presence of magnetic processing (10 T).

probably arise from the small side-by-side aggregation of them-
AuNRs. The results, which are presented in Fig. 8, strongly indicate
that the long axes of m-AuNRs orient perpendicular to the mag-
netic field. Interestingly, the results in Fig. 8 are opposite of those
in Fig. 5. Through comparison of the results between Figs. 5 and 8,
it is clear that the effects of magnetic processing on the orientation
of the m-AuNRs are influenced by the concentration of m-AuNRs,
and the m-AuNRs stabilized by CTAB possess two substances with
the opposite magnetic orientation each other.

3.3. Effects of AR on the magnetic processing of AuNRs on
substrates

Next, we examined the effects of AR on the magnetic organi-
zation and the magnetic orientation of three AuNRs on glass plates
using l-AuNRs and s-AuNRs (AR = 8.3 and 2.5) using normal concen-
tration of aqueous solutions of l-AuNR (Extinction = 0.1, at 1292 nm)
and s-AuNR (Extinction = 0.1, at 710 nm).

Fig. 9 shows the extinction spectra of l-AuNR on glass plates in
the absence and presence of magnetic processing at 323 K. In the
extinction spectrum of l-AuNR, two SP bands (591 and 1564 nm)
corresponding to the transverse and the longitudinal modes were
observed in the absence of magnetic processing (Fig. 9). The extinc-
tion bands corresponding the two SP bands were broadened in the
extinction spectra, when compared with the same band in the aque-
ous solution of l-AuNR (Fig. 3). The broadening of the extinction
spectra was attributed to the aggregation of l-AuNRs.

By contrast, the extinction spectrum of the l-AuNR on glass
plates in the presence of magnetic processing (10 T) was dif-
ferent from the spectra observed for l-AuNR on glass plate in
the absence of magnetic processing (Fig. 9). The peak of the SP
band corresponding to the longitudinal mode was observed at
1298 nm. This corresponds to a drastic blue-shift when com-
pared with that (1523 nm) in the absence of magnetic processing
(Fig. 9). However, the peak of the SP band corresponding to the
transverse mode was observed at 583 nm, which is only a slight
blue-shift as compared with the band observed (592 nm) in the
absence of magnetic processing (Fig. 7). The ratio of the extinc-
tion of the longitudinal and the transverse mode at the peaks
(R(B = 10 T) = Extinction(1298 nm)/Extinction(583 nm) = 1.11) in
the presence of magnetic processing was smaller than that
(R(B = 0 T) = Extinction(1523 nm)/Extinction(592 nm) = 1.25) in the
absence and the presence of magnetic processing. These properties
in the extinction spectra in the presence of magnetic processing

(Fig. 9) are most likely a result of inter-plasmon coupling because
of side-by-side aggregation of l-AuNRs. The effect of magnetic
processing (Fig. 9) is essentially same as that in the AuNR/PSS
composites [26] and the m-AuNRs (Fig. 4).
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Fig. 8. Polarized extinction spectra for m-AuNR in (a) the absence of magnetic
processing and (b) the presence of magnetic processing (10 T) at 323 K. In the
absence of magnetic processing, both polarization parallel (red solid line) and
perpendicular (blue dashed line) to gravity were investigated. In the presence of
magnetic processing (10 T), the polarization direction of the light is parallel (B(//);
red solid line) or perpendicular (B(⊥); blue dashed line) to the applied magnetic-field
direction on glass plate by using the aqueous solution of m-AuNR (concentra-
tion: Extinction = 0.05 at 914 nm). (c) The difference polarized extinction spectrum
(�Extinction = Extinction(B(//)) − Extinction(B((⊥)) derived from the polarizations
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Fig. 9. Normalized extinction spectra for l-AuNR in the absence of magnetic pro-
cessing (blue dashed line) and the presence of magnetic processing (10 T; red solid
arallel and perpendicular to the magnetic field. (For interpretation of the refer-
nces to color in this figure legend, the reader is referred to the web version of the
rticle.)

Polarized extinction spectra of the l-AuNR on glass plates were
lso measured to study the magnetic orientation of the l-AuNRs
Fig. 10). In Fig. 10(a), two SP bands of m-AuNR were similar in both
olarization directions (parallel and perpendicular) in the absence
f magnetic processing. However, the extinction band of the lon-
itudinal SP (600–1750 nm) of the l-AuNRs on the glass plates
ith the polarization direction parallel to the magnetic field (B(//))
ere larger than that with the polarization direction perpendicular
o the magnetic field (B(⊥))in the presence of magnetic process-
ng(10 T). This is shown in Fig. 10(b). Conversely, the extinction
and of the transverse SP (480–600 nm) with the polarization direc-
ion parallel to the magnetic field (B(//)) was appreciably weaker
line) on glass plate by using the aqueous solution of l-AuNR (concentration: Extinc-
tion = 0.1 at 1292 nm). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

than that with the polarization direction perpendicular to the mag-
netic field (B(⊥)) in Fig. 10(b). In the difference polarized extinction
spectrum (�Extinction = Extinction(B(//)) − Extinction(B((⊥)), the
extinction band of the longitudinal SP (600–1750 nm) had a pos-
itive �Extinction, while the extinction band of the transverse SP
(475–620 nm) had a negative �Extinction (Fig. 10(c)). The peak
around 1520 nm and the dip around 556 nm probably arise from the
large side-by-side aggregation of the l-AuNR. The results in Fig. 10
strongly indicate that the long axes of the l-AuNRs in the large
side-by-side aggregates orient parallel to the magnetic field. These
results for l-AuNRs are in fair agreement with those for m-AuNRs.

Also, the magnitude of �Extinction for the l-AuNRs (Fig. 10(c))
is larger than that for the m-AuNRs (Fig. 5(c)). In other words, the
magnitude of magnetic orientation of the l-AuNR is larger than that
of the m-AuNR. From this comparison of the results between l-
AuNRs and m-AuNRs, the l-AuNRs were more oriented than the
m-AuNRs after magnetic processing.

Next, Fig. 11 shows extinction spectra of s-AuNR on glass plates
in the absence and presence of magnetic processing at 323 K. In the
extinction spectrum of s-AuNR, two SP bands (556 and 845 nm)
corresponding to the transverse and the longitudinal modes were
observed in the absence of magnetic processing (Fig. 11). The
extinction bands because of the two SP bands were broadened
when compared with the corresponding bands in the aqueous
solution of s-AuNR (Fig. 3). This is similar to the results for both m-
AuNRs (Fig. 4) and l-AuNRs (Fig. 9). The broadening of the extinction
spectra can be attributed to the aggregation among the s-AuNRs.

By contrast, the extinction spectrum of the s-AuNR on the glass
plate in the presence of magnetic processing (10 T) was similar
to that observed for s-AuNR on the glass plate in the absence of
magnetic processing (Fig. 11). The significant effects of magnetic
processing on spectral shape and the peaks due to the two SP bands,
which are visible for both m-AuNRs (Fig. 4) and l-AuNRs (Fig. 9),
cannot be seen in Fig. 11. In other words, no magnetic organiza-
tion because of the large side-by-side aggregations of s-AuNR was
observed in the case of s-AuNR the glass plates. The results for s-
AuNR are different from those for both the m-AuNRs (Fig. 4) and
the l-AuNRs (Fig. 9). The difference is probably because of the AR in
three AuNRs.

In addition, the polarized extinction spectra of the s-AuNRs on
glass plates were also measured to study the magnetic orientation

of the s-AuNRs. From Fig. 12, the two SP bands of the s-AuNR were
similar in both polarization directions (parallel and perpendicular)
in the absence (Fig. 12(a)) and presence of magnetic processing
(Fig. 12(b)). These results in Fig. 12 strongly indicate that no mag-
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Fig. 10. Polarized extinction spectra of l-AuNR in (a) the absence of magnetic
processing and (b) the presence of magnetic processing (10 T) at 323 K. In the
absence of magnetic processing, the polarization direction of the light is paral-
lel (red solid line) or perpendicular (blue dashed line) to gravity. In the presence
of magnetic processing (10 T), the polarization direction of the light is parallel
(B(//); red solid line) or perpendicular (B(⊥); blue dashed line) to the applied
magnetic-field direction on glass plate by using the aqueous solution of l-AuNR
(concentration: Extinction = 0.1 at 1292 nm). (c) The difference polarized extinc-
tion spectrum (�Extinction = Extinction(B(//)) − Extinction(B((⊥)) derived from the
p
t
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n
p

t
i
h
o

n
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Fig. 11. Normalized extinction spectra of s-AuNR in the absence of magnetic pro-
cessing (blue broken line) and the presence of magnetic processing (10 T; red solid

zation is probably a result of the magnetic dipoles induced by the
strong magnetic field (Fig. 13(a)), which was previously reported
in AuNR/PSS composites [26].

Fig. 12. Polarized extinction spectra of s-AuNR in (a) the absence of magnetic pro-
cessing and (b) the presence of magnetic processing (10 T) at 323 K. In the absence
of magnetic processing, the polarization direction of the light is parallel (red solid
line) or perpendicular (blue dashed line) to gravity. In the presence of magnetic pro-
olarizations parallel and perpendicular to the magnetic field. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f the article.)

etic orientation of s-AuNR was observed for s-AuNRs on glass
lates.

Some ordered structures such as chain-like alignments and
riangle-lattice alignments of gold balls (1 mm, diameters) result-
ng from magnetic dipole induction from a strong magnetic field
ave been reported [29]. In our study, despite the nanometer-scale
f the AuNRs, we observed magnetic organization in the AuNRs.

Though bulk gold is diamagnetic, it is reported that gold
anoparticle capped with alkylthiol shows paramagnetic [30].

n the other hand, it is known that CTAB is diamagnetic. In
ur primitive data using SQUID, the powder of m-AuNR stabi-
ized by CTAB shows paramagnetic property in lower magnetic
eld (<0.8 T), while the powder shows diamagnetic property in
line) on glass plate by using the aqueous solution of s-AuNR (concentration: Extinc-
tion = 0.1 at 710 nm). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

higher magnetic field (>0.8 T) at 300 K [31]. The paramagnetic
property is attributable to pristine m-AuNR, while the diamag-
netic property is attributable to the CTAB as the stabilizing
agent.

On the basis of these results, the magnetic orientation in Fig. 8,
that the long axes of m-AuNRs orient perpendicular to the magnetic
field, is probably responsible for the paramagnetic susceptibility
anisotropy of the pristine AuNRs. Therefore, the magnetic organi-
cessing (10 T), the polarization direction of the light is parallel (B(//); red solid line)
or perpendicular (B(⊥); blue dashed line) to the applied magnetic-field direction on
glass plate by using the aqueous solution of s-AuNR (concentration: Extinction = 0.1
at 710 nm). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)



186 H. Yonemura et al. / Journal of Photochemistry and Photobiology A: Chemistry 220 (2011) 179–187

F Rs in
o as be
f

F
p
s
c
t
[
t
A
o
b

i
M
n
n
e
m
a
o
i
p
o
n
t
fi
m
e
e
C
o

b
f
e
t
C
t
f
s
o
a
e

ig. 13. (a) Proposed mechanism for the side-by-side aggregation of the l- or m-AuN
rientation of the large side-by-side aggregation of the l- or m-AuNRs composites w
orm rod-like micelles on the l- or m-AuNRs.

On the other hand, the magnetic orientation in
igs. 5(b), 8(b) and 10(b), that the long axes of m-AuNRs orient
arallel to the magnetic field, is caused by CTAB as a diamagnetic
ubstance. In the previous paper [26], the magnetic orientation
ould be explained by the anisotropy in the magnetic susceptibili-
ies of the CTAB that formed bilayers on the AuNR/PSS composites
32]. The comparison between the m-AuNRs (Figs. 4 and 5) and
he AuNR/PSS composites [26] supports the above explanation.
lso, the effects of AR on the magnetic orientation of three types
f AuNRs support the above explanation for the reasons described
elow.

In general, the magnetic orientation via the static magnetic field
s caused by the diamagnetic mole susceptibility anisotropy (��).

agnetic orientation of a single molecule or a single polymer is
ot expected to occur at room temperature, because the mag-
etic energy (−n��B2/2) is negligible compared with the thermal
nergy (kT). In this case, n, k and T are mole number, the Boltz-
ann constant and temperature, respectively. However, molecular

ggregates, which have an ordered structure like a crystal, can be
riented in a strong magnetic field, because the magnetic energy
s greater than the thermal energy at room temperature [1]. In the
revious study with the AuNR/PSS composites [26], the magnetic
rientation is most likely because of the anisotropy in the mag-
etic susceptibilities of the adsorbed CTAB on AuNRs. This is similar
o the magnetic orientation of mesochannels in mesoporous silica
lms [33,34]. In this study, the magnetic orientation of l-AuNR and
-AuNR, in which the molecular axis of CTAB is expected to ori-

nt perpendicularly to the direction of the magnetic field, can be
xplained by the anisotropy in the magnetic susceptibilities of the
TAB (Fig. 11). This is similar to the mechanism of the magnetic
rientation of the AuNR/PSS composites [26].

An individual CTAB cannot be influenced by a magnetic force,
ecause the magnetic energy associated with �� (−12� × 10−12)
or an individual CTAB is relatively small (less than the thermal
nergy (kT)) in a strong magnetic field (10 T) at 323 K [34]. However,
he total magnetic energy overcomes the thermal energy when
TAB molecules form rod-like micelles and align along the direc-
ion of the magnetic field. Therefore, if large side-by-side structures
orm with the combination between the two neighboring AuNRs

uch as a lamellar structure, the aggregates in which the long axes
f the AuNRs are parallel to the magnetic field probably orient
s shown in Fig. 13(b). In other words, the magnetic field has no
ffect on the orientation of the AuNR in the initial stage (individ-
duced by the magnetic dipoles in the presence of a magnetic field. (b) The magnetic
cause of the anisotropy in the magnetic susceptibilities of the adsorbed CTAB that

ual AuNR), but magnetic orientation occurs once the diamagnetic
domain (i.e. CTAB) has reached the critical number for CTAB (i.e. the
critical number for AuNR). In this case, large side-by-side aggre-
gations of AuNRs form. The critical numbers for the AuNRs were
roughly estimated to be 36, 67, and 329 for l-AuNR, m-AuNR,
and s-AuNR, respectively (see Supporting Information) [34]. In the
present study, the results for the polarized extinction spectra of l-
AuNR, m-AuNR, and s-AuNR suggest that the number of AuNR in the
side-by-side aggregates of the AuNRs reached the critical number
for l-AuNRs or m-AuNRs in the case of l-AuNR or m-AuNR; however,
that critical number was not reached for s-AuNRs.

In the above discussion, we explained that the magnetic orien-
tation of AuNR/PSS composites, l-AuNRs and m-AuNRs is because
of the anisotropy in the magnetic susceptibilities of the adsorbed
CTABs that form rod-like micelles on AuNRs (Fig. 13(b)).

4. Conclusion

Extinction spectra, polarized extinction spectra, and SEM images
of the three AuNRs with different ARs (l-AuNR, m-AuNR, and s-
AuNR) on the glass plates and the ITO plates in the absence and
presence of magnetic processing showed that magnetic organiza-
tion. In this case, this was via side-by-side aggregation of many
AuNRs. Magnetic orientation of AuNRs could be achieved in l-
AuNRs and m-AuNRs, but significant magnetic organization and
orientation was not observed in s-AuNR.

The comparison between the m-AuNR and the AuNR/PSS com-
posites [26] and effect of AR on the magnetic orientation of AuNRs
confirm that the magnetic orientation of AuNRs is because of the
anisotropy in the magnetic susceptibilities of the adsorbed CTAB
that form rod-like micelles on AuNRs.

Interestingly, when the magnetic processing using dilute con-
centration of aqueous solutions of m-AuNR were carried out, the
opposite magnetic orientation of m-AuNR, that the long axes
of m-AuNRs orient perpendicular to the magnetic field, were
observed. The magnetic orientation is most likely attributable to
the anisotropy in the magnetic susceptibilities of the pristine m-
AuNR. The magnetic orientation due to strong magnetic field can
be controlled by the concentration of m-AuNR.
The present results indicate that magnetic processing provide a
useful method for the orientation and organization of nanometer-
sized aggregates consisting of the mixture of paramagnetic and
diamagnetic substances such as the present AuNRs stabilized by
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