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The electro-optical response of colloidal dispersions of rod-shaped gold particles is studied for various aspect
ratios (2.6< L/d < 49;d = 15 nm) by monitoring the absorbance spectra in the visible wavelength regime.
The absorbance spectra strongly depend on the degree of orientational order of the rods and the direction of
the polarization of the incident light with respect to the applied electric field. From the change in absorbance
of the transverse resonance the electro-optical effect is deduced: at low electric field strengths a linear
dependence on the squared electric field strength is observed, and at sufficiently high electric field strengths
saturation occurs. This is in agreement with electro-optical theory. With increasing length, the anisotropy in
electric polarizability increases fromB)3° F-m? to 12210-%° F-m?. It is found that the anisotropy in electric
polarizability depends on the square root of the particle length.

Introduction Absorbance

The electrical alignment of anisotropic particles such as
tobacco mosaic virus (TMVW2 FeOOH3~5 and attapulgit&is
often studied by electro-optical techniqies (i.e. electric
birefringence, electric light scattering, and dichroism). These
techniques are useful tools to monitor the geometifc&land
electrical propertiest! of dispersed anisotropic particles. Apart
from characterization of the particle properties, electro-optical  a)
phenomena are of fundamental interest because they give insight
into alignment mechanisni$;12-14 double layer proper-
ties31516.17and long-range interactiog14.18

In this paper the alignment of rod-shaped gold particles is _")
studied by measuring the absorbance spectra of the rod y=0°
dispersions as a function of the electric field strength. In the
absence of an electric field the gold rods are randomly oriented.  b)
Consequently, the absorbance spectra display two maxima: the
transverse and the longitudinal resonance. In the presence of
an electric field the relative magnitude of the resonances is —90°
sensitive to the induced orientational order in the rod dispersion Aa
(Figure 1). When the incident light is polarized parallel to the
applied electric field, disappearance of the transverse resonance
can be achieved by fully aligning the gold particles, while the Wavelength
longitudinal resonance remains present. For perpendicularly
polarized Ii.ght'the transverse resonance survives at the eXPeNS@igure 1. Schematic representation of the absorbance of light by
of the longitudinal resonance. In ref 19 we report on a study of colloidal dispersions of rod-shaped gold particles. (a) The absorbance
these phenomena as a result of alignment of the particles byspectrum for randomly oriented gold rods displays both the longitudinal
the stretched film metho#:2%In such films complete alignment  and the transverse resonance for unpolarized, parallel polarized, and
is achieved because of the absence of Brownian motion. In Perpendicular polarized light. The absorbance spectrum for aligned gold
aqueous dispersions complete alignment is only obtained atfods displays (b) only the longitudinal resonance in the case of parallel

. . . o polarized light and (c) only the transverse resonance in the case of
experimentally unattainable high electric field strengths. perpendicular polarized light. The schematics in the absorbance spectra

—
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t Utrecht University. indicate the direction of the plasmon oscillation with respect to the
* Philips Research Laboratories. main axis of the particle and the corresponding resonance. The dotted
§ Leiden University. arrow indicates the wavevector of the incident light.
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Figure 2. Orientation of the particle with respect to the applied electric 0.50 ]
field (E). 0 is the angle of the long axis of the particle with the applied 1 1
electric field. The components of the electric field of the incident light 025 ]
(EL) perpendicular £ ") and parallel E/") to the main axis are also T 1
indicated. ]
0.00+—— T T ———
For gold rods of 15 nm diameter, the transverse resonance 0 25 50 75 100
occurs in the visible wavelength regime around 520 nm. The Y

longitudinal resonance depends on the aspect ratio. For rodsgigre 3. The orientation factoF plotted against (=AaEZkT).:
with L/d = 2.6, the longitudinal resonance occurs around 720 The maximumy in the experiments is indicated by the arrow.

nm, while for L/d = 12 the band is shifted 1000 nm to the
near-infrared region and appears around 170h8ince in Aa of the particles to be discussed later. The saturation value
this study the longitudinal resonance lies beyond the experi- of the electro-optical effect for fully aligned particle&.,
mental wavelength regime, only the behavior of the transverse depends on particle shape and size and optical properties as
resonance is investigated as a function of the electric field well as on the geometry of the experimental sef up.

strength. The results are interpreted by electro-optical theory The average orientation of the rods with respect to the applied
as described in, for example, refs 1 and9 Subsequently,  electric field is a result of the competition between the energy
the anisotropy in electric polarizability of gold rods with various of orientation and the Brownian energy of the particles. In the
aspect ratios is deduced from the electro-optical behavior of case of induced dipoles, the potential energy of orientation is
the transverse resonance. For comparison, some results from

electric birefringence measurements are presented ag3well. U= — 1AaE2 co 0 (3)

This paper is organized as follows. Section 2 presents the 2
electro-optical equations originally formulated by Peterlin and
Stuart?* Analytical expressions for the angular distribution were
derived by O’Konski-7-? In section 3 the experimental details
are presented. We discuss the results in section 4.

with Ao = oy — a, the anisotropy in electric polarizability,
where the electric polarizabilities parallel and perpendicular to
the main axis of the particle are denoted by — ap,
respectively. Subsequently, an analytical expression for the
angular distribution of noninteracting particles can be obtained
by using a Boltzmann factor of the orientation energy (eq 3).
The optical properties of a dispersion of rod-shaped particles O’Konski et al! derived the expression for the case of electric
change under the influence of an external electric field due to birefringence. This expression can also be used for electric light
the alignment of the particles. The relative difference in scattering and dichroisfEor induced dipole moment orienta-
magnitude of the optical property measured in the presence oftion it reduces to
an electric field Bg, and without electric fieldB, is called the

Theory

electro-optical respon&é 3 ¢ 1] 1
4000 7] 2 )
B: — B, ‘/;D(V) 4
Ge=—5— 1
E By (3) with
This holds for various optical effects such as birefringence or _ AoE? _ [
dichroism. VT kT and D(y) = j(; e dt
The steady state electro-optical respéri§ean be expressed
as the product of two functions: the orientation fac®rand In Figure 3 the orientation factor is plotted versus the scaled
the saturation value at infinitely high electric field strengths, electric field strengtly. At extremely high electric field strengths
G (y — =), the particles are fully aligned arielbecomes unity:
the electro-optical response saturates. For low degrees of
Ge = G,F(E) 2 orientation eq 4 simplifies &
with _ AaE?
T ®)
F(E) = 2o 0 — &
B = 2 os 0ld 2 Consequentlyl- andG/G., (see eq 2) are linear functions of

the electric field strength squared with a slope equal to
Here, 0 represents the angle between the long axis of the particle Ao/I5KkT in the low orientational order regimeAa|E? < KT).
and the direction of the applied electric field, as illustrated in  In the present case the electro-optical effect is deduced from
Figure 2.F is the orientation factor obtained as the average the behavior of the transverse resonance in external electric
over the angular distribution of the particles in the electric field fields. The transverse resonance is probed by the electric field
E. The orientation factor depends on the electric field strength component of the incident light perpendicular to the main axis
E, thermal energkT, and the anisotropy in electric polarizability — of the particle (see Figure 1). This component, as illustrated in
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Figure 2, is equal to

van der Zande et al.

TABLE 1: Characteristics of the Template-Synthesized
Gold Rods Dispersed in an Aqueous Mediurt 2

E"=E, codZ - 9) =FE sin6 (6) L oo d o Cau Crods

2 L/d (nm) (nm) (nm) (nm) (ug/mL) (10°mL™1)
whereE, is the electric field strength of the incident light and SPHERE 15 3 46

0 th le b h . is of th d and th l dROD2.6 26 39 10 15 3 30 20

the angle between the main axis of the rod and the applied pop126 126 189 24 15 3 131 20
electric field. The absorbance is proportional to the average rRop17.4 17.4 279 68 16 3 28 2.9
angular distribution of the perpendicular component of the ROD49 49 729 20 15 3 145 2.8
electric field strength squared of the incident ligiiE, )] ROD17.2 17.2 259 60 15 2 24 2.7

Consequently, the magnitude of the transverse resonance

IS aThe particle dimensions are determined by TEM analysis and the

sensitive to the particle orientation with respect to the electric total gold concentrationcg,) is determined by ICP optical emission

field of the incident light. For instance, if particles are fully
aligned,® = 0, and hence(E,_")?0= 0, which results in an

spectroscopy. The bottom line refers to the experimental system used
in ref 23.L = the number-averaged particle length= the number-

absence of the transverse resonance, whereas in the randorfivéraged diameter, = the standard deviation @f Cross = the number

situation [E_ Y)20= %3E, 2.

In this study the electro-optical effect is calculated as follows

G _A—HA

Goo_AES_AO (7)

concentration of rods calculated with eq 11. Note: the maximum
relative inaccuracy in the total gold concentration is 3%, whereas the
accuracy of the number concentration of rods strongly depends on the
accuracy of the average particle length and diameter.

Table 1 includes the total gold concentratiorl(gl) and the
number concentration of rods. The number concentration of rods

HereAg is the absorbance measured at an applied electric field (Crosd Was estimated as follows
strengthE with light polarizedparallel to the applied electric
field, Ag, is the saturation absorbance lt> E; with E, the
saturation electric field strength, aAglis the absorbance without
an applied electric field. Taking into account that the change in
the absorbance is proportional . {)? and that averaging over ~ HerelL is the average particle lengththe average radius both

all possible angles has to be performed, the combination of egsdetermined by analysis of transmission electron micrographs,
6 and 7 results in cau the total gold concentration determined with inductively
coupled plasma-emission spectroscopy (maximum relative inac-

CAu

Crods =

9

pAuﬂrZL

Bird 00— 2 curacy of 3%), angp, represents the mass density of godd(
=S 3 350291 ®) = 19.3 16 kg-m~327). Spherical gold particles witd = 15
G, 0— 2 2 2 nm were prepared following the method of Fréd®VP (4

3 g'L™Y) was added to obtain PVP-stabilized spheres. This

hich i v th , ion 1 di . h spherical gold sol served as a reference. Table 1 includes the
which is exactly the orientation factor used in eq 2. Since the 4 acteristics of the spherical gold sol.

behavior of the transverse resonance depends on the same \othods, Absorbance Measurementdie set up and electro-
orientation fac_tor as the t_)lrefrlngence, we will use eq 4 to relate optical cell are shown in Figure 4. The electro-optical cell
thg elet.ro-optlcal pehawor of the transverse resonance t0 angqnsisted of two stainless steel electrodes<(3 x 0.35 cm)
orientational ordering. Subsequently, the anisotropy in electric (1y ¢oateqd with platinum, which were placed in a cuvette with
polarizability is deduced from the measured orientation factor, optical path lengthx = 1 cm. The roughnessRf) of the
F, provided that the alignment is only due to induced dipoles. goctrodes was 0.276m determined by atomic force micros-
copy. The sample volume was approximately 0.5 mL. The
electrodes were separated 1 mm by two Teflon spacers (2). The
Aqueous Dispersions of Rod-Shaped Gold Particle&ive ac voltage was applied fd s with a function generator (Philips
dispersions of rod-shaped gold particles with various aspect PM 5136 function generator, 0.1 mHz to 5 MHz) coupled to
ratios were synthesized and characterized as described in refan amplifier (TOE 7608 wide-band amplifier TOELLNER), with
25 and 26, respectively. The synthesis is based on the elec-amplification factor 7. The electrodes were connected with the
trodeposition of gold in the nanopores of alumina, followed by amplifier via a cap (3) which ensures a reliable contact between
dissolution of the membrane and release of the rods from thethe electrodes and the amplifier. The measurements were
electrode. During the dissolution of the membrane poly- performed as a function of the electric field strength ranging
(vinylpyrrolidone) (K30-PVPM,, = 40 000, Fluka) was added  from O to 140 Vmm at a frequency of 10 kHz. The voltage
to stabilize the gold rods. The thickness of the PVP layer is is increased in steps of 7 V. After each measurement at a
estimated to be 1015 nm. Apart from stabilization based on particular voltage, the voltage was switched off for about 10 s,
steric repulsion, stabilization also results from double layer before applying the next, allowing randomization of the particle
repulsion because the rods are negatively charged with anorientation by Brownian motion.

Experimental Section

average( potential of =47 + 7 mV. The rod diameter is
determined by the pore diameter, which equaledtl3 nm,
and the rod lengtH,, was tuned in the range 39 nshL < 730

The absorbance spectra £ 400—-800 nm) were measured
during 1 s on aiode array spectrophotometer (Hewlett Packard
8452 A) using water as a reference. The optical set up is shown

nm by varying the gold deposition time. The particle dimensions in Figure 4. A VIS polarizer (Spindler & Hoyer) was mounted
were obtained from transmission electron microscopy (TEM). in front of the cuvette. The spectra were measured at a
About 30-100 particles were analyzed. The number-averaged polarization angléV = 0° andW¥ = 90°.

lengths and diameters as well as their standard deviations are Subjecting dispersions to electric fields may lead to a
presented in Table 1. The systems are coded as, for examplegonsiderable Joule heatifign this study Joule heating incidently
ROD12.6, in which the number refers to the aspect ratio. occurred at field strengths exceeding 100rvh—2, which leads
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Figure 4. (a) Optical set up. In front of the light source a polarizer is mountedVAt 0° the applied electric field is parallel to the polarization
direction of the incident light and & = 90° the polarization direction is perpendicular to the applied electric field. The electric field is applied
by a function generator coupled with an amplifier. (b) The electrooptical cell. In an ordinary cuvette, two electrodes (1) are placed at a distance of
1 mm realized by two spacers (2), one on the bottom and one on the top. The connection with the amplifier is achieved by a specially designed cap
(3) which ensures a reliable contact between the electrodes and the amplifier.
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Figure 5. The absorbance spectra obtained for ROD49. The numbers Figure 6. The absorbance spectra obtained for ROD12.6. The numbers
on the spectral curves represent the electric field strengtmifv'2). on the spectral curves represent the electric field strengtimifv*).

. . . atW = 0° andW = 90°. The absorbance behavior of dispersion

to temperature gradients. In this regime the sample was COO',EdRODl?A is similar to that of ROD49 and is therefore not
down after one measurement. Accordmgl_y, ‘.J.OUIe heating did ghown, Two effects are present in the spectra for the rod
not affect the presented measurements significantly. dispersions by applying an electric field: disappearance of the

Effect of Duration of the Electric Field’he effect of duration o0 e rse resonancetit= 0° and a shift of the spectral curves
of the e'eCF“C field was exam.ined visually for a PVP-stabilized ¢, higher absorbance values. This shift is reversible and can be
gold sol withL/d = 39 on a time scale of minutes. The same j,iorasting for applications such as smart windg#@. As
electro-optical cell was used. The ac voltage was applied for yig ssed in the theory section, we focus on the disappearance
several minutes W'th the fgpcthn generator coupled 10 a o e transverse resonance. As a reference we have examined
homebuilt amplifier with amplification factor 50. The measure- electro-optical behavior of gold spheres. The absorbance
ments were performed at an ac voltage of 25, 125, or 175V, o1 spherical gold sols is not affected by the polarization of

with a frequency of 100 kHz. light and the applied electric field, as is expected. This is a strong
Result 4 Di . indication that the applied electric field does not induce
esults and Liscussion aggregation on the time scale of 1 s. Furthermore, the optical

The Behavior of the Transverse Resonance in an Electric ~ properties of gold do not significantly change upon external
Field. Figures 5, 6, and 7 respectively show the spectral curves fields, nor is there a significant electrically induced anisotropy.
obtained for the dispersions ROD49, ROD12.6, and ROD2.6 Therefore, the presence of an electro-optical response in the
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Figure 8. The spectral curves of ROD12.6 presented in Figure 6 are
W=(0 replotted by subtracting the spectral curve measuréd=a0 from the

40 curves measured in presence of an electric fialde represents the
075 \/—/\105 well depth, which increases with increasing electric field, ok

1; the saturation value for the well depth.
0
§ \/—%/W\ the experimental electro-optical effect (eq 1) appears to saturate.
£ osol 35 Note that by analyzing the data in the pseudosaturation regime,
= F is overestimated by about 10% (see Figure 3). The normalized
ﬁ 0 electro-optical effect is calculated as
. . s A
02300 500 600 700 800 GG (=F)= A:;E (12)
wavelength (nm) max s

Figure 7. The absorbance spectra obtained for ROD2.6. The numbers ; : ;
on the spectral curves represent the electric field strengtmify). where Gmax IS the experimental saturation value 16t Here

Note that in this particular case both resonances are present: theAAE' indicated in F|gl_Jre 8, represents the well deptkat O,
transverse resonance occurs around 520 nm, whereas the longitudina®d AAe ; the saturation value. We were not able to deduce a
resonance occurs around 750 nm. saturation electro-optical effect for ROD2.6 from the transverse

or longitudinal resonance, because the orientational sensitivity
case of gold rods can be ascribed to their orientation in applied of the plasmon resonances is insufficient.

electric fields. Figure 9 represents the field strength dependence of the
Focusing on the absorbance behavior of ROD4%at 0° electro-optical effect of colloidal gold rods with aspect ratios

(Figure 5), the transverse resonance (around 520 nm) graduallyL/d = 49, 17.4, and 12.6. As predicted by theory (Figure 3), at

decreases with increasing electric field, wherea¥at 90° low electric fields the measured electro-optical response is linear

the transverse resonance seems to be unaffected. This indicatesith the squared applied electric field corresponding to low
that the particles are oriented by the external electric field. degrees of orientation. At higher electric fields, deviation of
Complete alignment is, however, not yet obtained, which is this linear behavior is observed until a steady-state value is
indicated by the very weak shoulder in Figure 5. Note that the reached. Using thAa, which can be estimated from the slope
longitudinal resonance will be in the infrared and thus cannot of the linear part of the curves shown in Figure 9 (by means of
be monitored with the apparatus used. A similar behavior is eqgs 2 and 5), we are able to calculaté=AaE%2KT). Table 2
found for the system ROD12.6 (Figure 6). However Eat summarizes the anisotropy in electric polarizability. Subse-
140 V\mm~1 and W = 0°, the transverse resonance shows a quently, the experimental electro-optical effect is replotted as a
small shoulder, illustrated in Figure 7, which is considerably function of y in Figure 10. Figure 10 includes the theoretical
larger than in the case of ROD17.4 and ROD49. Furthermore, curve for induced dipole orientation derived by O’Konski in
the maximum electric field strength applied in this study is the y range 6-30. The experimental data are close to the
insufficient to monitor a significant change in the resonance calculations.
bands for the system ROD2.6 as shown in Figure 7. Only a  Figure 10 also demonstrates that the maximum valuey for
shift of the spectral curves to higher absorbance values isdepends on the particle length. The length dependence of the
observed. Because the size distribution of the system ROD2.6maximumy is in agreement with the relative magnitudes of
is much broader than for the other systems, the electrically the transverse resonance band. With increasing rod length, the
induced optical behavior may not be that pronounced. This maximumy increases, and therefore higher degrees of alignment
particular system consists of rod-shaped, ellipsoidal, and spheri-can be obtained. The smallest contributioEat 140 V-mm™?!
cal particleg® The presence of various particle shapes may of the transverse resonance is indeed obtained by system ROD49
affect the electro-optical response. (Figure 5). With decreasing, the transverse resonance con-
Steady-State Electro-Optical Effect.To obtain an electro-  tribution atE = 140 V-mm! increases (ROD12.6, Figure 6)
optical reponse we subtracted the spectral curve measuredand at very small values of (y < 7) the electro-optical effect
without field (E = 0) from the spectral curve measured with an does not saturate at all, which may partially explain the apparent
applied field E = 0). Figure 8 shows an example. Instead of a insensitivity of the resonances to the polarization direction and
disappearance of the transverse resonance, a reversed peak @ectric field strength in the case of the dispersion ROD2.6
obtained and the baseline becomes almost horizontal. Since weFigure 7).
cannot apply sufficiently high electric field strengths, complete  Anisotropy in Electric Polarizability and the Saturation
alignment(F = 1) is experimentally unattainable. Therefore, Voltage. The anisotropy in electric polarizability (calculated
we will analyze our data in the pseudosaturation regime at which with eqs 2 and 5) increases with increasing particle length from
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1.251 : T T T ] TABLE 2: Electro-Optical Data: Experimental Values for
’ the Anisotropy in Electric Polarizability ( Aa) and Saturation
T Electrical Field Strength (E¢?
1.00 e —
l T _|_ Aa
(10730 Es A )
g 0751 % ] Fnd)  (V/imm) (hm) (kHz) technique
Q 0.50 % ROD12.6 6.6 110 517 10 transverse resonance
&) =M E ] ROD17.4 8.3 95 517 10 transverse resonance
ROD49 12 87 517 10 transverse resonance
0257 wi 2 1 ROD17.2 116 650 2.5 Dbirefringertée
/ E c 9.7 650 50 birefringenéé
0.00 - T T T a} = the wavelength at which the measurement is perforrmes.
0 5 10 15 20 25 the frequency of the ac voltage used in the measurerh@hie
E? (10° V’m™®) techniques with whichAa is determined are indicated. NoteAa
calculated from the transverse resonance is overestimated with about
1251 r . . . - 10% (see Figure 10) becau€gax < G.. ¢ The bottom line refers to
: the results discussed in ref 23.
1.00 D S P § Py I I [ ] b T r r T . .
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T T T T Figure 10. The orientation factor of the gold rods for the dispersions
1.24 I )y (ROD12.6 ®), ROD17.4 @), and ROD49 4). The solid line represents
I E £ § the curve calculated by O’Konskfsee Figure 3). The arrows indicate
1.0 Hil %E% the maximum values for the in the experiments for various aspect
0.8 i ratios. The numbers on the arrows refers to the aspect ratio of the rods.
) 0.6 } E
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) 0.44 z B 12
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Figure 9. The experimental normalized electro-optic respo&6 ay) 0
as a function of the electric field strength square?) for the dispersions
ROD12.6 ®), ROD17.4 @), and ROD49 4). Es represents the L (nm'?)
saturation voltage. Figure 11. The electric polarizabilityAc) plotted against the square

Aa = 6-107% F-m? to Ao = 12:10-% F-m?, whereas the  root of the length (7).

electrical field strength at which the steady-state value is reachedas the effect of diameter, aspect ratio, and salt concentration
becomes smaller with increasing particle length. Table 2 have to be investigated in order to understand the physical
summarizes the anisotropy in electric polarizabilities and the meaning of the square root dependence. We note here that the
saturation electrical field strengths. Thex values are similar salt concentration was not systematically controlled, but indica-
to the polarizability of viruses like TM\:.” The mechanism of  tions have been obtained that small changes in salt concentration
alignment of viruses induced by electric fields is ascribed to do not significantly affect the double layer properties: the

the double-layer polarizatioit.1431Presumably, the double layer  potential was constant for all dispersions.

polarization plays a role in the alignment of gold rods as well.  Structure Formation Induced by Enhanced Electric
Table 2 includes the results obtained by Zhivkov etdwho Fields. Although the effect of the duration of the electric field
performed electric birefringence on colloidal gold rods wift was not examined in detail, we here qualitatively discuss the

= 17.2. The particle characteristics are given in Tables 1 and observations performed by eye on a dispersion with gold rods
2. The polarizability deduced from the change in transverse of L/d = 39. For 50 V and a frequency of 100 kHz, visually
resonance is roughly in agreement with that measured by nothing changes on the time scale of seconds. However, if the
Zhivkov et a1%3 field was applied for £2 min, we observed the development
We found that the anisotropy in electrical polarizability of a structure. This structure was composed of alternating strings
depends on the square root of the particle length indicated by of concentrated and less concentrated regions. When the electric
the line through the origin in Figure 11. More variables such field was switched off, the dispersion randomnized and the
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experiment could be repeated. A similar behavior was found (2) Asai, H.; Watanabe, NBiopolymers1976 15, 383.

for rods withL/d = 32 andL/d = 10 stabilized with polyacrylic (3) Radeva, TJ. Colloid Interface Sci1997 187, 57.

acid (PAA,M,, = 2000) at ac voltages of 10 V and 1 kHz as (4) Peikov, V.; Petkanchin, I.; Stoylov, S. .Disp. Sci. TechrL993

well as for 10 V and 1 MHz. 14, 499. _ _
String formation is often observed in electrorheological fluids, 136(5) van de Ven, T. G. M.; Baloch, M. K. Colloid Interface Sci199Q

which are in general nonaqueous medigl The applied electric '(6) Fairey, R. C.. Jennings, B. R. Colloid Interface Sci1982 85

field induces dipoles in the particles. These induced dipoles give 595 T T '

rise to long-range interactions and to lower the free energy; the 7y stoylov, S. PColloid electro-opticals, theory, techniques, applica-

articles form stringst tions Academic Press: New York, .
ticles f tringg?32 Acad P New York, 1991

(8) Stoylov, S. PAdwv. Collioid Interface Scil1971, 3, 45.
Conclusions (9) Fredericq, E.; Houssier, Electric dichroism and electric bire-

. . . . fringence Harrington, W., Peacocke, A. R., Eds.; Oxford University
Electrical alignment of gold rods dispersed in an aqueous press: Oxford, 1973.

medium is achieved, resulting in a strong electro-optical effect,  (10) Mantegazza, F.; Degiorgio, V.; Giardini, M. E.; Price, A. L.;
which is in agreement with theory. It is found that the transverse Steytler, D. C.; Robinson, B. H.angmuir1998 14, 1.

absorbance band is very sensitive to orientational order. Even (11) Radeva, T.; Petkanchin, I.; Varoqui, Bangmuir1993 9, 170.
in the pseudosaturation regime a small shoulder is present, (12) Heller, W.Rev. Modern Phys1942 14, 390.

demonstrating that complete alignment in aqueous systems is (13) Hoffmann, H.; Kianer, U.; Thurn, HJ. Phys. Chem199Q 94,
difficult to achieve. The magnitude of the shoulder depends on 2027

the particle length. The anisotropy in electric polarizability ~ (14) Kramer, U.; Hoffmann, HMacromoleculed991, 24, 256.
deduced from the transverse resonance varies frdii & to (15) Radeva, T.; Stoimeva, MColloid Surf.1991, 54, 235.
12-1073° F-m? for rods with a length in range of 189 to 730 (16) Stoimeva, M.; Radeva, T. Colloid Interface Scil991, 141, 433.
nm, which is similar to the electric polarizabilities of viruses ~ (17) Stoimeva, M.; Zhivkov, AJ. Colloid Interface Scil99], 142, 92.
such as TMV. It appears that the anisotropy in electrical (18) Stoimeva, M.; Radeva, T. Colloid Interface Scil995 169, 329.
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