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using a commercially available capacitance meter operating at 800 Hz
(Iso-Tech 9023). The capacitors were connected to the capacitance
meter via Karl Siiss MicroTec PH100 miniature probe heads. The
measurement was repeated on a minimum of six spots located on the
whole length of anodized part of the foil. The leakage measurements
were performed directly after capacitance measurements using the
same connections. The bottom (Ti) electrode was biased either posi-
tively (as it was during anodization) or negatively (as it would be in a
p-type transistor). Subsequently, organic field-effect transistors were
fabricated by evaporating pentacene (97 %, Aldrich, used as received)
under a high vacuum < 5 x 107 torr with a rate of 0.3 nms™ at room
temperature. The pentacene film thickness measured with a Dektak
profilometer was ~50 nm. The transistors were completed by evapo-
ration of gold source and drain contacts through a shadow mask on
the top of the pentacene layer. The channel width and length was
2 mm and 25 um, respectively. Characterization was performed at am-
bient conditions without any special precautions. Two Keithley 2400
source/measure units were used to control source—drain (Vsp) and
gate (V) voltages.
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The study of octupolar molecules!"” has opened up new
research directions in the design and synthesis of new families
of molecules that have large nonlinear optical susceptibilities
(hyperpolarizabilities), 3, with possible applications in optical
and opto-electronic devices. Among the advantages of octu-
polar structures is that they have a broader range of nonlinear
tensorial coefficients 8 (where i, j, k are the molecular-frame
indices) compared to earlier 1D schemes,"! which provides an
optimum nonlinear efficiency with a polarization-independent
second-harmonic response to incident light. Optimization at
the molecular level has made great progress, as exemplified
by the established structure—property relationship of two-di-
mensional octupoles and by the development of highly effi-
cient molecules.*”! Different strategies have been proposed
to obtain a significant bulk second-order optical nonlinearity,
%?, by the non-centrosymmetric alignment of octupoles such
as optical poling in polymers,m supramolecular arrange-
ment,” ) and crystal engineering."! Although the crystalline
structures would be more advantageous in terms of stability,
achieving three-dimensional octupolar geometry at the mac-
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roscopic scale is non-trivial, and up to now, to the best of our
knowledge, octupolar crystals with large bulk nonlinearities
have not been reported. Recently, we demonstrated that 1,3,5-
tricyano-2,4,6-tris(p-diethylaminostyryl)benzene (TTB) and
its derivatives exhibit large first hyperpolarizabilities and sig-
nificant second-harmonic generation (SHG) in the powder
state.! However, the origin of the bulk nonlinearity at the
macroscopic level conjectured in the literature!!! has not been
experimentally investigated. In this work, we show that the
TTB crystal has a non-centrosymmetric octupolar structure,
which facilitates optimal transfer of the molecular hyperpolar-
izability components to the macroscopic level. Indeed, in other
types of structures such as dipolar or multipolar crystals, the
macroscopic symmetry is often different from the molecular
one, which results in a decrease in efficiency upon projecting
the molecular tensorial components onto the macroscopic
frame. The TTB crystal, which does not suffer from such draw-
backs, consequently exhibits a very large bulk nonlinearity.
The TTB single crystals were obtained by slowly evaporat-
ing a saturated solution of TTB in CH,Cl,-EtOEt. The crys-
tals were cylindrical in shape with hexagonal cross-sections,
and their sizes ranged from several micrometers to several
millimeters. The X-ray structure of the octupolar molecule is
shown in Figure la; four benzene moieties lie in the same
plane, with dihedral angles of ca. 30° between the central and

(a) g

Figure 1. a) TTB structure drawn using the software ORTEP. b) Unit-cell
structure of the TTB crystal. The 1-axis is chose to be parallel to one of
the Cy-axes. c) Definition of the Euler angles (6,¢,1) in the macroscopic
framework (X,Y,Z), given the orientation of the unit-cell framework
(1,2,3): the (6, ¢) angles define the orientation of the x-y molecular plane
in the macroscopic (X,Y,Z) frame. The TTB molecules, represented by the
plain lines, lie in the x-y plane, with an orientation angle ¢ between the
x- and 1-axes.
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peripheral phenyl rings. Tertiary amine nitrogen atoms exhibit
sp* hybridization instead of sp® so that the whole molecule, ex-
cept for the terminal methyl groups, lies approximately in one
plane. The important consequences of this planarity are i) an
increased molecular hyperpolarizability value, 3, due to effi-
cient charge transfer from the donor to the acceptor groups
and ii) a potentially non-centrosymmetric arrangement of the
molecules in the crystal lattice, induced by the enhanced m—n
interlayer stacking interactions.

The three-dimensional arrangement of TTB in the crystal
unit cell is shown in Figure 1b. It consists of three molecules
packed along the c-axis with a slight offset. The m—x stacking
interactions between adjacent molecules stacked in neighbor-
ing layers play a crucial role in the formation of the non-cen-
trosymmetric crystal.[“] Intermolecular herringbone m—m in-
teractions between the phenyl groups in the side chains of
neighboring molecules within the same layer can also contrib-
ute to the final three-dimensional non-centrosymmetric ar-
rangement. This confirms that a planar octupolar molecule
with long “arms” containing aromatic rings that can induce
non-negligible m—m interactions (and thus minimize any void
volume in a given unit cell) is most likely to form a non-cen-
trosymmetric crystal, based on the Kitaigorodskii closest-
packing paradigm for molecular crystal structures."”!

To confirm optically the octupolar crystalline structure and
determine the molecular arrangement inside the submilli-
meter-sized crystal, we applied a polarized nonlinear micros-
copy analysis technique combining second harmonic genera-
tion (SHG) and two-photon fluorescence (TPF). This unique
methodology is based on the interplay of two complementary
optical effects that have recently been shown to allow the res-
olution of complex molecular arrangements.“(’] The TTB crys-
tal, lying on a microscope slide, was illuminated in the non-
linear microscopy setup either sideways along its cylindrical
axis or from the top along its hexagonal face. The IR exciting
beam originating from a femtosecond titanium/sapphire
(Ti:Sa) laser (150 fs, 86 MHz repetition rate) was focused
onto the crystal using a high-numerical-aperture (high-NA)
objective (NA: 1.4; x60) with a spatial resolution of about
400 nm and a typical pulse energy of the order of 3 pJ, at a
fundamental wavelength of 1028 nm. The emitted TPF and
SHG signals were collected by the same objective. A beam
splitter directed the emitted signals to a spectrograph and the
resulting spectrum exhibited the SHG peak at half the inci-
dent wavelength (514 nm), well-separated from the fluores-
cence emission band, which was around 710 nm (see Support-
ing Information). The SHG or TPF signals were therefore
easily detectable using appropriate spectral filters. The signals
were then directed to a polarization analysis set-up operating
in the photon-counting regime, the perpendicularly polarized
signals being simultaneously recorded on two avalanche
photodiodes. Two perpendicular polarization states were thus
detected, while the incident polarization was rotated in the
plane of the microscope slide (X-Y plane) using a rotating
half-wave plate (Fig. 1c). The incident polarization direction,
E, is defined by the angle @ =(X,E), (i.e., the angle between
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X and E) which was varied from 0° to 360°. Polarization cali-
brations suggested that ellipticity and dichroism parameters
had to be duly taken into account, because of the reflection of
the incident beam on the dichroic mirror.!'"!

The TPF and SHG polarization responses can be expressed
as a function of the unit-cell orientation (6,¢,1) within the
crystal as described in Figure 1c. The corresponding intensi-
ties, S, analyzed along a given direction, /, are given by!'®

ST =ay ZJKLM)/JKLME]EKELEM(QS) (1)
and
S?HG: ZJKﬁIJKﬁILMEJEKEL EM(‘I’) ()

where the indices I, J, K, L, and M refer to coordinates in the
macroscopic framework and E, (x=J, K, L, M) is the x-com-
ponent of the incident field. The notation (---) denotes the
temporal average over the detector integration time of (---),
while a represents the one-photon emission tensor, y the two-
photon excitation tensor, and f the hyperpolarizability tensor.
These tensors can be expressed in the macroscopic framework
using the purely additive oriented gas model.'”! In such a
scheme, a;(0,¢,9)=2;a; cos (i,[) cos(jJ) (and similar ex-
pressions for the y and j tensors), with cos (i,]) being the pro-
jections of the i=(7,2,3) axes on the /=(X,Y,Z) axes, which
are dependent on (6,¢,3). The application of such a model,
which a priori ignores intermolecular interactions, is justified
by the experimental results. Assuming an octupolar planar
symmetry of the molecular arrangement within the TTB crys-
tal, the unit-cell tensor coefficients a;;, Bjjx, and y;jx, are only
limited to a1 =axn=1+2]a| (with |la|=Z;a3), yi111=722
= 0612”7’”7 Y1122 = Y2211 = V1221 = V2112 = Y2121 = Y1212= Y1111/3
= 0204”'}/H, and ,8111 = —ﬂ122 = _ﬁ212 = _ﬂ22l = 05”ﬁ” By fitting
the (0,¢,y) values to the experimental data with the variable
@, it is possible to confirm the octupolar structure of the crys-
talline unit cell as well as to determine the orientation of the
octupoles within the crystal lattice.

The TPF and SHG signals were first analyzed in a config-
uration where the crystal lay along one of its sides with differ-
ent orientations in the X-Y plane, as displayed in Figure 2. In
this configuration, the best agreement with the data was ob-
tained when 6 =90°, which corresponds to the case where the
octupole planes lie edgeways, i.e., perpendicular to the X-Y
plane. The orientation of the crystal side in the sample plane
was then fully defined solely by the angle ¢ , while the
in-plane vy angle became irrelevant. The crystal orientation
angles retrieved from the fits corresponded to the expected
orientations in the (X,Y,Z) framework. The polarization
features were characteristic of a planar-molecular stacking
direction in the crystal. Indeed, the two-lobed pattern was
perpendicular to the cylindrical axis and followed the rotation
of the crystal, which is a signature of the anisotropism of the
projection of octupoles lying perpendicular to the sample
plane and parallel to the hexagonal face.

In contrast to the previously depicted “sideways” configura-
tions, the TPF and SHG polarization responses of the crystal

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advmat.de

]
x} [s]
o

SHG TPF

Figure 2. Polar diagrams representing the SHG (a,c) and the TPF (b,d)
intensities as functions of the incident polarization angle &. Experimen-
tal data S (in dark gray) and Sy (in light gray) in counts/100 ms were ob-
tained using an incident-beam power of 200 uW. The continuous lines
correspond to the intensity fits with the following orientation parameters:
a,c) (90°,30°,-5°) and b,d) (90°,30°,88°). An ellipticity parameter of
£=1.57 rad and an amplitude dichroism factor 0 =—0.02 at 1028 nm [16]
accounted for the incident-field ellipticity. The crystal directions are repre-
sented by the dark rectangles.

lying on its hexagonal face exhibited four-lobed patterns
(Fig. 3). These patterns remained invariant for any /3 rota-
tion of the crystal in its plane. Such a result provides clear evi-
dence of the threefold symmetry in the plane of the hexagonal
face, which stands out as a clear characteristic feature of octu-

Y
(a) (
[ x 3
\ 16° \

SHG X
Y | Y
(c) (d)
X X
: g -
TPF X TPF Y

Figure 3. Polar diagrams representing the SHG (a,b) and the TPF (c,d)
intensities as functions of the @ angle with the crystal lying on its hexag-
onal face. Experimental data Sy (in dark gray) and Sy (in light gray) in
counts/100 ms were obtained using an incident beam power of 56 uW.
The continuous lines correspond to the intensity fits with the Euler an-
gles (0°,0°,16%).
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polar molecular structures. Note that the sum of the optical
signals for the two X and Y analysis directions gives, for both
SHG and TPF, four-lobed patterns oriented along the X- and
Y-directions, instead of the circular pattern expected from the
polarization-independent SHG response for octupolar sym-
metry.[m This deviation is due to the ellipticity of the incident
laser beam introduced by the dichroic mirror, which affected
intermediate polarizations. The fits of the experimental data
were obtained with 6=0° as expected, ¢ =0°, and y=16°
(which represents the orientation of the hexagon in the X-Y
plane). Note that the polarization responses obtained in Fig-
ure 3 are the specific signature of threefold planar symmetry,
and would be unattainable with a different multipolar symme-
try.

The slight discrepancy between the model and the experi-
ment regarding the shape and orientation of the four-lobed
structure can be due either to the integration of the signals
over the Rayleigh length of the objective focus (about 2 wm),
or to interface effects between the crystal surface and the mi-
croscope slide. Deviations from Kleinman symmetry relations,
due to the resonant conditions of the experiment, only slightly
affected the four-lobed shapes and have thus been omitted
from the model. In addition to confirming the molecular-or-
der symmetry, the nonlinear optical responses of the crystal
were also found to be perfectly uniform on scanning over the
whole crystal surface area of the sample. The results of Fig-
ures 2,3 show, furthermore, that the oriented gas model, al-
though not accounting for the strong m—m interactions be-
tween adjacent molecules, applies to the nonlinear response
of the structure studied. This is mostly due to the nature of
such interactions, which are locally centrosymmetric (al-
though they contribute to the overall non-centrosymmetry)
and provide a negligible contribution to the induced polariza-
tions at the incident wavelength, 1028 nm.

In order to evaluate the SHG efficiency, ||d||, of the octupo-
lar crystal, we compared the SHG signal intensity of TTB to
that of a reference 4-dimethylamino-N-methyl-4-stilbazolium
tosylate (DAST)!"*?" crystal, which has very similar absorp-
tion characteristics (both crystals exhibit a cut-off wavelength
at about 600 nm, with a large absorption centered at about
500 nm). The experimental data, corrected for the incident
power, resulted in ||d|rrg =2 X |d||pasT at the 1028 nm incident
wavelength. The DAST crystal is well-known for its very large
efficiency (|ld|lpast =790 x 10~ esu at 1.55 um from published
datam]); the TTB crystal is therefore among the most efficient
organic crystals with ||dlrrs~1580 x 10~ esu under non-reso-
nant conditions. The precision of this measurement was be-
tween 20 % and 30 % because of the sensitivity of the SHG
signal to focalization and crystal positioning on the micro-
scope slide. Note that the ||d|| coefficients contain the molecu-
lar densities (Nt =9.92 % 10%° molecules cm™ and
Npast=1.91 x 10?! moleculescm™ from the X-ray structure
of the crystals), the local field factors, and the molecular
p-efficiencies.

The molecular efficiency of the TTB molecule has been mea-
sured using the hyper-Rayleigh scattering (HRS) technique!®!
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in tetrahydrofuran (THF) (which is well adapted to octupolar
molecules! 1‘12’23‘24]) and led to B111 1B = 407 x 107 esu at zero
frequency.**! Assuming that the crystal refractive indices at
wavelength, w, are n{ =n%=1.5, and accounting for the crystal
molecular density in the oriented gas model, we obtain
|dllrrs =2297 x 10~ esu at zero frequency, which is approxi-
mately three times larger than that of the DAST crystal. Such a
factor is of the same order of magnitude as the one measured
using nonlinear microscopy, with a discrepancy due to the error
bars in the previous estimation and to the fact that the hyper-
Rayleigh measurements were performed in solution where lo-
cal field factors may have been different. The efficiency differ-
ence between DAST and TTB is mainly due to both the lower
molecular efficiency of the dipolar DAST molecule (the high-
est published value is 111 past=110x 107 esu at zero fre-
quencyps]) and the less-favorable projection factors induced by
the DAST unit-cell symmetry (which belongs to polar space
group C.P).

In conclusion, a rational design strategy, which takes advan-
tage of favorable interlayer ;- interactions in stacked mole-
cules, is proposed for the synthesis of an octupolar crystal with
a large SHG efficiency. Optical polarization measurements of
both SHG and TPF confirmed the non-centrosymmetric
threefold symmetry of the TTB crystal, which allowed opti-
mum use of the molecular hyperpolarizability components, re-
sulting in a very large bulk nonlinearity.

Experimental

Optical Calibration Procedure: Previous studies [16] have shown
that in the (X,Y,Z) framework, the exciting beam at the point of focus
can be written as

E(q>,e,a,wz):E/ 1+ (1—62)

x [cos® coswt, (1 — ) sin® cos(wt + ¢),0] 3)

where E is the field amplitude. The parameters 0 and & account re-
spectively for the dichroism and ellipticity of the field polarization
upon reflection by the dichroic mirror. They are measured separately
by standard ellipsometry (¢ =1.57 rad and 6 =-0.02 at 1028 nm). The
polarization direction, @, was varied from 0° to 360° by using a rotat-
ing half-wave plate inserted in the linear-excitation polarization
control set-up. The DAST crystal, used as a reference, exhibited a
quasi-identical absorption spectrum. The calibration of the nonlinear
microscope efficiency was carried out using polarization measure-
ments on a DAST crystal lying on its [001] face, which gave very spe-
cific polar patterns, for which the fits were in good agreement with
the expected symmetry. This crystal could therefore have been consid-
ered for use as a reference in measurements of unknown ||d|| values.
The proportionality coefficient introduced to fit the SHG signals was
indeed proportional to ||d|*P}., where Py, represents the peak power
of the IR radiation incident on the crystal.
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Tubular and Twisted Ni-P Fibers
Molded from Morphology-Tunable and
Recyclable Organic Templates of
Hydrogen-Bonded Supramolecular
Assemblages™*

By Masaru Nakagawa,* Daisuke Ishii, Ken’ichi Aoki,
Takahiro Seki, and Tomokazu Iyoda

Since the discovery of sheet-curled chrysotile,"! polypyr-
role,”! and carbon nanotubes,”! organic and inorganic tubular
materials have attracted much attention due to their unique
physical and chemical properties.m Template-directed synthe-
sis is widely accepted as a simple, high-throughput, and cost-
effective method for the fabrication of tubular fibers com-
posed of metal sulfides and oxides,[sl metals,[6] or conducting
polymersm through sol-gel polymerization,[s] electroless'” or
electrochemical™”! plating, or vapor deposition.''! The inner
surfaces of porous anodic alumina'? and the outer surfaces of
lipid-based cylindrical tubules,"*! organic gelator fibrils,**! sin-
gle- and double-headed amphiphile molecular assemblages,[ls]
carbon nanotubes,'! and electrospun degradable polymer fi-
bers!!'” have been utilized as reliable templates for the fabrica-
tion of tubular fibers. Many efforts are currently being made
to control the inner diameter and even the entire morphology
of these tiny tubular materials.

We have reported previously that the amphoteric com-
pound 6-[2-propyl-4-(4-pyridylazo)phenoxy]hexanoic acid (1,
Fig. 1) self-organizes upon neutralization of its alkaline aque-
ous solution to give fibrous molecular assemblages.!"**) Atom-
ic force microscopy (AFM) revealed that the dried fibrous
molecular assemblages have an almost uniform submicrome-
ter diameter of around 400 nm. During the neutralization, a
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