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Abstract

Prepared amorphous porous anodic alumina with average nanometric porous dimensions of 67 nm in diameter and 50 pm in depth was suc-
cessfully used as host network for different liquid crystalline azobenzene compounds bearing oligo(ethylene glycol) segments. Since the imple-
mented optical chromophores were specifically designed for quadratic non-linear optical applications, the obtained ordered hybrid structures
were fully characterized according to the second harmonic generation technique following the Maker-Fringes method. Comparative linear op-
tical absorption, Raman and X-ray photoelectron spectroscopic investigations were also carried out in order to evaluate the optical performance
of these molecular systems within the 1D-nanotube-like confinement. Finally, atomic force microscopic studies of both the dissolved barrier
layer and the porous cap were performed on the samples in order to explore surface morphology and assure best possible insertion of these

azo-dyes within the pores of anodic alumina.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous anodic alumina (PAA) has been known since the be-
ginning of the 20th century for its high-tech importance in the
industrial anodization of aluminum [1]. More recently, due to
its ideal nanopore geometrical arrangement, it was proposed as
a promising template for the growth of 1D ordered arrays such
as bundles of nanotubes or nanowires [2—4], which constitute
a critical step in the development of operative nanometric de-
vices and prototypes. In fact, PAA templates with porous den-
sities ranging from 10° to 10'° pores cm ™2, diameters (D)
varying from 4 to 250 nm, typical tube lengths (L) ranging
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between 0.1 and 300 um, and pore aspect ratios (L/D) from
10 to 1000 [5—8] are routinely prepared following well estab-
lished fabrication techniques. In recent years a significant
number of scientific papers have been published reporting
the growth of carbon nanotubes [9—11], metallic nanowires,
oxide and chalcogenide semiconductor nanowires [12—16],
inside the porous PAA templates. In most of these works the
PAA films are basically considered as mechanically inert sup-
ports, ready to be filled using a wide variety of techniques,
such as the pyrolysis of hydrocarbon compounds, AC-electro-
chemical deposition or immersion in colloidal suspensions.
These approaches work reasonably well in many cases, not
taking into account, however, the specific chemical composi-
tion and properties of the nanopore walls which can play an
important role in the definition of alternative synthetic routes
for the preparation of a variety of new 1D nanostructures. In
this sense, some authors have noted that the anodic alumina
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nanopore walls seem to be active in processes such as the py-
rolysis of hydrocarbons [17—19], ammonia sensing, and pyr-
ene derivatives chemisorption layer onto porous alumina
[20,21]. On the other hand, several works have been published
concerning the physical and chemical characterizations, the
composition and structure of anodic alumina [22—26]. Al-
though most of that information is spread in different scientific
reports, a considerably better understanding of the fundamen-
tal properties of these structures has already been achieved,
giving rise to new and potential perspectives in emergent ap-
plied sciences such as opto-electronics and photonics, which
are currently being considered as essential research fields for
the development of advanced technological applications. Un-
der this context, we present in this work a detailed optical
and morphological comparative study of PAA prepared by
the oxalic acid route [5,6], which has been filled with newly
synthesized optical active liquid crystalline (LC) azobenzenes
bearing oligo(ethylene glycol) segments (azo-dyes). These
rod-like compounds have been specifically designed for qua-
dratic x®-non-linear optical (NLO) applications, such as op-
tical second harmonic generation (SHG).

According to Rau, azobenzenes bearing both electron-donor
and electron-acceptor groups belong to the “pseudostilbenes™
category, where the w—m* and n—m* bands are practically
superimposed but are actually inverted on the energy scale
with respect to the non-substituted azobenzene bands [27].
Donor—acceptor substituted azobenzenes alone or incorpo-
rated into polymer systems provide very versatile materials
from an applications point of view. It is well known that highly
polar azobenzenes exhibit strong x-NLO properties such as
SHG. Several azo-dyes and azo-polymers with potential NLO
properties have been reported in the literature [28,29].

Previously, we reported the synthesis [30], optical proper-
ties and aggregation [31,32] of new amphiphilic liquid crystal-
line azo-dyes bearing end-capped oligo(ethylene glycol)
segments: RED-PEGM-3, RED-PEGM-8 and RED-PEGM-
10. The presence of an oligo(ethylene glycol) segment makes
these molecules highly amphiphilic, without the necessity to
introduce ionic groups, which is suitable for NLO LB applica-
tions [32]. According to the literature, azobenzene and poly
(ethylene glycol) have been combined together in other sys-
tems such as copolymers [33,34], nanomaterials [35,36] and
cyclodextrin polymers [37,38], in some cases forming supra-
molecular complexes with interesting properties [39].

The present paper provides experimental evidence concern-
ing the possibility to create organic—inorganic 1D-NLO active
hybrid structures implementing PAA templates and the newly
functionalized LC azo-dyes. Recent investigations proved that
organic materials represent a better alternative for NLO applica-
tions because of their ultrafast response times, lower dielectric
constants, better processability characteristics and enhanced
NLO responses [40—46]. It is well known that second order
NLO materials must contain second harmonic chromophores,
which have to be arranged macroscopically in a non-centrosym-
metric manner. Such highly ordered arrangements can be
achieved by self-assembly techniques, electrical poling by high
voltage DC fields or building Langmuir—Blodgett films in the

case of amphiphilic molecules [40—49]. Azo-dyes and azo-
polymers have been widely studied by many research groups
due to their versatility in the domain of optics, NLO and
photonics applications implementing the previously men-
tioned assembling methodologies. In the current case, experi-
mental results indicate that the PAA templates can also
provide an optional induced ordered 1D-array, which supports
the organic chromophores giving rise to measurable NLO ef-
fects including SHG. The comparative morphological, spec-
troscopic and optical studies presented in this report can be
useful for future modification of the chemical functionality
of both the porous anodic aluminas and the azobenzene based
NLO chromophores.

2. Experimental section
2.1. NLO azo-dyes

As shown in Fig. 1, three novel LC azo-dyes were implanted
within the 1D nanotubes of PAA templates: (a) [1-N,N-dime-
thylamine-4’-nitroazobenzene] named here RED-Me, where
R; =R, =CHj;, (b) [N-methyl-N-{4-[(E )-(4-nitrophenyl)dia-
zenyl]phenyl }-N-(3,6,9,12,15,18,21-heptaoxadeutaeicos-1-yl)-
amine], named here RED-PEGM-7, where R; =CH; and
R, = (CH,CH,0),CHj3), and finally (c) [N-{4-[(E)-(4-nitro-
phenyl)diazenyl]phenyl }-N,N-di(3,6,9,12,15,18,21-heptaox-
adeutaeicos-1-yl)amine], named here: RED-DIPEGM, where
R; =R, = (CH,CH,0),CHj;. The synthetic route employed to
obtain RED-PEGM-7 is similar to that used to synthesize the
RED-PEGM-n (n=3, 8, 10) compounds [30]. Compounds
RED-PEGM-7 and RED-Me show a powder-like structure at
room temperature, whereas RED-DIPEGM exhibits a viscous
LC state. The corresponding dipole moments were calculated
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Fig. 1. Molecular structures for RED-Me (R; =R, =CH;), RED-PEGM-7
(Ry=CH;, R,;=(CH,CH,0);,CH;3), and RED-DIPEGM (R;=R;=
(CH,CH,0),CHs).
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by semi-empirical methods (AM1 and PM3), giving high dipole
moment values ranging from 9 to 11 D as shown in Table 1.

2.2. Porous anodic alumina template preparation and
insertion of LC azobenzenes

High purity aluminum (99.999%) foils with a thickness of
0.13 mm were used as starting material. Prior to anodization,
aluminum was annealed under air at 480 °C for 1 h. The an-
nealed plates of 10 x 25 mm were electrochemically polished
(1:5 v/v of EtOH/HCI1Q,), and then mounted as the anode in an
electrochemical cell using a graphite cathode. The preparation
of oxalic porous anodic aluminas was carried out using stan-
dard conditions widely reported in the literature [5,6,22,26],
where 0.3 M of oxalic acid at 40 V was used to induce anod-
ization of Al. The temperature bath was kept at 10 °C and the
anodization time was fixed to 8 h in order to obtain film thick-
ness of about 50 um. Aluminum was then electrochemically
removed (electrochemical etching in 20 wt% HCI solution,
with an operating voltage in the range of 1—5 V) in a circular
defined area using elastic O-rings, leaving freestanding alu-
mina windows in mechanically stabilizing Al frames [50].
Thus, porous anodic alumina templates conformed by hexag-
onal pore arrays with a 138 nm interpore distances formed
by self-organization in the anodic alumina are obtained [5].
The circular working surface size was in the order of 7—
8 mm in diameter. Afterwards, an etching chemical attack
via phosphoric acid (0.5 M at 35 °C for 35 min) was carried
out in order to fully open the nanopores of the anodic alumina,
producing the 1D-nanotube-like array [51]. This etching process
also leads to some pore widening so that the observed pore di-
ameters do not reflect the intrinsic properties of the anodization
process. By this methodology, 1D nanotubes varying in the
range of 44—67 nm in diameter were obtained for the opened
barrier layer and the porous cap. Both surfaces were carefully
monitored by AFM in order to assure optimal widening.

Once the 1D nanotube anodic alumina membranes (AAMs)
were optimally produced, 6 mg of LC-RED-PEGM-7 and
RED-Me azo-dyes was fully dissolved in 5 ml of tetrahydrofu-
ran (THF) in order to obtain saturated dissolutions; the RED-
DIPEGM sample was used in its natural LC state to fill up the
1D-nanotube arrays. AAMs were mounted with the porous cap
placed upwards onto the input tap of a low power vacuum sys-
tem (Air CADET, vacuum/pressure station, ColPalmer). In or-
der to avoid any damage to the fragile AAO-membrane due to
excessive low pressure, the membranes were supported by
a thin metallic rigid grid. Afterwards, by using a micropipette,
the rounded AAMs were fully covered with the LC azo-dye
dissolutions (using consistently the same amount in volume:

Table 1
Dipole moments of the azo-dyes calculated by semi-empirical (AM1 and
PM3) methods

Azo-dye AMI (D) PM3 (D)
RED-Me 9.40 9.02
RED-PEGM-7 10.2 8.16
RED-DIPEGM 11.32 8.29

0.4 ml); the vacuum system was then started at 50 kPa and
the inclusion of the NLO molecules within the 1D-AAM nano-
tubes was mechanically induced. Subsequently, both the po-
rous and the opened barrier layers of AAMs were carefully
cleaned with THF-damped optical tissues in order to remove
any dissolution overload. The hybrid samples were isolated
while drying with a plastic cover in order to avoid atmosphere
and temperature variations, and conserved for 1—2 weeks at
room conditions in closed recipients with a small hole in the
cap in a clean-dry-dark environment. Pure AAMs were also
prepared for reference and calibration purposes.

2.3. Physical characterization techniques

Standard physical characterization techniques were applied
to pure reference AAM and to the AAM-hybrid composites in
order to determine their structural and physical properties: (i)
the morphology of the films was studied by atomic force mi-
croscopy (AFM) (Park AutoProbe CP equipment), where the
acquisition of images was performed in contact mode with
an interaction force applied between the sample and the
AFM-tip of 1.5nN. The AFM system was equipped with
a SiN sharpened Microlever™ tip with typical force constant
of 0.05 Nm™" and resonant frequency of 22 kHz which spec-
ify the mechanical characteristics of the used cantilever (typ-
ical constants of the instrument). Both the porous cap and
the barrier layer were carefully monitored by AFM in order
to assure optimal quality of AAM and the insertion of guest
molecules. (ii) Linear optical absorption spectra were obtained
in the 200—1100 nm range using a double beam Shimadzu
UV—vis spectrophotometer, taking air in the reference beam.
(iii)) An Almega XR Dispersive Raman spectrometer equipped
with an Olympus microscope (BX51) was used to obtain the
Raman spectra of the samples. An Olympus 50x objective
(N.A.=0.45) was used as focusing optical system for the
Raman laser source (see below); the spot size of the focused
laser beam on the sample was ~ 1.5 pm”. The same objective
was also implemented as collecting optical system for the
back-scattered light in a 180° backscattering configuration.
The scattered light was detected by a charge coupled device
(CCD) detector, thermoelectrically cooled to —50°C. The
spectrometer used a convenient optical grating (675
linesmm ') to resolve the scattered radiation and a notch
filter to block the Rayleigh light. The pinhole of the mono-
chromator was set at 25 pm and the Raman spectra were inte-
grated over 20 s with a resolution of ~4 cm™'. The excitation
source was obtained from a Nd:YVO, laser (frequency dou-
bled at 532 nm) and the incident power at the sample was of
~8 mW. (iv) X-ray photoelectron spectroscopy (XPS) was
carried out in order to provide any evidence of chemical
binding between the AAM surface and the implemented LC
azo-dyes. To this end, a monochromatised Al Ko
(hv = 1486.6 eV) X-ray generator source and a system of ultra
high vacuum VG-Scientific Microtech Multilab ESCA2000
were used with a CLAM4 hemispheric electron spectrometer.
The XPS were obtained at a take-off angle of 55° with respect
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to the surface of the sample. The XPS polymer technique is
discussed in detail and described by Beamson and Briggs
[52]. For reference purposes, the binding energy peak of the
Au 4f”? orbital positioned at 84.00 eV was used. The spec-
trometer calibration was performed with the Ag 4d>>
(368.21 eV) line (resolution of the FWHM of 1.00 eV). The
chamber pressure was kept constant during XPS measure-
ments at 5 x 10”° mb. The surface of the films was etched
during 2 min with 3.0 kV Ar" at 0.024 pA/mm?. Finally, the
analysis of the spectra was performed by means of the
SDPv4.1% software [53]. (v) The hybrid AAM composites
were studied as active media for quadratic x®-non-linear op-
tical effects such as SHG. The SHG experimental device is
shown schematically in Fig. 2: a commercial Q-switched
Nd:YAG Laser system (Surelite II from Continuum,
A., = 1064 nm, repetition rate of 10 Hz and a pulse width of
7=12ns) was implemented to provide the fundamental
wave. Typical pulse powers of 100 pJ were filtered in order
to irradiate the samples by means of a f=50 mm focusing
lens, thus peak irradiances in the order of 20 MW cm 2
were achieved at the focal spot on the AAM-hybrid compos-
ites. This value was slightly below the energy damage threshold
supported by the samples under strong focused beam irradia-
tion. The polarization of the fundamental beam (S or P polarizing
geometry) was selected by means of an IR-coated Glan-Laser
polarizer and a A/2-Quarz-retarder. A second polarizer was
used as analyzer allowing the characterization of the SHG
signals. The second harmonic waves (at A5, =532 nm) were
detected by a sensitive photomultiplier tube (HAMAMATSU
R-928) behind interferential optical filters (centered at
532 £ 5 nm). The SHG device was calibrated by means of
a Y-cut a-quartz crystal, wedged in the d;-direction
(dy; =0.64 pm/V), which is commonly used as an NLO-refer-
ence standard via the Maker-Fringes method [41,44—46,54].

3. Results and discussion
3.1. Morphological AFM studies
The morphological structure of developed reference AAM is

shown in Fig. 3. The AFM micrographs demonstrate in fact that
the undoped nanotube arrays obtained for the oxalic anodic

M1 P

alumina template exhibit average diameters varying from 44
to 67 nm. Fig. 3a and b corresponds to a typical porous cap
and opened barrier layer, respectively. In both cases well de-
fined geometrical patterns can be observed, where hexagonal
structures forming ordered 2D-arrays can be easily recognized.
The opened barrier layer illustrates slightly smaller porous di-
mensions; this is understandable because after the anodization
process, the applied chemical attack selectively operates at dif-
ferent depths within the forming 1D-nanopore walls. In fact po-
rous anodic films contain significant amounts of acid anions
incorporated from the anodizing electrolyte and the distribution
of electrolyte anions across the cell material is not uniform. A
region of Al oxide extending from the pore wall contains rela-
tively large acid anion content. At the same time an inner region
of oxide is relatively pure Al oxide [22—26]. All this means that
the upper walls of the nanopores present drastic physical and
chemical structural changes, compared to that suffered by the
lower ones, which allow a faster degradation produced by the
phosphoric acid. In the case of non-optimal chemical attack
and anodizing conditions, the barrier layer cannot be completely
widened; consequently, fully capped nanopore structures are
obtained as is shown in Fig. 3c.

Once the higher quality AAMs have been selected, the in-
sertion of LC azo-dyes was properly carried out. Fig. 4 shows
AFM micrographs (1 x 1 um resolution) of: (a) RED-Me, (b)
RED-PEGM-7 and (c) RED-DIPEGM based AAM-hybrid
composites. It is observed from these images that all molecular
structures were successfully embedded within the AAM nano-
tubes, as the nanopore arrays appear at least partially filled in
all cases. In fact, there is no clear and definitive difference be-
tween the AFM micrographs shown in Fig. 4a—c for the hy-
brid structures; hence it is very difficult to estimate from
these AFM micrographs the material penetration inside
AAM in order to quantitatively evaluate the best molecular in-
sertion. Since it is not possible to accurately evaluate the ma-
terial penetration inside AAM by the available experimental
techniques, we can only argue that only a moderate, but
non-negligible material penetration inside AAM was achieved
for the implemented molecular structures. Last asseveration,
as will be shown later in Section 3.3, is supported by several
Raman and SHG studies which demonstrate an important mo-
lecular insertion within AAM.

L

X
T | [—’
A2-Plate | y

— L

z-axis rotation stage

Nd:YAG — 10 Hz, 12 ns Laser System
. Interference filter:
Polarizer Analyzer ./

Fig. 2. Experimental set-up for SHG measurements in AAM-hybrid composites.
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Fig. 3. AFM micrographs of oxalic AAM: (a) the porous cap,

The observed moderate inclusion of the NLO compounds
occurs, in principle, due to vaporization of the solvent used
(THF) for RED-PEGM-7 and RED-Me compounds, while
the intrinsic viscosity of RED-DIPEGM, contrary to expecta-
tions, restrains the inclusion of this compound within the
AAM nanotubes. According to several experiments, it is con-
cluded that optimal THF/azo-dyes’ dissolution ratios should be
achieved in order to regulate the viscosity and concentration of
the dopant dissolutions, obtaining consequently best possible
conditions for the insertion of azo-dyes inside the nanometric
pores according to the implemented mechanically induced in-
sertion method. On the other hand, a more detailed inspection
of the micrographs displayed in Fig. 4 shows that the guest
molecules tend to aggregate on the walls of the nanotubes in
order to find mechanical support after drying (in the case of
the dissolved molecules). The same effect occurs for LC-
RED-DIPEGM compound. Chemical interactions between
LC azo-dyes and the AAM nanotubes are also possible as it
is discussed in next section. Compound RED-Me was easily
removed from AAM by washing the sample with different sol-
vents (THF and toluene); this fact demonstrates a weak me-
chanical interaction between this azo-dye and AAM.
However, compounds RED-PEGM-7 and RED-DIPEGM

(b) the opened barrier layer, and (c) a closed barrier layer.

were not easily removed from AAM; even after dipping the re-
spective hybrids for several days in these solvents, an impor-
tant part of these molecules remained inside AAM
(absorption spectra not shown here). The RED-PEGM-7 based
hybrid offered major resistance to be removed from the AAM
nanotubes by washing. These observations strongly suggest
chemical interactions of these azo-dyes with AAM, including
possible atomic binding as it is discussed in next section.

3.2. XPS measurements

XPS studies were carried out in order to provide any evi-
dence of chemical binding between the AAM surface and
the implemented LC azo-dyes. The survey spectra after cali-
bration in C 1s (284.5 eV) and the high resolution XPS signals
determined the chemical states of the studied samples. The
obtained position core level for Al,O3 crystalline (sapphire
reference) peaks of O 1s (BE =530.87 eV) and Al 2p (BE =
64.5 eV) was clearly identified (see Fig. 5a and b). On the
other hand, the substrate of AAM corresponds to Al 2p (BE =
63.30eV, see Fig. 5b) and O 1s (BE=531.49¢eV). For
the RED-Me hybrid sample, the respective related signals
are located at BE = 63.35 eV and BE =531.43 eV; for the
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'p RED-PEGM-7

Fig. 4. AFM porous cap micrographs of LC-azobenzene based AAM-hybrid composites: (a) RED-Me hybrid, (b) RED-PEGM-7 hybrid, and (c) RED-DIPEGM

hybrid.

RED-PEGM-7 hybrid sample these signals correspond to
64.10 and 531.44 eV; and finally for the REG-DIPEGM hybrid
sample we have 63.65 and 531.43 eV, respectively. The posi-
tion core level of C 1s does not modify the positions and sym-
metry in the high resolution XPS peaks.

As explained, a clear difference between the O 1s peak or-
bitals of the Al,Oj3 crystalline reference and AAM can be ob-
served (see Fig. 5a); this chemical shift is produced by the
respective modification of the material networks and a surface
oxygen increase content over all the AAM nanotubes. A com-
parative and careful convolution analysis of the XPS of the
hybrid samples in relation to the pure AAM-nanotube arrays
provides important information concerning the chemical inter-
action of the embedded guest molecules with the host AAM.
In fact, the differences observed in the positions of the Al 2p
and O Is orbitals for the different hybrids allowed us to pro-
vide some interesting insights of AAM/LC azo-dyes interac-
tions: (1) by introducing LC azo-dyes within the AAM
nanotubes, the oxygen atoms are displaced and a notable in-
teraction in the Al 2p orbital is produced. This effect produces
Al 2p BE-orbital shifts in the order of BE =0.08, 0.90 and
0.35 eV for the RED-Me, RED-PEGM-7 and RED-DIPEGM

molecules, respectively; the O 1s chemical shift is in all cases
negligible. (2) Last results are very significant since the max-
imal chemical shift corresponds to RED-PEGM-7 compound,
indicating that this azo-dye strongly interacts with the Al
atoms of the AAM nanotubes. In fact, as explained in the
last section, the RED-PEGM-7 based hybrid showed the high-
est stability and the guest compounds cannot be easily washed
out by using different solvents. It is well known that anodic
porous alumina exhibits electro-catalytic activity; thus it is
possible that the AAM nanotubes may act as nanoreactors
where ionic interactions occur (probably Van der Walls and/
or H-bridge bonding between the polar RED-PEGM-7 com-
pound and the AAM nanowalls). (3) Surprisingly, the chemi-
cal shift for the REG-DIPEGM based hybrid is smaller (BE
shift of the Al 2p orbital of 0.35 eV), although the presence
of two oligo(ethylene glycol) segments in the molecular struc-
ture enhances its charge transfer character (see next section).
Probably the lower chemical interaction of this compound
with AAM is related to the stronger tendency of this molecule
to form molecular aggregates compared to its RED-PEGM-7
analogue (see next section). Besides, this compound was in-
troduced in its natural LC state (not dissolved in THF) at
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Fig. 5. High resolution XPS core level measurements: (a) O Is and (b) Al 2p.

room temperature inside AAM. (4) Finally, the RED-Me
based hybrid shows the lowest chemical interaction with
AAM as the BE shift of the Al 2p orbital is extremely small.
In fact, due to the lower polarity of this compound, rather rare
possibilities of atomic binding may occur due to electronic in-
teraction (charge transfer) of AAM with this compound. In
this case, the small BE shift may be more related to a distor-
tion of the BE caused by electronic repulsion between the Al
atoms of the AAM nanotube surfaces and this molecular
structure. In fact and consistent with the previous section,
this compound was easily removed from AAM by washing
the samples with different solvents; only a weak mechanical
interaction (adhering effect) between this partially polar azo-
dye and AAM tends to occur.

3.3. Linear and non-linear optical properties

In addition to the AFM/morphological and XPS character-
izations, comparative optical studies such as UV—vis linear
absorption and Raman spectroscopies were implemented in or-
der to verify the insertion of the NLO molecules inside the po-
rous anodic alumina and the optical performance of the
hybrids. In fact, the hybrid AAM:azo-dyes were obtained
from saturated THF dissolutions in order to achieve highest
possible molecular loading inside AAMs; hence the absorption
intensity of these hybrids is too strong to know details about
the absorption bands of the molecular structures. For this

reason, in Fig. 6a, the absorption spectra obtained from
non-saturated THF solutions are presented (mass compound:
0.072 mg, THF solvent: 4 ml).

Aminonitro substituted azobenzenes belong to the third cat-
egory of the Rau classification; the w—m* and n—7* bands are
inverted in the scale of energy and are totally superimposed
[29]. According to Fig. 6a, the absorption spectrum of RED-
Me in THF solution shows a well defined band at 474 nm
due to the m—m* and n—m* transitions. Similarly, RED-
PEGM-7 in THF solution exhibits an absorption band at
483 nm, 9 nm red shifted compared to that of RED-Me. This
is an indication that this dye possesses a higher charge transfer
character due to the presence of the oligo(ethylene glycol) seg-
ment [30]. In a previous work, we proved the formation of an
intramolecular charge transfer complex in this molecule due to
the coiling of the oligo(ethylene glycol) segment around the
azobenzene unit [31,32]. On the other hand, the absorption
spectrum of RED-DIPEGM in THF solution shows a maxi-
mum absorption wavelength at 445 nm, 29 nm blue shifted
compared to that of RED-Me, preceded by a shoulder at
369 nm, which indicates the presence of H-aggregates for
this dye. According to the absorption spectrum it seems that
RED-DIPEGM forms aggregates more easily than its ana-
logues RED-Me and RED-PEGM-7. Besides, the presence
of two oligo(ethylene glycol) segments in the molecule en-
hances its charge transfer character and makes it more sensi-
tive to the polarity of the solvent. These observations match
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Fig. 6. (a) Comparative absorption spectra of the RED-Me, RED-PEGM-7, and RED-DIPEGM LC molecular systems in non-saturated THF solutions and (b)
comparative absorption spectra of the PR-AAM and the RED-Me, RED-PEGM-7, and RED-DIPEGM based hybrid composites.

well with the dipole moments listed in Table 1. According to
these results the charge transfer character in decreasing order
is RED-DIPEGM > RED-PEGM-7 > RED-Me.

Fig. 6b shows the optical absorption spectra of both a pure
AAM reference (PR-AAM) and the hybrid composites. It is
observed that the PR-AAM is nearly transparent within the
vis—NIR region, showing higher absorption to the UV which
reveals suitable conditions for optical applications. In general,
the RED-Me and RED-DIPEGM based hybrids exhibit satu-
rated absorption bands in the ranges of 200—550 and 200—
700 nm, respectively. The RED-Me hybrid reveals a weak
optical window in the violet—blue region from 350 to
420 nm only. Finally, the RED-PEGM-7 composite exhibits
saturated absorption from 200 to 370 nm, a lower absorption
band in the range of 370—550 nm and negligible absorption
from 570 to 1100 nm. Particularly, the RED-Me and RED-DI-
PEGM based hybrids exhibit saturated absorption bands
around 440 nm. RED-DIPEGM exhibited a tail at 650 nm
whereas RED-Me exhibited a shoulder at 600 nm, which clearly
indicates the presence of J-aggregates for these dyes in the net-
work [31]. On the other hand, the RED-PEGM-7 composite
exhibits a maximum absorption wavelength at 430 nm, the
presence of aggregation is possible but it is not evident.

If we compare the absorption spectra of the dyes in solution
and in the networks, we can observe a significant blue shift in
the azo-dye based hybrids compared to the respective solu-
tions. For instance, RED-PEGM-7 exhibits a A, =483 nm
in solution, whereas in the based hybrid this band appears at
Amax = 430 nm (53 nm blue shifted). This blue shift is an indi-
cation of a lowered charge transfer character in this environ-
ment; however, since the concentration of the doping dyes
increases, this favors the aggregation phenomena of the azo-
dye molecules inside the nanotubes.

Although RED-DIPEGM possesses a higher dipole mo-
ment (see Table 1), the optical performance of RED-PEGM-
7 makes this compound a better candidate for the observation
of x®-NLO effects such as SHG by working with the standard

fundamental wavelength of a YAG-Laser system (A,=
1064 nm). In such case, the NLO-frequency doubled beam
(at Az, =532 nm) would not be drastically self-absorbed by
the NLO chromophores, allowing at least near-resonant exper-
imental conditions.

On the other hand, since usual aggressive chemical attack
methodologies cannot be applied to our fragile organic based
composites in order to detach the nanostructures from AAM
for transmission electron microscopic (TEM) observation
[55,56], we therefore performed Raman spectroscopic studies
on the three pristine molecular systems and to their respective
hybrid structured composites under different optical excitation
geometries: (a) straight irradiation onto the porous cap and
opened barrier layers and (b) optical excitation inside the
host nanotubes. This latter measurement was achieved by cau-
tiously cutting the hybrid porous membrane and microme-
chanically focusing the laser beam of the Raman system into
the exposed nanotube cross-sections. Since AAM film thick-
ness is in the order of 50 um and the laser spot is ~ 1.5 pm?,
optimal laser excitation of the exposed nanotubes can be easily
achieved by this method. Fig. 7 shows the Raman signals
obtained under such experimental geometries; here, the
characteristic Raman peaks obtained from the pristine, non-
confined compounds (black lines in Fig. 7b—d) and the Raman
signals obtained from the pure AAM reference sample (Fig. 7a)
are compared to that measured for the hybrid structures under
such experimental conditions, as explained below.

In Fig. 7a, the Raman-fluorescence signals obtained from
the reference PR-AAM for the three experimental geometries
are displayed; it is noted that strongest fluorescence emission
appears when laser excitation is carried out within the nano-
tube walls (green line), whereas considerable lower intensity
emissions are observed from the porous cap layer (PCL: red
line) and the opened barrier layers (OBLs: blue line). This is
due to the larger effective excitation area achieved within
the continuous nanotube cross-sections. Emissions of the
PR-AAM exhibit an increasing linear, monotonic dependence
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this figure legend, the reader is referred to web version of this article.)

with the wave number, without any significant variation. By
contrast, Raman emissions measured from the pristine, non-
confined compounds (see Fig. 7b—d: black lines) show a com-
plex fluorescence/Raman spectra, composed by several bands
characteristic of each molecular compound. In Fig. 7b—d, the
same color line corresponding to the excitation geometries im-
plemented in Fig. 7a has been assigned, thus Raman signals
coming from the hybrid structures from the nanotube walls
(green lines), from the porous cap layer (PCL: red lines) and
from the opened barrier layers (OBLs: blue lines), can be eas-
ily identified. It is evident from Fig. 7a—d that the Raman sig-
nals detected for the pristine azo-dyes also dominate the
emission spectra of the hybrid composites for all implemented
experimental geometries: the high content and the absorptive
properties of these LC azo-dyes overshadow the strong Raman
emission of the AAM matrix (see Raman intensity scale in
Fig. 7a for the PR-AAM), and the maximum emission peaks
observed in Fig. 7b—d for the hybrid samples, in all three op-
tical excitation geometries, correspond very well to the emis-
sion peaks of the pristine, non-confined molecules. These

results unambiguously demonstrate the abundant presence of
the guest molecular structures inside the membrane nanotubes
(green lines) and on their respective layers (OBL: blue lines
and PCL: red lines). As mentioned before, due to the highly
absorptive characteristics of the studied LC azo-dyes (see
Fig. 6), the stronger Raman emission of the PR-AAM is fully
absorbed by the guest molecules contained in the hybrid
samples. This last fact, in combination with the similar Raman
emission intensities observed in the hybrid samples for all
implemented experimental geometries, which are in the same
order of magnitude as that observed for the pristine, non-
confined molecule, suggest a high LC molecular content inside
the AAM nanotubes.

Finally, an SHG test was performed on the hybrid systems
in order to investigate the quadratic NLO performance of such
geometric nanoarrays, and most importantly, the molecular or-
dering of LC compounds achieved inside AAM. In fact, mea-
surable SHG signals were detected for two of the hybrid
samples, indicating an anomalous and stimulated ordering of
the guest molecules induced by the nanotube walls during
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drying. Fig. 8 shows the estimated NLO ng) macroscopic sus-

ceptibility coefficients evaluated according to the Maker-
Fringes method for both the PR-AAM and the hybrid samples
(an estimated experimental error of about 15% is considered).
SHG measurements were performed implementing P-In/P-Out
and S-In/P-Out laser beam polarization geometries. Since it is
generally accepted that the walls of the pores are conformed
by an amorphous centrosymmetric structure, formed by the
aggregation of nanoparticles with sizes ranging from 2.5 to
4 nm and conformed by tetra and hexacoordinated aluminum
(AlO4 and AlOg polyhedral units) [57,58], the SHG produced
by the PR-AAM is basically negligible (see Fig. 8). Only very
weak surface SHG effects (generally detected by Lock-In am-
plification) may arise due to the symmetry breakdown typical
of surfaces and interfaces or according to the quadrupole-mo-
ment mechanism [59,60]. This amorphous structure has been
verified in our samples by X-ray diffraction (XRD) measure-
ments (not shown here, see Ref. [50]) where a broad XRD
spectra have been observed. By contrast, non-negligible
SHG signals can be obtained from the hybrid structures, where
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Fig. 8. NLO measurements performed on the AAM-hybrid composites accord-
ing to the SHG Maker-Fringes technique: (a) calibrated ng NLO-coefficients
and (b) angle dependent SHG measurements (P-In/P-Out geometry).

highest Xéff) coefficients were evaluated for the P-In/P-Out po-

larization %eometry as: XQﬁZ =0.25 pm/V (RED-PEGM-7 hy-
brid), x7=0.08 pm/V (RED-Me hybrid) and x\} =
0.0 pm/V (RED-DIPEGM hybrid) (see Fig. 8a). The angle de-
pendent SHG measurements (see Fig. 8b) do not exhibit any
significant oscillating behavior (usual for non-phase matched
Maker-Fringes experiments); this is due partially to the strong
absorptive media at the SHG wavelength. For these reasons
only the average effective Xiff) parameters were evaluated by
direct comparison to the reference quartz sample and accord-
ing to Eq. (1):

) 1/2
“hybri quarty [ 20007 L
2)-hybrid 2)-quartz
a " o ( C ) 3 : (1)

T [membrane X(] 1) —quartz

2w

where /9" is the coherence length of the quartz crystal

(=22 pm), [membrane j¢ the AAM thickness and 1;1;) duartz
is the SHG intensity at maximum of the Maker-Fringes ob-
served for the reference crystal.

As expected, and according to Fig. 6, the weaker absorption
spectra exhibited by the RED-PEGM-7 based hybrid allowed
better conditions for SHG, obtaining for this system the high-
est ng) value. We argue that the occurrence of measurable
SHG for the RED-PEGM-7 and RED-Me hybrids strongly
suggests an average non-centrosymmetric molecular arrange-
ment, evidenced by the angle dependent P-In/P-Out SHG mea-
surements. This non-centrosymmetric arrangement may be
caused in principle by the molecular interaction of the sup-
ported molecules on the nanotube walls during drying accord-
ing to the XPS measurements and to the formation of
convenient molecular aggregates (see below). However, since
high absorption is observed in these structures, cascading NLO
processes arising from cubic x® non-linearities may also con-
tribute and should not be ignored [44—46]. In the case of the
RED-DIPEGM hybrid, the observed saturated absorption
spectra limit possible SHG. Besides, the highest molecular
concentration of this non-diluted compound represents also
a limitation for the NLO response due to the intermolecular di-
pole—dipole interactions caused by strong molecular aggrega-
tion, which according to the discussion of Section 3.3, should
be of the anti-parallel H-type. In the case of the RED-PEGM-7
and RED-Me based hybrids, the observation of SHG signals
suggests the formation of head-to-tail J-type aggregates.

4. Conclusions

The mechanically induced insertion of LC azobenzene dyes
into the nanotube arrays of prepared oxalic AAM was moni-
tored by AFM, absorption and Raman/fluorescence spectros-
copies, and by the NLO-SHG technique. The chemical
interaction of these molecular systems with the AAM—host
matrix was investigated by XPS. According to the strong emis-
sions detected by means of the fluorescence measurements
(performed inside the nanotube cross-sections), high azo-dye
content is confirmed within the host AAM nanotubes. XPS
measurements demonstrated, through the Al 2p binding
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energy, stronger atomic binding for RED-PEGM-7 compound,
a weaker chemical interaction for the RED-DIPEGM molecule
and only a mechanical interaction for the RED-Me molecular
system. Although RED-DIPEGM possesses the higher dipole
moment among the studied dyes, due to strong molecular ag-
gregation, no SHG was observed for the respective hybrid,
whereas non-negligible SHG signals were measured for the
RED-Me and RED-PEGM-7 composites. The lower absorp-
tion observed for the RED-PEGM-7 based hybrid, and proba-
bly the stronger chemical binding of this compound with
AAM, has enabled it to exhibit highest quadratic NLO coeffi-
cient (ng:O.ZS pm/V), which was estimated according to
the relative Maker-Fringes calibration method. This compound
has been previously studied in sonogel based hybrid systems
[61] and shows an improved NLO performance within the
AAM environment. Nevertheless, additional investigations
should be performed in order to further understand the role
played by the AAM nanotubes in the fabrication of the studied
hybrid systems for optical applications, as well as their orien-
tation and symmetry properties.

According to AFM, SHG and Raman studies, moderate but
non-negligible molecular inclusion was achieved for the im-
plemented compounds by convenient THF:dopant dissolu-
tions. TEM and gravimetric measurements will be necessary
in order to further clarify this point and quantify the amount
of molecules inserted inside AAM. The RED-DIPEGM struc-
ture was poorly introduced in its natural LC state (at same vac-
uum conditions and room temperature), which may be related
to its intrinsic high viscosity. Since all studied LC azo-dyes
show thermotropic mesogenic behavior [30,31,61], the ther-
mal insertion process should also be investigated in order to
find the most favorable conditions for optimal incorporation
of the studied molecular structures; in such case, it is expected
that LC or even the isotropic mesophases, can be optimally in-
serted within the AAM nanotubes by capillarity and diffusion
processes. Such experiments are currently underway.
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