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Organic/inorganic nanohybrid materials composed of terthiophenes and imogolite were prepared by means of
specific surface interaction between a phosphonic acid group in terthiophene derivatives and aluminol groups on the
surface of imogolite. The new materials were investigated by FTIR, UV-vis absorption, fluorescence spectroscopy, TEM
observation, nitrogen adsorption—desorption, and /-V measurement. Addition of terthiophene of phosphonic acid
derivatives into imogolite brought some changes in absorption and photoluminescence spectra, suggesting the formation
of H-type aggregate on imogolite surface. The analysis of UV-vis spectra and nitrogen adsorption—desorption data
provided insight into the effect of molecular structure of terthiophenes on the adsorption and aggregation behaviors on the
imogolite surface. In addition, a significant enhanced current flow was observed through imogolite film when imogolite
was chemisorbed by electron-withdrawing terthiophenes. In contrast, current flow decreased as the electron-donating
terthiophene was chemisorbed on imogolite. A possible mechanism for such phenomena is discussed.

Organic electronic devices made up from small molecules of
dye neatly linked by self-assembly to solid support are vital
components in light energy conversions systems, optical
devices, and sensors.'”? The self-assemblies of molecules are
widely found in nature, for instance, chlorophylls which are
embedded in the thylakoid membranes of chloroplasts are
specifically arranged in rod-shaped aggregate and act as an
efficient light-harvesting system for photosynthesis.* Recent-
ly, there has been considerable research interest focused on the
study of photo-physicochemical properties, aggregations, and
absorption behavior of dye molecules on the surface of
inorganic materials. These studies can provide invaluable
information that serves as guidance for fabrication of high-
performance dye-based electronic devices.”'® Such organic/
inorganic hybrid nanomaterials of the dye/solid support
aggregates are expected to demonstrate novel nanotechnolog-
ical applications that the corresponding monomeric dye could
not perform.'’!2 Nevertheless, the main challenge in this field
remains preparation of a stable dye/solid support aggregate
with adjustable aggregation structure on inorganic material
surfaces.

Generally, most dye molecules can self-assemble and adsorb
on inorganic material surfaces through simple physisorption.
However, given the fundamental and practical significance of
better control over the adsorption and aggregation state of dye
molecules on solid support, many research groups are involved
in the effort to synthesize novel dye structures with anchoring

groups attached. The strategy of attaching anchoring group into
the dye is very important, in a sense that one can adjust the
distance of dye from the surface, controlling the aggregation
state of dye, as well as for chemical surface modification.’
Additionally, it is possible to graft a variety of functionalized
and photoactive species (porphyrins, phthalocyanines, violo-
gens, thodamine B, naphthalenes, perylenes, fullerenes, and
conjugated hydrocarbon) onto metal oxide surfaces of SiO,,
TiO,, ITO, WOs3, and ZrO, in order to induce the formation of
well-defined nanoscopic photoactive molecular arrays or better
described as ‘“heterosupramolecular assemblies.” The hetero-
supramolecular chemistry concept introduced by Fitzmaurice
et al. embraces both covalent and noncovalent interactions of
condensed phase surfaces and molecular components.'>
Anchoring groups in this context play an important role in
linking or replacing the molecular components within a
supramolecular system with condensed phase to form hetero-
supramolecular assemblies. There are some well-studied
anchoring groups for inorganic surfaces for instance, phos-
phonic acids, carboxylic acids, acid chlorides, esters, and
amides. The best anchoring groups for inorganic material
surface of metal oxides are phosphonates, followed by
carboxylates and their derivatives. The phosphonates are
reported to exhibit relatively high equilibrium binding constant
and saturation surface coverage with pH-dependent reversible
binding. Other anchoring groups of silanes, ether, acetylaceto-
nate, and salicylates that able to form covalent bonds with
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Scheme 1.

hydroxy groups of metal oxides surfaces have also been
explored and studied for similar purposes.'>°

To study the adsorption and aggregation behavior of dye—
inorganic hybrid material at molecular scale, we have chosen
terthiophene derivatives as the molecular component and
imogolite as the condensed phase for the construction of
nanoscopic heterosupramolecular assembly. Imogolite was first
discovered in 1962 from volcanic ash soil®® and its chemical
synthesis was developed in 1977.2! Tmogolite is a single
wall aluminosilicate nanotube of ca. 2.5 nm external diameter
and ca. 1.0nm internal diameter with length up to 1um.?
The empirical formula of imogolite can be described as
(OH);A1,05Si0OH, which shows the atomic layer arrangement
going from exterior to the interior of the tube wall. Due to its
nanotubular morphology with full coverage of hydroxy groups,
imogolite exhibits high surface area and acid reactivity.
Imogolite can also form strong chemical bonds with heavy
metal cations, phosphate,>® arsenate, sulfate, and organic
materials, as surface-adsorbed species in solution.?* Although
imogolite lacks intrinsic semiconductivity as those of TiO, or
ITO, the unique nanotubular structure of imogolite does exhibit
several properties that meet the requirements as an interesting
condensed phase for heterosupramolecules system, e.g., high
surface area for molecular component adsorption, abundant
empty surface sites for covalent binding of acidic anchoring
groups, and high stability against changing environmental
conditions.”> To render this one-dimensional material with
semiconductivity, imogolite nanotubes have been functional-
ized with conjugated polymers of polypyrole?® and polyphen-
ylene.?”?® The functionalized imogolite hybrid materials are
expected to have many applications in molecular electronics
and can be exploited as a cheap semiconducting material
analogous to carbon nanotubes. On the other hand, oligothio-
phenes are an important group of 7T-conjugated compounds,
characterized by homogeneous electronic structure and sharper
photoelectric properties than that of polymer counterparts and
thus have been widely investigated for a variety of promising
industrial and scientific applications, such as field effect
transistors (FETs), organic LEDs, liquid crystals (LC), photo-
voltaic cells, lasers, and biotechnology.?**? Unsubstituted
oligothiophenes are electron-donating materials. However,
chemical transformation by addition of oxygen to the sulfur
of thienyl rings to form a thienyl-1,1-dioxide convert it into
stable oligomer with enhanced electron affinity. This oligo-
thiophene with electron-deficient thienyl-1,1-dioxide moieties
inserted within the aromatic skeleton that shows both high

electron affinity and ionization potential would find application
as an attractive electron acceptor in photoluminescence and
photovoltaics.>*3¢ In the current study, both electron-donating
and -accepting terthiophene of phosphonic acid derivatives
(Scheme 1) were synthesized and employed as molecular
components and their adsorption and aggregation state on
imogolite were investigated.

Results and Discussion

FTIR Spectra Analysis. The chemisorptions of HT3P and
HT3OP on imogolite surface in the hybrid material were
identified by FTIR spectroscopy. Figure la shows the FTIR
spectra of HT3P/imogolite hybrid, HT3P, and imogolite, and
(b) of HT3OP/imogolite hybrid, HT30P, and imogolite,
respectively. Imogolite exhibits two bands, namely, the OH
stretching frequency near 3500 cm™! and the HOH deformation
band at 1633 cm™!, due to the presence of water inside the pore
and external surface. There are also two bands at 997 and
943cm™' due to the Si—O-Al stretching modes that are
indicative of the isolated orthosilicate units present in the
imogolite structure.’> In the spectrum of HT3P/imogolite
hybrid, the spectrum showed the characteristic absorptions
corresponding to HT3P at 2850-2950cm~! to the CH,
stretching vibration. On the other hand, the large absorption
at 2200-2500 cm ™! assigned to the OH stretching vibration of
phosphonic acid groups has disappeared. The broadness of the
peaks in the P-O region between 1200 and 900 cm™~! make it
difficult to interpret, but the changes observed show that a
strong interaction of the phosphonate headgroup with the
imogolite surface is present.’” Also, the disappearance of the
band at around 1004 cm™' was observed in the study of HT3P
on imogolite. The absence of this band which can be assigned
to P-O-H groups®®*® was interpreted as an indication that
HT3P molecules were chemisorbed onto the surface of
imogolite nanofiber as illustrated in Figure lc. Similar trends
can also be observed from the FTIR spectrum of HT30P/
imogolite hybrid as shown in Figure 1b. The disappearance of
P-O-H at around 1011 em™" indicating HT3OP molecules also
underwent chemisorptions when in contact with imogolite.
However, the definite assignment of these bands is difficult
since it depends on the degree of hydrogen bonding or metal
binding, and the ranges for the different P-O stretching peaks
greatly overlap.’

UV-vis Absorption Spectra. To explore the optical
properties of these oligothiophenes on imogolite surface,
UV-vis spectra of terthiophenes (HT3P and HT30P)/imogo-
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Figure 1. FTIR spectra of (a) HT3P/imogolite hybrid,
HT3P, and imogolite, (b) of HT30P/imogolite hybrid,
HT3O0P, and imogolite, (c) chemisorption of terthiophenes
on imogolite surface.

lite hybrid were compared with their solutions and solid-state
counterparts as shown in Figure 2. HT3P and HT30P which
differ in insertion of S=0O groups have different absorption
maxima in THF solution.>* In the solid state (solvent cast film),
the spectra of both isomer are blue-shifted to different degrees
with significant broadened band. A similar trend in blue
shifting behavior is observed in the terthiophene/imogolite
hybrid spectra. Two factors contribute to the spectral changes
arising upon solidification from solution (adsorbed on quartz
plate or imogolite surface): planarity and intermolecular
interaction.**? Normally, the molecular backbone is more
planar in solid state which leads to corresponding red shifts
compared to isolated state in solution due an increase in
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Figure 2. Normalized solid state (cast film), imogolite
hybrid, and solution absorption spectra of (a) HT3P and
(b) HT3OP.

conjugation length. However, the solid-state spectra of most
thiophene-based oligomers are blue-shifted compared to solu-
tion which suggest the presence of additional intermolecular
interaction that may play a role in controlling the solid-state
optical properties.*! Both HT3P and HT30P when adsorbed on
imogolite surface display a solid-state blue shifting absorption
indicating H-aggregation. When two interacting molecules
have their long axes parallel to each other, the coupling
between the transition dipole leads to Davydov splitting of the
excited level into two exciton bands, in which the low-energy
transitions are forbidden.*> The small shoulder observed
experimentally in the solid-state spectra at relatively long
wavelength correspond to these low energy transitions (410 nm
for HT3P and 466 nm for HT30P), while the major absorption
bands observed in the solid-state spectra correspond to the
allowed high energy transitions of interacting molecules. For
the spectra of terthiophene/imogolite hybrid, the shift between
solid-state and solution spectra in HT30P /imogolite hybrid is
less dramatic than those in the HT3P/imogolite hybrid.
Introduction of S=0 groups into the HT3OP leads to weaker
intermolecular interaction (77— interaction) causing lower
extent of H-aggregation of HT3OP in solid state (on quartz
plate and imogolite surface).
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Figure 3. Fluorescence excitation/emission spectra of
(a) HT3P, HT3P/imogolite hybrid and (b) HT3OP,
HT30P/imogolite hybrid. The emission wavelength
monitored for excitation spectrum and excitation wave-
length used for emission spectrum were as follows: (a, 1)
Aem = 445nm, A, = 366nm; (a, 2) Aen = 326 nm, Aoy =
519nm. (b, 1) Adeyy = 455nm, Ay = 360nm; (b, 2) Aemy =
460nm, A, = 460 nm.

Fluorescence Spectroscopy. The optical properties of
HT3P, HT3OP, and their imogolite hybrids of HT3P and
HT3OP were further investigated by fluorescence spectroscopy.
The fluorescence excitation spectra as shown in Figure 3 are
found to be identical to the absorption spectra, indicating that
the emission is initiated by vertical excitation.*

HT3P/imogolite hybrid showed an absorption peak at
322nm. The peak shift with respect to the HT3P in THF
solution (Amax = 367 nm) can be attributed to the formation of
H-type intermolecular interaction when chemisorbed on
imogolite as described in the previous section. The fluores-
cence spectrum has A, at 515 nm and a shoulder 475 nm. The
emission at 515 nm, red-shifted with respect to that of HT3P
solution (Aya = 445nm), can be attributed to the impact of
intermolecular interaction in the hybrid.*>*® The shoulder at
475nm indicates the presence of a higher energy emitting
states. Nevertheless, the origin of such states as well as minor
variation of the spectrum observed in this region is not clear at
the moment.

The absorption spectrum of HT3OP/imogolite hybrid
resembles that of the HT3OP solution, with A, at 355 nm;

BCSJ AWARD ARTICLE

|(b)f\l'llll‘lll\ KYUSHU UNIVERSITY ®
:

W UNIVERSITY KYUSHU UNIVERSITY

[ & .

UNIVERSITY UNIVERSITY
Figure 4. Polymeric film of (a) PMMA/HT3P, PMMA/
HT3P/imogolite and (b) PMMA/HT30OP, PMMA/

HT3O0P/imogolite under visible light (left) and illumina-
tion by irradiation at 365 nm (right).

a weak shoulder is observed at ca. 365nm. The peak shows
blue shifting against the HT3OP solution (Ady.x = 360 nm)
indicating that HT3OP exhibits H-aggregate formation on
imogolite surfaces. The fluorescence spectrum of HT3OP/
imogolite has A, at 460nm and a weak shoulder at around
440 nm. Again the emission peak was red-shifted with respect
to that of HT30P solution (A =455nm) suggesting the
presence of intermolecular interaction.*>*® The peaks shifting
in the fluorescence spectrum of HT3OP/imogolite is however
less significant than that of HT3P/imogolite hybrid. It was
speculated that HT3OP forms weaker H-aggregates on imogo-
lite due to the presence S=O in the HT30P backbone which
decreases the planarity and 77— interaction among molecules
thus showing less significant peak shifting.

The photoluminescence of HT3P, HT30P, and their imogo-
lite hybrids in solid state was investigated. 10 wt % of HT3P,
HT3P/imogolite, HT30P, and HT30P/imogolite were mixed
with PMMA solution in THF in order to fabricate polymeric
film. The samples were stirred until dissolved completely
before transferring to the Petri dish. Placing the Petri dish on a
hot plate to remove the solvent will produce PMMA hybrid
film with thickness of ca. 0.2 mm. Figure 4 show the polymeric
film of PMMA/HT3P, PMMA/HT3P/imogolite, PMMA/
HT30P, and PMMA/HT3OP/imogolite under visible light
and illumination by irradiation at 365 nm. Under visible light,
both HT3P and HT3P/imogolite PMMA film appeared bright
yellowish as shown in Figure 4a. When illuminated by UV
irradiation (1 = 365 nm), judging by naked eye, HT3P showed
stronger fluorescence than HT3P/imogolite in PMMA matrix.
HT3P/imogolite displays a weak fluorescence in solid state of
PMMA film which can be explained in term of formation of
HT3P H-aggregate on imogolite surface. The pictures in
Figure 4b show that by insertion of S=O moieties into the
backbone of HT3P, change of shades in brown can be obtained.
Under UV irradiation, a similar trend is observed in the case of
HT3OP where it fluoresce stronger than HT30P/imogolite, an
impact of H-aggregation of HT30P on imogolite surface. In
H-aggregate geometric form, the transition momenta of two
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Figure 6. TEM images of (a) imogolite, (b) HT3P/
imogolite, and (c) HT30P/imogolite hybrid. Scale bar is
200 nm.

terthiophene molecules are parallel to each other (Figure 5) and
perpendicular to their axis, it is the upper level which
corresponds to permitted transition and absorption, and
accordingly there is a blue shift. After relaxation from higher
to lower level, since the transition to the lower level is
forbidden, fluorescence of terthiophene on imogolite is very
weak and suppresses any electroluminescence. Nevertheless,
once the system is relaxed, the return from excited stated to
fundamental states is unlikely and the excitation can diffuse
over relatively long distances.*’ This latter property renders
HT3P/imogolite and HT3OP/imogolite beneficial for photo-
voltaic effect where necessary separation of electron and holes
is favored by the presence of an electric field.

TEM Observation and Adsorption of Terthiophenes on
Imogolite. In order to reveal if terthiophene aggregate did
form on imogolite, and to detect if such aggregation could
produce any effect on the morphology of imogolite, TEM
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observations were carried out on imogolite before and after
terthiophene chemisorptions. Figure 6a shows the TEM image
of a typical example of imogolite fibrous bundles morphology,
with each bundle containing many individual imogolite nano-
tubes.2>2* The imogolite bundles were entangled forming a
dense network of web-like structure. TEM images of imogolite
after HT3P and HT3OP adsorption are shown in Figures 6b
and 6¢, respectively. In both cases, HT3P/imogolite and
HT30P/imogolite were predominantly fibrous, with a network
of web structure identical to pristine imogolite. Judging from
TEM image, it is very difficult to estimate the near monolayer
coverage of terthiophene on imogolite surface. From TEM
images of Figures 6b and 6c¢, the diameter of each bundle was
estimated to be ca. 5 to 100 nm which accommodated 2 to 40
terthiophene-modified imogolite nanotubes.

The microporous structure of synthetic imogolite was
investigated by nitrogen adsorption—desorption measurement.
The nitrogen adsorption—desorption isotherms (Figure 7) agree
well with previous adsorption studies on synthetic imogolite,
with a type-H3 loop attributed to adsorbate condensation in
open slit-shaped pore of imogolite tubes.**® From BET plot
(not shown), the BET specific surface area and pore volume
is 171.1m?g~" and 0.2cm’g~!, respectively. The pore size
distribution based on HK model shows a narrow distribution
of pore sizes centered at pore diameter of 0.81 nm (Figure 7
inset). The pore size distribution is monomodal which indicates
a monodisperse diameter and uncapped structures of imogolite
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porous system with no mesoporosity (pore diameter of 2 to
50 nm) associated with the packing of imogolite tube bundles.

Nevertheless, the exact values of the pore size as reported by
previous study should be taken with caution, being based on a
number of assumptions regarding the pore geometry, packing
of nitrogen in the pore, and slight variation in imogolite
geometry batch by batch.*>* It should be noted that during
chemisorptions in solution, terthiophenes do not have full
access to the internal pores of imogolite which are occupied by
solution coupled by the limitation of internal pore size of
imogolite which is smaller than terthiophene (0.5-2.1 nm based
on CPK model estimation). With these assumptions, the
chemisorptions of terthiophene will mainly occur on the
surface of imogolite. Assuming that the concentration of
monomeric terthiophene on imogolite surface is negligibly
small, the equilibrium concentration of terthiophene adsorbed
on imogolite surface was spectrometrically determined to be
the following,”!

[Terthiophene],q
= ([Terthiophene]iyy — [Terthiophene])V/S €))

113

where [Terthiopheneli,;; (the subscript “i;” denotes initial
concentration) and [Terthiophene],y calculated from UV-vis
spectra. S and Vare the total surface area of the imogolite (BET
specific surface area) and the volume of the solution,
respectively. The obtained equilibrium concentration of ter-
thiophenes of HT3P and HT3OP on imogolite surface is 6.0
and 4.5 mgm~2, respectively. Using the above value, the area
per molecule on imogolite surface was calculated to be ca.
12 A%/molecule for HT3P and ca. 17 A?/molecule for HT30P.
The HT3OP with the S=O in thiophene ring has larger
molecular occupied area than HT3P. Such a tendency clearly
indicates that intermolecular interaction between molecules
contributes to the adsorption behavior of terthiophenes on
imogolite surface.

Current-Voltage Characteristics of Imogolite and Their
Hybrids. Imogolite has been conceived as an insulator with a
wide band gap since the outer and inner wall of imogolite
nanotubes consist of wide band gap insulating materials, i.e.,
alumina and silica, respectively. According to previous results
reported by Park et al., imogolite behaves like an insulator
under vacuum.> They discovered that current flow occurred on
the surface of imogolite only after adsorption of water, while
no current flow through imogolite was observed if imogolite
was exposed to other gases and organic compounds such as
0,, Ny, Ar, benzene, ethanol, and pyridine. The current flow
observed was attributed to the ability of OH groups on
imogolite surface to lose or gain positive charge (proton) from
aqueous solution resulting in net change of surface charge. At
low pH values, the net charge of the surface is positive and is
negative at high pH values. This can be shown by the following
two chemical reactions.’?

=AIOH + H* = [AIOH,]* )
=AIOH = AIO™ + H* 3)
It was reported that the pH point of zero charge i.e., pH value
where net charge between [AIOH,]" and AlO~ is zero for

pristine imogolite is around 9.>> Below pH 9 the positively
charged surface species [AIOH]' which is believed to have a
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role in surface conduction predominates. Additionally, Park
et al. studied the I~V curve measured at varying gate voltage
(V) and determined p-type characteristic of water/imogolite
system.’3 Although the real mechanism is not clear at the
moment, it is speculated that an effective motion of this
positive charge along imogolite surface will contribute to an
increased in current transfer.

Figure 8 shows the plots of current of the order of
milliamperes versus applied bias voltage give /-V curves in
the voltage range —30-30V. Clearly, the -V curve of
imogolite in our system does not show an insulator behavior,
with current flow observed and the average electrical con-
ductance calculated from forward bias region was 5.9 uS. The
current flow was believed to be due to bound water molecules
between imogolite tubes which are usually difficult to remove
simply by vacuum. The -V curve of HT3OP/imogolite
appears non-ohmic. This may be attributed to the disordered
packing of HT3OP on imogolite behaving like semiconductor
or metal-semiconductor Schottky junction. Surprisingly, the
electrical conductance of HT3OP/imogolite increased to
60.8 uS, which is one order of magnitude greater than that of
pristine imogolite. It was speculated that OH replaced by
terthiophene will consequently reduces positive charge con-
centration, and suppress p-type behavior. It must be noted that
HT3OP is considered a electron acceptor when interacting with
imogolite, with the S=0 of HT3OP in thiophene withdrawing
negative charge from imogolite causing effective motion of
positive charges on imogolite surface. HT3OP introduced onto
the surface of the imogolite that serves as an electron acceptor
to contribute to amplified p-type conductivity; this process is
similar to the chemical doping of carbon nanotubes with
alkaline metal.>*>7 Similar explanation can be applied for -V’
behavior observed in the case of HT3P/imogolite. The
electrical conductance of HT3P/imogolite estimated from
forward bias region is 4.5uS, which is lower than that of
before HT3P doping. In this case, HT3P which acts as an
electron donor when interacting with imogolite, with the sulfur
atom of the HT3P thiophene ring transferring negative charge
to imogolite, hamper the effective motion of positively charged
surface species on imogolite surface, and thus reduced the
p-type conductivity of imogolite.
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Conclusion

In summary, we presented a rational design for the
preparation of dye/imogolite hybrid mediated by phosphonic
acid moiety that acts as an anchoring group. Use of
unsubstituted and substituted terthiophenes has allowed us to
study the effect of the substitution and the intermolecular
interactions on the optical and photophysical properties of
these molecules when chemisorbed on imogolite surface.
Following the chemisorption on imogolite surface or in solid
state, HT3P exhibits a substantial Davydov splitting, suggest-
ing the strong 77— interactions between molecules in the
condensed phase, which leads to an important blue shift of
the allowed transition with respect to monomeric HT3P. In
contrast, less significant optical changes are observed following
the chemisorptions on imogolite or in solid state for HT30OP.
Indeed, only small blue shift is observed in the absorption
(or excitation) spectra, which clearly shows that intermolecular
interactions are weak for this molecule in the condensed phase.
The UV-vis spectra in addition to diminished fluorescence
indicate that both HT3P and HT3OP adopt H-aggregate
geometric form on imogolite surface. An enhanced conductiv-
ity of imogolite is observed when chemisorbed by electron-
withdrawing HT3OP. The real mechanism behind such
enhancement is not clear. Further investigation of these
phenomena may also help us to increase our still poor
understanding of the effect of doping on electronic properties
of imogolite.

Experimental

Synthesis of Imogolite. Imogolite was synthesized
according to a method developed by Farmer et al2! An
aqueous solution of aluminum chloride [AICI;-6H,0] was
mixed with an aqueous solution of tetracthoxysilane Si(OEt),.
The final concentration of the solution was 2.4 mmol L~! with
respect to Al and 1.4 mmol L™ for Si. The mixture was stirred
for an hour in order to completely hydrolyze the Si(OEt),.
Aqueous NaOH (0.1molL~!) was added slowly until the
solution reached pH 5. The solution was then reacidified by
addition of 1 mmol of HCI and 2 mmol of acetic acid per liter
of solution. The solution was then stirred at 369 K for another 4
days. After being cooled to room temperature, the solution was
gelated by saturated NaCl solution (8.6 mmol L~!) and rinsed
with distilled water using a 100nm Milipore filter to obtain
suspended gel-like material. The rinsed imogolite gel in weak
acidic solution was redispersed by sonication. A cotton-like
solid imogolite was obtained by freeze-drying the dispersed
imogolite solution.

Synthesis of Terthiophene. 2-(5-Bromo-2-thienyl)etha-
nol (BrTOH), 2-(5"-hexyl-2,2":5’,2"”-terthiophen-5-yl)ethanol
(HT30H), 5-(2-bromoethyl)-5"-hexyl-2,2":5",2""-terthiophene
(HT3Br), and 2-(5"-hexyl-2,2":5’,2"-terthiophen-5-yl)ethyl-
phosphonic acid (HT3P) and their oxidized counterpart of 2-
(5-bromo-2-thienyl)ethanol 1,1-dioxide (BrTOOH), 2-(5"-hex-
y1-2,2":5’ 2" -terthiophen-5-yl)ethanol 1,1-dioxide (HT30OOH),
5-(2-bromoethyl)-5"-hexyl-2,2":5",2"-terthiophene 1,1-dioxide
(HT30Br), and 2-(5"-hexyl-2,2":5’,2"-terthiophen-5-yl)ethyl-
phosphonic acid 1,1-dioxide (HT3OP) were synthesized
according to a previously described method.34-36-8-60
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Synthesis of HT3P: 2-(5-Bromo-2-thienyl)ethanol
(BrTOH);  Under N, atmosphere, to a solution of 2-(2-
thienyl)ethanol (2.56 g, 20 mmol) in toluene was added step-
wise NBS (3.56 g, 20 mmol). The solution was then stirred for
2h at 253K in the dark. After being warmed back to room
temperature, the solution was stirred overnight. To the resulting
solution was added 10% KOH solution in order to neutralize
the acidic solution. The reaction mixture was extracted 3 times
and the organic layer was dried with anhydrous MgSO,. The
solvent was removed by rotary evaporation and the product of
BrTOH in colorless liquid (4.08 g, 98.5%) was ready for the
next reaction. 'HNMR (400 MHz, CDCls, Me,Si): 8 3.00 (2H,
t,J= 6.2Hz, CH,), 3.84 (2H, t, /= 6.2 Hz, CH,), 6.64 (1H, d,
J = 3.6 Hz, thiophene ring proton), 6.89 (1H, d, J=3.6Hz,
thiophene ring proton).

2-(5""-Hexyl-2,2":5',2"-terthiophen-5-yl)ethanol (HT30H);
To a solution of BrTOH (2.49g, 12mmol) and 400 mg of
[Pd(PPh3)4] in THF, 5’-hexyl-2,2’-bithiophen-5-ylboronic acid
pinacol ester (4.56g, 12.1mmol) and 126 mL of saturated
NaHCO; was mixed together and stirred overnight at 353K in
the dark. The resulting solution was extracted with saturated
NaCl aqueous solution and diethyl ether, and the organic layer
was dried with anhydrous MgSO,. After the solvent was
removed by rotary evaporation, the crude product was purified
by column chromatography on silica gel with CH,Cl, and the
yellow powder of HT3OH (2.06 g, 45.5%) was obtained after
being recrystallized from THF and methanol. vy, (film)/cm™!
3247 (OH), 3066 (CH arom), 2954-2856 (CH aliph), 1522
(C=C arom), 1466-1446 (C-H aliph), 1048 (CS arom), 795
(thiophene); 'HNMR (400 MHz, CDCl;, Me,Si): 8 0.89 (3H, t,
J=17.0Hz, CH;), 1.26-1.43 (6H, m, 3 x CH,), 1.68 (2H, m,
CHp), 2.79 (2H, t, J=7.7Hz, CH,), 3.05 (2H, t, /= 6.0Hz,
CH,), 3.88 (2H, q, /= 5.9Hz, CH,), 6.68 (1H, d, /= 3.6 Hz,
thiophene ring proton), 6.78 (1H, d, J = 3.5 Hz, thiophene ring
proton), 6.98 (2H, dd, J=3.9 and 2.5Hz, thiophene ring
protons), 7.03 (2H, d, J= 3.8 Hz, thiophene ring protons);
BCNMR (400 MHz, CDCl3, Me,Si); § 12.2, 20.7, 26.9, 28.3,
29.7, 31.7, 61.4, 121.4, 121.6, 121.9, 122.9, 124.6, 132.6,
134.6, 138.2, 143.6.

5-(2-Bromoethyl)-5"-hexyl-2,2":5',2"-terthiophene (HT3Br);
Under N, atmosphere, to a solution of HT30H (2.03 g,
5.4mmol) in chloroform was added dropwise PBr; (0.8 mL,
8.53mmol) and the mixture was stirred overnight at room
temperature in the dark. To the resulting solution, saturated
NaHCO; was added in order to neutralize hydrobromic acid
and phosphorus acid. The reaction mixture was extracted 3
times and the organic layer was dried with anhydrous MgSOy.
The solvent was removed by rotary evaporation and the yellow
solid of HT3Br (0.962g, 40.6%) was recovered. 'HNMR
(400 MHz, CDCls, Me,Si): 8 0.85 (3H, t, J = 6.8 Hz, CH3),
1.28 (6H, m, 3 x CH,), 1.58 (2H, m, CHy), 2.77 (2H, t,
J=17.5Hz, CH,), 3.32 (2H, t, J=7.5Hz, CH,), 3.72 (2H, t,
J=173Hz, CH,), 6.80 (2H, dd, J = 3.4 and 0.7 Hz, thiophene
ring protons), 6.93 (2H, dd, J = 3.9 and 0.6 Hz, thiophene ring
protons), 7.11 (2H, dd, J=3.5 and 0.5Hz, thiophene ring
protons).

2-(5""-Hexyl-2,2’:5",2""-terthiophen-5-yl)ethylphosphonic
Acid (HT3P); Under N, atmosphere, the reactant of HT3Br
(2.49¢g, 12mmol) and tris(trimethylsilyl) phosphite (2mL,
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5.96 mmol) was mixed together and stirred overnight at 423 K
in the dark. After the reaction solution was cooled to room
temperature, 20mL of water/methanol (1:1) mixture and
stirring continued for another 24 h. The solvent was removed
by rotary evaporation and the crude product was purified by
being recrytallized from THF and hexane to afford yellow solid
of HT3P (1.13g, 117%). vipax(film)/cm~! 3392 (OH), 3066
(CH arom), 2957-2853 (CH aliph), 2432-2346 (POH), 1520
(C=C arom), 1464-1447 (CH aliph), 1121-1065 (P=0), 797
(thiophene). '"HNMR (400 MHz, CDCl3, Me,Si): § 0.85 (3H, t,
J=5.9Hz, CHj3), 1.29 (6H, m, 3 x CH,), 1.60 (2H, m, CH,),
2.76 (2H, t, J= 7.5Hz, CH,), 2.93 (2H, m, CH,), 3.59 (2H, t,
J="7.7Hz, CH,), 6.79 (2H, d, J=3.5Hz, thiophene ring
protons), 6.86 (2H, d, J = 3.7 Hz, thiophene ring protons), 7.10
(2H, d, J = 3.6 Hz, thiophene ring protons).

Synthesis of HT30P: 2-(5-Bromo-2-thienyl)ethanol 1,1-
Dioxide (BrTOOH); BrTOH (6.88g, 33mmol) was
dissolved in 40 mL of CH,Cl, and the solution added to a
mixture of m-chloroperbenzoic acid (20.7g, 70% max,
84 mmol) in 80mL of CH,Cl,. The mixture was stirred
overnight at room temperature. The mixture was treated with
NaHCOs, dried over MgSO,, solvent removed, and was
crystallized from hexane to give (4.98g, 62%) of BrTOOH
as white solid. "HNMR (400 MHz, CDCl;, Me,4Si): & 2.80 (2H,
t,J=5.9Hz, CH,), 3.97 (2H, t, /= 5.9Hz, CHy), 6.59 (1H, d,
J = 4.8 Hz, thiophene ring proton), 6.80 (1H, d, J=4.8Hz,
thiophene ring proton).

2-(5”-Hexyl-2,2":5',2"-terthiophen-5-yl)ethanol  1,1-Di-
oxide (HT3OOH); To a solution of BrTOOH (4.98¢g,
20.8 mmol) and 400 mg of [Pd(PPhj),] in THF, 5’-hexyl-2,2’-
bithiophen-5-ylboronic acid pinacol ester (8.09 g, 21.5 mmol)
and 126 mL of saturated NaHCO; was mixed together and
stirred overnight at 353K in the dark. The resulting solution
was extracted with saturated NaCl aqueous solution and diethyl
ether, and the organic layer was dried with anhydrous MgSO,.
After the solvent was removed by rotary evaporation, the crude
product was purified by column chromatography on silica gel
using a graduated solvent of a) 50:50 CH,Cl,:hexane, b) 80:20
ethyl acetate:hexane. A total (2.99 g, 35.2%) of HT30OOH was
isolated as an orange solid. Vi (film)/cm™' 3446 (OH), 3068
(CH arom), 2924-2852 (CH aliph), 1614, 1508 (C=C arom),
1466-1436 (C-H aliph), 1295, 1138 (S=0), 1033 (CS arom),
795 (thiophene); 'HNMR (400 MHz, CDCls, MeySi): 8 0.89
(3H, t, J=5.9Hz, CHj3), 1.24-1.33 (6H, m, 3 x CH), 1.68
(2H, m, CH,), 2.80 (2H, t, J=6.9Hz, CH,), 2.85 (2H, t,
J=59Hz, CH,), 3.98 (2H, t, /= 5.5Hz, CH,), 6.55 (1H, d,
J=5Hz, thiophene ring proton), 6.64 (1H, d, J=4.7Hz,
thiophene ring proton), 6.71 (1H, d, J = 3.7 Hz, thiophene ring
proton), 7.05 (1H, d, J = 3.5 Hz, thiophene ring proton), 7.09
(1H, d, J=3.9Hz, thiophene ring proton), 7.47 (1H, d,
J=23.9Hz, thiophene ring proton); CNMR (400 MHz,
CDCl;, MegSi): 8 11.9, 204, 22.7, 26.6, 26.7, 28.0, 29.3,
57.9, 114.3, 121.8, 122.7, 123.0, 123.5, 125.3, 127.0, 131.8,
134.3, 137.7, 138.8, 145.2.

5-(2-Bromoethyl)-5"-hexyl-2,2":5’,2""-terthiophene ~ 1,1-
Dioxide (HT30Br); Under N, atmosphere, to a solution of
HT30O0H (1g, 2.4 mmol) in chloroform was added dropwise
PBr; (0.35mL, 3.75mmol) and the mixture was stirred
overnight at room temperature in the dark. To the resulting
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solution, saturated NaHCO; was added in order to neutralize
hydrobromic acid and phosphorus acid. The reaction mixture
was extracted 3 times and the organic layer was dried with
anhydrous MgSO,4. The solvent was removed by rotary
evaporation and the dark range solid of HT3OBr (0.609 g,
52.8%) was recovered. 'HNMR (400 MHz, CDCl;, Me,Si):
8 0.89 (3H, t, J=6.0Hz, CH;), 1.29-1.40 (6H, m, 3 x
CH), 1.68 (2H, m, CH,), 2.80 (2H, t, J=7.5Hz, CH,),
3.14 (2H, t, /= 6.8 Hz, CH,), 3.68 (2H, t, J = 6.8 Hz, CH,),
6.52 (1H, dd, J=29 and 2Hz), 6.67 (1H, d, J=4Hz),
6.70 (1H, d, J = 4 Hz), 7.04 (1H, qd, J = 7 and 2 Hz, thiophene
ring proton), 7.07 (1H, dd, J=14 and 4Hz, thiophene
ring proton), 7.50 (1H, dd, J=10 and 4Hz, thiophene
ring proton).

2-(5""-Hexyl-2,2’:5",2""-terthiophen-5-yl)ethylphosphonic
Acid 1,1-Dioxide (HT3OP); Under N, atmosphere,
HT30Br (0.6 g, 1.29mmol) and tris(trimethylsilyl) phosphite
(2.2mL, 6.45 mmol) were mixed together and stirred overnight
at 423 K in the dark. After the reaction solution was cooled to
room temperature, 20 mL of water/methanol (1:1) mixture was
added and stirring continued for another 24 h. The solvent was
removed by rotary evaporation and the crude product was
purified by recrytallization from THF and hexane to afford
(0.5 g, 82%) dark red solid of HT3OP. vy (film)/cm™" 3298
(O-H), 3073 (C-H arom), 2955-2857 (C-H aliph), 2382-2279
(PO-H), 1458-1440 (C-H aliph), 1297, 1131 (S=0), 1054
(P=0), 797 (thiophene); '"HNMR (400 MHz, CD;0D, Me,Si):
4 0.80 (3H, t, J= 6.8 Hz, CH3), 1.16-1.30 (6H, m, 3 x CH,),
1.56 (2H, m, CH,), 1.76 (2H, t, J = 6.4 Hz, CH,), 2.69 (2H, t,
J=172Hz, CHy), 3.62 (2H, t, J = 6.5 Hz, CH,), 6.61 (2H, td,
J=12 and 4Hz, thiophene ring protons), 6.82 (1H, d,
J=1Hz, thiophene ring proton), 6.92 (1H, d, J=9 and
4 Hz, thiophene ring proton), 6.98 (1H, dt, J=6 and 2Hz,
thiophene ring proton), 7.03 (1H, dd, J = 9 and 4 Hz, thiophene
ring proton).

Preparation of Terthiophene/Imogolite Hybrid Mate-
rials. To a low acidic aqueous imogolite solution (12mL,
I mgmL~") was added dropwise a THF solution of HT3P
(12mL, 1 mgmL~") and the mixture was stirred overnight at
room temperature in the dark. The weight ratio of imogolite
and HT3P was 1:1. The suspended solution was centrifuged
(12000 rpm, 15 min) to obtain HT3P/imogolite precipitate. The
supernatant was decanted followed by addition of the same
amount of fresh THF. The decanting, addition of THF and
centrifugation were repeated 3 times to rinse out weakly or
nonchemisorbed HT3P. The precipitate was finally redispersed
in distilled water for freeze drying. Freeze drying the
precipitate resulting in cotton-like yellow solid. The same
procedure was applied for HT3OP to produce cotton-like pale
brown solid of HT30P/imogolite hybrid. For comparison, a
similar procedure was applied for terthiophenes of OH group
derivatives (HT30H and HT3OOH) to test their adsorption on
imogolite surface. However, no precipitate perceptible to the
naked eye occurred in the case of HT30H/imogolite and
HT300H /imogolite suspended solution after centrifugation
(Figure 9).

Characterization. 'HNMR and CNMR spectra were
taken on a INM-EX-400 (JEOL, Japan) 400 MHz spectrometer.
IR spectra were recorded as KBr pellets using Spectrum One
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Figure 9. Schematic illustration of imogolite structure and the preparation of terthiophene/imogolite hybrid materials.

(Perkin-Elmer Japan Co., Ltd.) with a resolution of 0.5cm™" at
room temperature. IR data were collected by averaging 16
scans between 4000 and 450cm~!. UV-visible absorption
spectroscopy was performed on a Shimadzu UV-3600 UV-vis—
NIR spectrophotometer. Fluorescence excitation and emission
spectra were recorded on a FP-6600 spectrofluorometer. The
films of compound HT3P and HT3OP were prepared by drop
casting THF solutions onto quartz slides at room temperature.
After taking the solid-state spectra, the films dissolved in THF,
and their UV-vis spectra were compared to the freshly prepared
solution. The TEM images of imogolite before and after dye
adsorption were taken using a H-7500 instrument (Hitachi,
Japan) operating under acceleration voltage of 100kV. The
TEM samples were prepared by applying imogolite solution
onto a copper grid covered with carbon film. Nitrogen
adsorption—desorption isotherms were recorded on a Belsorp
18Plus-SP instrument (Japan Bell Inc.) at 77K in the relative
pressure range from 0.1 to 0.99. The Brunauer—-Emmett—Teller
(BET) surface areas were obtained from data under relative
pressure between 0.05 and 0.30. For the current—voltage (I-V)
measurements, two gold electrodes separated by 1.5 mm were
magnetically sputtered on a silicon wafer. The samples with
exposed area of ca. 0.8cm® were deposited between the
electrodes. /-V curves were measured in vacuum at 25 °C with
an Agilent E5272A source monitor unit. /-V curves were
plotted by Metrics IC/V software.
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