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ABSTRACT: J- and H-aggregates of 7-conjugated dyes are particularly interesting
because of their unique optical and excitonic properties. However, control of the
size and morphology of J- and H-aggregates remains a challenge. Here, we report
the coassembly of lithocholic acid (LCA) and 3,3'-diethylthiacarbocyanine iodide
(DiSC,(3)) into H-aggregate nanotubes through helical H-aggregate nanoribbons
as a precursor in 30% ammonia solution. As the ammonia evaporates, H-aggregate
nanotubes transition into flat J-aggregate nanoribbons. The electronic properties of
H-aggregate nanotubes and J-aggregate nanoribbons are studied by integrating them
with interdigitated gold electrodes. We find that H-aggregate nanotubes form a
Schottky junction and J-aggregate nanoribbons form Ohmic contact. In the
temperature range from 18 to 28 °C, the resistance of the H-aggregate nanotubes is
nearly constant, whereas the resistance of the J-aggregate nanoribbons significantly
increases with the increase of temperature. Our findings provide a new strategy for
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controlling the formation of H-aggregate nanotubes and J-aggregate nanoribbons, which can serve as smart building blocks in

electronic and optoelectronic devices.

B INTRODUCTION

One-dimensional (1D) supramolecular structures ranging from
nanofibers to nanoribbons and nanotubes made of z-
conjugated molecules are promising building blocks in the
fabrication of electronic and optoelectronic devices.' > Among
various one-dimensional (1D) supramolecular structures, J-
and H-aggregates of m-conjugated dyes are particularly
interesting because of their unique optical and excitonic
properties.® For example, H-aggregates, which are composed of
dye molecules in a face-to-face stacking, give rise to a blue-
shifted absorption band compared with a monomer band and a
strong emission quenching. In contrast, J-aggregates, which are
made by an edge-to-edge stacking of dye molecules, show a
red-shifted absorption band with respect to a monomer band
and a strong fluorescence emission. In past decades, there was
great interest in controlling the size and morphology of J- and
H-aggregates. Particularly, the self-assembly of am})hi})hilic
dyes was widely used to form J-aggregate nanotubes.” "> The
coassembly of dyes and surfactants provides a promising
approach for forming J-aggregate nanotubes without requiring
time-consuming processes for the synthesis of amphiphilic
dyes.'®™*! J-aggregate nanotubes have shown great promise as
artificial light-harvesting antennas for energy transfer””’ and
highly efficient photoinduced electron-transfer probes for
biosensor applications.”"

Lithocholic acid (LCA) is a biological surfactant with a
chiral steroid skeleton and a carboxyl group linked to the
steroid skeleton through a short alkyl chain. It was shown that
LCA in alkaline solution could self-assemble into nanotubes

© 2020 American Chemical Society

7 ACS Publications

through electrostatic interaction, hydrophobic force, and
hydrogen bonding. The diameter and shape of LCA nanotubes
depend on the condition under which the self-assembly of
LCA occurred.”” ** Here, we report the formation of H-
aggregate nanotubes by the coassembly of LCA and 3,3'-
diethlythiacarbocyanine iodide (DiSC,(3)) in 30% ammonia
solution. The H-aggregate nanotubes transition into flat J-
aggregate nanoribbons as the ammonia evaporates. The H- to
J-aggregate transition is reversible. After being resuspended in
30% ammonia solution, flat J-aggregate nanoribbons transition
back into H-aggregate nanotubes. The structure and optical
properties of H-aggregate nanotubes and J-aggregate nanorib-
bons are characterized to help understand the H- to J-
aggregate transition mechanism. The electronic properties of
H-aggregate nanotubes and J-aggregate nanoribbons are
measured by integrating them on interdigitated gold electro-

des.

B EXPERIMENTAL SECTION

Sample Preparation. LCA was mixed with DiSC,(3) at a
molar ratio of 5:1 and 1:1 in 30% ammonia solution, for which
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Figure 1. Chemical structures of DiSC,(3) (a) and LCA (b). (c) Time-dependent adsorption spectra of LCA/DiSC,(3) solution with a mixed
molar ratio of 5:1 in a sealed glass bottle at room temperature. TEM images of twisted H-aggregate nanoribbons, which formed 10 min after the
mixed solution was made (d), and helical H-aggregate nanoribbons and nanotubes, which formed 90 min after the mixed solution was made (e). (f)
Schematic representation of helical H-aggregate nanoribbons and H-aggregate nanotubes.

the concentration of LCA was always kept at 1 mM. The mixed
solution was sonicated at ~50 °C in an ultrasonic bath
(Branson 1510, Branson Ultrasonics Co.) for § min and then
cooled down to room temperature. After being aged in a sealed
or open glass bottle in the dark for a period of time, the mixed
solution was characterized.

Spectrum Measurements. J- and H-aggregate solution
was added to a quartz cuvette. The absorption and circular
dichroism spectra were taken with a Cary 60 spectropho-
tometer and a JASCO J-815 spectropolarimeter, respectively.
The fluorescence spectra were taken using a Jasco FP-6500
spectrofluorometer. Fourier transform-infrared (FT-IR) spec-
tra were acquired with a PerkinElmer (100) spectrometer
operating at 4 cm ™! resolution.

Microscopy Observations. Transmission electron micros-
copy (TEM) measurements were performed on a JEOL TEM-
1011 operated at 100 kV. Scanning electron microscopy
(SEM) images were taken with a Zeiss Ultra-SS FEG SEM
operated at 20 kV. For these electron microscopy measure-
ments, S L of J- and H-aggregate solution was dried on a
holey Formvar film at room temperature for 24 h. Height and
amplitude atomic force microscopy (AFM) images were taken
with a Dimension 3100 from Veeco Instruments; a silicon
nitride cantilever (Nanosensors) with a spring constant of 30
N/m was used. Confocal fluorescence images were acquired
with a Zeiss Axioscope-2 MOT microscope. For polarizing
optical microscopy (POM) observation, a drop of aggregate
solution was placed on a glass substrate, followed by placing a
cover glass slide on the top of the drop. Polarized optical
microscopy (POM) images were captured with a digital
camera (C2020 Zoom, Olympus) mounted on an optical
microscope (Olympus BX),

Cyclic Voltammetry (CV) Measurements. One hundred
microliters of J- and H-aggregate solution was dried on an
indium tin oxide (ITO) working electrode at room temper-
ature. CV measurements were performed in an aqueous
solution containing 1 M KCI with a CS 350 Electrochemical
workstation, for which a platinum wire acted as the counter
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electrode and Ag/AgCl served as a reference electrode. The
scan range was from —0.4 to 0.8 V at the speed of 0.01 V/s.

Electron-Transport Measurements. Five microliters of J-
and H-aggregate solution was dropped onto the interdigitated
Au electrodes with a 20 ym gap and then dried at room
temperature. Current—voltage (I—V) curves were measured
with a Keithley 2400 sourcemeter in the temperature range
from 18 to 28 °C, which was controlled by an Instec thermal
stage.

B RESULTS AND DISCUSSION

The chemical structures of DiSC,(3) and LCA are shown in
Figure la and Figure 1b, respectively. LCA is a secondary bile
acid with a critical micelle concentration of ~1.0 mM.”’
DiSC,(3) monomers in methanol showed an absorption band
at 556 nm (Figure S1, Supporting Information), which agreed
with the result reported in the literature.”® In a previous
publication, we showed that the coassembly of LCA and
DiSC,(3) in 1% ammonia solution could lead to the formation
of spherulitic J-aggregates with the J-band at 590 nm.”" The
solubility of DiSC,(3) was low in 1% ammonia solution. The
insoluble DiSC,(3) served as a nucleation site for the growth
of J-aggregate nanofibers from the coassembly of LCA and
soluble DiSC,(3), ultimately forming J-aggregate spherulites.
The solubility of DiSC,(3) in ammonia solution increased with
the increase of ammonia concentrations. In 30% ammonia
solution, DiSC,(3) self-assembled into spherical H-aggregates
with two H-bands at 360 and 425 nm, together with a
monomer band at 556 nm (Figure S2a). The appearance of
two H-bands is likely due to Davydov’s splitting of the excited-
state level of spherical H-aggregates. The diameter of spherical
H-aggregates was in the range from 30 to 70 nm (Figure S2b).

Figure 1c shows the time-dependent absorption spectra of
mixed LCA/DiSC,(3) solution with the mixed molar ratio of
S:1. In the early stage (10 min after the mixed solution was
made), we observed two H-bands at 457 and 540 nm, together
with a J-band at 580 nm. The H-band at 457 nm decreased
over time and completely disappeared after 85 min. In the
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Figure 2. (a) Adsorption spectra of LCA/DiSC,(3) solution with mixed molar ratio of 5:1 before and after 48 h evaporation of ammonia at room
temperature. (b) FT-IR spectra of H-aggregate nanotubes and J-aggregate nanoribbons. (c) Schematic representation of H-aggregate nanotube to J-
aggregate nanoribbon transition. TEM images of H-aggregate nanotubes (d) and flat J-aggregate nanoribbons (e). (f) Fluorescent microscopy

image of flat J-aggregate nanoribbons.

same time, the H-band at 540 nm significantly increased and
slightly shifted to 530 nm during the coassembly process. In
this case, a strong H-band at 530 nm and a weak J-band at 585
nm were observed. The time-dependent absorption spectra
had an isosbestic point at 510 nm, which represented the
equilibrium between two H-aggregates. TEM images revealed
the coassembly of LCA and DiSC,(3) into twisted nanorib-
bons in the early stage (Figure 1d). Over time, we observed
helical nanoribbons, which tended to further twist into
nanotubes (Figure le). Combining these with the results
from the time-dependent absorption spectra, we concluded
that the majority of DiSC,(3) formed H-aggregates in helical
nanoribbons and nanotubes.

The physiological function of bile acids is to solubilize
dietary lipids in the small intestine by forming mixed micelles
through hydrophobic imteraction.”” The micelles can further
aggregate via hydrogen bonding with the increase of bile acid
concentrations. It was reported that guest molecules could be
incorporated in the cavity of bile acid micelles.””** Thus, we
assumed that DiSC,(3) molecules were incorporated in the
cavity of LCA micelles through hydrophobic interaction. The
mixed LCA/DiSC,(3) micelles then assembled into nanorib-
bons, in which DiSC,(5) formed H-aggregates. The chiral
interaction of LCA twisted H-aggregate nanoribbons into H-
aggregate nanotubes (Figure 1f).

There was no change in the H-band at 530 nm if the H-
aggregate nanotube solution was sealed in a glass bottle for a
weak. Interestingly, 48 h of evaporation of ammonia from H-
aggregate solution in an open glass bottle at room temperature
caused a significant decrease of the H-band at 530 nm. At the
same time, the J-band at 585 nm intensified (Figure 2a),
suggesting that the ammonia evaporation triggered the H- to J-
aggregate transition. Our controlled experiments confirmed
that the H- to J-aggregate transition occurred after 20 h of
evaporation of ammonia (Figure S3a). The J-aggregates
showed a narrow emission at 592 nm, which was slightly
shifted with respect to the J-band (Figure 2b). The H-
aggregate nanotubes had an external diameter in the range
from S0 to 70 nm and a wall thickness of ~12 nm (Figure 2b).
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After 48 h of evaporation of ammonia, the H-aggregate
nanotubes transitioned into flat J-aggregate nanoribbons with
the width from 110 to 180 nm (Figure 2c).

FT-IR spectra of H-aggregate nanotubes and J-aggregate
nanoribbons are shown in Figure 2d. The broad peak in the
region between 3100 and 3500 cm™' represented the
stretching of the OH group of LCA. The peaks at 2862 and
2932 cm™! correspond to the stretching of the CH, group in
the alkyl chain of DiSC,,(3) and LCA. The peak at 1420 cm™
was attributed to the C=C stretching of the central
conjugated chain of DiSC,(3).>* The main difference of the
FT-IR spectra between H-aggregate nanotubes and J-aggregate
nanoribbons was in the carbonyl stretching region. H-
aggregate nanotubes showed a peak at 1546 cm™', which
could be assigned to the stretching of the COO— group of
LCA. In addition to the peak at 1546 cm™, flat J-aggregate
nanoribbons showed a peak at 1704 cm™}, which was due to
the stretching of the COOH group. It was reported that the
nonassociated COOH group showed the absorption peak at
~1750 cm™" and the association of COOH groups through
hydrogen bonding showed a peak at ~1700 cm™.>* On the
basis of the FT-IR data, we concluded that the COOH group
of some LCA molecules formed via hydrogen bonding in flat J-
aggregate nanoribbons. Mesoscale simulations showed that the
shape of the nanoribbons of chiral amphiphiles was determined
by the balance between their elasticity and chirality.’® The
chiral interaction of LCA was the main driving force for
twisting nanoribbons into nanotubes. The cooperation of
hydrophobic interaction, hydrogen bonding, and electrostatic
interaction of LCA and DiSC,(3) contributed to the elasticity
of H-aggregate nanotubes. Ammonia is a weak base. In
ammonia solution, a small amount of ammonia converts to
ammonium jons by the deprotonation of water according to
the following equilibrium equation: NH; + H,O = NH," +
OH™. It is well-known that the ionization constant of the
COOH group of LCA depends on its local environment. The
pK, value of LCA in crystalline monolayers is ~8.4.”" In 30%
ammonia solution with pH 13.1, LCA was deprotonated in H-
aggregate nanoribbons, which is evident in Figure 2d. The pH
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Figure 3. Time-dependent adsorption spectra of LCA/DiSC,(3) solution with a mixed molar ratio of 1:1 in a sealed (a) and an open (b) glass
bottle at room temperature. (c) Circular dichroism spectra of H-aggregate nanotubes and J-aggregate nanoribbons. (d, e) In situ polarizing optical
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nanoribbons after being dried on a holey Formvar film. (g) Fluorescent microscopy image of flat J-aggregate nanoribbons after being dried on a
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Figure 4. (a) Schematic illustration of the fabrication of interdigitated gold electrodes. Topography (b) and amplitude (c) mode AFM images of H-
aggregate nanotubes bridging the 20 ym gap between interdigitated gold electrodes. Temperature-dependent I—V curves of H-aggregate nanotubes

(d) and J-aggregate nanoribbons (e).

of the ammonia solution decreased to 9.1 after 48 h of
evaporation of ammonia. As can be seen in Figure 2b, some
LCA molecules were protonated. The hydrogen bonding of
protonated LCA molecules in the H-aggregate nanotubes
disrupted the balance between the chiral interaction and the
elasticity; the chiral interaction of LCA molecules was unable
to overcome the elastic energy, leading to the nanotube-to-
nanoribbon transition. The transition from nanotubes to flat
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nanoribbons caused the H- to J-aggregate transition of
DiSC,(3) to integrate in them (Figure 2e). As we expected,
the J-aggregate nanoribbons were highly fluorescent (Figure
2f).

When the mixed molar ratio of LCA and DiSC,(3) in 30%
ammonia solution was changed to 1:1, for which the
concentration of LCA was still maintained at 1 mM, a broad
absorbance with a maximum at 425 nm was observed 24 h

https://dx.doi.org/10.1021/acs.jpcc.0c02908
J. Phys. Chem. C 2020, 124, 11722—-11729
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after the mixed LCA/DiSC,(3) solution was made (Figure 3a).
The maximum absorbance at 425 nm was blue-shifted with
respect to the monomer band, suggesting the formation of H-
aggregates of DiSC,(3). There was no change in the
adsorption spectrum if the H-aggregate solution was sealed
in a glass bottle over time (Figure 3a). However, the
evaporation of ammonia from an open glass bottle at room
temperature triggered the H- to J-aggregate transition (Figure
3b). The H- to J-aggregate transition completed after 18 h of
evaporation of ammonia, during which the H-band disappears.
The kinetics of the H- to J-aggregate transition at the mixed
molar ratio of 1:1 is faster than that at 5:1. The H-aggregate
nanotubes showed a split circular dichroism (CD) signal with a
positive Cotton effect at 460 nm and a negative Cotton effect
at 430 nm (Figure 3c). The split CD signal suggests the chiral
excitonic coupling of achiral DiSC,(3) in the H-aggregate
nanotubes. The H-aggregate nanotubes were formed through
helical H-aggregate nanoribbons. Thus, we concluded that the
chiral excitonic coupling of DiSC,(3) reflected a helical
arrangement of DiSC,(3) in the H-aggregate nanotubes, but
flat J-aggregates gave no CD signal (Figure 3c).

Because of the fast transition kinetics at a mixed molar ratio
of 1:1, the H- to J-aggregate transition could be in situ
monitored with a POM during the drying of a drop of H-
aggregate solution onto a glass substrate at room temperature.
As can be seen in the POM image shown in Figure 3d, three
H-aggregate nanotubes marked with white circles initially
showed blue color and then turned into yellow color (Figure
3e). The different colors of H- and J-aggregates in POM
images could be explained by their different absorption
regions.‘?’8 Thus, white light illumination under POM can
provide different transmissions of colors. After the H-aggregate
solution was dried on substrates, flat J-aggregate nanoribbons
were observed (Figure 3f). Occasionally, partially open H-
aggregate nanotubes were observed as well, suggesting the
transition from H-aggregate nanotubes to J-aggregate nanorib-
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bons occurred during the drying process, during which the
ammonia quickly evaporated. The J-aggregate nanotubes
showed strong fluorescence (Figure 3g). However, because
of the slow transition kinetics at the mixed molar ratio of 5:1,
the H-aggregate nanotubes remained intact even after being
dried on substrates (Figure 2d). The H- to J-aggregate
transition was reversible when the J-aggregate nanoribbons
were resuspended in 30% ammonia solution (Figure S4). The
H- to J-aggregate transition was also observed in other
aggregation systems.”

The length of the H-aggregate nanotubes formed at the
mixed LCA/DiSC,(3) molar ratio of 1:1 was shorter than the
gap (20 um) of the interdigitated gold electrodes fabricated on
a SiO, substrate (Figure SS). Thus, we measured the electrical
properties of the H-aggregate nanotubes and the J-aggregate
nanoribbons formed at a mixed LCA/DiSC,(3) molar ratio of
5:1 by deposition onto the interdigitated gold electrodes
(Figure 4a). The bridging of the deposited H-aggregate
nanotubes to the gap between the gold electrodes was
confirmed by atomic force microscope (AFM). As can be
seen from the height mode AFM image shown in Figure 4b,
the H-aggregate nanotubes appeared to be flexible and bent at
the edges of the protruded gold electrodes to conform to the
topography of the electrodes. The amplitude mode AFM
image, which was taken simultaneously with the height mode
AFM image during the scanning, revealed that there was no
break for the bent H-aggregate nanotubes (Figure 4c). The I—
V curves of the H-aggregate nanotubes were nonlinear with a
threshold voltage of ~1.2 V (Figure 4d). Above the threshold,
the current showed a near linear increase with an increase of
voltage. The nonlinear -V curve suggested a Schottky contact
between the H-aggregate nanotubes and the gold electrodes. In
contrast, the -V curves of J-aggregate nanoribbons were linear
(Figure 4e), suggesting Ohmic contact with the gold electrode.
The I-V curves of the H-aggregate nanotubes essentially
overlapped with the increase of temperature from 18 to 28 °C
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(Figure 4d). However, the I-V curves of J-aggregate
nanoribbons were dependent on the temperature (Figure
4e). The resistance of the H-aggregate nanotubes was
calculated from the slope of the linear part of the I-V curves.
With the increase of temperature from 18 to 28 °C, the
resistance of the H-aggregate nanotubes was nearly constant at
~4 MQ, whereas the J-aggregate nanoribbons showed a
significant increase in their resistance from ~6 to ~190 MQ.
The different contacts of gold electrodes with the J-aggregate
nanotubes and the H-aggregate nanoribbons could be
explained on the basis of their different energy levels with
respect to the Fermi energy of gold electrodes. The cyclic
voltammetry (CV) curves of the H-aggregate nanotubes and
the J-aggregate nanoribbons adsorbed on indium tin oxide
coated glass substrates in aqueous solution containing 1 M
KNO; were measured. The oxidized potentials of the H-
aggregate nanotubes and the J-aggregate nanoribbons were
~0.31 and ~0.22 V, respectively (Figure Sa). The highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels of the H-
aggregate nanotubes and the J-aggregate nanoribbons were
estimated from the following empirical equations:*”

E(HOMO) = —e(E, o + 4.4) (1)
E(LUMO) = E, — E(HOMO) ®)

where the E ., is the oxidation potential, which was 0.31 V for
the H-aggregate nanotubes and 0.22 V for the J-aggregate
nanoribbons, respectively. E, is the optical band gap energy
that could be calculated according to the equation E; = 1242/
Aonser- For the H-aggregate nanotubes with the sharp H-band at
530 nm, E, was calculated to be ~2.34 eV. For the J-aggregate
nanoribbons with the sharp J-band at $85 nm, E, was
calculated to be ~2.10 eV. With use of the empirical equations,
the E(HOMO) and E(LUMO) levels of the H-aggregate
nanotubes were estimated to be —4.65 and —2.31 eV,
respectively. The E(HOMO) and E(LUMO) levels of the J-
aggregate nanoribbons were estimated to be —4.61 and —2.51
eV, respectively. The Fermi energy of gold is —4.4 eV in an
ambient atmosphere.”® It was reported that a quarter
monolayer coverage of ammonia could reduce the work
function of gold by 1.9 eV.* In 30% ammonia solution, the
adsorption of ammonia on the Au electrodes is expected. By
assuming a quarter monolayer coverage of ammonia, we could
infer that the Fermi energy of the ammonia-coated Au
electrodes was —2.5 eV. A schematic energy level diagram of
the H-aggregate nanotubes and the J-aggregate nanoribbons
together with the Fermi energy of ammonia-coated gold
electrodes is shown in Figure 5b. The Fermi energy of the
ammonia-coated gold electrode was lower than the LUMO
level (— 2.311 eV) of the H-aggregate nanotubes, favoring
Schottky contact. A large voltage was required to remove the
difference and make the electronic injection from the Au
electrode to the H-aggregate nanotubes. However, the Fermi
energy level of ammonia-coated gold electrodes was very close
to the LUMO level (— 2.512 eV) of the J-aggregate
nanoribbons, favoring Ohmic contact. The electrons could
be free to flow across the contact from the gold electrode to
the J-aggregate nanoribbons with negligible contact resistance.

To understand the effect of temperature on the resistance of
the H-aggregate nanotubes and the J-aggregate nanoribbons,
we measured the temperature-dependent absorption spectra of
the H-aggregate nanotubes and the J-aggregate nanoribbons in

solution. Upon heating of the solution from 18 to 28 °C at a
rate of 5 °C/min, the intensity of the H-band decreased ~12%
(Figure Sc), whereas the intensity of the J-band dropped ~37%
(Figure 5d) without the appearance of new bands. This
behavior was reversible. Thus, we concluded that the large
decrease of the J-band intensity was a result of the weakening
of the J-coupling of DiSC,(3) in the nanoribbons, which might
explain the increase of the resistance of the J-aggregate
nanoribbons with the increase of temperature. The data shown
in Figure Sc,d also suggested that the H-coupling of DiSC,(3)
in the nanotubes was stronger than the J-coupling of DiSC,(3)
in the nanoribbons, which agreed with the results from the
stability studies showing the J- and H-aggregates formed within
the groove of DNA templets.** The temperature-dependent I—
V curves of the J-aggregate nanoribbons were reversible over
multiple cycles in the range from 18 to 28 °C. However, when
the temperature was increased to 32 °C, there was no current
observed through both the H-aggregate nanotubes and the J-
aggregate nanoribbons because of the breaking of the coupling
of DiSC,(3) molecules.

B CONCLUSIONS

We have shown that the coassembly of LCA and DiSC,(3) in
30% ammonia solution can form H-aggregate nanotubes
through helical H-aggregate nanoribbons. The H-aggregate
nanotubes transition into flat J-aggregate nanoribbons as the
ammonia evaporates. The H- to J-aggregate transition is a
result of the formation of the hydrogen bonding of LCA, which
strengthens the nanoribbons; the chiral interaction of LCA is
unable to twist the nanoribbons into nanotubes. The kinetics
of the H- to J-aggregate transition depends on the LCA/
DiSC,(3) mixed molar ratios. After being integrated with
interdigitated gold electrodes, the H-aggregate nanotubes form
a Schottky junction, whereas the J-aggregate nanoribbons form
an Ohmic junction. In the temperature range from 18 to 28
°C. The resistance of the H-aggregate nanotubes remains
nearly constant, whereas the resistance of the J-aggregate
nanoribbons increases with the increase in temperature due to
the weakening of the J-coupling of DiSC,(3) in the
nanoribbons. Our findings reveal a simple way for controlling
the formation of H-aggregate nanotubes and J-aggregate
nanoribbons, which show great potential as functional
nanomaterials in electronic and optoelectronic devices.
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