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ABSTRACT: Lipid nanotubes are the preferred structures for
many applications, especially biological ones, and thus have
attracted much interest recently. However, there is still a
significant need for developing more lipid nanotubes that are
reversibly controllable to improve their functionality and
usability. Here, we presented a two-way reversible morphology
control of the nanotubes formed by the recently designed
molecule AQUA (C,H,)NO,). Because of its special design,
the AQUA has both pH-sensitive and redox-active characters
provided by the carboxylic acid and anthraquinone groups.
Upon chemical reduction, the nanotubes turned into thinner
ribbons, and this structural transformation was significantly
reversible. The reduction of the AQUA nanotubes also

switched the nanotubes from electrically conductive to insulative. Nanotube morphology can additionally be altered by
decreasing the pH below the pK, value of the AQUA, at ~4.9. Decreasing the pH caused the gradual unfolding of the nanotubes,
and the interlayer distance in the nanotube’s walls increased. This morphological change was fast and reversible at a wide pH
range, including the physiological pH. Thus, the molecular design of the AQUA allowed for an unprecedented two-way and
reversible morphology control with both redox and pH effects. These unique features make AQUA a very promising candidate
for many applications, ranging from electronics to controlled drug delivery.

B INTRODUCTION

Supramolecular self-assemblies are most remarkable systems for
the applications, ranging from biotechnology to electronics.'
Among those nanostructures, lipid nanotubes have significantly
more advantages. First, they are highly biocompatible, which is
a key property for biotechnological applications. Additionally,
both the inner and outer hydrophilic surfaces, identical or
different, can be easily functionalized, and it is possible to
control the diameters, lengths, and wall thicknesses at a wide
range, giving greater control over desired applications
established by changing the formation, conditions, and
procedures.*”” These lipid nanotube specifications make
them effective materials in different areas, such as encapsula-
tion,® nanochannels,” drug delivery,lo’ll templates,10 nano-
sensors,’” electronics,'> etc. An important goal is to find
systems that combine stimuli-response and on-demand
reversible control, with all of the above-mentioned lipid
nanotube advantages. Directing the assembly and disassembly
of the supramolecular aggregates by external stimuli would
obviously cause a leap forward in the functionality of the
nanotubes.

Triggers that can be used for the stimuli-responsiveness of
organic self-assemblies can be physical (mechanical, electric,
magnetic, light, and temperature) or chemical (electrochemical,
pH, ionic strength, and biochemical).“r Although self-
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assembled systems, such as micelles,”° vesicles,”” mono-

layers,"® liquid crystals, etc.,'” have been studied for a long time,
interest in the stimuli-responsiveness and reversible control
aspects has been accelerated recently in the field of lipid
nanotubes. The studies of stimuli responsive lipid nanotubes
are mainly concerned with the control of nanotube morphology
by the effects of pH,’"** temperature,”*** and light.”>*® In
those studies, focusing the light-triggered morphology control,
mainly azobenzene, has been used as the functional group
responsible for the stimuli-responsive behavior. Moreover,
nanotube morphology could be altered by UV irradiation, but
those systems lacked the reversibility of this morphological
alteration.”>”° The other trigger widely used for the control of
nanotube properties is the solution pH. Many studies show that
nanotube formation is affected by the solution pH. However,
fewer studies report nanotube structure alteration by changing
the solution pH after the formation, and even much fewer
studies report reversible morphological alteration by pH.
Galantini et al. stated that for the 3b-(2-naphthylamine)-
7a,12a-dihydroxycholanic acid molecule the nanotube-to-
ribbon transformation is observed reversibly by changing the
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pH from 8.5 to 12, which is a narrow range and above the
physiological pH. Thus, that system does not seem to be very
useful for biological applications.” In the case of glycylglycine
bolaamphiphile tubules, the reversible transformation from
tubules to helical ribbons occurs when the pH is increased from
4 to 8, but it takes 1 day, and even 10-fold longer time is
needed to form ribbons from the tubules.”” Since the existing
systems cannot fulfill the needs for a fast reversible response in
a wide pH range, more studies are needed about pH-triggered
reversible morphology control to obtain useful systems.
Additionally, the variety of triggers used for lipid nanotube
morphology control until now has been restricted, and new and
useful triggers need to be investigated. Redox-active groups can
be used for reversibly controlling conformational changes
within a molecule or manipulating the electrical, aggregation,
interfacial, and surface properties of materials.”” For example,
by using ferrocene as the redox-active group, reversible control
of the aggregate formation or interactions in biological systems
can be achieved.” > Anthraquinone is another commonly
used redox-active group, which can be reduced and oxidized,
both chemically and electrochemically.”> > Except for its redox
activity, the anthraquinone group also has characteristic self-
assembling and charge transport properties. These features lead
to applications such as molecular electronics®**® and photo-
voltaics.”” Although various redox-active systems have been
extensively reported in the literature, including one in which
the electrical conductivity of self-assembled nanotubes was
switched on and off by reduction and reoxidation,* reversibly
controlling lipid nanotube properties by a redox effect has not
been reported.

By considering all of the above-mentioned aspects, here we
describe the reversible control of the self-assembled lipid
nanotubes formed from the specially designed AQUA
(AQNH(CH,),,COOH, where AQ is anthraquinone) mole-
cule (Figure la) using different triggers.

a-) b-)
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Figure 1. (a) Molecular structure of AQUA. (b) Self-assembled lipid
nanotubes of AQUA in an aqueous medium (with equimolar amount
of ethanolamine addition, pH 9).

AQUA forms self-assembled lipid nanotubes in water in the
presence of equimolar amount of ethanolamine (at the AQUA
concentration of 1 wt %) (Figure 1b).* The AQUA molecule
contains two functional groups: redox-active amino-
anthraquinone and pH-sensitive carboxylic acid group, which
are linked by an alkyl chain. This rational molecular design
gives a dual stimuli-responsive character to AQUA. The dual
sensitivity of AQUA is an exceptional feature when compared
with the structures found in the literature and provides the
possibility of controlling nanotube properties and reversible
unfolding/refolding operations by simply changing the solution
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pH or the redox state of the molecule. This paper mainly deals
with the reversible control of AQUA nanotubes by changing
the external stimuli. The study comprises two parts: In the first
part, the redox-directed reversible morphology control of the
self-assemblies is presented; in the second, the effect of pH on
the nanotube morphology and its reversibility are described.
The morphological and chemical changes induced by the pH
changes and redox reaction are clarified by systematical studies
to show AQUA nanotubes’ possible functionality for potential
applications in material sciences and biosciences, ranging from
guest entrapment to controlled release, and from electronics to
template-assisted synthesis of functional materials.

To the best of our knowledge, AQUA nanotubes are the first
redox-active lipid nanotubes whose morphology can be
reversibly controlled by both pH and redox effects.

B EXPERIMENTAL SECTION

Materials. 1-Chloroanthraquinone (98%), 1l-aminoundecanoic
acid (97%), ethanolamine (98%), NaOH (98%), hexane (95%), and
chloroform (99%) were purchased from Sigma-Aldrich (Germany);
dimethyl sulfoxide (DMSO, ACS grade) was purchased from Merck
(Germany). These chemicals were used without further purification.

AQUA was synthesized by the reaction of 1-chloroanthraquinone
and 11-aminoundecanoic acid in the presence of NaOH.*

Formation and Reversible Morphological Tuning of the
Lipid Nanotubes. The optimum nanotube formation conditions (i.e.,
concentration, base type, procedure, etc.) have been determined
previously.*® Briefly, lipid nanotubes were formed by heating aqueous
1 wt % AQUA and an equimolar ethanolamine mixture at 120 °C for
10 min and then cooling the homogeneous hot mixture to room
temperature. Ethanolamine is used and found to be the most effective
counterion to gain enough water solubility to AQUA molecule which
is water insoluble at neutral pH. After the formation of lipid nanotubes
at a pH of ~9, the effects of pH and redox reactions on the nanotube
morphology were investigated. For all of the investigations, 1 wt %
AQUA aqueous nanotube solution was used as a starting solution,
unless otherwise stated. Appropriate amounts of diluted HCI solution
were added to the nanotube solution (at pH 9) to induce the pH-
triggered morphological alteration. To determine the reversibility of
the morphological change, diluted NaOH solution was added to the
solutions, until a pH of 9 was re-established. Chemical reduction of the
AQUA molecule was carried out by treating the nanotube solution
with 10 equimoles of NaBH, under a nitrogen atmosphere. The
completion of the reduction reaction was monitored using Fourier
transform infrared (FT-IR) and ultraviolet—visible (UV—vis) spec-
troscopy. Measurements were performed 2 h after the treatment with
NaBH, to complete the chemical reduction and morphological
changes. The effect of a NaBH, addition on solution pH was also
checked. To prove the reversible effect of redox reaction on the
morphology of self-assembled structures, the chemically reduced
samples were reoxidized by exposure to air for 2—120 h.

Morphological Characterization. Vitrified cryogenic-temper-
ature transmission electron microscopy (cryo-TEM) specimens were
prepared in a controlled environment vitrification system at 25 °C and
100% relative humidity. About 3 uL of the sample was placed on a
perforated carbon film coating a TEM copper grid and blotted with
filter paper. The grid was plunged into liquid ethane at its freezing
point. The vitrified specimens were transferred to a 626 Gatan cryo-
holder and imaged in an FEI Tecnai T12 G* transmission electron
microscope at about —175 °C, at a 120 kV acceleration voltage, using
low-dose imaging to minimize the electron-beam radiation damage.
Images were digitally recorded by a Gatan US1000 high-resolution
CCD camera.

FT-IR, X-ray Powder Diffraction, and Electrical Conductivity
Analysis. FT-IR (Thermo Scientific Nicolet 6700 FT-IR spectrom-
eter) analyses of the samples, which were dried on glass substrate in a
nitrogen atmosphere, were performed using the attenuated total
reflection method. X-ray powder diffraction (XRD) measurements
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were carried out using a Rigaku D/MAX-2200 diffractometer at 40 kV
and 36 mA, with a Cu Ka (4 = 1.5406 A) radiation source. The
specimen preparation for the XRD was the same as that for the FT-IR
analyses. For the electrical conductivity measurements, powder,
nanotube, and reduced twisted ribbon samples were completely
dried in a vacuum oven for 48 h. These samples were turned into
pellets under high pressure using a FT-IR pellet preparation press.
Next, the conductivity of these pellets, which were not thicker than 0.3
mm, was determined by a homemade four-probe instrument.
Measurements were performed at least S times with different samples
to check the reproducibility of the measurements. Possible effects of
added salt on the conductivity measurements were also investigated by
adding 10-fold NaBH, salt to the AQUA nanotubes during the pellet
preparation. Although drying the samples may have caused some
changes in the measured values, this is valid for all of the samples, and
the results were interpreted in a comparative manner.

B RESULTS AND DISCUSSION

Effect of the Redox Reactions. As stated earlier, the
AQUA molecule is designed to be a multi-stimuli-responsive
molecule by the pH-sensitive carboxylic acid and redox-active
anthraquinone groups. Here, we investigated the effects of the
reduction and reoxidation of the AQUA molecule on the
nanotube morphology. AQ_is known to be reduced both
chemically and electrochemically, and cyclic voltammetry
studies have shown that AQUA molecules, which are involved
in the nanotubes, can be reduced and reoxidized reversibly with
a reduction potential of ~0.8 V vs Ag/AgCl (Gamry
potentiostat, model reference 600, USA) (Figure S1). With
the information gained from the electrochemical reduction, due
to its appropriate reduction potential, NaBH, was used as the
reducing agent for the chemical reduction.*’

FT-IR Investigations of Redox Reactions. Reduced and
oxidized forms of AQUA nanostructures were investigated by
FT-IR to quantify the reduction process (Figure 2). There are
several important points that one has to consider. First, the
AQUA molecule bears two reducible quinone oxygens, and a
fraction of the quinone oxygen near the amine group is already
charged due to the resonance effect™ even before the treatment
with NaBH,. The possible states, which AQUA molecules
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Figure 2. FT-IR spectra of the AQUA: (a) original nanotubes, (b)
reduced sample (2 h after treatment with NaBH,), (c) partially
reoxidized sample (20 h after exposure to air), and (d) reoxidized
sample (90 h after exposure to air). (I) Symmetric and (II)
antisymmetric C—H stretching bands; (III) C=O0 stretching and
(IV) C—O" stretching bands in the anthraquinone group.
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could have before and after reduction, are presented in Figure
S2. Second, the reduction potentials and the chemical
structures of the reduced anthraquinone groups are affected
by the solution pH.*' The quinone oxygen is expected to be
protonated following the reduction, if the medium is acidic.
Anthraquinone is reduced to the dianion form and stays at that
form in aprotic solvents or in a basic environment.”"** Since
the reduction of AQUA nanotubes is performed at a pH of
~9.0, it is expected that quinone oxygen becomes and stays
negatively charged in the reduced form.

The FT-IR spectra of the original AQUA nanotubes and
reduced sample are presented in Figures 2a and 2b,
respectively. The peak at ~1670 cm™', which was assigned to
the C=0 stretching (III) in the anthraquinone group of the
unreduced sample,”” almost disappeared in the reduced sample,
since the structure turned to the C—O~, whose peak appeared
at ~1500 cm™' (IV). This shows that the reduction of AQUA
molecules in the nanotubes was achieved with a considerably
high yield. The effect of time and amount of NaBH, on the
reduction efficiency was also investigated, and the optimum
conditions were determined as a 2 h incubation time after
treatment with 10 times the equivalent of NaBH, (Table S1).

At 20 h after the reduction the color of the solution reverted
to red, and the peak at 1670 cm™! reappeared in the FT-IR
spectrum, as given in Figure 2¢; this is also valid for Figure 2d,
taken 90 h after the reduction. To determine whether the
reoxidation of AQUA was complete, the ratios of the peak
intensities at 1670 and 1500 cm™" were used for a quantitative
evaluation. The I;5y/I;470 ratio could not be calculated for the
reduced sample because the peak at 1670 cm™' was
imperceptible, indicating that a very big portion of the quinone
oxygen was negatively charged. After 20 h, the I}500/I,470 ratio
was calculated as 1.36 + 0.2 and became 0.86 + 0.1 90 h after
exposure to air. This ratio was 0.8 + 0.1 for the unreduced
AQUA nanotubes, meaning that not all, but a significant
amount, of the AQUA was reoxidized after 20 h, and the
reoxidation was complete after 90 h.

Morphological Characterization. With the addition of a
reducing agent into the solution, the solution color turned from
opaque red to transparent orange-brown (Figure S3). In
addition to the color change, the increased transparency of the
reduced solution indicated an aggregate size decrease due to the
reduction. When those reduced solutions stayed in contact with
the air, the color of the solution turned back to red because of
the reoxidation of the AQUA molecule.

Cryo-TEM images of the reduced, partially reoxidized, and
reoxidized samples are presented in Figures 3 and 4. Figure 3
shows that the nanotubes seen in Figure 1b are completely
transformed into thin ribbons upon reduction, with pitch
widths ranging between 12 and 25 nm and pitch lengths of 73—
135 nm. The overall lengths of the ribbons were definitely
longer than 2 ym. The variation in the ribbon sizes is not huge,
but significant. Although the ribbons were not exactly uniform
in size, they were quite uniform in shape, and the pitch length/
pitch width ratio (L/W) was also constant at 5.5 = 0.5 for all of
the ribbons. This constant ratio has been seen in different
systems previously and expressed by scaling laws.”>** Helices
and nanotubes have cylindrical and mean curvatures,
respectively; the curvature of the twisted ribbons is Gaussian-
like. The change between these curvature types can be induced
by different effects such as temperature, pH, or enantiomeric
composition.*~*” Although the addition of NaBH, changed
the solution pH, this pH fluctuation during the reduction and
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Figure 3. Cryo-TEM images of the reduced AQUA suspensions 2 h
after treatment with NaBH, under nitrogen conditions. The inset in
(b) is the schematic presentation of the twisted ribbons; bars = 100
nm.

Figure 4. Cryo-TEM images of the AQUA suspensions after
reoxidation by air exposure: (a) 20 h (partially reoxidized state); (b)
90 h (reoxidized state); (c) 160 h (reoxidized state). Bars correspond
to 100 nm, except for al and cl, where they correspond to 200 nm.
“S” denotes the carbon support film. Small, dark specs are ice surface
contamination. Arrows show multilayered membrane sheets.

reoxidation was quite small (less than 0.5) and did not change
the nanotube morphology (Figure S4). In our study, the change
from nanotubes to ribbons was driven by the redox effects.
Upon reduction, the attraction between the molecules changed,
which gave rise to a transformation in the packing of the
molecules. It has been reported that when there are strong
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intermolecular attractions between molecules, tubular-like
structures (including helical ribbons) are more favored than
twisted ribbons. There have been some examples in which
repulsions between molecules have given rise from the
transformation of a tubular structure to twisted ribbons.* As
seen from Figure 2, twisted ribbons formed upon the reduction
of the AQUA show that the wavenumbers of symmetric and
antisymmetric C—H stretching bands (I and II, respectively)
are higher than those of unreduced sample (2919—2930 cm™*
for symmetric and 2849—2854 cm ™" for antisymmetric bands).
The shift to higher wavenumbers is generally proposed to be
related with the change in the crystalline structure (toward
weakening), which is consistent with our interpretation that the
molecular packing of reduced form of AQUA was weak due to
the electrostatic repulsion between the anthraquinone groups.
Upon exposure to air, the wavenumbers of the C—H stretching
bands got closer to those observed in the original tubular form
as the reoxidation proceeded, and after 90 h, they turned back
to almost their original position for the reoxidized sample.
Although the dynamics of this transition are not that clear and
need to be investigated further, it is clear that the chemical
transformation upon redox reaction is evident and highly
reversible.

After the verification of the chemical reversibility of the redox
reaction, morphological reversibility investigations were
performed. From the cryo-TEM images of the partially
reoxidized sample (air exposure), long or short nanotubes, as
well as multilayered-membrane sheets, and twisted narrow
ribbons are seen (Figure 4a). Although some nanotubes were
re-formed, there still existed a significant portion of ribbons.
When the exposure time was increased to 90 h, almost all of the
twisted ribbons had disappeared, and the number of nanotubes
increased, as shown in Figure 4b. Some of those nanotubes
were shorter than the original ones. Additionally, sheet-type
structures existed in the solution. We believe that the sheet-type
structures are intermediates that had not completed their
transformation to the smooth nanotubes. Observations of
intermediate structures will provide evidence for the formation
mechanism and kinetic of processes that lead the formation of
large structures like nanotubes. It has been observed previously
in numerous studies that the twisted ribbons can transform into
tubular structures with a pathway of twisted ribbon — helices—
nanotubes. The transformation from twisted ribbons to helical
intermediates occurs at a definite width/thickness ratio as the
ribbons continue to aggregate laterally and reach the necessary
width for this curvature alteration. The helical intermediates
then evolve to nanotubes.**™° There could be different
possible mechanisms that favor thermodynamically the
formation of tubular structures such as Oswald ripening. We
believe that in our system, as the reoxidation proceeded, the
charge characteristics and solubility of the AQUA molecules
changed. That altered the electrostatic interactions between the
AQUA—-AQUA molecules as well as the interactions between
the AQUA-—solvent molecules due to the hydrophilicity
change, causing this very significant morphological trans-
formation. The net negative charge of the AQUA was higher
for the reduced state, so during reoxidation, the twisted ribbons’
lateral aggregation tendency might increase with the decreasing
electrostatic repulsion, and this lateral aggregation may have
induced the curvature transformation that eventually results in
the re-formation of nanotube geometry.
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FT-IR analysis indicates that although some of the AQUA
molecules were reoxidized in 20 h, complete reoxidation takes a
longer time.

It was seen from the TEM micrographs that after 90 h the
transformation into nanotubes was considerable but still
incomplete, and there were some multilayered curved sheets.
It is proposed that these intermediate multilayered structures
give rise to tubular structures, which are also characterized to
have multilayered lamellar structures (see discussion below).
This might be one of the reasons why ribbons still existed after
20 h. After 90 h, the transformation into nanotubes was
considerable, but in some of the nanotubes, the interlayer
spacing in the nanotube wall was higher than that in the original
nanotubes. That situation did not change considerably after 160
h (Figure 4c).

Ten times equivalents of NaBH,, with respect to the AQUA,
was used to achieve complete reduction, and so, there existed
large amounts of salt in the solution during the re-formation of
the nanotubes. This might have caused the morphological
difference of the re-formed nanotubes since it changes the
intermolecular electrostatic interactions. Thus, the effect of salt
in the self-assembly behavior of the AQUA has also been
investigated. We found that the properties of the nanotubes did
not change with a salt concentration of up to 25 mM, but at
100 mM, mostly sheet-type structures were formed (Figure
SS). The need for an excess amount of reducing salt obstructed
the reversible re-formation of some of the nanotubes, but we
have still shown that a considerable amount of nanotubes can
be reversibly destroyed and re-formed by the redox reactions.

There are very few reports in the literature of redox-active
self-assembled nanotubes, and those studies are concerned
primarily with the change in the electrical conductivity of the
nanotubes with no reference to the change in the aggregate
morphology.”® To our knowledge, reversible disintegration and
re-formation of the lipid nanotube structure by redox reactions
is reported here for the first time.

XRD Analysis. To gain additional information about the
effect of reduction and reoxidization on the molecular level, and
the reversibility of the morphological change, XRD was also
performed on the reduced and reoxidized samples to a different
extent. The small-angle region could not be reached, which is
needed to observe the exact tubular structure by the available
SAXS instrument. However, when the results obtained from
TEM and cryo-TEM were compared, it was seen that the
nanotube properties did not change when dried®” (Figure S6).
Thus, powder XRD was considered as a convenient analysis
method for our system.

The XRD peaks of the original AQUA nanotubes, which are
labeled A1, A2, A3, and A4, are seen at 2.2°, 4.4°, 6.6°, and 8.8°
20 values, respectively (Figure S). These periodical peak
locations indicate that the AQUA nanotube wall has a lamellar
multilayered structure. When the nanotubes were reduced (at
pH 9), the peaks seen in the XRD pattern shifted to higher 26
values, which were 5.1° and 7.5° for the Bl and B2 peaks,
respectively. Since the anthraquinone groups in the reduced
AQUA molecules had a net negative charge, the electrostatic
repulsion between the molecules increased. In addition to the
change of the solvophilicity of the AQUA in water, the increase
caused the AQUA molecules to be packed differently, probably
less tight. By considering the shift of the d-spacings to smaller
values, the molecules may become more tilted in the
membrane. Moreover, the peak periodicity disappeared after
the reduction, indicating that the smooth multilayered structure
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Figure S. XRD curves of the AQUA nanostructures: (I) original
nanotubes; (II) reduced sample (2 h after treatment with NaBH,);
(1) partially reoxidized sample (20 h after exposure to air); (IV)
reoxidized sample (90 h after exposure to air).

of the membranes was deformed. Thus, the arrangement or
orientation of the molecules in the membrane changed upon
reduction, and this considerably changed the aggregate
morphology. At 20 h after the reduction, when the AQUA
molecules were partially reoxidized, a little shift to smaller
angles in comparison with the unreduced sample’s XRD pattern
was observed, and peaks C1 and C2 appeared at 4.9° and 6.9°,
respectively. After 90 h, the peak positions of D1 and D2
turned back to 4.4° and 6.6°, respectively. The broader peaks
for the reoxidized samples indicate that although the nanotubes
were re-formed with the same XRD peak positions, the
reoxidized sample was somewhat less ordered than the original
nanotube solution.

Electrical Conductivity Measurements. The AQUA
molecule has been specially designed to form “smart”
nanotubes with multifarious features and applications. The
fastidiously selected anthraquinone group in the AQUA
molecule has still further contributions to its abilities, such as
distinguishing electrical properties, in addition to its afore-
mentioned redox activity and self-assembly properties. It is
known that the electrical conductivity is significantly affected by
the molecular arrangement and the redox state.”>> Hence,
conductivity measurements were performed for the powder
AQUA (as obtained from the synthesis), AQUA nanotubes,
and AQUA twisted ribbons (reduced samples) and determined
as 4.3 X 1075, 1.19 X 1073, and 2.1 X 10~ S/cm, respectively.
The electrical conductivity of some of the anthraquinone
derivatives lies between 107 and 1072 S/ cm,53 and even the
powder form of AQUA had a higher conductivity than most of
its homologues. AQUA molecules are arranged in a highly
ordered helical manner in the nanotube structure, as deduced
from the previous polarimeter results and STEM images.”” This
gives rise to an increase at the measured electrical conductivity
by nearly 100 times. This result is consistent with the fact that
the organization of molecules significantly changes their
electrical and optical properties;*™° thus, the ordered helical
packing of the AQUA nanotubes is believed to be effective in
providing significant electrical conductivity. Additionally, the
tunability of the charge and morphological characteristics of the
AQUA nanotubes provides tunability for the charge transport
properties of these structures, and upon chemical reduction of
the AQUA nanotubes, the electrical conductivity value was
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determined to be at least 2 orders of magnitude less. To
confirm that the determined difference in the measured
conductivities of the AQUA nanotubes and twisted ribbons
was not caused by excess NaBH, salt in the pellets of the
reduced sample, NaBH, powder was mixed with the AQUA
nanotubes in the solid state, without the chemical reduction of
the AQUA, and it was seen that the conductivity value did not
change significantly. It has been stated previously that the
molecular arrangement changes upon reduction, aggregates
become smaller, and the smooth layered structure is deformed.
Moreover, in a previous study, it was found that the increase in
the crystallite size increases the conductivity.”® Thus, it is
thought that both the change in the conjugation of the AQ ring
and the transformation of the aggregate morphology have a role
in this significant conductivity decrease. This decrease is such
that the aggregates switch from significantly conductive to
almost insulative.

Another important property for electronic applications is the
ordered alignment of the nanotubes to form a regular film on
different substrates. It has been found that AQUA nanotubes
are spontaneously aligned in a parallel fashion on two different
substrates, one of which is Teflon and the other is glass (Figure
6). For many organic and inorganic nanotubes, lots of effort is

Figure 6. AFM images of the AQUA nanotubes dried on (A) a glass
surface and (B) Teflon tape in “error” mode.

spent and different methods are required to obtain an ordered
alignment, but AQUA nanotubes are able to arrange as a
regular film of parallel nanotubes when just dropped into the
substrate surface without needing any extra treatment. This is
another important advantage of our structures.

These results show that AQUA nanotubes have adjustable
electrical properties ranging in a wide range from conductive to
insulative as well as their self-alignment properties. Because of
these properties, they have the potential to be used in
nanoelectronic devices and they are worth further investigation.

Effect of the Solution pH. The cryo-TEM image in Figure
1b shows that the diameters and lengths of AQUA nanotubes
were in the range of 110—190 nm and 4—8 yum, respectively, at
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pH 9. The AQUA molecule is pH sensitive, owing to the
carboxylic acid group, as well as being redox-active. Thus, we
studied the nanotube properties at different solution pHs,
namely, 7, S, 4, 3, and 1, after forming the AQUA nanotubes in
the aforementioned conditions (pH 9) (see Figure S6).

As seen in Figure 7, at pH 9, smooth nanotubes existed as the
only dominant aggregate type in the solution. The wall and

Figure 7. Cryo-TEM images of the AQUA suspensions: (a) at
formation conditions (pH 9); (b) at pH 4; (c) at pH 3; (d) at pH 9,
prepared from the sample at pH 3 by the addition of NaOH. Black
arrow indicates the structurally deformed nanotube; white arrows
indicate fully open sheets.

core sides of the nanotubes were evidently discernible. Cryo-
TEM gave a wall thickness of 5 + 1 nm at pH 9. The answer to
the question of whether the tubes have multiwalls or single wall
was supported with the help of the XRD spectra. However, it
was not very clear from the cryo-TEM images of the nanotubes
at pH 9 that the AQUA nanotubes have multilayered wall
structures in which the separation distance between layers was
very small. The nanotube morphology did not show any
changes with a lowering of the pH level down to pH S5, and
below that point, noticeable changes occurred (see Figure 7).
The pK, of the COOH in the AQUA was calculated as 4.9. At
pH values, especially below the pK,, much of the carboxylic acid
groups on the nanotube surfaces became nonionic. This
situation acts as a breakpoint for the morphological alteration
with the pH effect, indicating that electrostatic effects have a
high impact on the AQUA self-assembly. From the UV-—vis
spectra of the AQUA nanotube solutions at pH 9 and 6, it was
seen that the absorbance value decreased at a lower pH (Figure
S7). This shows that the intermolecular interactions gradually
decreased with a decreasing pH. The intermolecular interaction
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was stronger when the AQUA molecules were mostly
negatively charged and was weaker at lower pH levels, where
the H-bonds between the COOH groups might be more
profound, so it is believed that electrostatic interactions had a
dominant and promoting effect on the nanotube formation.

When the pH was decreased to 4, the homogeneous and
smooth character of the solution disappeared, and the
nanostructures shown in Figure 7b appeared. At pH 4, there
existed a mixture of fully opened sheets and structurally
deformed nanotubes, along with some aggregates preserving
their smooth tubular geometry. Smooth nanotubes were no
longer the dominant aggregate type at pH 4, and the remaining
nanotubes had different morphological properties. The total
wall thickness increased from 5 + 1 to 10 £ 2 nm, as the
solution pH decreased from 9 to 4. With a further decrease of
the pH to 3, similar results were observed (Figure 7c) as with a
pH of 4, but there was a further increase in the total wall
thickness, ie, 11 + 2 nm at a pH of 3. In Figure 7b, the
existence of the multilayered wall structure can be vaguely seen
for the sample at a pH of 4, but prominent separation of the
layers is clearly observed in the magnified image in Figure 7c at
a pH of 3. As mentioned above, the XRD pattern given in
Figure Sa shows a lamellar wall structure consisting of stacked
layers. Moreover, it was previously stated that AQUA nanotube
walls consist of symmetrical monolayers through the agency of
the FT-IR and zeta-potential results as well as the TEM and
XRD analysis. The absence of lateral carboxylic acid H-bond
peaks in the FT-IR spectrum and the lower surface charge
density of AQUA nanotubes compared with the nanotubes
containing only carboxylate groups on the nanotube walls
(which are calculated from zeta potential measurements) shows
the symmetrical monolayer structure.” Thus, a wall thickness
of 5 + 1 nm was obtained from the cryo-TEM points out
existence of 2 or 3 layers in the walls, since the molecular length
of the AQUA was calculated as ~2 nm.*’ Although the
nanotubes had a multilayered wall structure at a pH of 9, they
are closely packed and individual layers could not be observed
in the cryo-TEM images. However, as the pH decreased, the
individual layers became observable. These results show that
the pH decrease caused the gradual unfolding of the tube
structure and the distance between the layers in the wall
structure increased. A further decrease of the pH to 1 led to the
complete unfolding of the nanotubes into sheet-like structures.
The morphology of the AQUA self-assembles at higher pH
levels was also investigated (Figure S4). It was seen that at pH
levels higher than 9 the AQUA nanotubes retained their tubular
structure.

To test the reversibility of the pH effect, we imaged samples
whose pH level was readjusted to 9 from 3 (Figure 7d). They
exhibited nanotubes of similar morphological and dimensional
properties to the stock solution (at pH 9), along with some flat
sheets, and shorter, sometimes imperfect, tubes. There was no
evidence that the nanotubes with the higher interlayer spacing
at a pH of 3 remain; thus, it was concluded that the structures
that had slightly unfolded, but had not totally lost their tubular
geometry, did regain their original properties. However, at least
some of the nanotubes that had been fully unfolded into sheets
could not be folded reversibly into nanotubes again. When the
pH level was increased back to 9 from 1, the pH-dependent
morphology change became mostly irreversible (Figure S8),
although the AQUA molecule was chemically stable at this
lower pH, as indicated by the FT-IR measurements (Figure
S9). By taking these findings into consideration, it is
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understood that the irreversibility of the morphological change
at a pH of 1 is the result of the fact that most of the nanotubes
had turned into flat sheets at that pH.

To summarize, reversibly tuning of the nanotube morphol-
ogy was achieved to a large extent with a wide pH range of 3 to
9. In previous studies, only the effect of the pH under nanotube
formation conditions was investigated; there are fewer studies
of the transformation of the tubular structure by pH change
after formation. Among these studies dealing with the
reversibility of the nanotube morphology control by a change
in the pH, there have been no examples whose morphology can
be reversibly tuned with such a wide pH range and fast
response (less than 30 min). Either the pH range for reversible
control was between 8.5 and 12, or changing the morphology,
and then returning to the original state, took 11 days in
previous studies.”” Obviously, the AQUA outscores them by
having a fast reversible morphology change with a wide pH
range, and has a much higher potential for various application
areas.

The morphological changes by solution pH are caused by the
changes in the charge characteristics of the AQUA; the
equilibrium composition of the resonance state might be
affected by the solution pH,*”*”** along with the existence of a
carboxylic acid to carboxylate transformation. One might find it
interesting that the spacing between the layers increases with
the decreasing pH, where the net negative charge is lower.
However, it is believed that there exists an attraction between
the negatively charged carboxylate groups and the partially
positively charged part of the aminoanthraquinone group
(resonance effect), which stabilizes the multilayer wall structure
of the nanotubes at higher pH values. From Table S1 and
Figure S9 it is concluded that at all of the investigated pH
values the resonance state is valid and in agreement with the
literature, and the equilibrium conversion is a little higher for
higher pH values (see Figure $2).%7

XRD was performed to obtain more insight into the effect of
pH on the molecular level. The uniformly distributed peaks in
the XRD spectrum, as mentioned above, indicate a smooth
layered structure in the nanotubes;’” for the samples at
different pH values, below or above the pK, of AQUA (Figure 8
and Figure S10), the peak positions do not change although
significant changes are seen in the cryo-TEM images. This
suggests that the molecular arrangement in the monolayer does
not change significantly, but gradual unfolding occurs with pH
decrease causing increased separation of the monolayers.

B CONCLUSIONS

The smart nanotubes formed by AQUA molecule have a dual
stimuli-responsive character; morphological alterations can be
triggered by either pH or redox effects. Upon chemical
reduction, AQUA nanotubes are transformed into thin ribbons,
which are totally uniform in shape and have a constant pitch
length/pitch width value. The morphological change with the
redox effect is considerably reversible, with the disappearance of
the ribbons and re-formation of a significant amount of smooth
nanotubes upon reoxidation. AQUA nanotubes have character-
istic electrical properties, which can be turned from lower
conductivity values to a considerably conductive state by the
effect of chemical reduction. Furthermore, the reversibility of
the change with the redox effect as well as the self-alignment
characteristic makes the AQUA nanotubes highly functional
candidates for electronics applications. Additionally, the
nanotube morphology suddenly disrupts as the pH level is
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Figure 8. XRD curves of the AQUA nanotubes at (I) pH 9, (II) pH 7,
() pH S, (IV) pH 3, and (V) pH 9 (prepared by adding NaOH
solution to nanotube solution at pH 3).

decreased below the pK, value of the AQUA at pH 4.9. The
pH-triggered morphological change is also reversible in a
uniquely wide pH range (i.e., between pH 3 and 12) among
pH-sensitive nanotubes and with a very fast response. Thus,
through the rational molecular design of the AQUA, self-
assembled redox active nanotubes, whose morphology can be
reversibly controlled in a two-way fashion and whose electrical
properties can also be tuned, are obtained. Because of these
outstanding features, AQUA nanotubes should have many
applications with biological and electronic aspects.
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