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ABSTRACT: Inspired by the induced-fit mechanism in nature,
we developed the process of water-induced self-assembly
(WISA) to make water an active substrate that regulates the
self-assembly and function of amphiphilic discotic molecules
(ADMs). The ADM is an isotropic liquid that self-assembles
only when in contact with water. Characterization results
indicate that water fits into the hydrophilic core of the ADMs
and induces the formation of a hexagonal columnar phase
(Colh), where each column contains a hydrated artificial water
channel (AWC). The hydrated AWCs are adaptive rather than
static; the dynamic incorporation/removal of water results in
the reversible assembly/disassembly of the adaptive AWCs
(aAWCs). Furthermore, its dynamic characteristics can enable
water to act as an orientation−directional guest molecule that controls the growth direction of the aAWCs. Well-aligned
aAWC arrays that showed the ability of water transport were obtained via a “directional WISA” method. In WISA, water thus
governs the supramolecular chemistry and function of synthetic molecules as it does with natural materials. By making water
an active component in adaptive chemistry and enabling host molecules to dynamically interact with water, this adaptive
aquatic material may motivate the development of synthetic molecules further toward biomaterials.
KEYWORDS: supramolecular chemistry, induced-fit mechanism, adaptive self-assembly, artificial water channels, discotic liquid crystals,
amphiphiles

Water, a major component in living creatures, has been
found to act as an active substrate that operates
microscopic motions such as the opening/closing,

gating, and constricting1−3 of biomolecules. These motions start
from molecular recognition and can result in various
physiological functions.4−6 The process has been described by
the well-accepted concept of the induced-fit mechanism, which
is a kind of kinetic process where substrate molecules bind to
host molecules and subsequently cause conformational changes
to host molecules and carry out various functions. Examples
such as transmembrane proteins perform biological functions
based on the induced-fit mechanism. Some of these proteins are
biological transporters that self-assemble into channel-like
structures. Substrate molecules cause conformational changes
of the transporters and activate the subsequent transport
procedures. For example, glucose is the substrate that activates
a sequence of protein conformational changes known as the
“alternating conformation model”, which facilitates glucose
transport in or out of a cell.7,8 A water molecule is the substrate

that “opens” the hydrophobic gate of the ion transporters such as
BEST1 and TMEM1753,9 to enable the water/ion transport.
Studies also show that structural damage10 or changes in local
flexibility11 could prevent the substrate molecules from causing
conformational changes, which consequently hinder the bio-
logical transporters from properly delivering their functions. The
studies thus reveal the active role of substrate molecules in
operating the self-assembly and functions of biomolecules.
In adaptive chemistry,12,13 chemical effectors play a role

similar to the substrate in an induced-fit mechanism. They are
used to trigger the structural changes of synthetic molecules,
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which activate the subsequent stimuli-responsiveness and
biomimetic functions.14−18 Water is also considered as a
chemical effector in adaptive chemistry. It initiates self-healing
of moisture-adaptive materials and provides hydrophobic
interaction to self-assemble synthetic matters.19−21 However,
in these procedures, the synthetic matters can self-assemble and
perform functions without water. Although water acts as the
solvent to swell/aggregate the synthetic matters, it does not
actively operate the self-assembly structures and functions of the
synthetic matters as it operates the hydrophobic gates in the
biological transporters.
Inspired by the induced-fit mechanism from nature, we

developed the water-induced self-assembly (WISA) that uses
water as the substrate to not only activate but also participate in
the self-assembly and function of a synthetic host. The
amphiphilic discotic molecule (ADM) as shown in Figure 1a

was designed for the study. Since the conformational change of
the host molecules is an essential step in the induced-fit
mechanism, flexible hydrophilic and hydrophobic chains were
chosen as the building blocks to provide ADM with high
conformation freedom upon interaction with water. Our results
show that the WISA of ADM is a kinetic process activated by
water. The process results in adaptive artificial water channels
(aAWCs) which include water molecules as the coassembly
units. In literature, carbon nanotubes (CNTs),22,23 dendritic
dipeptide,24 imidazole-quartet,25 and pillar[5]arenes26−28 aqua-
foldamers,29 have been demonstrated as AWCs that provide
water permeability for lipid membranes.22,30 These molecules
form tube-like structures to mimic the pore structure and
functions of transmembrane proteins.31 Nevertheless, their rigid
structures prevent water molecules from taking an active role in
their self-assembly process. In contrast, the flexibility of ADM
allows water to actively govern the assembly/disassembly of
ADM via fitting into the hydrophilic core of ADM, and to further
conduct theWISA process, as illustrated in Figure 1b.Moreover,
the dynamic interaction between water and ADM makes water
an orientation−directional guest molecule that controls the
growth direction of the aAWCs; by incorporating the concept of
row nucleation,32−34 the “directional WISA” method in this
study produced the well-aligned and water-permeable aAWC
array in the bulk phase. The aAWC array of ADM via the

directional WISA process shows potential in the membrane
application. The water adaptivity of the ADM thus makes water
an active substrate that governs the supramolecular chemistry
and function of synthetic molecules.

RESULTS AND DISCUSSION
Structural Characterization of ADM. The ADM uses 4

tetra(ethylene glycol) (TEG) chains to form its hydrophilic core
and 12 dodecyl chains to form its hydrophobic shell. It was
synthesized by connecting four amphiphilic arms to a
pentaerythritol core via Steglich esterification (Scheme S1).
The synthetic details can be found in the Supporting
Information, and the 1H NMR, 13C NMR, and mass spectra
shown in Figures S1−S7 confirm the chemical identities of the
product. The differential scanning calorimetry (DSC) thermo-
graph of ADM (Figure S8a) shows two endothermic phase
transitions at −5.17 and 16.5 °C, suggesting that in the heating
course, the ADM first transformed into amesophase at−5.17 °C
and then isotropized into an amorphous liquid at 16.5 °C. In
Figure 2a, the polarized light optical microscopy (POM)

micrograph of ADM further confirmed that the isotropization
temperature (Ti) of the ADM is at 16.5 °C, because at room
temperature (26 °C), the ADM is an isotropic liquid that
exhibits no birefringence and no texture. However, when water
was dropped onto the ADM liquid droplet, the amorphous
ADM became birefringent and showed a fan-like texture (Figure
2b). These intriguing phenomena suggest that water can activate
the ADM to assemble into an ordered phase. Moreover, as can
be seen in Figure S8a (blue trace), the hydration process also
elevates the Ti of the ADM from 16.5 to 28.6 °C, indicating that
the water-induced self-assembly (WISA) of ADM stabilizes the

Figure 1. (a) The chemical structures of the ADM. (b) Illustration of
the WISA of water and ADM.

Figure 2. POMmicrographs of (a) an ADMdroplet and (b) the same
droplet covered with water (denoted as the ADM/H2O sample). (c)
SAXS patterns and (d) confocal Raman spectra of the amorphous
ADM liquid (orange solid line) and ADM/H2O (blue solid line).
The navy dash line shows the Raman signal of the solute-correlated
(SC) water, and purple dash line shows the Raman signal of the
solute-uncorrelated (SUC) water in the Colh of ADM/H2O, which
were deduced from the ADM/H2O spectrum via the HAMAND
analysis. In the POM micrographs, the two arrows on the bottom-
left indicate the polarization directions of the polarizer and analyzer.
In panel a, the polarizer and the analyzer were purposely adjusted
away from the cross-polarization, so that the isotropic droplet can be
observed.
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mesophase of the hydrated ADM (as illustrated in Figure S8b)
to make the mesophase a stable phase at room temperature.
The self-assembly structures of the ADM droplet that was

covered with water (denoted as the ADM/H2O sample) was
further characterized by small-angle X-ray scattering (SAXS).
The scattering halos in Figure 2c (orange trace) reconfirm that
without water, the ADM is an amorphous liquid. When covered
with water, ADM/H2O gave diffraction peaks with a q ratio of
1: 3 :2 (Figure 2c, blue trace), indicating that the ADM and
water molecules coassembled into a hexagonal columnar phase
(Colh) with a = b = 4.69 nm, γ = 120°. The presence of water in
the Colh was further characterized by confocal Raman
microspectroscopy, which has a space resolution of 2 μm to
enable the probe of the Raman signals only within an ADM
droplet. Figure 2d shows that the amorphous ADM gave no
water signal, but only the CH stretch band at 2800−3000 cm−1,
proving that the amorphous ADM is anhydrous. In contrast, the
sample ADM/H2O showed the OH stretch band of water at
3000−3800 cm−1 in addition to the CH stretch band of ADM,
demonstrating that the Colh of ADM/H2O contains interstitial
water. Using HAMAND analysis, the signal from water was
further analyzed to obtain the contribution from the solute-
correlated water (navy dash line) which strongly interacts with
the ADM molecules, and the solute-uncorrelated water (purple
dash line), which appears to be similar to bulk water.35,36 The
presence of the solute-correlated water further supports the
presence of the interstitial water confined within the hydro-
phobic shell of ADM. The SAXS and Raman data thus
confirmed that water molecules activate the self-assembly and
coassemble with the ADMs to form the Colh phase that contains
the hexagonally arranged amphiphilic columns as illustrated in
Figure 1b. The presence of water is essential for the stability of
these amphiphilic columns; once water evaporated from the
ADM droplet, the ADM droplet quickly lost its birefringence
(see Figure S9). As a result, each amphiphilic column in the Colh
phase can be identified as an individual aAWC that is
constructed and destructed through the dynamic interaction
between the ADMs and water molecules. The coassembly
process can also be considered as the WISA process in which
water molecules act as the substrate to activate and participate in
the self-assembly of the host molecules, ADMs.
The Essential Noncovalent Interaction in WISA. To

identify the essential noncovalent interactions that activate the
WISA process, in addition to water, protic solvents, aprotic
solvents and ionic aqueous solutions were tested as the chemical
effectors of ADM. In Figure 3a−d and Figure S10, the POM
micrographs show that the WISA of ADM can also be activated
by protic solvents such as ethanol, acetic acid, and diethylamine,
but not by the aprotic polar solvents such as N,N-
dimethylmethanamide and dimethyl sulfoxide. These results
suggest that the WISA process of ADM requires not only the
high polarity of the substrate molecules but also hydrogen bonds
to facilitate the formation of the aAWCs. Furthermore, ionic
compounds in water were found to hinder water from
assembling with the ADM. For instance, Figure 3e,f reveals
that when 5 wt % NaCl(aq) solution was dropped onto an ADM
droplet, the WISA of ADMs still can work, but the birefringence
of the ADM droplet becomes weaker. Continuous increase in
the concentration of the NaCl(aq) solution further obstructed
and eventually stopped the WISA process when the concen-
tration of the NaCl(aq) solution reached 15 wt %. (The detailed
experiment is shown in Figure S11.) It is possible that the
increase of salt concentration in water raises the osmotic

pressure of the aqueous solution and enables the high-
concentration NaCl(aq) solution to dehydrate ADM, which
could consequently cause the collapse of the aAWCs. Never-
theless, since the ADM still carries out WISA with the lower
concentration NaCl(aq) solutions (<15 wt %), it shows the ability
to extract water from saline solutions, and may be applied as a
forward osmosis desalination material in the future.37

Growth of a Well-Aligned aAWCs Array via WISA. In
membrane applications, studies have shown that the morpho-
logical control of the water channels in the membranes is a
prerequisite for obtaining high water permeability.38 For the
case of ADMs, utilizing WISA, the growth of the well-aligned
aAWC array of ADMs is conducted in the apparatus shown in
Figure 4a. At the beginning of the experiment, water was placed

to the edge of an ADM droplet. At the ADM/H2O(l) contact
line, water acted as an orientation−directional guest molecule.
By hydrating ADMs, in Figure 4b, the hydrated ADMs created a
row of nuclei to facilitate the unidirectional growth of the
aAWCs, which resulted in a “directional WISA” to give the
highly oriented array of aAWCs. In Figure 4c, a full-wavelength

Figure 3. POM micrographs of ADM droplets that were covered
with (a,b) protic solvents, (c,d) aprotic solvents, and (e,f) 5 and 15
wt % NaCl(aq) solutions.

Figure 4. (a) The illustration of experimental apparatus for well-
aligned aAWCs growth. The POM micrographs of the well-aligned
aAWCs of ADM that were taken (b) w/o and (c) w/the full
wavelength retardation plate. The aAWCs of ADM locate at the
bright area in panel b and the yellow area in panel c. The red arrow in
panel c represents the slow axis of the full wavelength retardation
plate.
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retardation plate was used in the POM observation to probe the
orientation of the aAWCs. The uniform yellow color from the
aAWCs indicates that the long axes of the aAWCs are well-
aligned along the growth direction. (Please see Figure S12 for
the characterization details and the working principle of the full-
wavelength retardation plate.) The channel length of the
oriented aAWCs reached over 400 μm (Figure 5a−c) as long

as the aAWCs could transport water to the front of the channels
and further hydrate the ADM to conduct WISA at the interface
of the aAWCs and isotopic liquid, as illustrated in Figure 5d.
Water Governs the Permeability of ADM. The water

permeability of the well-aligned aAWC array was further
characterized by the apparatus illustrated in Figure 6a. The

oriented aAWC array was first grown in the apparatus as shown
in Figure 4a, and a 0.5 wt % NaCl(aq) solution was then injected
at the left side of an aAWCs array. The sandwich configuration
of NaCl(aq)/aAWC array/H2O(l) generates osmotic pressure
that enables the aAWCs to deliver H2O(l) toward the NaCl(aq)
side. Therefore, H2O(l) at the right side is drained through the

aAWCs as shown in Figure 6b−d. However, when the same
experiment was done on an ADM isotropic liquid, the water
transport was only negligible (Figure 6e−g). Since the contact
area (Ac) between H2O(l) and ADM is known to be 8.25 × 10−4

cm2 (height, 5.5 × 10−3 cm; width, 0.15 cm, see Figure 6a) and
the draining rate of H2O(l) (RH2O, mL s−1) can be recorded
under the OM (Figure 6b−d), the water permeability of the
oriented aAWC array of ADM (PADM, mL s−1 cm−2) was roughly
estimated according to eq 1.

=P R A/ADM H2O c (1)

For the oriented aAWC array of ADM, the averaged RH2O was
measured as 9.08 × 10−9 mL s−1 (averaged out of 5 times of
measurements), so the PADM was then calculated as 1.10 ×
10−5mL s−1 cm−2. In contrast, the water permeability of the
isotropic ADM liquid is negligible (Figure 6e−g), confirming
again that the formation of well-oriented aAWCs is essential for
ADM to perform water transport. These results showed that the
ADM requires water to initiate the formation of its well-oriented
structure to active its function, and water can regulate both the
self-assembly and function of synthetic molecules as it does
those of natural materials.

CONCLUSIONS
In this study, water was used as an active chemical effector to
regulate the WISA and function of an ADM. Characterization
results confirmed that water molecules and the ADM
coassemble into a Colh phase that contains aAWCs. Removal
of water causes the destruction of the aAWCs, which confirms
the dynamic characteristics of aAWCs. Utilizing the dynamic
characteristics of the aAWCs, a well-aligned aAWC array was
prepared via directional WISA where water was used as
orientation−directional guest molecules. Since the aAWC
array can transport water but the dehydrated ADM cannot,
water acts as an active substrate to activate the self-assemble of
the ADM for the water transportation.

EXPERIMENTAL SECTION
Materials. 4-(Dimethylamino)pyridinium 4-toluenesulfonate

(DPTS) was prepared according to a literature procedure.39 All other
reagents and solvents were purchased from commercial sources and
were used without purification. 1H and 13C nuclear magnetic resonance
(NMR) spectra were recorded on an Agilent Unity-400 NMR
spectrometer (400 MHz for 1H, 101 MHz for 13C), using CDCl3 as
d-solvents to identify the molecular structures at 25 °C. The field
desorption ionization mass spectrometry (FD-mass) was recorded on
JEOL Accu TOF FCX to show the molecular weight of ADM.

Polarizing Optical Microscope (POM). Optical microscopy
(OM) and polarizing optical microscopy (POM) images were recorded
by a Leica DM2700 optical microscopy. A full wavelength retardation
plate was applied to the POM observation of the aligned adaptive
artificial water channels (aAWCs) at ambient conditions. The full
wavelength retardation plate is a thin transparent crystal that owns
birefringence.

Differential Scanning Calorimetry (DSC). DSC results were
obtained by a TA Instruments Q series 20 with RSC 90 cooling system
to provide a low temperature environment. Nitrogen was used as purge
gas, and samples were scanned from −40 to 80 °C. The measurements
operated three cycles at a scan rate of 10 °C min−1.

Small-Angle X-ray Scattering (SAXS). SAXSmeasurements were
recorded at 23A beamline of national synchrotron radiation research
center (NSRRC) in Taiwan. The ring energy of NSRRC was operated
at 15 keV with a typical current of 300 mA. The wavelength of the X-
rays was 0.827 Å and the distance was 3168.67 mm between samples
and detectors to give a q range of 0.006 to 0.42 Å−1. q is the scattering

Figure 5. (a−c) POM micrographs of the aligned water channels of
ADM at different times after contact with water on the right side. (d)
Illustration of the directional WISA.

Figure 6. (a) Illustration of the NaCl(aq)/ADM/H2O(l) sandwich-
type apparatus. The red frame indicates the region where the OM
micrographs in panels b−g were taken. Water transport experiment
(0−8 min) of the (b−d) aAWC array and (e−g) ADM isotropic
liquid. The white dash line is labeled as the water edge.
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vector, related to the scattering angle (2θ) and the photon wavelength
(λ) by q = 4π sin(θ)/λ.
Raman Spectroscopy. A lab-built confocal Raman microspec-

trometer with the following components was used for the measure-
ments. The second harmonic (532 nm) of a CWNd:YVO4 laser (Verdi-
V5, Coherent) was used as the excitation source. A small part of the
output was used with a high-resolution wavelength meter (WS-7,
HighFinesse) to monitor and stabilize the laser wavelength. The
excitation beam passed a laser line filter and a linear polarizer (Glan
Taylor prism) and was directed by a beam splitter (10R:90T) into an
inverted microscope (iX71, Olympus). The laser beam was focused
inside the sample chamber using a 40× objective lens (LUCPlanFLN
40X/NA = 0.60/air, Olympus). Typical laser power was 0.41 mW for
the samples which were placed in a bottom dish. Backscattered light
passed through the beam splitter and was focused by a lens on a 100 μm
pinhole, followed by another lens forming a collimated beam. Three
volume Bragg-notch filters (OptiGrate) were used to remove the
Rayleigh scattering. After Rayleigh rejection, the light was focused on
the spectrometer slit (slit width = 100 μm) using an achromatic convex
lens. The scattered light was dispersed by a polychromator (f = 50 cm,
f/6.5; SP-2500i, Princeton Instruments) and detected by a Peltier-
cooled CCD detector (Andor Newton, 970P).
HAMAND Analysis. HAMAND (Hypothetical Addition Multi-

variate Analysis with Numerical Differentiation) combines the principle
of the standard addition method with two-component MCR-ALS
(multivariate curve resolution with alternating least-squares) techni-
que. It is a numerical chemometric method for separating and
quantifying the known target spectral component(s) from a complex
spectrum. HAMAND processes a number of numerically generated
hypothetical model spectra (Sj) that are obtained by adding the
standard spectrum (Sstd) to the spectra of the unknown sample (Sunkn)
with different coefficients (cj):

= +S S c Sj junkn std (2)

Subsequently, these hypothetical spectra are separated into two
spectral, components W1 (the spectrum corresponding to all the
other substances except for the target) and W2 (the target spectrum)
with intensity profiles of H1 (constant) and H2 (linearly dependent on
hypothetically added coefficient representing concentration (cj) by
using a simple two-componentMCR-ALS. The calibration line which is
obtained by plotting the intensity profile H2 versus a hypothetically
added coefficient determines the amount of the target spectrum already
contained in the sample. Here, Raman spectrum of pure water was used
as the Sstd, with the Raman spectrum of ADM/H2O as Sunkn to obtain
the residual spectrum, W1, which is regarded as the solute-correlated
(SC) spectrum of water.
The synthetic details, 1H NMR, 13C NMR, and mass spectra of the

ADM can be found in the Supporting Information.
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