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fluoride levels severely affect the normal functioning of living organisms. In this article,
an anion-regulated synthetic nanochannel is described. A fluoride-driven ionic gate was
developed by immobilizing a fluoride-responsive functional molecule, 4-aminophenyl- wF
boronic acid, onto a single conical polyimide nanochannel. When the ionic gate was in the -F

presence of fluoride, the boron bound F~, and the hybridization of the boron center
changed from sp2 to sp3. Thus, negatively charged monofluoride adduct (RB(OH),F ),
difluoride adduct (RB(OH)F, ), and trifluoride adduct (RBF; ™) modified surfaces with

different wettability would be formed successively by increasing the concentration of F . On the basis of the variation of surface charge and wettability, the

nanochannel can actualize reversible switching between the “off” state and the “on” state in the absence and presence of F~, respectively. As an anion-
regulated synthetic nanochannel, this fluoride-driven ionic gate was characterized by measuring ionic current, which possesses high sensitivity, fine

selectivity, and strong stability. Thus, this gate may show great promise for use in biosensors, water quality monitoring, and drug delivery.
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of significant particles, including ca-

tions, anions, and neutral molecules.
Cations, which often influence normal bod-
ily function, are a case in point. For example,
Na* and K™ underlie electrical signaling in
the nervous system;? Zn?" and Ca®" regu-
late physiological function in the human
body;>* AP" affects the human nervous
system and induces many diseases.’ Similar
to cations, anions also exist widely in living
organisms and play an essential role in
biological processes. Anions are suspected
to participate in 70% of all enzymatic re-
actions.®~® Halogen ions are the most com-
mon anions in biological systems. They have
garnered greater attention because of their
unique biological, chemical, and physical
properties.'®’ Among the halogens, fluo-
rine is a required trace element in the human
body.">"3 A lack of fluoride can cause dental
caries and osteoporosis.'*'> More seriously,

I iving organisms harbor many classes
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a fluoride deficit can affect human growth
and development. Meanwhile, the acute
intake of a large dose or chronic ingestion
of lower doses of fluoride can result in acute
gastric and kidney disorders, dental and
skeletal fluorosis, immune system disrup-
tion, and even death.'® At the same time,
the uptake and metabolism of F~ seriously
affects the growth of plants and animals.'”
Given the enormous increase of industrially
produced aluminum fluoride discharged
into the environment, there are greater
threats to living systems.'® Therefore, it is
important to explore new approaches to
fluorine regulation in living organisms.

In living organisms, cells have a variety of
ion channels to regulate many critical cellular
functions by continuously exchanging ions
with the exterior environment to balance
electrolytes.'®?® To adequately understand
ionic transport in channels, carbon nano-
tubes, ™2 supramolecular channels, >
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Scheme 1. Schematic demonstration of the simplified fluoride-driven ionic gate: (a) an artificial fluoride-driven ionic single
nanochannel; (b) schematic representation of the reversible switching between BA, RB(OH),F ~, RB(OH)F, , and RBF; .

and solid-state synthetic nanochannels,®® etc. have

been applied to bionics. Among them, solid-state
synthetic nanochannels have developed rapidly in
recent years. Nanochannels are flexible in terms of
geometry and size, stable under a variety of conditions,
and addressable with various functionalities on the
surface.”’ Many kinds of solid-state synthetic nano-
channels regulated by environmental stimuli have
been realized, such as pH®"3' temperature333
Iigands,34_36 Iight,37—39 and even electric fields.
To further expand the application of solid-state syn-
thetic nanochannels in the field of ionic regulation,
many functional groups that are responsive to specific
ions or molecules have been introduced into solid-
state synthetic nanochannels.**** The presence of
specificions or molecules causes the functional groups
to change drastically. Primarily, the diameter, surface
charge, and wettability vary.**~*® Transformations
caused by a change in surface charge and wettability
are faster and more obvious. Given the importance of
regulating cations (e.g, K™,*® Hg*">® zn?** Ca®"™,
and Fe3" %2 etc.), it is unsurprising that cationic gates
based on solid-state synthetic nanochannels have
been widely investigated. However, to date, no solid-
state synthetic nanochannels have been modified with
anion-responsive functional molecules. More impor-
tantly, ionic gates that are responsive to halogen
ions have not been implemented yet. Accordingly, a
fluoride-regulated nanochannel will find application in
bionics, biosensors, controlled nanofluids, and drug
delivery systems. Hence, building a fluoride-driven
ionic gate in vitro is important.

In this article, we report a novel fluoride-driven ionic
gate obtained by immobilizing a fluoride-responsive
molecule onto a single conical polyimide (Pl) nano-
channel. Recently, many F~-responsive molecules and
functional groups have been reported. These mol-
ecules and functional groups include amides,>*>*
urea,> boronic acid,’®*~>® vitamin Bg,>® indole,’? and
calixpyrrole®® among others. Out of these molecules,
phenylboronic acid attracts our attention because of its
unique chemical properties."” For example, phenyl-
boronic acid has good solubility in water, superior

40,41
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selectivity, high sensitivity, and fine reversibility. When
boron binds F~, the hybridization of the boron center
changes from sp® to sp> and negatively charged
boron—fluorine complexes forms. Thus, the surface
charge transforms from neutral to negative.'®' The
wettability also changes upon fluoride binding. On
the basis of the wettability and surface charge varia-
tion, we modified 4-aminophenylboronic acid (APBA)
in the single conical polyimide nanochannel to obtain
the first fluoride-driven ionic gate. This system is ad-
vantageous because visualization is simple, it is devoid
of contamination from aqueous solvents, and it can
possibly be applied to bionic and living systems.

As shown in Scheme 1a, the mechanism of this
fluoride-driven ionic gate is similar to the voltage-
gated ion channels in cell membranes. When ions are
transported through the channel, the channel is in the
on” state. Otherwise, the channel is in the “off” state.
This on/off property can be demonstrated in the
fluoride-driven gate by measuring the ionic current
through functionalized nanochannels. For a conical
nanochannel with permanent surface charge, the
asymmetric shape allows the system to exhibit ionic
current rectification, which can preferentially transport
cations/anions from the small opening (tip) to the large
opening (base) of the channel. Rectification emerges
owing to the intrinsic asymmetry of the electrochemi-
cal potential of the channel.®® The values can be
visualized by measuring current—voltage (/—V) curves
under symmetrical electrolyte conditions. As shown in
Scheme 1b, the APBA immobilized on the nanochan-
nel can form negatively charged tetrahedral fluoride
adducts, including monofluoride adducts (RB(OH),F ),
difluoride adducts (RB(OH)F, "), and trifluoride adducts
(RBF;™) upon addition or removal of F~." Thus, we
obtained a fluoride-driven ionic gate with high sensi-
tivity and selectivity. This gate can potentially be
employed in bionic systems.

RESULTS AND DISCUSSION

The specific F~ responsiveness of APBA was mea-
sured by UV—vis absorption (Figure 1a), fluorescence
spectroscopy (Figure 1b), and 'F NMR spectra
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Figure 1. Changes in UV—vis absorption spectra (a) and fluorescence emission spectra (b) of APBA (0.8 mM) at 25 °C in water
upon the addition of 10 nM, 10 xM, and 1 mM KF. (c) T°F NMR spectra of 6.24 mg of APBA with different equiv F~ (0.5, 1.5, 2.5,

and 3.5) in 0.5 mL of D,0.

(Figure 1c). As shown in Figure 1a, APBA (0.8 mM) in
water with a different concentration of F~ exhibited
one broad absorption band ranging from 230 to
300 nm with a maximum located at 251 nm. However,
the UV—vis absorption intensity of APBA was en-
hanced gradually with increasing F~ concentrations.
Meanwhile, the fluorescence of APBA was dramatically
altered when F~ was added. The emission band of
APBA at 340 nm progressively decreased with F~
added due to the formation of tetrahedral fluoride
adducts between APBA and fluoride. The tetrahedral
fluoride adduct can quench the fluorescence of APBA
by a photoinduced electron transfer (PET) mech-
anism."” "F NMR spectra of APBA with different equiv
F~ (0.5, 1.5, 2.5, and 3.5) in D,O was also obtained. As
shown in Figure 1c, the peak at —122.4 ppm was free
F~ in D50, and new peaks appeared upon the addition
of 0.5, 1.5, 2.5, and 3.5 equiv F~ to 72 mM APBA. On the
basis of the references,®>* % it is easy to explain the '°F
NMR spectra. The peak at —130.3 ppm corresponds to
(N=H)*---F~, and the other three peaks at —135.8,
—139.0, and —143.6 ppm correspond to RB(OH),F~,
RB(OH)F,~, and RBFs~, respectively. Meanwhile,
RB(OH),F~, RB(OH)F,~, and RBF3 ™ existed in the system
when 0.5 equiv F~ was added to 1.0 equiv APBA.
The peaks of RB(OH),F~ and RB(OH)F, decreased,
while the peak of RBF;™ increased with the addition
of 1.5 equiv F~. When the content of F~ increased to
2.5 equiv F~, the peak of RB(OH),F~ almost disap-
peared and the peak of RB(OH)F,” decreased ob-
viously, indicating that most RB(OH),F~ was
converted to RBF3;~ with a small amount of RB(OH)F,™
and a lot of RBF;™ existing in the system. With more
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F~ (3.5 equiv F7), the peak of RB(OH)F, ™ disappeared
gradually, indicating that only RBF; ™ existed under the
condition of abundant F~. The species detected by '°F
NMR are consistent with the fluoride adducts depicted
in Scheme 1b and the observed spectroscopy behavior
which indicates that APBA can respond to F™.
Current—voltage (/- V) characteristics of the single PI
nanochannel before and after modification with APBA
and in the absence or presence of F~ have been
examined with current measurements. As shown in
Figure 2a, the nonmodified single Pl nanochannel
presented a fine rectified /—V curve in 0.1 M NaNOs
at pH 6.77 owing to its negative charge and conical
shape. Notably, no change was found when 100 nM F~
was added to the nonmodified single Pl nanochannel.
With the APBA immobilized on the nanochannel, the
current decreased markedly, which could be explained
by a change in surface charge, effective pore size, and
wettability. The difference between these two -V
curves (the dark yellow square and purple triangle)
indicates the success of APBA immobilization. XPS tests
on the APBA-modified PI surface further confirm the
binding process (Supporting Information, Figure S2,
Table S1,and Table S2). When 100 nM F~ was added to
activate the APBA-modified single nanochannel,
the current doubled from —5 nA (purple triangle) to
—10 nA (navy inverted triangle). The switch can be
explained by the binding of F~ to B, which changes the
configuration of boron from planar to tetrahedral,
thereby altering the wettability and generating a neg-
ative charge. This phenomenon can also be reflected
by the current ratio /¢ /I (the ionic current after/before
interacting with F~ at —2.0 V), which are shown in
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Figure 2. Asymmetric ionic transport properties: (a) current—
voltage characteristics of a conical nanochannel in 0.1 M
NaNOs (pH 6.77), prior to (dark yellow square and black
circle) and after (purple triangle and navy inverted triangle)
modification with 10 mM APBA in the absence (dark yellow
square and purple triangle) and presence (black circle and
navy inverted triangle) of 100 nM F~; (b) current ratios of
nonmodified (dark yellow column) and APBA-modified
(navy column) nanochannel which were calculated by the
ionic current measured in the presence of F~ versus the
absence of F~ at —2.0 V.

Figure 2b. A dramatic difference between the
nonmodified (approximately 0.8) and APBA-modified
(approximately 2.2) nanochannel I/l ratios was ob-
served. Therefore, it is concluded that F~ can regulate
the APBA-modified nanochannel efficiently.

The current—voltage characteristics at different pH
values (2.73, 6.77, and 9.5) in 0.1 M NaNOs are pre-
sented in Figure 3. Prior to modification with APBA, the
current ratios (I~ //) of the nonmodified nanochannel
were approximately 1, irrespective of pH conditions,
indicating that F~ has no influence on the nonmodified
nanochannel. After modification with APBA, obvious
pH-dependent differences on current ratios (I~ //) with
100 nM F~ were shown. At pH 2.73 and pH 6.77, the
current ratios (I~ /) of APBA-modified nanochannels
distinctly increased to ~2.3, which suggests that the
APBA-modified nanochannel can respond to F~ effi-
ciently under acidic and neutral conditions. However,
under alkaline conditions (pH 9.5), no distinct acti-
vated property was observed after the modification
(I-V curves were shown in Supporting Information,
Figure S3). Notably, under alkaline conditions, hydroxyl
ions can interact with the boron center (in a similar
fashion to the fluorine anion), converting the tetra-
hedral fluoride adduct to RB(OH);~.>”%” Hence, an
efficient response of the APBA-modified nanochannel
to F~ could be realized under acidic and neutral
conditions. Moreover, the reversibility of the fluoride-
driven ionic gate can be implemented by adjusting the
pH to alkaline values.

To confirm the selectivity of the fluoride-driven ionic
gate, CI~,Br~,and I~ were added to the APBA-modified
nanochannel. The current at —2.0 V increased from
—5.5 nA (the purple square) to —12.7 nA (the navy left
triangle) after activation with 100 nM F~. However,
unlike the F™-activated phenomenon, the current
of the nanochannel remained unchanged around
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Figure 3. Current ratios of the nonmodified (dark yellow
column) and APBA-modified (navy column) nanochannel
at different pH values (2.73, 6.77, and 9.5) which were
calculated by the ionic current measured in the presence
of 100 nM F~ versus the absence of F~ at —2.0 V.
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Figure 4. Selectivity of fluoride-driven ionic gate: (a) I-V
curves of the single nanochannel after APBA modification in
0.1 M NaNOs (pH 6.77) without (purple square) or with
the addition of 100 nM CI™ (black circle), Br~ (cyan triangle),
I~ (green inverted triangle), and F~ (navy left triangle),
respectively. (b) The current ratios after modification with
APBA in the presence of 100 nM CI~ (black column), Br™~
(cyan column), I” (green column), and F~ (navy column).

—5.5 nA with the addition of 100 nM CI~, Br—, and I
(as shown in Figure 4a). Cl~, Br—, and I~ cannot bind to
the boron atom effectively and, as a result, are unable
to induce distinct surface charge variation in the APBA-
modified nanochannel. Figure 4b shows the difference
between the current ratios (Ix //). Current ratios are
calculated as the current in the presence of the halo-
gen anion (F~, CI7, Br~, and |7) divided by the current
of the single conical nanochannel after modification
with APBA at —2.0 V. The current ratios after interacting
with CI7, Br~, and I~ were 1.0 (the black column), 0.9
(the cyan column), and 1.0 (the green column), respec-
tively. However, the current ratio after F~ binding
increased to 2.3 (the navy column), which was much
more dramatic than increases due to ClI~, Br, and |~
addition. This result indicates that this fluoride-driven
jonic gate is highly selective for F~. This selective
property can also be confirmed by fluorescence
spectroscopy.'”®

The concentration of F~ has a strong impact on the
fraction of the fluoride-driven ionic gate in the “on”
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Figure 5. (a) Relationship between the current ratios and the concentration of F~ before (black) and after (red) modification
with APBA to the inner surface of the single conical nanochannel. To the nonmodified, the current ratios remained unchanged
near 1.0 with increasing F~ (red). After modification, current ratio increased gradually with increasing F~ from 0.01 to 100 nM.
From 100 nM, current ratios decreased gradually again. (b) The variation of wettability for a flat P film before (the first droplet)
and after (the second droplet) modification with APBA, and then disposed by different concentrations of F~ (0.01 nM, 100 nM,

and 1 mM).

state as expressed by the current ratios (I[r/l) of the
APBA-modified nanochannel. As shown in Figure 5a,
the current ratios of nonmodified nanochannel remain
unchanged near 1.0 with an increase in F~ concentra-
tion. After modification with APBA, a remarkable
change was observed with varying concentration of
F~. The current ratio first increased from 1.6 to 2.3
gradually as the concentration of F~ increased from
0.01 nM to 100 nM. After reaching the maximum value,
the current ratio dropped and leveled off to approxi-
mately 1.9 as F~ concentrations continued to increase
(from 100 nM to 1 mM). This unconventional phenom-
enon can be attributed to the synergy of surface
charge and wettability. At the beginning, the influence
of surface charge predominates. When the concentra-
tion of F~ is low (0.01 nM to 100 nM), most of the
boronic acid immobilized on the nanochannel is in the
form of a monofluoride adduct (RB(OH),F ™). The cur-
rent ratio increases gradually due to the formation of a
negative charge. Subsequently, the surface negative
charges become saturated by the addition of F~
(100 NM to 1 mM). Thus, the impact of wettability
predominates in the process of conversion from
RB(OH),F~ to RBF3™ with the increasing of F~ concen-
tration, and the current ratio is accordingly reduced.
The current ratio will plateau at a level of 1.9 because
that is where the surface charge and wettability remain
unchanged with all of the boron atoms binding with
F~ in the form of RBF3 ™.

This inference is also verified by contact angle
measurements, which show the wettability variation
of the APBA-modified Pl surface under augmented F~
concentrations (as shown in Figure 5b). The mean
water contact angle of the flat Pl film which was
prepared under the same conditions as the single
nanochannel membrane was 58 + 0.6°. After the PI
film was modified with APBA, the mean water contact
angle decreased to 51 + 1.2° resulting from the
hydrophilicity of boronic acid. Once the APBA-modified
Pl film was activated by different concentrations of
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Figure 6. Current ratios (I /I) measured at —2.0 V of the
APBA-modified nanochannel with different tip diameters.

F~ (0.01 nM, 100 nM, and 1T mM), the mean water
contact angle showed a variation trend that first
decreased and then increased. When most of the
boronic acid was in the form of RB(OH),F~, the hydro-
philicity of the APBA-modified PI film was optimized;
the mean water contact angle was 46 + 1°. Subse-
quently, the mean water contact angle of the APBA-
modified PI film increased from 46 + 1° to 56 + 0.4°
upon the conversion of RB(OH),F~ to RBF3™.

To investigate the impact of nanochannel size on the
activation of the fluoride-driven ionic gate, a series of
nanochannels with tip diameters ranging from 5 to
60 nm (calculated by eq 1 in the Supporting Infor-
mation) were obtained for this study. Figure 6 shows
the relationship between tip diameter and ionic trans-
port. The current ratios ([ /) showed obvious activa-
tion with the tip diameter ranging from 6 to 15 nm. The
ratio was highest (3.2) when the tip diameter was
approximately 9 nm. When the tip diameter of the
nanochannel was too small (diameter;;, < 6 nm), APBA
can easily block the nanochannel, which leads to very
low currents after APBA immobilization. Accordingly,
F~ cannot easily enter into the nanochannel to react
with APBA, resulting in a low current ratio ([r// = 1.3).
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Figure 7. Stability and responsive switchability of the
fluoride-driven ionic gate: reversible variation of ionic cur-
rents that were measured alternately at —2.0 V with the
addition and removal of F .

However, charge and wettability variation is nominal
for larger diameter nanochannels (diameter;, >
15 nm). Consequently, the current ratios (Ir"/l) drop
down to 1.0, indicating that activation can be observed
with the tip effective diameter in the range of
6—15 nm.

The smart fluoride-driven ionic gate also has fine
stability and cycling performance. The reversibility of
the ionic current can be actualized by the addition and
removal of F~ (Scheme 1b). As shown in Figure 7, the
current of APBA-modified nanochannels dramatically
increased to —11.6 nA (down) upon the addition of F.
The current decreased to —5.4 nA (up) in the absence
of F~ after the nanochannel was soaked in alkalescent

EXPERIMENTAL SECTION

Materials. Polyimide (Pl, Hostaphan RN12 Hoechst, 12-um
thick) film, 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide
(EDC), N-hydroxysulfosuccinimide (NHSS), 4-aminophenylboro-
nic acid (APBA), potassium chloride (KCl), sodium hypochlorite
(NaClO, 13%), and potassium iodide (KI) were purchased from
the Sinopharm Chemical Reagent Beijing Co., Ltd. (SCRC, China).
All solutions were prepared with Milli-Q water (18.2 MQ).

Fabrication. The single conical Pl nanochannel was prepared
using an asymmetric track-etched technique with a single ion
track. Prior to the etching process, each side of the PI film was
exposed to UV light (320 nm) for 1 h. The PI film was embedded
between the two chambers of a conductivity cell at 60 °C. One
chamber was filled with etching solution (NaClO, 13%), while
the other chamber was filled with stopping solution (1 M KI).
Next, a voltage of 1.0 V was applied across the film. The etching
process was stopped at a desired current value corresponding
to a certain tip diameter. The diameter of the base was approxi-
mately 400 nm, which was measured by scanning electron
microscopy (SEM). The diameter of the tip was calculated to be
10 nm (Supporting Information, Figure S1).

Modification. The carboxyl groups were exposed on the
nanochannel surface with chemical etching, then APBA was
immobilized on the nanochannel surface by a conventional
EDC/NHSS cross-linking reaction. The NHSS ester was formed by
soaking the PI film in 2 mL of aqueous solution of 30 mg of EDC
and 6 mg of NHSS for 1 h. Then, the PI film was washed and
treated with 10 mM 4-aminophenylboronic acid solution
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sodium hydroxide solution (pH 9.5). The /—V curve was
shown in Supporting Information, Figure S5. The hy-
droxyl replaced fluoride in the way described in the
section on current—voltage characteristics at different
pH values. At higher pH values, most of the tetrahedral
fluoride adduct is converted to RB(OH);™. Several
cycles later, no damping of the ionic current is ob-
served. Therefore, the APBA-modified nanochannel
can be used as a fluoride-driven ionic gate with strong
stability and fine responsive switchability.

CONCLUSION

In summary, a fluoride-driven ionic gate was suc-
cessfully realized by immobilizing 4-aminophenyl-
boronic acid (APBA) onto a single ion track-etched
conical nanochannel. This is the first example of an
anion regulated synthetic nanochannel. This fluoride-
driven ionic gate not only has high sensitivity and
particular selectivity to F~, it also presents excellent
responsive switchability and stability. Moreover, this
fluoride-driven ionic gate can possibly be used in living
systems. Notably, the system is easily visualized
through the measuring of ionic currents, free of con-
tamination from aqueous solvents, and environment
friendly. Furthermore, the combination of an anion-
responsive functional molecule and solid-state syn-
thetic nanochannels enabled the detection of trace
elements in a living system. This type of fluoride-driven
ionic gate may be used widely, given the importance
of fluoride in many fields, including environmental
monitoring, clinical medicine, and water quality
monitoring.

overnight. Finally, the APBA-modified film was washed three
times with distilled water.

Current Measurement. Current—voltage curves were measured
with a Keithley 6487 picoammeter (Keithley Instruments,
Cleveland, OH). lonic transport properties were evaluated by the
current—voltage (/I—V) curves that were constructed using 0.1 M
NaNOs. A single conical nanochannel Pl film was mounted bet-
ween two chambers of the etching cell mentioned above.
Ag/AgCl electrodes were used to supply a transmembrane
potential across the film. The main transmembrane potential used
in this work was a scanning voltage varied from —2.0 to +2.0 V
with a 40 s period. The error bars in each figure represent the
measuring error of several measurements with the same nano-
channel. All measurements were carried out at room temperature.

Optical Properties Measurement. UV—visible absorption spectra
were obtained on a PerkinElmer UV—vis spectrometer model
Lambda 750. Fluorescence emission spectra were recorded on a
FluoroMax-4 spectrofluorometer.

Contact Angles Measurement. Contact angles were measured
using an OCA20 instrument (DataPhysics, Germany). The sys-
tem was maintained at ambient temperature and saturated
humidity. In each measurement, a 2 uL droplet of water was
dispensed onto the substrates under investigation. The average
contact angel value was obtained from five different positions
of the same sample. The original PI film for contact angle
measurements was treated under the same conditions as the
single channel membrane. After that, the sample was treated
with deionized water overnight and blown dry with N,.
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XPS and SEM Measurement. X-ray photoelectron spectra (XPS)
data were obtained with an ESCALab220i-XL electron spectro-
meter from VG Scientific set to 300 W Al Ka radiation. All peaks
were referenced to C 1s (CHx) at 284.8 eV in the deconvoluted
high-resolution C 1s spectra. The analysis software was used as
provided by the instrument's manufacturer. SEM measure-
ments were taken in the field-emission mode using a Hitachi
S-4800 microscope at an acceleration voltage of 10 kV.

NMR Spectra. 'H and '°F NMR spectra were recorded from
samples in D,0 at room temperature on a Bruker DM300 or AV
400 spectrometer. All chemical shifts were quoted in parts per
million (ppm).
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