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ABSTRACT

We experimentally characterize the ionic conduction of single and multipore nanoporous
membranes in aprotic organic electrolytes. To this end, soft-etched (SE) membranes with pore
diameters in the nanometer range and track-etched (TE) membranes with pore diameters in the
tens of nanometers range are investigated. In aqueous conditions, the membrane ionic
conduction rates follow the same trend of the bulk solution conductivities. However, the ionic
transport through the narrow SE-nanopores dramatically decreases in aprotic electrolytes due
to the formation of solvated metal cations and their adsorption on the pore surface. The current-
voltage recordings of single conical nanopores in aprotic electrolyte solutions with different
water mole fractions reveal that the solvated metal ion (M) species [M—(solvent)s]" formed in
acetonitrile solvent are more tightly bounded to the pore walls compared with the cationic
chelates obtained in propylene carbonate solvent. The basic findings reported here should be of
interest for ionic/molecular nanofiltration processes in non-aqueous conditions as well as for

moisture sensitive and energy storage nanofluidic devices.

Keywords: nanoporous membranes; ionic conductance; aprotic organic solvents; nanofluidic

devices; ion current rectification



1. Introduction

Membrane ionic selectivity and conduction are regulated by the interfacial zone at the
liquid/solid interface in confined geometries. The pore charges generated by ionized functional
groups or surface dipoles generate an interfacial polar region, the electrical double layer [1-5],
which controls transport properties such as ionic selectivity and conduction [6-8]. Biological
ion channels based e.g. on a-hemolysin embedded in lipid bilayers have become a model system
to study ion transport at the nanoscale [9-11] but the fragility of the lipid layer limits practical
applications. On the contrary, biomimetic synthetic membranes based on solid-state materials,
e.g., ceramics and polymer foils exhibit both chemical and mechanical robustness in different
working conditions [12-15]. Moreover, the pore dimensions (shape and size) and chemical
characteristics can be tuned on demand for every application [16-26], usually under aqueous
conditions. Transport through nanoporous membranes have also been investigated in the cases
of ionic liquids [27] and organic electrolytes [28-30]. For instance, Yin et al. have reported
current rectification inversion in glass nanopipettes due to the adsorption of
tetraphenylarsonium cations on the pipette surface under organic electrolyte conditions [30].
Also, Siwy and coworkers have described these ionic current rectification phenomena with
detail in track-etched single-cylindrical and conical nanopores for the cases of polycarbonate
and polyethylene terephthalate membranes in aprotic organic solvents [28, 29]. The
electrokinetic and ion transport through nanoporous membranes have also been investigated in
nonaqueous and organic solvent/water mixture based electrolytes[31-33].

Non-aqueous and organic solvents are used in the chemical and pharmaceutical
industries for the synthesis, separation, and purification of organic molecules [34-37].
Moreover, energy storage devices such as capacitors and batteries also require anhydrous
conditions [38-42]. Therefore, basic research on the aqueous sensitivity of ionic conduction in

nanoporous membranes under organic solvent conditions is much needed.



We experimentally study here single-pore and multipore membranes immersed in
electrolyte solutions prepared in water and aprotic solvents as well as their mixtures. The aprotic
solvents are anhydrous propylene carbonate (PC), acetonitrile (ACN) and dimethylformamide
(DMF). The multipore polyimide (PI) membranes with subnanometer pore are fabricated by
the selective dissolution of latent ion tracks with an organic solvent through soft-etch (SE)
method while the membranes containing large pores with tens of nanometers in diameter are
prepared accordingly with the symmetric track-etch (TE) technique. Ionic conduction across
the SE- and TE-membranes are studied under aqueous and aprotic electrolyte conditions.
Scheme 1 shows the transport processes across the SE- and TE-PI membranes in aqueous and
organic solutions. Membranes with single conical nanopores are also prepared by asymmetric
etching of the ion tracks to better understand the different behavior of aqueous and aprotic
electrolyte solutions from the corresponding changes in the current rectification. The use of
single pore samples permits to discard possible effects related to the distribution of pore sizes
found in multipore samples. In particular, the transition point at which the effective pore surface
charge becomes zero is obtained from single nanopore electrical recordings in aprotic
electrolyte solutions diluted with different mole fractions of water. This transition point
provides information on the adsorption/desorption phenomena of the solvated metal ions on the

pore surface.
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Scheme 1. Schematic view of the ion transport and rejection processes across soft-etched (SE) (A) and
track-etched (TE) (B) PI-membranes in aqueous and organic solutions. The SE-PI membrane shows
high selectivity in aqueous solution and low ionic current in organic solvent solutions. These effects

are not so marked in the TE-PI membrane because of its large pore diameter.



2. Experimental

2.1. Materials

The chemicals and solvents used in this study include tetramethylammonium chloride
(MesNCl), tetracthylammonium chloride (Et4NCl), tetrapropylammonium chloride (PrsNCl),
tetrabutylammonium chloride (BusNCl), lithium perchlorate (LiClO4), sodium perchlorate
(NaClOg), lithium bis(trifluoromethylsulphonyl)imide (LiTFSI), potassium
hexafluorophosphate (KPFs), anhydrous acetonitrile (ACN), anhydrous propylene carbonate
(PC), and anhydrous dimethylformamide (DMF), which were obtained from Sigma-Aldrich,

Schnelldorf, Germany, and used without any further treatment.

Polymer foils of polyimide (PI, Kapton50 HN, DuPont) and polyethylene terephthalate
(PET, Hostaphan RN 12, Hoechst) of 12 pum thickness were irradiated with swift heavy ions
(Au) of energy 11.4 MeV per nucleon at the linear accelerator UNILAC (GSI
Helmbholtzzentrum fiir Schwerionenforschung, Darmstadt, Germany). The polymer membranes

with 10° and 10 ion tracks cm™ were used together with single pore ion track membranes.
2.2.  Fabrication of nanoporous membrane:

Before track etching, the ion tracks in polymer membranes were sensitized with UV light
(320 nm) for 1 hr from both sides. For the fabrication of soft-etched (SE) nanopores, the ion
tracks in the PI membrane (10° pores cm™2) were selectively dissolved by soaking the sample in

DMF solvent for ~20 h using previously reported techniques [17, 43].

The track-etched cylindrical nanopores in the PI membranes (10° pores/cm?) were
prepared with the symmetric track-etching technique. To this end, ion tracked PI membranes
were immersed in a preheated etchant sodium hypochlorite (NaOCl, 13% active chlorine
content) with constant stirring for 45 min. Moreover, the etchant temperature was maintained

at 50°C with a circuit of heated water flowing through the double walls of the isothermal etching
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bath. The single cylindrical nanopores in PET membranes were fabricated using a 2 M NaOH

solution as etchant at 50°C [44].

The single conical nanopores in polymer membranes were fabricated through the
asymmetric track-etching technique. Details of the single conical pore preparation in PI [18,
45] and PET membranes [21, 46] can be found elsewhere. The pore base diameter (D) was
estimated under field emission scanning electron microscopy (FESEM) technique for the case
of multipore membranes (Figure S1). The small pore opening diameter (d) was estimated using
electrochemical techniques [45, 46]. Note however that the FESEM imaging of the
subnanometer pores in the SE-PI membrane is exceedingly difficult because the charging of the
sample at low resolution can deflect the scanning beam (Figure S1). However, we have
considered previously the transport of quaternary ammonium ions and cationic metal-crown
chelates and their corresponding current drops because of the pore blockage, thus suggesting
that their nanoscale diameters are commensurate with the channel opening diameter [17].

The ion-tracked membranes samples were rinsed at least three times with deionized water

and then immersed in water overnight to remove the residual salts before the current—voltage

(/-V) measurements.

2.3.  Current—voltage (I-V) curves

The electrical readouts of the soft-etched, track-etched and single-pore membranes were
recorded with a Keithley 6487 picoammeter (Keithley Instruments, Cleveland, Ohio) under
aqueous, aprotic organic solvents, and solvent/water mixed electrolyte solutions by fixing them
in a home-made electrochemical cell [47, 48]. Electrolytes solutions were prepared for the
different salts (LiClO4, NaClO4, LiTFSI and KPF¢) at 0.1 M concentration by dissolving them
in water and in the anhydrous aprotic solvents. As an example, the bulk conductance of the

0.1M LiClOg4 electrolyte solution as a function of the aprotic solvent mole fraction in water is



shown in Figure S2. For the case of the nanoporous membrane, an effective membrane area of
~5 mm? was exposed to the electrolyte solution. Each chamber of the conductivity cell was
filled with a maximum solution volume ~1.5 mL. To apply the input potentials and record the
corresponding output currents, Ag|AgCl electrodes were dipped into the electrolyte solutions

on both sides of the membrane [47, 48].

3. Results and discussion

The swift heavy ion tracks in the polymer membranes are comprised of the track core
(highly damaged region of a few nanometers in diameter containing molecular fragments) [49]
encompassed with the track halo (a region tens of nanometers in diameter with partially inter-
connected polymer chains) [50]. Using the soft-etch technique, pores of a few nanometers in
diameter are fabricated by selectively dissolving the track core with organic solvent [43]. The
SE-PI membranes only allow the transport of alkali cations under aqueous conditions while
they hinder the transport of divalent and alkylammonium cations as well as of cationic metal-
crown ether complexes with molecular dimensions comparable with the nanopore diameter [17,

43].
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Figure 1. The -V characteristics (i—iv) of soft-etched (SE)-PI multipore (10° pores cm™) membrane
(A) and track-etched (TE)-PI multipore (10° pores cm™) membrane (B) measured in 0.1 M salt solutions
obtained with water and anhydrous aprotic solvents such as acetonitrile, propylene carbonate and
dimethylformamide. Changes in the conductance of the SE-PI membrane (C) and the TE-PI membrane
(D) obtained from the corresponding /- curves at voltage 2V. The respective bulk conductivities of
the different 0.1 M salt solutions are shown for comparison (E). Note that in some cases, the error bars

are smaller than the data point symbol size.



Figure 1 shows the current—voltage (/-V) curves of SE-PI membranes (10° pores cm?)
and TE-PI membranes (10° pores cm?) measured in symmetric pure aqueous and anhydrous
aprotic electrolytes. The 0.1 M salt solutions correspond to lithium perchlorate (LiClO4),
sodium perchlorate (NaClOs), lithium bis(trifluoromethylsulphonyl)imide (LiTFSI), and
potassium hexafluorophosphate (KPFs). Under aqueous conditions, both SE- and TE-PI
membranes exhibit high currents at positive and negative voltages due to the conduction of
cations (Li", Na" and K) through the negatively charged nanopores, as shown in Figure 1 (see
also Scheme 1). On the contrary, the /-V curves of organic electrolyte solutions show ionic
currents across the SE-PI membrane that are much lower than the TE-PI membrane (Figure 1A
and B(ii-iv). There are two plausible explanations for this dramatic drop in the ionic currents.
It is well known that the solvation of alkali metal ions occurs in aprotic solvent molecules to
give bulky cationic [M—(solvent),]" complexes [51-53]. Indeed, previous studies demonstrated
that mainly four solvent molecules coordinate with a metal cation to form [M—(solvent)s]"
complexes in acetonitrile (ACN), propylene carbonate (PC) and dimethylformamide (DMF)
[53-56]. For the case of anions, the interactions are very weak and thus anions remain
uncoordinated in aprotic electrolytes due to the lack of hydrogen bonding [51, 56]. However,
the anions are rather bulky and could be excluded from the pore solution because of the negative
surface charge (Scheme 1). The strongly hindered conduction is then ascribed to the presence
of bulky cationic species with hydrodynamic radii comparable or larger than the pore diameter.
Alternatively, the pore surface could become positive due to the adsorption of cationic
[M—(solvent)s]" complexes [57]. Recently, Siwy and co-workers have successfully
demonstrated experimentally and theoretically the switching of the pore charge from negative
(aqueous solutions) to positive (PC electrolytes) in track-etched polymer nanopores and glass
nanopipettes [28, 29]. In this case, the cationic species would be excluded electrostatically from

the pore. Also, the anion passage across the membrane could be strongly hindered due to the



adsorbed metal-solvent complexes on the pore opening. For the case of TE-PI membranes,
however, ions can easily pass through the large diameter pores.

For the sake of comparison, Figure 1(C,D) gives the membrane conductances obtained
from the respective /-V curves of Figure 1(A,B). Figure 1C shows that the SE nanopore exhibits
negligible membrane conductance in aprotic electrolytes compared to aqueous case. On the
contrary, the TE-PI pores show significant membrane conductances in organic electrolytes

(Figure 1D) that follow the bulk solution conductivities of the corresponding salts in Figure 1E.

To investigate further the effect of the aprotic solvent content on the ionic conduction,
experiments have also been conducted in electrolyte solutions having different solvent molar
fractions (Zsolvent). To this end, mixtures of the above aprotic solvents with water are considered
in the range between Zsovent = 0 (pure water) and Zsovent = 1 (pure solvent) at constant 0.1 M

LiClOg4 solution concentration.
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electrolyte solution at different aprotic solvent mole fractions in water. Note that in some cases, the error

bars are smaller than the data point symbol size.

Figure 2 shows the /-J characteristics and dimensionless conductances, normalized to
that of water, of the SE- and TE-PI multipore membranes for different solvent mole fractions.
For the case of the SE-PI membrane and the ACN solvent, a conductance decrease of only
~21% is obtained upon dilution to Zsolvent = 0.1. On the contrary, conductance decreases of
~61% and 53% are obtained for the PC and DMF solvents, respectively. Eventually, at Fsotvent
> (.25, ionic conduction is almost blocked. The conductance drops obtained in Figure 2A by
replacing water with organic solvents can be due to the solvation of metal ions. The resulting
solvated metal ion, [M—(solvent)s]”, should diffuse slowly through the nanopores and could
also be adsorbed on the pore surface, contributing further to the ionic hindrance in the SE-PI
membrane. On the contrary, no significant conductance decrease for Fsotvent > 0.25 is noted for
the TE-PI membrane, as shown in Figure 2B. In this case, the membrane conductance changes
follow those of the bulk solution conductance (Figure S2), suggesting that the ionic
transport through the track-etched nanopores occurs without significant hindrance. Note
that, for the case of the ACN solvent, an increase in membrane conductance is obtained by
gradually reducing water concentration in the 0.1 M LiClO4 solution compared to the case of
the PC and DMF solvents. Note that the track-etching of PI membrane under symmetric
conditions for shorter time (< 1 h) leads to the fabrication of hourglass shaped (biconical)
nanopores [58] instead of cylindrical nanopores with surface opening size of ~420 + 30 nm
(Figure S1) and inner opening diameter of tens of nanometers. On the contrary, the cylindrical
shaped nanopores (diameter > 20 nm) in the PET membrane can be fabricated successfully [44].
Figure S3 shows that even the narrow cylindrical nanopores (~20 nm obtained for the case of

4 min etch time) exhibit high conductances in ACN electrolytes compared to the aqueous ones.
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These findings suggest that significant pore blocking occurs in the SE-pores due to the ionic

hindrance and possible adsorption of the solvated metal cations on the pore surface.

To elucidate the role of surface pore charges, we have conducted additional experiments
with single conical nanopores. These negatively charged asymmetric nanopores rectify the ionic
current and minor changes in the pore charges and/or effective diameter are directly transduced
in an electronic readout. Figure 3 shows the I~V curves of the PI single conical nanopore
recorded in 0.1M electrolyte solutions of different salts in pure water and anhydrous solvents,
separately. Under aqueous conditions, the deprotonation of carboxylic acid groups gives a
negatively charged conical nanopore that exhibits current rectification due to the preferential
cationic conduction from the tip to the base opening of the conical pore (Figure 3B). However,
a different behavior is observed for aprotic organic solvents (Figures 3C-E): the conical pore
becomes anion- rather than cation-selective in the PC electrolyte, as shown by the inverted
current rectification, suggesting now a positively charged pore. In this case, the pore chemical
moieties (carboxylic acid groups) are not ionized because of the relatively low dielectric
constant of the organic solvents compared to that of water. It is the solvated metal ion
[M—(PC)4]" that adheres to the pore surface, resulting in the inversion of current rectification.
Figure 3C shows that this inversion does not depend on the type of anion or cation in the PC

electrolyte.
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Figure 3. Scheme of the surface charge and ionic conduction in single conical nanopores immersed in
aqueous and organic solutions (A). The I~V curves obtained with the PI single conical nanopore
(approximate diameters are d ~ 37 = 5 nm and D ~ 850 + 20 nm) in 0.1M solutions of different salts
prepared in water (B), propylene carbonate (C), dimethylformamide (D) and acetonitrile (E). Note that

in some cases, the error bars are smaller than the data point symbol size.

Note also that the rectified ion currents in the PC electrolytes are lower than those of the
corresponding aqueous electrolytes because of the lower bulk solution conductivities. Previous
studies have confirmed this inversion of current rectification when the surface charge is
changed from negative to positive by the functionalization of the pore surface with cationic
moieties [45, 59-62]. Recently, Siwy and coworkers have also shown that in PC salt solutions,
the surface charge of conical nanopores in polycarbonate and polyethylene terephthalate (PET)
membranes, together with the case of glass nanopipettes, switched from negative to positive
because of the adsorption of [M—(PC)4]" complexes on the pore surface [28, 29]. On the
contrary, we have not noticed this inverse rectification when the PI conical nanopore is exposed

to salt solutions prepared in the anhydrous DMF solvent (Figure 3D). This fact would suggest
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that the concentration of adsorbed [M—(DMF)4]" complexes on the pore surface is not enough
to impart the net positive charge required for the rectification inversion. This result could be
related to the presence of moisture adsorbed by DMF from the atmosphere, which in turn
generates negative charges due to deprotonation of pore surface carboxylate groups. Yin et al.
have reported the influence of the water content in DMF solutions on the current rectification
of glass nanopipettes [30]. For the case of the ACN solvent, we have observed a strong
rectification inversion in 0.1M LiClOg4 electrolyte solutions, as shown in Figure 3E. However,
we were unable to conduct the /-~ measurements with other salts because of the limited
chemical stability of the PI nanopore in acetonitrile solutions. Figure S4 shows that the PI
nanopore exhibits stable current rectification over several cycles in PC electrolytes. On the
contrary, the ion current is stable only for a few cycles in the case of ACN electrolytes. The
observed increase of ion current with time may suggest the deformation of the pore tip opening
in this case. Therefore, further experiments with the PI single pore were conducted only for PC

electrolyte solutions.
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Figure 4. The -V curves of the PI single conical pore (approximate diameters are d ~ 30 = 5 nm and
D ~ 1030 + 20 nm) immersed in 0.1M electrolyte solutions of salts at different mole fractions of water
in propylene carbonate solution (A). The rectified ion currents at +2 V (blue points) and —2 V (red
points) obtained from the corresponding /-V curves (B). The arrow at the intersection line gives the

transition point at which the pore charge is switched from positive to negative. Note that in some cases,

the error bars are smaller than the data point symbol size.

To elucidate the aqueous-sensitive adsorption/desorption capability of the [M—(PC)4]"
complexes on the pore surface, we have conducted also experiments with different water mole

fractions from Fwater = 0 (anhydrous PC solution) to Zwater = 1 (pure aqueous solution). Figure
4A shows the I-V curves of the PI single conical nanopore in contact with different salts in the
PC solvent at different mole fractions of water. Upon increasing the water mole fraction, the
I-V curves gradually flipped to the normal current rectification case due to the displacement of

the adsorbed [M—(PC)4]" complexes by the water molecules. As mentioned above, the presence
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of water in the electrolyte disrupts the adsorbed layer of [M—(PC)4]" cations in the pore surface
and triggers the ionization of the carboxylate groups. Thus, the pore conducts alkali cations

rather than anions.

The desorption of the different cations [M—(PC)4]" from the pore surface depends on

the type of salt solution and the Zwater values. Figure 4B shows the changes observed in the

rectified ion currents at voltages +2 V and —2 V as a function of the water mole fraction. As
Zwater Increases, the interface between the PC solvent and the pore surface changes [57], giving
gradual current increases and decreases at positive and negative voltages, respectively.
Eventually, at a given Zwater level the negative and positive currents are equal. Thus, a transition
point is reached at which the net surface charge is zero and the conical nanopore exhibits ohmic
behavior. Below the transition point, the [M—(PC)4]" cations adsorbed on the nanopore surface
impart a net positive charge to the pore but when the water content exceeds this point, the
carboxylic acid deprotonation gives a negative pore. The transition point of the different salts
can be obtained from Figure 4B. For the case of LiClO4, the transition point is reached at Fwater
= 0.04, suggesting that a minimum ~4% of water content in the PC electrolyte is required to
detach the [Li—(PC)4]" species from the pore surface. This result is consistent with the
previously reported value of ~5% water content in the PC electrolyte and single polycarbonate
nanopore [29]. For NaClO4 and LiTFSI salts, this transition point is obtained at Zwater = 0.023
and Zwater = 0.03, respectively. For the case of KPFjs salt, however, the transition point is reached
at very low water content, Zwater = 0.004 (< 0.4%), which is required to dissociate the [K—(PC)4]"
cation from the pore surface. Moreover, two conductance levels of the nanopore are found for
the case of the PFs™ anion (Figures 4A(iv) and S5). Recently, we have given a detailed account
of the negative differential resistance (NDR) effect for the case of the F~ ion at low

concentrations [63]. Fluoride ions show a high hydration energy, can have a second hydration
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shell, and tend to strongly immobilize the surrounding water molecules, especially in nanoscale
environments. We suspect that fluoride pore entrance affects the free water pore networks
available for ionic conduction. According to this interpretation, no NDR should be apparent for
wide nanopore openings where the charge concentration is small as observed experimentally
and discussed theoretically in the above reference. This mechanism could also be present in the
case of the PFs~anion when the applied potential exceeded the threshold voltage. Although the
total concentration of KPFs used here (100 mM) is higher than that of the KF solution [63], the
NDR behavior is observed upon exposure to aprotic electrolyte solution containing 2% to 5%
water content only and vanishes in electrolyte solutions with > 7% water content (Figure S5).
Additional experiments not shown here reveal that conical nanopores exposed to aqueous
solutions of KPF¢ in the mM range show indeed the NDR phenomenon. This fact supports our
previous finding that the water dissolved PF¢~ anion concentration is in the range responsible

for the nanopore NDR and threshold-switching characteristics.
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Figure 5. The /-V curves obtained with the PET single conical nanopore (approximate diameters are d
~ 23 +£5nmand D ~ 590 = 30 nm) in 0.1M salt solutions for water (A), acetonitrile (B), propylene
carbonate (C) and dimethylformamide (D) solvents. Note that in some cases, the error bars are smaller

than the data point symbol size

We have also conducted experiments with the PET single conical nanopore using the

same set of salt solutions and aprotic solvents (Figures SA-D). The PET single conical nanopore
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exhibits inverse current rectification similar to PI nanopores, which shows an effective positive
pore charge due to the adsorption of solvated metal ion species also on the PET surface. Again,
no rectification inversion is noticed in DMF electrolyte solutions, i.e., the ionic conduction is
similar to that seen in the PI nanopore. Figures 5B and 5C show that the PET nanopore exhibits
higher current rectification inversion in the ACN solutions than in the PC solutions. This result
could be due to the high bulk conductivities of the salt solutions in the ACN solvent. Note also
that both the PI and PET single pores show rectification inversion in salt solutions prepared in
the PC and ACN solvents. This fact suggests again that the water content in the PC and ACN

solvents is much lower than that of the commercial DMF solvent (Figure 5D).
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Figure 6. The I~V curves of PET single conical nanopore (approximate diameters are d ~ 20 = 3 nm
and D ~ 870 + 30 nm) in 0.1M electrolyte solutions of different salts and water mole fractions in
acetonitrile solution (A). The rectified ion current at +2 V (blue points) and —2 V (red points) obtained

from the corresponding /—V curves (B). The arrow at the intersection line represents the transition point
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at which the pore charge changes from positive to negative. Note that in some cases, the error bars are

smaller than the data point symbol size

The transition point of the PI nanopore was successfully obtained in PC solutions of
different water mole fractions but not for the ACN solvent due to the limited electrolyte
stability. Contrary to the case of the PI nanopore, however, the PET single conical nanopore
exhibits chemical robustness in ACN solvent. Therefore, additional experiments are conducted
with the PET nanopore to determine the transition point in ACN salt solutions. Figure 6A shows
the /-V curves of the PET nanopore for different water mole fractions. The rectification
inversion (high currents at negative voltages) gradually vanishes with the increase of the water
content in the ACN electrolyte because of the increased carboxylic acid dissociation in the pore.
Figure 6B shows the transition point at which the pore net charge becomes zero at voltages +2

V and -2 V, which is obtained by diluting the electrolyte with different water mole fractions

%water-

Note that the water content required for the transition point of the ACN solution (Figure
6B) is almost doubled compared to that of PC solutions (Figure 4B). For the case of LiClO4,
the transition point increases from Fwater = ~0.04 (PC solution) to Zwater = ~0.1 (ACN solution).
Similarly, for the NaClOg4 solution this point increases from Zwater = ~0.023 to Fwater = ~0.065
and for the LiTFSI from ~0.03 to ~0.067 (PC solution). For the case of KPFs, however, there
is a six times increase, from ~0.004 to ~0.025, in the transition point. Also, it is observed that
the [M—(ACN)4]" complex is more tightly bound to the pore surface than the [M—(PC)4]"

complex because in the first case a higher water content in the electrolyte solution is required

to dissociate the solvated metal ion from the pore surface.

Moreover, the ion transport of PET single conical nanopore is also investigated under

asymmetric electrolyte conditions. To this end, salt solutions prepared in aqueous and ACN
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solvent are considered because of their comparable bulk solution conductivities. Figure S6
shows the comparison of the /-V curves when the pore is exposed to symmetric and asymmetric
electrolyte conditions. For this purpose, the salts solution prepared in water is placed on tip side
of the conical nanopore, while the base side of the pore contain the ACN solution and vice
versa. It is well known that in conical nanopores, the electrically charged tip region mainly
dictates the ion transport across the membrane. The pore tip charge polarity is switched from
negative to positive when the aqueous solution is replaced with ACN solution as evidenced
from the I~V characteristics of Figure S6. Due to the opposite polarity of the surface charges
in the tip and base sides of the conical nanopore, it exhibits a diode behavior under water/ACN

electrolyte conditions.

To compare the effects of cation type (alkali or ammonium) on the single pore
conduction, experiments have also been conducted in tetraalkylammonium salts (R4NCI).
Contrary to alkali salts, the pore does not show rectification inversion in R4NCI (Figures S7 and
S8), suggesting that solvated R4N cations could not adsorb on the pore surface. It has been
mentioned that the solvation of R4N" cation in aprotic solvents occurs with very weak ion-
dipole interaction [64] because the positive charge is localized on the nitrogen atom surrounded
by four alkyl chains in this case. Thus, these salts mainly form ion pairs and continuums in

organic solvents [65].

4. Conclusions

In summary, we have described ionic conduction phenomena in multipore and single
conical pore membranes under aqueous and aprotic electrolyte conditions. Under aprotic
electrolyte conditions, the soft-etched membrane with pores having a few nanometers in
diameter show conductances that dramatically decrease with the formation of [M—(solvent)4]"

cations causing pore hindrance. On the contrary, the conductance of the track-etched membrane
20



having pore diameters in the tens of nanometers range follows the same trend of the

corresponding bulk solution conductivities.

The different effective pore charges observed in pure aqueous, aprotic, and
water/solvent mixed electrolytes have been identified from the changes in the current
rectification of single conical nanopores. For the case of the PC and ACN electrolytes, the
conical pore exhibited ion current rectification inversion due to the adsorption of solvated metal
cations [M—(PC)4]" and [M—(ACN)4]" on the pore surface. Moreover, ionic conduction in
aprotic electrolytes with different water mole fractions showed that the amount of water for the
transition point of the single pore in ACN electrolyte is almost twice as much as that obtained
in the PC electrolyte, which suggests that the [M—(ACN)4]" cation was tightly attached to the
pore walls. These findings should be useful for membrane-based molecular filtration,
separation, and purification processes in organic solvents, especially in pharmaceutical

industries, as well as in energy storage nanofluidic devices operating in organic solvents.
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Figure S1. Scanning electron images of soft-etched (SE)-PI membrane having 10° subnanemeter pores
cm? (A), symmetric track-etched (TE)-PI membrane having 10° pores cm? (B), asymmetric track-
etched PI membrane with 107 conical pores cm? (C) and asymmetric track-etched PET membrane with

107 conical pores cm™ (D). Note that the pores in the SE-PI membrane (first image) are not visible under
FESEM, which suggests a subnanometer size.
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Figure S5. The voltage—time (A) and ion current—time (B —G) traces and the corresponding quasi-

state /—J curves of the single conical nanopore in

a 0.1M KPFg solution prepared in the PC solvent

with the different water contents shown in the inset.
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Figure S6. Changes in the /-V curves obtained with the PET single conical nanopore exposed to a 100
mM solution of different salts prepared in water and anhydrous acetonitrile under symmetric (A—D)
and asymmetric electrolyte conditions (E—H).
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Figure S7. The /-V curves obtained with the PI single conical nanopore in 0.1M solution of

alkylammonium chloride prepared in water (A) and anhydrous propylene carbonate (B).
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Figure S8. The I-V curves obtained with the PET single conical nanopore in 0.1M solution of different
alkylammonium chloride salts prepared in water (A), anhydrous acetonitrile (B), and propylene

carbonate (C).
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