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Porous membranes have been used for many applications, including separations in biotechnology, the food industry, water
purification, and even energy storage devices. The benefit of polymers of intrinsic microporosity (PIMs) is their consistently sized
nanopore channels. Inherent functionalities of the PIM structure not only create these channels but are also available for further
modifications that can change the interactions of ions and molecules inside of the pore. Here we design solid state nanopores on
which are drop-casted two different PIMs, functionalized with either a cyano group or a carboxylic acid. Ionic transport through the
membranes is investigated based on pore size and charge-charge interactions, as well as steric and hydrophobic interactions.
Achieving specific ion selectivity with easily processable porous membranes opens new avenues for water purification strategies

and energy storage.
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Polymer membranes are applied in a wide variety of industrial
processes such as water purifications, energy storage devices and
biotechnology.'™” The application of polymer membranes in these
industries is highly advantageous due to the high processability and
low cost of polymer membranes in comparison to traditional
methods of separations, particularly as pertains to ion separation
and reverse osmosis.”'> The potential for ionic and molecular
separations with polymer membranes has led to a desire to better
understand the interactions of transported species with the electro-
chemical properties of the pores."'*'* Thus, polymer membranes
are currently being used in fundamental research to investigate the
interactions between ions and molecules with surfaces at nano-
confined regions with the aim to ultimately design efficient separa-
tion systems.'®™'® There is a growing interest in designing mem-
brane systems that would exhibit excellent ion-ion selectivity,
including selectivity between ions of the same charge.'

Polymers of intrinsic microporosity (PIMs) are a versatile class
of porous organic polymers that show promise for ion-ion
specificity.?>>® Their polymer backbone prevents close packing of
polymer chains in the solid state, thereby leading to a uniform pore
structure (3 to 4 nm) and high surface area.”* The effective pore
opening of PIMs and surface properties of these pores can be further
tuned via chemical modification, cross-linking, and tuning chemistry
of PIMs monomers.>*° Consequently, PIMs have been employed
in a wide variety of areas, including gas separations and storage,
catalysis, small molecule capture, chiral separations, and
sensors.”">*3%32 PIMs are also used in a wide range of electro-
chemical applications, such as ion selective membranes prepared for
ionic diodes and membranes in aqueous organic redox flow
batteries.'”*3~%

Taking advantage of the well-defined diameter of nanopores in
PIMs, we used the membranes as a model system to understand how
interactions of the transported ions with the pore walls can affect
ionic selectivity. We focused on ionic transport under an electric
field, rather than pressure difference driven transport typically
employed in nanofiltration applications.>® The electrochemical
measurements allowed us to observe current carried by all ions

“E-mail: zsiwy @uci.edu

and compare the interactions of various ions with the pore walls. In
the experiments, we used two types of PIM polymers, PIM CN
containing cyano groups and PIM COOH containing carboxyl
groups.

To probe ionic transport through PIM CN and PIM COOH, the
membranes were individually drop-casted onto silicon nitride films,
each containing a single ~300 nm diameter pore®”*® The solid-state
support was crucial for PIM COOH, which is less mechanically
stable than PIM CN, allowing for both membranes to be examined at
the same thickness and under the same conditions. Additionally, the
presence of the single SiN pore restricted the measured transport to a
small area of the membrane so the voltage applied across the
membrane was uniformly focused across the membrane in all
measurements. The hybrid PIM/SiN structure became the model
system to investigate ion selectivity from both nanoconfinement
induced in PIM CN and by charge dependent ionic conductance in
carboxylated PIM COOH. We performed electrochemical measure-
ments of ionic conductance of both PIM polymers in salts of varying
sizes and chemical characteristics that arise from the different
cations and anions. Inorganic salts as well as quaternary ammonium
salt derivatives, the cations of which have the same charge but
different functional groups, were our primary focus for these studies.
The quaternary ammonium salts were chosen because they are easily
accessible as chloride salts and their center nitrogens can be
functionalized with hydrocarbon groups to produce a wide range
of sizes, charge distributions, and hydrophobic effects. These
functionalities allow us to easily probe the steric, electrostatic, and
hydrophobic interactions of the cations with the membrane’s pore
walls. Additionally, the largest quaternary ammonium salts contain
hydrocarbon chains and benzene rings, which we hypothesized
might promote accumulations of the cations in the hydrophobic
regions of PIMs, affecting the transport.39 Finally, the positively
charged quaternary ammonium center allowed us to probe specific
interactions of these ions with the negatively charged carboxylic acid
of PIM COOH.

Experimental

Reagents.—Trizma base (99.9%), ammonium chloride, tetraethyl
ammonium chloride, tetrabutylammonium chloride, trimethyl benzyl
ammonium chloride, and triethyl benzylammonium chloride were
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purchased from Sigma-Aldrich. Potassium chloride, potassium
iodide, potassium bromide, sodium chloride, and lithium chloride
were purchased from Fisher Scientific.

Ammonium chloride, tetraethyl ammonium chloride (TEACI),
tetrabutylammonium chloride (TBACI), trimethyl benzyl ammo-
nium chloride (BzMeACl), and triethyl benzylammonium chloride
(BzEtACI) are hereon referred to as the quaternary ammonium salts.
Potassium chloride, potassium iodide, potassium bromide, sodium
chloride, and lithium chloride are hereon referred to as the inorganic
salts. For structures of the quaternary ammonium salts, see Fig. 1.

3,3,3",3’-Tetramethyl-1,1’-spirobisindane-5,5",6,6'-tetrol (TTSBI)
(Sigma), 2,3,5,6-tetrafluorphthalonitrile (TFPT) (Sigma), potassium
carbonate (K,CO3) (Sigma), dry dimethyl formamide (DMF),
methanol, sulfuric acid, glacial acetic acid, and sodium bicarbonate
(NaHCOs) were all used as received.

All reagents were used without further purification.

Preparation of ionic solutions.—All solutions were prepared in
nanopure deionized water (18.2 MQ2-cm, Milli-Q IQ 7000 ultrapure
water system). All 1M inorganic stock solutions and 100 mM
quaternary ammonium salt stock solutions created contained
10 mM Tris-buffer and were diluted to create all other solutions.
Solutions were buffered to pH 8 with either sodium hydroxide or
hydrochloric acid. Each salt solution was prepared for 100 mM,
10 mM and 1 mM concentrations. Inorganic salt solutions were also
prepared at 1 M.

Synthesis and characterization of polymers of intrinsic micro-
porosity.— PIM CN synthesis.—3,3,3',3'-Tetramethyl-1,1’-spirobisin-
dane-5,5',6,6’-tetrol (TTSBI) (270 mg, 0.871 mmol) was dissolved in
dry DMF (5 ml) followed by addition of 2,3,5,6-tetrafluorphthaloni-
trile (TFPT) (174 mg, 0.872 mmol). Once the mixture was homo-
genous, excess anhydrous K,COs; (1 g, 7.2 mmol) was added and the
heterogenous mixture was heated to 70 °C for 72h. After about
30 min the reaction mixture turned from brown to bright yellow. Once
cooled, the mixture was precipitated into water (50 ml), filtered, rinsed
with water, and dried in a vacuum oven o/n at 70 °C. The crude
powder was then suspended in methanol (10 ml) and heated to reflux
for 3 h. The mixture was filtered hot and rinsed with hot methanol
before drying in a vacuum oven o/n at 70 °C. The product was a fine,
fluorescent yellow powder (86% yield).>* (SI Fig. 1 (available online
at stacks.iop.org/JES/169/020566/mmedia)).
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PIM COOH synthesis.—The acid catalyzed hydrolysis experi-
mental methods were the same as used in our previous work.>* PIM
1 (200 mg) was treated with a solution of H,SO, (3 ml), H,O (3 ml),
and glacial acetic acid (1 ml). The suspension was heated to 110 °C
for 48 h. The powder slowly turned from fluorescent yellow into a
light brown color. Once cooled, the mixture was diluted into water
(50 ml), filtered, rinsed with saturated aqueous NaHCO3, rinsed with
copious amounts of water, then dried in a vacuum oven at 70 °C o/n.
The product appeared as a light brown powder (86% yield). FTIR
showed full conversion. Incomplete conversion was apparent when
temperatures were at 105 °C.2* (SI Fig. 1).

Fabrication and characterization of single nanopores in silicon
nitride chips.—In this study, we used single pores prepared in low-
stress silicon nitride (SiNy) films (50 pm by 50 pm; 30 nm thick)
purchased from Norcada. Two classes of single pores were
fabricated. Large single pores between 300 and 600 nm in diameter
were prepared using Focused Ion Beam (FIB) drilling on a FEI
Helios Nanolab 600i FIB/SEM DualBeam System at 30 kV.*"3®
Four independently prepared single pores were used in the project as
mechanical supports for the PIMs and were labeled as 9-12. We also
used a 5nm in diameter single pore that was drilled by a 200 kV
electron beam in the JEOL 2100 F TEM.*® After drilling, the pore
was washed in a 1:3 H,O0,:H,SO, (piranha) solution at 100 °C for
30 min and rinsed with nanopure water.

Diameters of all the SiN pores were estimated from the resistance
of the pore found by generating current current-voltage (IV) curves
in 1 M KClI solutions between —1 and 1 V. The pore diameter (D) is
estimated using the following equation:

p=S]1+ (1+ 16"L)
20 nG

where G is the slope (conductance) of the IV curve, ¢ is the solution
conductivity, and L is the pore length.*' The shape of the pore was
assumed to be cylindrical thus all diameters reported are called here
effective diameters.

All IV curves in this study were measured with a Keithley 6487
picoammeter/voltage source (Keithley Instruments, Solon, Ohio,
USA) and a software program written in MATLAB (MathWorks,
Natick, Massachusetts, USA) using a voltage range between —1 and
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Figure 1. (a) Structure of PIM CN and PIM COOH. (b) Structures of the quaternary ammonium salt derivatives.
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1V with 0.1V voltage steps. Two non-polarizable Ag/AgCl
electrodes were used for all current measurements.

Fabrication and characterization of single conically shaped
nanopores in a polymer film.—A conically shaped single pore in a
polyethylene terephthalate (PET) film was created by the track-etch
method previously reported.“’43 Briefly, the polymer film (3 cm
diameter; 12 um thick) was exposed to irradiation with a single,
energetic, heavy ion that leaves a single latent damage track through
the membrane. The irradiation step was performed at the universal
Linear Accelerator (UNILAC) at the GSI Helmholtz Centre for
Heavy lon Research, Darmstadt, Germany. The latent track was
subsequently developed into a single nanopore by wet chemical
etching. The conical shape of the pore was obtained through
asymmetric chemical etching, such that one side of the irradiated
film was in contact with 9 M NaOH while the other side was in
contact with an acidic medium.** The etching process was monitored
electrochemically. Once the latent track was completely etched
through, a finite current was recorded. The membrane was then
washed in nanopure water and tested in 1 M KCl by recording an IV
curve. The membrane resistance was then used to estimate the pore
opening diameter.

Preparation and characterization of drop-casted PIMs on solid
state nanopores.—Powdered forms of both polymers were used for
drop-casting onto the silicon nitride chips with 300-600 nm in
diameter silicon nitride pores. Thick drop-casts of both polymers
were performed by first dissolving 1 mg of polymer into 1 ml of
tetrahydrofuran (THF). A 1 ml syringe with a 27-gauge needle was
used to drop-cast 1-2 drops of solution onto the silicon nitride
samples. Samples 9 and 10 received PIM CN and samples 11 and 12
received the PIM COOH. All samples were allowed to dry overnight
and then washed with nanopure deionized water before further
experiments. The thickness of these membranes, ~25 pm, was
determined by scanning electron microscopy.

After drop-casting, all PIM/SiN samples were tested in each salt
by recording current-voltage curves in the voltage range of —1V to
+1V with 100 mV steps. Samples 9 and 12 were tested from low to
high salt concentrations starting at 1 mM of every salt, and samples
10 and 11 were tested from high to low salt concentrations starting
from 1 M. The order of experiments for every sample is as follows:
KCl, KBr, KI, NaCl, LiCl, NH4Cl, TEACI, TBACI, BzMeAC], and
BzEtACI.

Results and Discussion

Characterization of ionic transport in PIMs.—PIM CN and
PIM COOH were chosen as model systems to probe the steric and
electrostatic interactions of transported ions within the membrane’s
pores (Fig. 1)."*%® We predicted that because PIM CN lacks
charged functional groups, it would highlight any steric selectivity
towards a specific ion based solely on the size of PIM’s pores.
Conversely, PIM COOH would pinpoint any electrostatic effects on
ionic transport that result from the negatively charged carboxylic
acid groups. We also hypothesized the aromatic and aliphatic
functional groups on the polymer backbone present in both polymers
could affect ionic transport through hydrophobic interactions. Four
different sized quaternary ammonium salt cations were chosen to
probe the transport of large ions through the confined pores of PIM
CN as well as electrostatic interactions between the quaternary
ammonium and the carboxylic acid of PIM COOH. The quaternary
ammonium salts act as a good model system to understand ionic
transport in nanoconfinement as they can contain cations with a wide
variety of different sizes and chemical characteristics. The largest
cations we chose, TBA and BzEt, contain hydrophobic parts that we
hypothesized might facilitate stacking on the PIMs hydrophobic
backbone.*® As ionic current is known to be sensitive to the
interactions of ions with pore walls, the signal of ion current
recorded when the membranes are in contact with the salts will

indicate to which extent the transport of quaternary ammonium
cations is hindered in the porous structure of PIMs.*"™"

To determine the interactions of the membranes with the salts, we
first prepared ~100 pm thick drop-castings of both PIM membranes
without mechanical support. PIM CN was placed between two
chambers of a conductivity cells that exposed ~1 cm” of the
membrane’s surface to the solution. PIM COOH was examined in
a PDMS cell, as it was significantly more brittle, where a smaller
area of 1 mm® was in contact with the solutions. Ionic transport
properties of both PIMs were probed with a series of inorganic (KCl,
NaCl, LiCl, KBr and KI) and quaternary ammonium salt solutions
(Fig. 1), all buffered to pH 8, to highlight the effects of size,
hydrophobicity, and charge on the ionic conductance of the
membrane. For each solution and concentration, both chambers of
the conductivity cell were filled with a single electrolyte solution and
current-voltage (IV) curves were recorded. Measurements for PIM
COOH were challenging due to the membrane’s mechanical
instability as it was especially brittle. Even microcracks in the
membrane would significantly increase the conductance, and mask
ion transport properties that originate from the nanoporous structure
of PIMs. Additionally, both membranes, PIM CN and PIM COOH,
are characterized by low ionic resistance, such that a voltage applied
across the system would also drop in the bulk solution, making
comparisons between data sets quantitatively difficult. In spite of the
difficulties, the results revealed that the transport properties of the
PIM COOH were altered when in contact with the 1 mM quaternary
ammonium salt solutions (SI Fig. 2). Current measurements for each
salt were compared with the measurements in KCl, which acts as a
reference electrolyte due to the equal mobility of potassium and
chloride ions.*?

PIM membranes casted on silicon nitride chips containing a
few hundreds nm in diameter single pore.—To further explore the
effect of the salts on the ionic conductance of the PIMs, the PIMs
were drop-casted onto four silicon nitride chips containing ~300—
600 nm in diameter single pores. Before drop-casting, all as-
prepared SiN samples were tested with the inorganic and quaternary
ammonium salt solutions to confirm that SiN pores of such size do
not exhibit selectivity towards any of the salts (SI Fig. 4). After
drop-casting, the chips provided both mechanical support for PIM
COOH and an increased resistance that limits the ionic transport of
the ions to only a small portion of the membrane. The increased
resistance is essential for well-defined electrochemical measure-
ments as the voltage applied drops entirely across the SiN/PIM
system, allowing the membrane and pore’s conductance to
be calculated. Figure 2c¢ shows current-voltage curves that were
recorded in 1M KCIl through the silicon nitride nanopore
before and after casting the PIM COOH membrane. As expected,
the addition of the PIM membrane increases the system’s resistance
due to the micrometer scale of the PIM thickness (Fig. 2, SI Fig. 1).
The resistance increase, however, was modest, confirming the high
porosity and low ionic resistance of the PIMs.

Carboxylic acid functionality leads to hindered transport of
quaternary ammonium derivatives.—Both the PIM COOH/SiN and
PIM CN/SiN systems were tested with the series of inorganic and
quaternary ammonium salt solutions to investigate the PIMs’
potential steric and electrostatic effects on ion mobility.
Electrochemical characterizations of the SiN/PIMs systems were
performed in a PDMS conductivity cell designed and fabricated in-
house to accommodate the small size of the silicon nitride chip and
facilitate the exchange of a solution between two reservoirs without
damaging the chip. Current-voltage curves were recorded for all
salts with a concentration range between 1 mM and 1M for
inorganic salts, and 100 mM for the quaternary ammonium salts.
We focus here on recordings in 10 mM and 100 mM.

As the inorganic and quaternary ammonium salts contain ions of
different sizes and mobilities, the current recorded is affected by the
bulk conductivity of the solutions as well as possible interactions of
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Figure 2. (a) Scheme for drop-casting PIMs onto a silicon nitride chip with a single pore. (b) SEM picture of a ~600 nm SiN pore created by FIB drilling. (c) IV
curves depicting a decrease in current after PIM COOH is drop-casted onto a single ~600 nm in diameter SiN pore. Both IV curves before and after drop-casting

were recorded in 1 M KCI.

cations, anions, or both with the porous structure of PIMs. Thus,
each solution was first characterized by its bulk conductivity using a
conductometer at room temperature and conductivity ratios were
then created by dividing the conductivity of a KCI solution of a
given concentration and conductivity of another salt solution at the
same concentration. Conductivity ratios were found for all salts and
concentrations probed. To account for any effects from bulk
conductivity on the current measurements, current ratios of each
salt were created by dividing the current in a KCI solution by the
value of the current in a given salt of the same concentration and at
the same voltage.>™ If a membrane conducts KCI and another salt
to the same extent, the current ratios of these two salts would be
equal to their conductivity ratio. Conversely, if the transport of the
other salt is either hindered or enhanced due to interactions with the
pore’s walls, the current ratio will differ from the conductivity ratio.
Current ratios higher than conductivity ratios indicate hindered
transport whereas current ratios lower than conductivity ratios
indicate enhanced transport.

The ion current ratios of KCI and all other salts were analyzed at
+0.3V and —0.3 V vs the maximum 1 V, because some IV curves
of the PIMs in KCI exhibited non-linear behavior at higher voltages
due to concentration polarization.”® Concentration polarization leads
to the formation of a zone with depleted ionic concentrations on one
membrane surface that limits the recorded current. Thus, to compare
conductance of the membranes at different salts, we used the low-
voltage part of IV curves. Figs. 3a, 3b show ratios of ionic currents
in KCI and inorganic salts through PIM CN (Fig. 3a) and PIM
COOH (Fig. 3b) membranes casted on two separate silicon nitride
chips containing single pores. The ratios of currents nearly in all
cases were equal to the ratios of bulk conductivities, suggesting the
membranes did not exhibit any preference towards any of the ions.
We did, however, observe slightly lower conductances of both
membranes in KCI compared to KI and KBr. We believe this effect
originated from the hydrophobic components of the PIM membranes
that could cause an accumulation of large polarizable anions such as

Br~ and I™, shown before for hydrophobic surfaces.’”® The only
notable discrepancy was observed with the PIM CN membrane in
LiCl whose currents were significantly lower than could be predicted
based on bulk conductivity. This observation could be caused by a
diminished wettability of PIM CN in LiCl, due to the strong
hydration shell of both lithium and chloride ions.”*®' Small ions
with a strong hydration shell do not partition easily in a hydrophobic
region. PIM COOH is significantly more hydrophilic due to the
presence of charged groups, and the ratio of currents in KCI and LiCl
was equal to the ratio of bulk conductivities of the two salts in this
membrane.

The ion-ion selectivity was, however, very evident when the
PIMs were probed in quaternary ammonium salts. Figures 3c, 3d
summarize ionic current ratios of recordings in KCl and in the series
of quaternary ammonium ion salts. Both PIMs exhibited diminished
transport in these salts, however the effect in PIM COOH was much
stronger than the effect in PIM CN. In the case of PIM COOH, ion
currents measured in all quaternary ammonium salts at 10 mM were
significantly lower than could be predicted based on their bulk
conductivities. In 100 mM, the effect of TBACI was especially
dominant (Fig. 3d). Data collected for concentrations of 10 mM and
100 mM of all salts allowed us to probe the effects of the ionic
concentrations of the bulk electrolyte on the relative conductances of
the membrane. The effects of the salts on ionic transport were
stronger in 10mM vs 100 mM, suggesting that the transport
modulations occur due to interaction of cations and not anions
within the porous structure of the membrane. In the lower
concentration, the negatively charged PIM’s pores are predicted to
be predominantly filled with cations, which dominate the measured
current.®” Note that the membranes were thoroughly washed with
deionized water at least three times when changing a solution to a
new salt or concentration.

The strong decrease of the current in the quaternary ammonium
salts (Fig. 3d) suggests a possible formation of physical blockages
that limit the ionic transport. The current in 10 mM TBACI is ~5
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Figure 3. (a) Ion current ratios of the inorganic salts tested on PIM CN drop casted on a silicon nitride chip with a single pore (sample 10). The current ratios
were calculated by dividing current measured in KCl1 by a current recorded in another salt at the same concentration. (b) Current ratios of the inorganic salts
tested on sample 12 drop-casted with PIM COOH. (c) Current ratios of the quaternary ammonium salts tested on sample 10 drop-casted with PIM CN. Ratios for
10 mM TBACI and BzEtACI show an effect of nanoconfinement on their transport within the membrane’s pores. (d) Current ratios for the quaternary ammonium
salts tested on sample 12 drop-casted with PIM COOH. Ratios for all 10 mM quaternary ammonium salts indicate a strong reduction in their transport through the
PIM COOH compared to KCI. Red bars in all panels indicate ratios of bulk conductivities of KCI solutions and bulk conductivities of remaining salts at the same

concentrations.

times smaller than in 10 mM KCI, a current decrease which could
not be justified by mere cation size. SI Fig. 6 shows current-voltage
curves through a PIM COOH membrane in TBACI of different
concentrations, and highlights that in the presence of this salt, ionic
transport through the membrane can be decreased nearly to zero. We
also noticed that after the measurements in TBACI, changing the
solution to another salt does not immediately restore the membrane
conductance. The membrane’s original conductance in KCI was
recovered only after repeated rinsing in nanopure water. These
observations suggest that the confinement in PIMs together with
carboxyl groups could create conditions that facilitated a strong
adsorption of the ammonium salts, formation of ion pairs, and even
formation of aggregates or precipitates, reported previously for
carboxylated surfaces in contact with ammonium salts.%*~°
Aggregation of quaternary ammonium salts on the surface can be
enhanced by their surfactant nature as well as the salt’s solubility,
hydrophobicity, and the higher local concentration of cations around
the negatively charged PIM COOH.®” The presence of blockages is
also suggested by the asymmetry of the positive and negative ion
current ratios (Fig. 3d). The asymmetry could stem from a non-
uniform distribution of these blockages along the membrane

thickness. The distribution of aggregates/precipitates will be dif-
ferent in different membranes, causing the level of blockage and the
asymmetry to vary between membranes.

To test the hypothesis of possible accumulation that could lead to
precipitation of the ammonium salts in PIM COOH, we performed
X-ray photoelectron spectroscopy (XPS) measurements (Fig. 4).
Four PIM COOH membranes were first exposed to 100 mM
solutions of one of the four quaternary ammonium salts for an
hour, then rinsed well with nanopure deionized water and allowed to
dry completely before analysis with XPS (SI Fig. 8). A control
membrane that was exposed only to nanopure water was analyzed as
well (red line in Fig. 4 and SI Fig. 8d). In both the control membrane
and the TBACI exposed membrane, unhydrolyzed cyano groups are
present in the XPS traces at low concentrations (see the red line in
Fig. 4).% However, the TBACI exposed membrane also shows an
additional peak indicating the presence of a quaternary nitrogen
species (blue line in Fig. 4), confirming the formation of an
aggregate or precipitate in the presence of carboxylic acids.®” This
trend is also seen for all other samples exposed to the quaternary
ammonium salts to various degrees (SI Fig. 8). We noticed that the
relative intensity of the peaks corresponding to the precipitates
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Figure 4. XPS measurements of a control PIM COOH membrane exposed
only to nanopure water (red line) and of a PIM COOH membrane exposed to
a 100 mM solution of TBACI (black line). Binding energies of the control
membrane only show residual unhydrolyzed cyano groups inherent to the
membrane. The binding energies of the second membrane exposed to TBACI
shows both the unhydrolyzed cyano groups (red peak) as well as the
quaternary nitrogen peak from TBACI aggregates/precipitates around the
carboxylic acid groups (blue peak). Both membranes were casted and
analyzed without a SiN support.

correlates well with the extent of ionic current hindrance a given salt
induced.

Note that the effects of quaternary ammonium on PIM COOH are
more pronounced when the membrane is supported on the SiN chip
vs a free-standing membrane shown in SI Fig. 2. This could be due
to tiny microcracks in the free-standing PIM COOH which would
dominate the transport and diminish the effects of the nanoporous
structure on the measured signal. The results suggest that the
application of PIM COOH in separations will require porous
supports.

Nanoconfinement from PIM pores may contribute to hindered
transport of quaternary ammonium derivatives.—The analysis of
ion currents in the PIM CN membrane (Fig. 3c) suggests that this
membrane can also modulate ionic transport of quaternary

a)
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/) Current Ratio at +0.3V

Y
AMMIITHIHHIihiinay

%
g
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ammonium salts. Transport of larger cations, such as TBA and
BzEtA, in low concentrations seems to be hindered by PIM CN, but
to a much smaller degree (~25% in 10 mM TBACI) than seen with
PIM COOH (Fig. 3d). We hypothesized that the conductance
decrease in the PIM CN membrane could be caused by the size of
the cations, which are significantly larger than potassium ions, as
well as by hydrophobic interactions with the pore walls. Lack of
carboxyl groups in PIM CN is expected to eliminate blockage of the
pores from aggregates as seen with PIM COOH. It is interesting to
note that the effects in PIM CN are more pronounced in 10 mM vs
100 mM solutions even though the membrane does not carry any
charged groups. We believe the influence of salt concentration on
ionic transport in this case stems from the high (~4) dipole moment
of the cyano groups which can arrange with the nitrogen atom
having a transient negative charge facing the pores. This transient
negative charge can render the pores weakly cation selective, so that
at lower concentrations, they are mostly filled with cations that
undergo steric and weakly electrostatic hindrance.

To separate the steric, hydrophobic, and electrostatic effects that
the membrane exerts on cations from the possible aggregation/
precipitation that obstructs the pores, we performed additional
experiments with single nanopores in both a polyethylene terephtha-
late (PET) film and silicon nitride. PET nanopores contain a high
density of carboxyl groups on the pore walls whereas SiN nanopores
are negatively charged due to the presence of silanol groups.’®’°
Due to lack of hydrocarbon or carboxyl groups in silicon nitride
nanopores, this system allows us to understand the role of steric and
electrostatic effects only for the cation transport. Comparing the
experimental results in PIM CN and the SiN nanopore will allow us
to establish which effect dominates the transport.

Single pore systems show a hindered transport of quaternary
salts.—To validate our hypothesis that carboxylic acid functional
groups lead to accumulation and possible precipitation of the
quaternary ammonium salts, we created a small, 10 nm in diameter,
conically sha}})ed, single pore in PET using the track-etching
technique.**° The conical geometry, where one opening is on the
nanoscale while the other opening is few hundreds of nanometers in
diameter, allows us to record measurable currents even though the
PET films are 12 pm thick. Etching in sodium hydroxide hydrolyzes
the outer layer of esters on PET to carboxylic acids, creating a
significantly higher ratio of carboxylic acids per repeat unit than for

54

Figure 5. (a) Ion current ratios for quaternary ammonium salts tested on a 10 nm in diameter conical PET pore. The ratios were calculated by dividing ion
current measured in 100 mM KCl by a current recorded in a given salt present in 100 mM. Current ratios in the PET pore confirm the importance of carboxylic
acids in formation of ion current blockage, especially for TBACL. The other salts are also transported less efficiently than KCI, but the effect is less pronounced
than for TBACI. The inset shows a semi-log graph that facilitates ratio comparison. (b) Current ratios for the quaternary ammonium salts tested in a single 5 nm
in diameter SiN pore. Ratios for these salts reveal effects of nanoconfinement similar in magnitude to what is seen with PIM CN (Fig. 3c). Red bars in all panels
indicate ratios of bulk conductivity of 100 mM KCI solution and bulk conductivities of remaining salts at the same concentration.
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the PIM COOH.” If ionic transport is hindered from the specific
interactions of carboxyl groups and the quaternary ammonium
cations, recordings for the PET pore were expected to mirror our
observations with PIM COOH membranes. Results from the PET
pore were then compared with observations in a 5 nm pore prepared
in silicon nitride, where carboxyl groups are not present (Fig. 5).**>*
The size of the SiN pore was directly comparable to the size of the
pores created during drop-casting of the PIMs. Note that the SiN film
was only 30 nm thick, which facilitated recording currents through
this nanoscopic pore. The silicon nitride pore, after cleaning with
acid, also has a negatively charged layer due to the formation of a
thin silicon oxide layer with silanol groups. The quaternary
ammonium cations are therefore expected to interact with the pore
walls through steric and electrostatic interactions.

Both pores were tested with 100 mM quaternary ammonium salts
and KCl (Fig. 5). We did not perform experiments in 10 mM
solutions, due to small (sub-100 pA) ion current signals that increase
the error in the current ratios’ calculations. A comparison of the
current ratios to the conductivity ratios obtained for the PET and SiN
nanopores point to the strong interactions of the carboxylic acid of
the PET and the salts. The large discrepancy between the ratios of
TBACI and KCI in current and conductivity in the PET pore
(Fig. 5a) indicates that the transport of TBACI is significantly
hindered compared to the transport of KCl, similar to what we found
with the PIM COOH membranes (Fig. 3d). The limited transport of
TBACI within the PET pore led to large experimental error due to
the exceptionally low current in the system but this further confirms
the presence of some physical obstruction (Fig. 5a). The measure-
ments with the PET nanopore, therefore, supported our hypothesis
that the transport of a quaternary ammonium ion is hindered by
carboxyl groups that can cause aggregation/precipitation. Note that
the transport of the other three ammonium salts was also diminished
in the PET pore compared to KCl, but to a lower extent than for
TBACL

Conically shaped PET pores are also known to rectify the current,
producing asymmetric IV curves.*>”"”? The rectification stems from
the pore shape as well as presence of negative surface charges. IV
curves recorded in both KCl and all quaternary ammonium salts
displayed current rectification, even in TBACI (SI Fig. 7). Based on
this observation, we concluded that the aggregates/precipitates do
not fully cover the pore walls such that zones with exposed,
negatively charged carboxyls are still present on the pore walls.
We believe the precipitates are mostly forming at the tip region,
where due to the confinement, ionic concentrations are the highest,
facilitating precipitation.

Figure 5b shows recordings for the 5nm in diameter SiN
nanopore. The transport of three ammonium salts with larger cations,
TBA, BzMeA, and BzEtA was also lower in this pore compared to
predicted trends based on their bulk conductivity. The SiN nanopore
is significantly more negatively charged than PIM CN and does not
contain any hydrocarbon groups, yet the degree of the transport
hindrance is comparable to the recordings in 10 mM salts for PIM
CN (Fig. 3c). These observations led us to conclude that the size of
these cations is the main factor responsible for the transport
hindrance in both the 5 nm SiN nanopore and PIM CN membrane
systems, and the hydrophobic interactions overall played the
weakest role.

Conclusions

We report solid state nanopores drop-casted with polymers of
intrinsic microporosity as a model system to probe interactions of
passing ions with the nano-confined electrochemical environment.
The PIM membranes exhibit a hindered transport of large cations
compared to potassium ions at concentrations up to 100 mM. We
discovered the importance of steric interactions in both uncharged
and carboxylated PIMs and that the presence of carboxylic acids in
PIMs facilitates the transport of potassium ions while causing
aggregation and further hindrance of quaternary ammonium ions.

Though the experiments presented here were performed with
quaternary ammonium salts, the conclusion on the importance of
steric and electrostatic interactions for transport of large ions in
nanoconfinement is expected to be applicable to other molecules and
even particles.

Our future studies will examine the size and stability of the
aggregates we observed here with carboxylated surfaces. Additional
experiments with our PIM-nanopore systems will investigate the
transport characteristics of chiral membranes and molecules, which
may lead to new methods for enantiomeric separation.
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