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A B S T R A C T   

Tertiary-amine-based Polymers of Intrinsic Microporosity (PIMs) provide a class of highly porous molecularly 
rigid materials for the electrochemical transport of both ionic and neutral species. Here, the transport of water 
molecules together with chloride anions (i.e. the electroosmotic drag coefficient) is studied for the intrinsically 
microporous polyamine PIM-EA-TB immersed in aqueous 0.01 M NaCl (i) when protonated for pH < 4 or (ii) 
when not protonated for pH > 4. Preliminary data suggest that in both cases a high electroosmotic drag coef
ficient is observed based on direct H2O transport into a D2O-filled compartment (quantified by 1H-NMR). For 
PIM-EA-TB there is a strong pH dependence with a higher electroosmotic drag coefficient in less acidic solutions 
(going from approx. 400 H2O per anion at pH 3 to approx. 4000 H2O per anion at pH 7), although the underlying 
absolute rate of water transport at a fixed voltage of − 1 V appears to be essentially pH independent. Water 
transport through the PIM-EA-TB microchannels is rationalised based on the relative populations of chloride 
anions and of water in the micropores (essentially a ‘piston’ mechanism).   

1. Introduction 

Water transport and water purification with membranes represent 
important aspects of technologies that are key to societal challenges 
such as clean water provision and water harvesting [1], industrial water 
usage and recycling [2], and reliable irrigation in agriculture [3]. In 
order to purify water a plethora of technologies have been developed 
based on either (i) removing impurities and salts from water (e.g. using 
capacitive deionisation [4] or electrodialysis linked to renewable energy 
[5]) or (ii) extracting water from an impure resource (e.g. reverse 
osmosis [6] or forward osmosis [7]). Electrodialysis is a technique based 
on ion transport through a membrane and an important side effect of 
electrodialysis is electroosmosis, the transport of neutral species that 
accompany ionic species, for example in electroosmotic pumps [8]. 
Some materials have been designed to minimise electroosmotic trans
port (e.g. in commercial membranes [9,10]) but in other cases electro
osmotic transport has been maximised (e.g. in modified silicates [11]). 
Here, electroosmotic transport of water is investigated in a polymer of 

intrinsic microporosity (PIM [12]). 
PIMs have emerged as a special class of highly processable, highly 

porous, and glassy polymers with a high free volume based on a 
molecularly rigid backbone structure [13]. The ability of PIMs to 
dissolve in common organic solvents makes them ideal for the deposi
tion and study of thin films [14] and for the study of membrane trans
port phenomena. Here, PIM-EA-TB (Fig. 1A) is investigated. When 
depositing PIM-EA-TB onto a laser-machined microhole in an inert 
polymer substrate (or an array of 10 × 10 microholes, see Fig. 1C) and 
placing the resulting membrane between two electrolyte-solution-filled 
compartments (Fig. 1B), ion transport and ion current rectification 
phenomena have been observed [15]. Ionic currents are rectified due to 
the microhole restricting access to one side of the ionomer coating. In 
combination with semi-permeable ion transport in PIM-EA-TB, this re
sults in asymmetric concentration polarisation [16] and a switch be
tween an “open” diode state (electrolyte accumulates in the microhole to 
give a low resistance) and a “closed” diode state (electrolyte in the 
microhole is depleted to give a high resistance). It is shown here that this 
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ionic current rectification is associated with rectified electroosmotic 
pumping. 

Rectified electroosmotic transport in nanopore ionic diodes has been 
reported by White and coworkers [17] and demonstrated by Martin and 
coworkers [18,19]. Here, a microscale ionic diode based on PIM-EA-TB 
is employed and the electroosmotic flow for the open/closed diode state 
is quantified. The rigid microporous structure of PIM-EA-TB is suggested 
to be responsible for the very high rate of water transport with elec
troosmotic drag coefficients of up to 4000 (compared to 13,000 in 
porous silica reported by Shin et al. [20] or approximately 1 for Nafion- 
based membranes [21]). 

2. Experimental 

2.1. Chemical reagents 

The PIM-EA-TB polymer was prepared with 70 KD molecular weight 
following a previously reported method [22]. Agarose powder was 
purchased from Melford Ltd. Dimethyl sulfoxide (HPLC, 99.7%) was 
purchased from Honeywell. Chloroform and D2O (99.9 atom% D) were 
purchased from Sigma-Aldrich. Sodium chloride (99.5%) and hydro
chloric acid were purchased from Fisher Scientific Ltd. All chemicals 
were utilised without further purification. Aqueous solutions were pre
pared with ultra-pure water from a Thermo Scientific water purification 
system, with a resistivity not<18.2 MΩ cm (20 ℃). 

2.2. Instrumentation 

Electrochemical experiments were performed on a program- 
controlled potentiostat (Autolab PGSTAT12) in a four-electrode 
configuration (working, sense, counter, and reference electrodes [17]). 
A membrane electrochemical cell (U-cell, Fig. 1B) was constructed in 
which a membrane-coated, laser-drilled Teflon substrate (5 μm thick) 
separated two cylindrical half cells (diameter 0.5 in.). Carbon rods were 
used as working and counter electrodes, and silver wires served as quasi- 
sense and quasi-reference electrodes. During the electrochemical tests, 
the working and sense electrodes were always placed on the membrane 
side of the cell. The detection of H2O in D2O was performed by 1H-NMR 
spectrometry (Bruker 400 MHz) employing DMSO as an internal 
standard. 

2.3. Procedures 

Immobilisation of a PIM-EA-TB film on a Teflon substrate. A 
Teflon substrate with a laser-drilled micropore array was prepared with 
a thickness of 5 μm (Laser Machining Ltd, Birmingham, UK). Fig. 1C 

shows the optical microscopy images of an array of microholes with 10 
μm diameter and 200 μm pitch. To prepare the membrane, 30 μL 3 mg/ 
mL solution of PIM-EA-TB in chloroform was deposited asymmetrically 
onto the laser-drilled Teflon substrate on a glass substrate (the glass 
substrate was initially coated with a thin layer of 1% wt. agarose gel [23] 
to prevent the PIM-EA-TB solution from penetrating through the 
microholes). After evaporating, a uniform membrane coating was 
formed over the array region with a thickness estimated to be typically 
10 ± 5 μm [24]. The membrane was then pre-treated in aqueous HCl at 
pH 2 for 1 h, rinsed, and finally immersed in 0.01 M NaCl solution with 
the required pH for 2 h before performing experiments. 

Electrochemical experiments and Nuclear Magnetic Resonance 
(1H -MR) monitoring. Although the in situ 1H -NMR measurement of 
electrophoretic water transport has been reported [25], here a simple 
approach based on taking samples from the electrochemical cell and 
transfer of H2O into D2O is employed. A volume of 8 mL 0.01 M NaCl in 
H2O solution was added to the working electrode compartment (pH 
adjusted with 10 mM HCl as required; a constant ionic strength was 
maintained up to the data point for 10 mM HCl at pH 2.2; data points for 
pH 2 were obtained by addition of 1 M HCl to give approximately twice 
the ionic strength). A volume of 8 mL 0.01 M NaCl in D2O solution was 
added to the counter electrode compartment, with 3.1 mM DMSO added 
as an internal 1H -NMR standard (2.0 μL DMSO in 10 mL D2O). During 
measurements, the cell was first allowed to stand for 40 min without any 
applied voltage. The diffusional transport of H2O into the D2O 
compartment was monitored. Then a fixed voltage of − 1 V (consistent 
with an open diode) was applied to the membrane for 80 min while 
measuring H2O transport at 20-minute intervals. Finally, the cell was 
again allowed to rest without applied voltage for 40 min while moni
toring H2O transport. Every 20 min, a sample of 0.6 mL D2O solution 
was taken from the counter electrode compartment (ensuring good 
mixing before samples were taken). The samples were then measured by 
1H -NMR (by integration of peaks at 2.65 ppm for DMSO and at 4.70 
ppm for protons in H2O/D2O) to analyse the change of H2O concentra
tion in D2O. From the 1H -NMR and electrochemical data the coefficient 
of electroosmotic drag (the number of water molecules being trans
ported per anion) was determined. 

3. Results and discussion 

3.1. Electroosmotic transport in anionic diodes based on microporous 
polyamine: Voltammetry 

The cyclic voltammetric characteristics for PIM-EA-TB coated over a 
single 10 μm diameter microhole and immersed in 10 mM NaCl has been 
reported previously [23]. Fig. 2A shows a typical set of data with low 

Fig. 1. (A) Molecular structure of PIM-EA-TB. (B) Four-electrode membrane voltammetry experimental configuration. (C) Optical micrographs showing the 10 × 10 
microhole array and individual microholes with 10 μm diameter and 200 μm pitch in a Teflon substrate 5 μm thick. 
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currents in the positive potential range (the diode is closed) and higher 
currents in the negative potential range (the diode is open). This 
behaviour is consistent with that previously reported for an anionic 
diode [26] and has been further investigated by Chen and coworkers 
[27,28]. A pre-condition for the current rectification effect is semi- 
permeability, which is achieved when the PIM-EA-TB is protonated. 
Cyclic voltammetry data for pH values of 2, 3, 4, 5, and 6 are shown in 
Fig. 2A and 2B, and the rectification effect clearly weakens with 
increasing pH values. At pH 2, the anionic diode is open in the negative 
potential range and closed in the positive potential range. 

Data for a similar experiment performed with a 10 × 10 array of 10 
μm diameter microholes in a 5 μm thick Teflon substrate are shown in 
Fig. 2C and 2D. Currents for the array generally increase by approxi
mately two orders of magnitude, consistent with the anticipated in
crease in active area. The trends associated with pH are very similar for 
the single microhole and for the array measurements. Some minor 
variation in current–potential characteristics are likely to be explained 
mainly by variations in the PIM-EA-TB film deposition and film thick
ness. Due to the relatively high scan rate of 0.2 V s− 1 some degree of non- 
steady-state behaviour is observed and further investigated in chro
noamperometry experiments. 

Fig. 3 shows chronoamperometry data for a single microhole (3A and 
3B) and for an array of microholes (3C and 3D). The rectification effect is 
most clearly detected at pH 2 and the switching time for the anionic 
diode is typically 10 s and 30 s for a single microhole or array, respec
tively. When changing the pH to less acidic conditions, transient features 
become more complicated (a combination of rising and falling transient 
components can be observed due to different processes contributing) 
and the rectification effect is lost. Contributions to the current transients 

are likely from diffusion-migration, from compositional changes within 
the PIM-EA-TB, and from electroosmotic phenomena that occur simul
taneously (vide infra). Next, the significance of electroosmotic flow and 
the effect of pH on the electroosmotic transport of water in PIM-EA-TB 
are investigated. 

3.2. Electroosmotic transport in anionic diodes based on microporous 
polyamine: Water transport 

Experiments exploring the transport of water were based on 1H NMR 
determination of the H2O content when placing D2O solution into the 
counter electrode compartment (see Fig. 4A). A Teflon membrane with a 
10 × 10 array of 10 μm diameter microholes was employed, covered 
with PIM-EA-TB approximately 10 μm thick on the side of the working 
electrode. In this configuration, the “open state” of the ionic diode with 
anion transport is observed at negative applied potentials (Fig. 4A). A 
typical data set for changes in water concentration in the counter elec
trode compartment as a function of time is shown in Fig. 4B (for pH = 3). 
Phases 1 and 3 correspond to periods of time with no applied bias and 
therefore reflect freely diffusing water. Phase 2 reflects the transport 
with − 1 V applied voltage, showing clearly enhanced transport of water 
from the H2O compartment into the D2O compartment. Note that these 
are preliminary data and that in future more data points collected over a 
longer period of time will help to improve data quality. When repeating 
this experiment with + 1 V applied bias, only insignificant water 
transport occurs (within the diffusional background), consistent with 
rectified water transport in the diode. 

The analysis of the diffusion of water from the H2O compartment 
into the D2O compartment was performed without applied potential and 

Fig. 2. (A,B) Cyclic voltammetry data (scan rate 0.2 Vs− 1) for a 10 μm microhole covered with PIM-EA-TB and immersed in aqueous 10 mM NaCl at various pH 
values: (i) 2, (ii) 3, (iii) 4, (iv) 5, and (v) 6. (C,D) as before but for a 10 × 10 array of microholes. 
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with 10 independent data sets (see Fig. 5A) suggesting an average 
diffusional flux density of 3.8 ± 1.5 mol m− 2 s− 1 for water (H2O into 
D2O), essentially independent of the solution pH. The considerable error 
margin is likely to be linked to a variation in the thickness of the PIM-EA- 
TB film but also to additional effects from unintended variations in 
hydrostatic pressure. The diffusional flux density gives an average of 
DH2O,PIM = 0.6 ± 0.3 × 10-9 m2 s− 1 (assuming a water flux density = Dc/δ 
with an average PIM-EA-TB thickness of typically δ = 10 μm, employing 
c = 56 × 103 mol m− 3 as the H2O concentration difference, and using 

DH2O,PIM as the diffusion coefficient of water in the PIM-EA-TB). This 
value compares to the self-diffusion coefficient for water of approxi
mately DH2O,WATER = 2.3 × 10-9 m2 s− 1 at room temperature [29,30] and 
is evidence for somewhat slower but still significant self-diffusion of 
water molecules within the PIM environment. Note that differences 
between D2O and H2O, for example in cohesion energy and importantly 
in the rate of self-diffusion [31], suggest that this comparison is valid 
only in approximation. The average transit time under these conditions 
for water molecules based purely on diffusion can be estimated as δ2/2D 

Fig. 3. (A,B) Chronoamperometry data (stepping the potential between − 1 V and + 1 V) for a 10 μm microhole covered with PIM-EA-TB and immersed in aqueous 
10 mM NaCl at various pH values: (i) 2, (ii) 3, (iii) 4, (iv) 5, and (v) 6. (C,D) as before but for a 10 × 10 array of microholes. 

Fig. 4. (A) Illustration of the experimental cell with 10 mM NaCl in H2O in the working electrode compartment and 10 mM NaCl in D2O in the counter electrode 
compartment. With negative applied bias anion transport occurs with H2O transport into the D2O. (B) Plot of the [H2O] concentration in the counter electrode 
compartment as a function of time with phases 1 and 3 without applied bias and phase 2 with − 1 V bias. 
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= τ = 0.1 s. 
With an applied bias of − 1 V, the transport rate of water increases 

due to the electroosmotic flux. Fig. 5B summarises the trend in 

electroosmotic water flux density for water transport (with the under
lying diffusional water flux density subtracted). Electroosmotic water 
transport amounts to a flux density of approximately 5.8 ± 1.8 mol m− 2 

Fig. 5. (A) Plot of water flux density in mol m− 2 s− 1 versus pH without applied potential. (B) Plot of water flux density versus pH at − 1 V bias with the diffusional 
water flux density subtracted. (C) Plot of the average ion current (averaged over 80 min) versus pH. (D) Plot of electroosmotic drag coefficient (the number of water 
molecules transported through the PIM-EA-TB per chloride anion) versus pH. Estimated error bars ± 20% are indicated. Blue lines are provided to guide the eyes. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Schematic diagram (not to scale) illustrating anion and water transport for (A) pH > 4 with partial protonation, (B) pH < 4 with a higher degree of pro
tonation, and (C) the situation where cations try to enter the microporous PIM-EA-TB against the water flow. 
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s− 1 (Fig. 5B). Thus, the electroosmotic water flow more than doubles the 
total observed water transport. Perhaps surprisingly, this water flux is 
not strongly affected by pH (Fig. 5B) in spite of the anticipated effects 
due to polymer protonation with approximately pKA ≈ 4 [23]. 

In acidic conditions, the ionic current is dominated by anions due to 
the protonation of the tertiary-amine sites in the PIM-EA-TB polymer 
backbone [23]. This allows the current to be interpreted as anion 
(chloride) current. The average current during electroosmosis experi
ments (averaged over a time period of 80 min) is plotted as a function of 
pH in Fig. 5C. These average currents are consistent with those observed 
in cyclic voltammetry experiments for microhole arrays at − 1 V po
tential in Fig. 2B. Variation in current data is likely to be linked to some 
variation in the polymer film thickness deposited onto the array of 
microholes. 

When expressing the water flux in terms of H2O molecules per anion 
(the electroosmotic drag coefficient), a very clear trend emerges 
(Fig. 5D). The protonation of the PIM-EA-TB at a pH of 4 and lower 
clearly increases the current (see Fig. 5C) and therefore, given an 
approximately constant flux of water, the electroosmotic drag coeffi
cient is reduced. Schematic illustrations of the effect are shown in Fig. 6. 
For pH > 4 only partial protonation of the PIM-EA-TB polymer occurs 
(Fig. 6A) and the mobile anions present in the micropores can move the 
trapped water. For pH < 4 a higher degree of protonation is achieved 
(Fig. 6B) and the conductivity of the anion-conducting PIM-EA-TB is 
increased (leading to higher currents). However, the amount of water 
transport remains similar as this could be associated with the total free 
volume available in the PIM-EA-TB microchannels. Therefore, the 
transport of water molecules per anion seems to be lower for higher 
currents. The chloride anions can be considered to behave like ‘pistons’ 
that push the water through the microporous material. 

When the concentration of chloride in the PIM-EA-TB is low, the flow 
or electroosmotic drag coefficient appears to be higher. This situation is 
unusual (and linked to the molecular rigidity of the PIM-EA-TB) as the 
anions in this case cause substantial water flow and this can prevent the 
transport of cations in the opposite direction (see Fig. 6C). This result 
suggests that the apparent transference for anions and cations is linked 
to electroosmotic flow, i.e. the apparent transference for chloride is high 
as long as the flow is high. A further interesting point in this discussion is 
linked to the onset of the electroosmotic flow. There must be a point (e.g. 
making the pH more alkaline or employing other types of electrolytes) 
when a switch occurs from anion-dominated water transport to cation- 
dominated water transport. That is, the electroosmotic flow becomes 
bistable and is affected by small fluctuations at the beginning of the 
experiments. 

4. Summary and conclusion 

The observation of the high electroosmotic drag coefficient for low 
ion populations has been linked to a ‘piston’ mechanism associated with 
the anion movement in a molecularly rigid polymer of intrinsic micro
porosity, with the piston movement/direction controlled by the external 
potential. This observation raises questions connected to: (i) the domi
nating role of anion versus cation; (ii) the possibility of an ‘inversion’ in 
the water transport or bistability; (iii) the role of specific cations and 
anions, their concentrations, and their hydration radius/energy in the 
piston mechanism; (iv) the role of the microporous polymer design; (v) 
the role of small changes in hydrostatic pressure ‘priming’ the ion 
transport; and (vi) the role of other neutral species in solution. Some key 
conclusions are:  

• The intrinsically microporous polymer PIM-EA-TB allows a high rate 
of water transport associated with the transport of ions (electroos
motic drag coefficients up to 4000 at neutral pH). This is likely to be 
linked to the molecularly rigid structure and could be of interest in 
electroosmotic pumps (e.g. for medical applications [32,33]), but 
also in water purification and water harvesting.  

• The ‘population’ of mobile charge carriers in the microporous 
polymer offers a key to adjusting the electroosmotic drag coefficient, 
with lower populations causing an increase in the number of water 
molecules transported per charge carrier.  

• Experimental observations for electroosmotic water transport in 
PIM-EA-TB are closely related to those for electroosmotic caffeic acid 
transport in PIM-EA-TB [34] where pH was shown to change the 
current without affecting the net rate of transport.  

• Electroosmotic transport is usually linearly related to current [35]. 
Here, electroosmotic transport seems independent of changes in 
current when compared for different pH values, but this is linked to 
structural changes such as protonation modifying the membrane 
properties. 
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