CO2-triggered fine tune of electrical conductivity
via tug-of-war between ions
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A novel approach to control electrical conductivity with CO, was
proposed by reversible shift of molecular structures between free
ions and zwitterions. It was achieved by new design of ionic liquids,
possessing dynamic covalent bond between anion and cation. The
conductivity was finely tuned by changing partial pressure of CO,.

Reversible tuning of electrical conductivity of materials is of
interest for various applications such as switches, sensors,
condensers, and variable resistors. Although there are a
number of reports about thermal tuning of electrical
conductivity!3, temperature limitation for use is often a critical
issue. Chemical tuning is thus preferable; specifically, dissolving
and expelling CO; is more preferable owing to its repeatability,
safety, and eco-friendly character compared with chemical
reagents. Until now, there have been no reports on tuning by
CO; with transition-type solid conductors. With regard to a
solution, tuning by CO, bubbling itself can be achieved by
shifting molecular structures between neutral and ionic species.
However, the usable structures are strictly limited—amidines,
amines, and few amine related compounds—and thus the
range of application is limited.*>

Here we propose a totally different way to control the ion
mobility by limitation of ion mobility in an electric field, not by
shifting the structure between neutral and ionic species. We
focused on ionic liquids (ILs), which are basically composed by
organic ions (or non-metal inorganic ions).® They are known as
good conductive liquids with and without other solvents.10-12
Unlike metal ions, a wide variety of organic ions exist and the
most significant property of organic ions is “having covalent
bonds”. By exploiting covalent bonds, we can freely design ions
we want by means of various interactions, such as hydrophobic
interaction and hydrogen bonds in addition to the covalent
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bond itself. Zwitterions (ZIs)3-16—anion and cation tethered by
a covalent bond—are a unique design of organic ions. They do
not move in an electric field'317 because the anion and cation
parts tend to move to opposite sides with the same force, like
tug-of-war between them. Therefore if the ion structure can be
switched between the separated anion and cation and the ZI, a
significant shift in conductivity can be achieved.

In this study, we exploited novel organic ions which can
switch between the separated ions and the ZI by introducing
dynamic covalent bonds to anions and cations. A dynamic
covalent bond'® is a covalent bond that can be formed and
broken reversibly by external stimuli, and there are a few
reports regarding dynamic covalent bonds between cations of
ILs and neutral compounds (not between cation and anion).19:20
Especially imine bonds2122 can be formed and broken by pH
change. As the pH range of forming/breaking the imine bond
depends on the structure of amine and aldehyde?!, we wonder
that IL analogues with suitably designed anions and cations can
reversibly shift to ZI even by a small pH change—only
adding/expelling CO,. In this study, we tuned the conductivity
of solutions by using the ions tethered by imine bonds.
Moreover, if fine-tuning of the conductivity is additionally
achieved, variable resistors will be downsised to millimeter- or
micrometer-scale because present variable resistors change the
resistance by physically shifting the length of the resistance
systems and are thus large. While CO,-driven fine-tuning has
not been reported with any compounds, to the best of our
knowledge, we realised fine-tuning by changing the partial
pressure of CO,; we expected that the pH of the solution and
consequent equilibrium of forming/breaking the imine bond
could be controlled based on Henry’s law.

We synthesised a novel IL analogue with an imine bond— 1-
(3-aminopropyl)-3-methylimidazolium benzaldehyde-2-
carboxylate ([Csnn2mim][o-aldBzCOO], shown in Fig. 1). The
structural shift of [C3yy2mim][0-aldBzCOO] between the IL form
and the ZI form (left- and right hand sides of Fig. 1) in the
aqueous solutions was identified by TH NMR (Fig. 2 and the full
spectra are shown in Fig. S1.). Signals arising from the
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Fig. 1 Structures of the IL- and ZI forms of [C3y, mim][o0-aldBzCOO].
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Fig. 2 'H NMR spectra of [C3yy2mim][0-aldBzCOO] solutions at pH 10.5, 9.5, 8.5, 7.5, 6.5
and 5.9 and a solution at pH 10.5 reversed from pH 5.9. The solution at pH 9.5 is the
original solution. The signals at 8.1 and 9.7 ppm are attributed to the imine (ZI form) and
the aldehyde (IL form), respectively.

aldehyde (IL form) and imine (ZI form) were respectively
observed at 9.6 and 8.1 ppm. We assessed the structural shift
of [C3nwzmim][o-aldBzCOO] when changing pH by acid/base to
understand the characteristics. The pH of the solution before
the addition of acid/base was 9.5, and a relatively large peak at
8.1 ppm and a small peak at 9.6 ppm were observed. This
indicates that the majority of [C3yy2mim][0-aldBzCOO] exists as
Zl form in the solution. When acetic acid was added to decrease
the pH, the signal at 8.1 ppm gradually decreased and the signal
at 9.6 ppm increased; the ratio of the ZI form decreased and
that of the IL form increased. At around pH 6, the signal at 8.1
ppm was completely diminished, indicating complete
conversion to the IL form. There was no change below pH 5.9.
On the other hand, when NaOH was added to the original
solution, both signals were almost unchanged up to pH 12,
indicating that the major part of [Csyu2mim][0-aldBzCOO] exists
as the ZI form under basic conditions.

The ratio of the IL form and the ZI form was calculated from
the areas of the signals. The pH dependence of the ratio of the
IL form is plotted in Fig. 3. Before the addition of acid/base (pH
9.5), the ratio of the IL form was 16% (the ZI form was 84%). As
the pH decreased, the ratio of the IL form drastically increased,
reaching 50% at around pH 8. The ratio of the IL form became
100% at around pH 6 and did not change below pH 6. When the
pH of the solution increased, the ratio of the IL form was almost
the same as in the original solution. From these results, the
maximum ratio of the IL form was found to be 100%, and the
minimum ratio was found to be around 15%; the ratio
drastically varied in solutions between pH 6 and 9.5. In addition,
the change of the ratio was reversible. Acetic acid was added to
the [C3snw2mim][o-aldBzCOO] solution to adjust the pH to 5.9,
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followed by addition of NaOH to re-adjust to pH 10.5. The
intensity of the signals at 8.1 and 9.6 ppm respectively increased
and decreased compared with those at pH 5.9. The ratio of the
IL form returned from 100% to 20%, similar to those of the
solution at pH 10.5 directly made from the original solution.

We shifted the structure by bubbling the [Csnyuzmim][o-
aldBzCOO] solution with CO, and N, for decreasing and
returning pH. When [C3nn2 mim][0-aldBzCOO] was bubbled with
N2, there was no obvious change in the TH NMR spectrum of
[Csnnw2mim][0-aldBzCOO], as shown in Fig. 4 (the full spectra are
shown in Fig. S2); the ratio of the IL form after N, bubbling was
14% at pH 9.6 while that of the original solution was 16% at pH
9.5. The slight change may be a result of the expulsion of the
dissolved CO, that was absorbed from the air. On the other
hand, the pH of the solution decreased to 6.3 upon bubbling
with CO,, and the 1H signals at 8.1 and 9.6 ppm greatly
decreased and increased, respectively; the ratio of the IL form
increased to 92%. In addition, the structural shift was confirmed
to be reversible. A [C3ypzmim][o-aldBzCOO] solution was
bubbled with CO; and then with N,. The intensity of the signals
at 8.1 and 9.6 ppm significantly increased and decreased,
respectively, after N, bubbling. The ratio of the IL form returned
from 92% to 21%. N, bubbling expelled CO,, resulting in
recovery of the ratio of the IL form. These results indicate that
we achieved a structural shift caused even by gas
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Fig. 3 Relation between pH and ratio of the IL form in the [C3yy;mim][0-aldBzCOO]
solutions after adding acid/base (open square) and after bubbling with N, (closed circle)
and CO; (closed triangle).
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Fig. 4 'H NMR spectra of [C3yy mim][o-aldBzCOO] aqueous solutions after bubbling with
N, and CO,, and a solution bubbled with CO; followed by N,.

bubbling, which is an efficient alternative to adding acid/base.
To confirm that the structural shift of [Czngzmim][o-

aldBzCOO] caused by gas bubbling arises from the pH change,

we also plotted the relation between the pH and the ratio of the
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IL form after bubbling with N, and CO; in Fig. 3. As the plots
arising from gas bubbling corresponded to the plots of the pH
dependence obtained by adding acid/base, it was confirmed
that the structural change caused by gas bubbling is the result
of a pH change. Although some amines and ILs have ability to
capture CO; via covalent bond, the cation did not react with
CO; in this case (details in ESI, Fig. S3). In addition, the pH of the
bubbled samples ranged from 6.3 to 9.6, which were almost the
end points of the pH range affecting the structure of
[Cannzmim][0-aldBzCOO]: [C3nnzmim][o-aldBzCOO] is the well-
designed structure for the shift with CO, and N,.

The electrical conductivity of the [Csyuzmim][o-aldBzCOO]
solution was measured (Fig. 5). The conductivity was 0.6 mS/cm
before gas bubbling. It increased to 4.3 mS/cm after CO,
bubbling within 14 min. We thus were able to demonstrate
control of the conductivity of the solution in the order of mS/cm,
which is comparable to the cases with highly concentrated
solutions of optimised amines while almost cases are in the
order of uS/cm.2324 The results also show that the resistivity of
1700 and 230 Qcm before and after CO; bubbling and the both
solutions are recognised as semiconductors; the value of 230
Qcm is especially similar to silicon at room temperature.?s In
addition, it returned to 0.8 mS/cm by N, bubbling after 29h. The
return was very slow because expelling CO, by N, is not very
effective. However, it is noted that the half-life period under N
bubbling was 2.2 hours and thus not so slow. Furthermore,
sonication was confirmed to be one of facilitation methods: the
half-life period was 30 min under sonication. The procedure is
confirmed to be repeatable at least three times as shown in Fig.
5.

Fine-tuning of the conductivity of the solution with CO, was
attempted by controlling the ratio of IL form and ZI form, based
on partial pressure of CO,. Fig. 6 shows the relation between
the conductivity and the partial pressure of CO;. Only slight
partial pressure affected the conductivity; 2.5, 3.4, and 3.8
mS/cm at 1, 5, and 10 kPa (original solution: 0.6 mS/cm). It was
finally 4.3 mS/cm at 101 kPa (atmospheric pressure) as we
mentioned before. To clarify that the increase in conductivity is
based on the structural shift of [C3yy2 mim][0-aldBzCOO],
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Fig. 5 Conductivity of the [C3ypmim][0-aldBzCOO] solution during bubbling with CO,
and N,.
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the relation between the ratio of the IL form and partial
pressure of CO, was also plotted in Fig. 6. The trend was quite
similar to the change of the conductivity; it was drastically
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increased in the range of 0-10 kPa (83 mol% at 10 kPa) and
gradually increased in the range of 10-101 kPa (93 mol% at 101
kPa). To further confirm that the pH change of the solution was
the driving force of the structural shift, the relation between the
pH and the ratio of the IL form after CO, bubbling at various
partial pressures was plotted in Fig. 7. The relation was
confirmed to be the same as that changed with acid/base,
clearly suggesting that the pH change is the driving force. This is
the first report to demonstrate fine tune of conductivity of
solutions by CO,/N, bubbling.

Finally, we demonstrated utilisation of the [Csyuamim][o-
aldBzCOO] solution as a variable resistor. Fig. 8a shows the
electrical circuit used in this study. The circuit is a series circuit
and includes an AC power source, an ammeter, a light-emitting
diode (LED), and a 1 wt% [C3nuzmim][o-aldBzCOO] solution. The
solution is depicted as a variable resistor (a photograph of the
entire system is shown in Fig. S4). Fig. 8b shows the LED of the
system before electrifying in a light room, as a reference. Fig. 8c
shows the emission from the LED in a dark room before and
after CO; bubbling at 0.1, 1, 101 kPa. Only slight emission was
observed before CO, bubbling. The emission became
somewhat stronger after CO, bubbling at 0.1 kPa. The intensity
of the emission increased with increasing the partial pressure of
CO,; it finally became much stronger after bubbling at 101
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Fig. 6 Conductivity of the [C3yy, mim][o-aldBzCOQ] solution and the ratio of the IL form
after bubbling with CO, at different partial pressure.
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Fig. 7 Relation between pH and ratio of the IL form in the [C3ys;mim][0-aldBzCOO]
solutions after CO, bubbling with various partial pressures (closed triangle). Open
squares show the relation between pH and ratio of the IL form in the [C3yy,mim][o-
aldBzCOO] solutions when controlling pH by acid/base, as references.
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Fig. 8 (a) Circuit diagram of emission experiment. A picture of the actual system is shown
in Fig. S2. (b) The light-emitting diode of the system in a light room. (c) Emission from
light-emitting diode in a dark room before and after CO, bubbling with different partial
pressure and N, bubbling. Bubbling with 0.1, 1, 101 kPa CO, and 101 kPa N, was serially
conducted. (d) Emission from light-emitting diode in a dark room before and after
bubbling with exhaled breath.

kPa. N bubbling moreover achieved return of the emission. The
intensity of the emission is basically related to the current value
and the trend was also observed in this study: 33 mA before CO,
bubbling, 44, 50, 68 mA after CO, bubbling at 0.1, 1, 101 kPa,
and 34 mA after N, bubbling. [Csypzmim][o-aldBzCOQO] first
enabled control of the current by CO,/N, bubbling and
consequently worked as a variable resistor. Application of
transistors is expected to enable clear on/off and control of
much stronger electric currents, while we used only an LED in
this study to clarify a potential of [Csyy2mim][0-aldBzCOO].

To show further potential of [Csyy2mim][o-aldBzCOO], we
changed the emission with a device everyone possesses—
breathing. Exhaled breath includes 4-5% CO, and thus the
concentration is enough to cause a change. Fig. 8d shows the
emission before and after bubbling with exhaled breath. The
emission increased as well as CO, bubbling and the current
value also increased from 33 to 65 mA. This suggests that
electric devices will be operated without any special equipment
while the increase of conductivity may be much depending on
persons and situations because the composition of the exhaled
gases is viable. It is noted that the sophisticated amines for shift
of conductivity are generally corrosive and highly toxic, even
their vapor, and thus application of the tuning with breathing is
not feasible. Therefore, non-volatile ions and zwitterions shown
in this study should be suitable. In addition, this novel
methodology is expected to be applicable as CO, sensor
especially in low concentration range.

It is noted here, the electrical conductivity studied in this
study includes is the mixed conductivity attributed to both
electron and ion conductivities. Each contribution of electron
and ion is not clear now and further investigation is one of
future works.

In conclusion, we developed a novel methodology to
reversibly shift conductivity by CO,; involving novel design of ILs
which reversibly shift to Zls. The conductivity significantly
changed in the order of mS/cm and finely tuned by partial
pressure of CO,. As a result, this is a first report about CO,-
driven variable resistors.
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