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Reactivity of solvated electrons in ionic liquid interacting with
low-pressure plasmas

Yoshinobu Inagaki* and Koichi Sasaki

Division of Quantum Science and Engineering, Hokkaido University, Sapporo 060-8628, Japan

We employed the charge transfer to solvent (CTTS) transition to examine the reactivity of solvated elec-

trons in ionic liquid interacting with plasmas. A dye laser pulse at 225 nm was injected into N,N,N-trimethyl-
N-propylammonium bis (trifluoromethylsulfonyl) imide with the addition of potassium iodide, which was
irradiated with low-pressure plasmas, and the reaction frequency of solvated electrons produced by the
CTTS transition was measured by optical absorption spectroscopy. It was observed that the reaction fre-
quency of solvated electrons was enhanced by the plasma irradiation. The enhanced reaction frequency
was more remarkable by the irradiation of a nitrogen plasma than argon and oxygen plasmas. In addition,
a higher reaction frequency was observed at a closer distance from the plasma-liquid interface. The UV-vis
absorbance spectrum of the ionic liquid was changed by the plasma irradiation, indicating the production
of unknown species which had a high reaction frequency with solvated electrons in the ionic liquid.

1. Introduction

Recently, plasma-liquid interaction attracts much attention because of its potential applica-
tions in water treatment,' medicine,*® agriculture,” and analysis.!*'> A unique reactive
species in plasma-liquid interaction, which is never involved in gas-phase plasma chemistry,
is solvated electrons. The importance of solvated electrons is summarized as follows. First,
solvated electrons greatly change the chemical reaction paths in liquids. According to the
knowledge in radiation chemistry, the standard reduction potential of solvated electron is -2.9
eV,'» and it reacts rapidly with many species having positive reduction potentials. Therefore,
the density and the reactivity of solvated electrons link directly with the amount of chemical
species generated by the plasma. Second, solvated electrons induced by the plasma irradia-
tion have the potential for industrial applications. For example, solvated electrons work as the
reducing agent in the syntheses of various metal nanoparticles from metal ions in liquids.'®

The study of solvated electrons has a long history in the field of radiation chemistry.

After the first observation of solvated electrons in 1962,' solvated electrons have been in-
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17-19) The advantage of these methods

vestigated by pulse radiolysis!>!® and laser photolysis.
is the compatibility with pump-probe techniques. In these methods, solvated electrons are
produced instantaneously by the irradiation of pulsed electron or laser beam, and the tempo-
ral variation of the solvated electron density is measured by optical absorption spectroscopy.
The reaction rate coefficients of hydrated electrons in water with various additives have been
determined using these methods.!®¥ On the other hand, there are only limited, uncertain in-
formation about energetics, binding motifs, and dynamics of solvated electrons, which are
required for unraveling the detailed mechanism of DNA damage. Today, many scientists try
to clarify these issues using quantum mechanical calculations?>?! and photoelectron spec-
troscopy of liquid micro jets.?*2%

Although there have been growing interests of solvated electrons in plasma-liquid inter-
action, the number of experimental investigations on solvated electrons is extremely small.
This is due to the difficulty in the detection of solvated electrons in liquids interacting with
plasmas. Rumbach and coworkers succeeded in the detection of hydrated electrons by optical
absorption spectroscopy using the total reflection geometry at the plasma-water interface.>*2>
However, this measurement may need delicate optimization of the experimental system, since
a serious noise may be caused by the vibration of the plasma-water interface. According to the
probable experimental difficulty, we cannot find further progress in the detection of solvated
electrons in liquids interacting with plasmas.

To overcome the problem, in this work, we employed the charge transfer to solvent
(CTTS) transition as a method for investigating the kinetics of solvated electrons in liquids in-
teracting with plasmas. The CTTS transition is classified into laser photolysis, where solvated
electron are produced by photodetachment of I.'%! Since solvated electrons are produced
by the irradiation of pulsed dye laser beam, we can measure the lifetime or the reaction fre-
quency of solvated electrons at any time and any position. In this paper, we report the lifetime
of solvated electrons in an ionic liquid interacting with low-pressure argon, oxygen, and ni-
trogen plasmas. The interaction between an ionic liquid and a low-pressure plasma is utilized

in the synthesis of metal nanoparticles.?2”

2. Experimental methods

Inductively coupled plasmas (ICP) were produced in a cylindrical vacuum chamber using a
one-turn internal antenna which was covered with glass fibers. The diameter of the rf antenna
was 12 cm. The antenna was connected to an rf power supply at 13.56 MHz via matching cir-

cuit. The vacuum chamber was evacuated below 6.5 x 10~ Pa using a turbomolecular pump

2/



Jpn. J. Appl. Phys. REGULAR PAPER

before introducing discharge gases. The gases we used for the plasma production were argon,
nitrogen, and oxygen. The discharge gas was introduced into the vacuum chamber using a
mass flow controller. The gas pressure ranged between 1.3 and 3.9 Pa. We employed a Lang-
muir probe for measuring the electron density, the electron temperature, and the ion saturation
current of the plasma. The electron density increased with the rf power, while the electron
temperatures in argon and nitrogen plasmas were 2-4 eV. A quartz cuvette (10 x 10 mm?) was
installed in the vacuum chamber, and it was filled with N,N,N-trimethyl-N-propylammonium
bis (trifluoromethylsulfonyl) imide (TMPA-TFSI; KANTO Chemical Co., Inc.). Potassium
iodide (KI) was dissolved into TMPA-TFSI at a concentration of 0.5-1 mM. The ionic liquid
TMPA-TFSI with KI was irradiated with the plasma for 2-6 min. The electrical potential of
the ionic liquid was floating.

The optical arrangement for producing and detecting solvated electrons is schematically
shown in Fig. 1. The cuvette with TMPA-TFSI/KI in the vacuum chamber was irradiated with
a dye laser pulse at a wavelength of 225 nm via a quartz window on the vacuum chamber.
The duration of the laser pulse was 8 ns. Iodine negative ions (I7) in the solution were excited
to the CTTS band by absorbing laser photons (I" + hv — I'").!%!9 The excited ions were
photodetached, and electrons thus produced were solvated (I"™ + Av — I + e4,}y). We mainly
used a diode laser at a wavelength of 1080 nm for measuring the absorbance of solvated
electrons. The dye and diode laser beams were overlapped on the same optical axis using
a dichroic mirror. The dye laser beam was terminated by the output-side optical window
(Pyrex glass), whereas the diode laser beam was detected using a fast InGaAs photodiode
with a rise time constant of 2.3 ns. The output from the photodiode was connected to a
oscilloscope, and the temporal variation of the transmitted diode laser intensity was recorded.
When we measured the absorbance spectrum of solvated electrons, we replaced the diode
laser with a continuum Xe lamp. Interference filters with the transmissions at various infrared
wavelengths (800-1300 nm) were placed in front of the photodiode, and the absorbance by
TMPS-TFSI was measured as a function of the wavelength.

In addition to the aforementioned pump-probe measurement, we examined UV-vis ab-
sorbance spectrum of the TMPA-TFSI/KI solution after the irradiation of the plasma. The
diode laser was replaced with a deuterium lamp in UV-vis absorption spectroscopy, and the
transmitted lamp light was detected using a small spectrograph (Ocean Optics, USB2000+).
We obtained the absorbance spectrum of the solution by comparing the spectra of the incident

and transmitted lamp lights.
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3. Results

3.1 Absorbance waveform and spectrum

Typical temporal variations of the absorbance, which is defined by —log,,(1;/1y) with I, and I;
being the intensities of incident and transmitted diode laser beam, respectively, are shown in
Fig. 2. The absorbance increased rapidly in the duration of the dye laser pulse, and after that,
we observed the exponential decay as shown in the figure. The absorbance at the peak in the
temporal variation is plotted in Fig. 3 as a function of the wavelength. Since the broadband
spectrum agrees with the absorbance spectrum of solvated electrons in TMPA-TFSL,'® 1 it
is confirmed by Fig. 3 that the CTTS transition in the TMPA-TFSI/KI solution worked well
and we really detected solvated electrons.

The absorbance is proportional to the concentration of solvated electrons according to the
Beer’s law. Hence, we can deduce the reaction frequency or the reciprocal of the lifetime of
solvated electrons by fitting the decay curve shown in Fig. 2 with an exponential function.
The reaction frequency of solvated electrons was 5.8 MHz when TMPA-TFSI/KI was not
irradiated with the plasma. This reaction frequency coincides well with the value reported in
literature.'® ! On the other hand, when TMPA-TFSI/KI was irradiated with an argon plasma
which was produced at an rf power of 110 W and a pressure of 1.3 Pa, as shown in Fig. 2, we
observed a higher reaction frequency of 14 MHz for solvated electrons.

3.2 Increase in reaction frequency by irradiation of argon plasma

We produced argon plasmas at various rf powers between 20 and 110 W, and examined the
reaction frequency of solvated electrons as a function of the electron density. The pressure
of argon was fixed at 1.3 Pa. Figure 4 shows the reaction frequencies of solvated electrons
observed at various distances from the plasma-liquid interface. As shown in the figure, the re-
action frequency increased almost linearly with the electron density. In addition, we observed
a higher reaction frequency at a closer distance from the plasma-liquid interface. The reaction
frequencies plotted in Fig. 4 were observed at 2 min after the initiation of the discharge.

Figure 5 shows the temporal variation of the reaction frequency of solvated electrons. In
this experiment, we initiated the discharge with a duration of 6 min at ¢t = 0. The rf power
and the argon pressure were 60 W and 1.3 Pa, respectively, and the electron density of the
plasma was 3.2 x 10'° cm™. At 6 min after the initiation of the discharge, we terminated the
rf power. As shown in the figure, the reaction frequency increased almost linearly with time
for 6 min. The reaction frequency of solvated electrons decayed slowly after the termination

of the discharge. We observed the reaction frequency which is the same as that of virgin
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TMPA-TFSI/KI at 90 min after the termination of the plasma.
3.3 Increase in reaction frequency by irradiations of nitrogen and oxygen
plasmas
Figure 6 shows the reaction frequencies of solvated electrons when TMPA-TFSI/KI was irra-
diated with nitrogen and oxygen plasmas. The result obtained by the irradiation of the argon
plasma is also plotted for comparison. The comparison between argon and nitrogen plasmas
is given as a function of the electron density (Fig. 6(a)), while the comparison between argon
and oxygen plasmas is given as a function of the ion saturation current (Fig. 6(b)), since the
evaluation of the electron density from the voltage-current curve of the Langmuir probe was
difficult in the oxygen plasma. Higher rf powers were necessary to produce the nitrogen and
oxygen plasmas with similar electron densities to the argon plasma. As shown in Fig. 6(a),
we observed higher reaction frequency of solvated electrons when TMPA-TFSI/KI was ir-
radiated with nitrogen plasma. In addition, a nitrogen plasma produced at a higher pressure
resulted in a higher reaction frequency. On the other hand, as shown in Fig. 6(b), the reaction
frequency was almost similar when TMPA-TFSI/KI was irradiated with argon and oxygen
plasmas.
3.4 UV-vis absorbance spectrum of TMPA-TFSI/KI solution
Two types of UV-vis absorbance spectra of the TMPA-TFSI/KI solution, which was irradiated
with the argon plasma for 2 min, are shown in Fig. 7(a). The rf power and the argon pressure
were 100 W and 1.3 Pa, respectively, and the electron density of the plasma was 5.3 x 10'°
cm™. The blue (ii) and green (iii) spectra were observed immediately and at 60 min after
the termination of the plasma, respectively. The absorbance spectrum of the virgin TMPA-
TFSI/KI solution ((i), the red spectrum) is also shown in Fig. 7(a) for comparison. The peak
at 200 nm is assigned to TMPA-TFSI since the same spectrum is observed in TMPA-TFSI
without the addition of KI. The peak at 225 nm is due to the CTTS transition of I". As
shown in the figure, the irradiation of the plasma made the solution less transparent, and the
absorbance spectrum did not recover to the original one even at 60 min after the termination
of the plasma. Figure 7(b) shows the difference in three spectra shown in Fig. 7(a). The red
curve shows the difference between spectra (i) and (ii), suggesting the absorbance spectrum of
species produced by the irradiation of the argon plasma. We observed the appearance of four
peaks at 210, 230, 280, and 360 nm. On the other hand, the blue curve shows the difference
between spectra (i1) and (iii), suggesting the absorbance spectrum of species disappeared in

the period of 60 min after the termination of the plasma. We observed the disappearance of
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three peaks at 230, 280, and 360 nm.

4. Discussion
4.1 Absolute density of solvated electrons
The absolute density of solvated electrons produced by the CTTS transition is readily ob-
tained from the Beer’s law using the knowledge on the absorption coefficient. According to
the absorption coefficient of 1.9 x 10* M~'cm™! at 1100 nm,'® the concentration of solvated
electrons corresponding to the absorbance of 0.1 is 5.2 uM. Therefore, the concentration of
solvated electrons is expected to be much lower than the concentrations of other chemicals in
the TMPA-TFSI/KI solution. In other words, it is expected that the chemistry in TMPA-TFSI
is not perturbed significantly by the production of solvated electrons. The negligible concen-
tration of solvated electrons is supported by the exponential decay or the first-order reaction
kinetics which is realized when the scavenger has a much higher density than solvated elec-
tron.
4.2 Effect of plasma irradiation
The enhancement of the reaction frequency of solvated electrons was observed by the ir-
radiation of the noble argon plasma as shown in Figs. 4 and 5. In this case, it is supposed
that chemicals produced from TMPA-TFSI or KI react with solvated electrons. The argon
plasma provides metastable states (Ar™) and positive ions (Ar"). The potential energies of
the metastable states (4s[3/2]5 and 4s'[1/2]() are approximately 12 eV. The energy corre-
sponding to the ionization potential of argon (15.8 eV) is released from Ar* when it arrives at
the plasma-liquid interface. In addition, Ar* has a kinetic energy (~ 10 eV) since it is accel-
erated in the sheath electric field. The deposition of these energies may induce dissociation of
TMPA-TFSI and/or KI at the plasma-liquid interface, resulting in the production of chemicals
which react with solvated electrons. The importance of the productions at the plasma-liquid
interface is seen in Fig. 4, where we observed a higher reaction frequency at a closer distance
from the plasma-liquid interface. In the comparison between Ar™ and Ar*, Ar* is more suit-
able to explain the linear relationship between the reaction frequency and the electron density
(Fig. 4). We expect the saturation of the Ar™ density with the electron density in the present
experimental condition, considering the kinetics of collisional quenching by electrons.?®
The contribution of reactive neutral species to the enhancement of the reaction frequency
was clearly observed by the irradiation of the nitrogen plasma as shown in Fig. 6(a). The reac-
tive species provided from the nitrogen plasma is atomic nitrogen, molecular nitrogen at the

metastable A’Y} state, and molecular nitrogen ion. According to our previous work, both the
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densities of atomic nitrogen and molecular nitrogen at the metastable state increased almost
linearly with the rf power in nitrogen plasmas which were produced at similar conditions to
the present work.?” Hence, we cannot judge the most important reactive nitrogen species on
the basis of the present experimental data. On the other hand, according to Fig. 6(b), reac-
tive oxygen species are less important than reactive nitrogen species. The selective reaction
may be due to the complicated molecular structure of TMPA-TFSI. Another possibility to
explain the difference in the reaction frequencies in the plasmas with the different gases is
the destruction of solvated electrons by the irradiation of photons from the plasmas, since the
argon, nitrogen, and oxygen plasmas have different optical emission spectra. The destruction
of solvated electrons is observed in TMPA-TFSI by the irradiation of a Nd: YAG laser pulse
at 532 nm.>” However, this destruction process is unlikely in the present experimental condi-
tion, since the absolute photon flux from the plasmas is several orders of magnitude smaller
than that of the pulsed Nd: YAG laser.*"

4.3 Scavenger produced in TMPA-TFSI/KI solution

It is difficult to identify the scavenger chemical that contributes to the enhancement of the
reaction frequency of solvated electrons on the basis of the experimental data obtained in the
present work. It is understood from Fig. 5 that the scavenger chemical is not stable species.
The lifetime of the scavenger chemical is estimated to be 15 min from the decay curve of
the reaction frequency. The chemicals produced by the irradiation of the argon plasma had
absorbance peaks at 210, 230, 280, and 360 nm, as shown in Fig. 7(b), but the chemical having
the absorbance at 210 nm does not contribute to the reaction frequency of solvated electrons
since it still exists at 60 min after the termination of the plasma. By comparing Fig. 7(b)
with the spectrum reported in literature,’ the peaks at 280 and 360 nm are assigned to I;. A
production process of I5 originates from the CTTS reaction, namely, atomic iodine produced
by I" + hv — I + ey, reacts with I” to form I; I+ 1" — L) and it is followed by I + I; —
I; + I".*Y Another production mechanism of I is the plasma irradiation. The production of

I; is observed in a Kl-starch solution irradiated with an atmospheric-pressure plasma jet.>¥

W

We examined the reaction frequency of solvated electrons in the TMPA-TFSI/KI solution
with various concentrations of I5. The concentration of I was controlled by adding various
amounts of I into TMPA-TFSI/KI, where L] is produced by I" + I, — I3. As a result, we
found that the reaction frequency of solvated electrons was independent of the concentration
of I. Therefore, we can conclude that the chemical which has the absorbance at 230 nm

is the scavenger of solvated electrons. We checked literature, but unfortunately we have not
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identified the scavenger chemical yet.

5. Conclusions

In this work, we employed the CTTS transition to investigate the reaction frequency of sol-
vated electrons in an ionic liquid interacting with low-pressure plasmas. We observed the
increase in the reaction frequency by the plasma irradiation. The increase was roughly propor-
tional to the electron density of the plasma. The irradiation of the nitrogen plasma enhanced
the reaction frequency more remarkably than the argon and oxygen plasmas. In addition, a
higher reaction frequency was observed at a closer distance from the plasma-liquid inter-
face, suggesting the production of the scavenger chemical at the plasma-liquid interface by
the irradiation of ionic and neutral species from the plasma. We have already shown that
the experimental technique reported in this paper is applicable to water interacting with an
atmospheric-pressure plasma, and the experimental results of hydrated electrons will be re-

ported in a separate paper.
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Fig. 1. Optical arrangement for producing and detecting solvated electrons in TMPA-TFSI/KI solution

interacting with inductively coupled plasma.
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Fig. 2. Temporal variation of absorbance. The dye laser pulse is injected at ¢ = 0.
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Fig. 3. Spectrum of absorbance.
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Fig. 4. Reaction frequency of solvated electrons as a function of the electron density of the argon plasma.

The measurement was carried out at three distances from the plasma-liquid interface.
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saturation current of argon and oxygen plasmas at various pressures.
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Fig. 7. (a) (ii) and (iii) are absorbance spectra of the TMPA-TFSI/KI solution irradiated with the argon
plasma for 2 min. (ii) was observed immediately after the termination of the plasma, and (iii) was observed at
60 min after the termination of the plasma. (i) shows the absorbance spectrum of the virgin TMPA-TFSI/KI
solution. (b) Red curve shows the difference between spectra (i) and (ii). Blue curve shows the difference

between spectra (ii) and (iii).
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