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Preface

The work of this thesis has been performed during 2013-2018 under the guidance of
Professor Susumu Kuwabata at Department of Applied Chemistry, Graduate School of

Engineering, Osaka University.

The objective in this thesis is to reveal the structural and electronic effects of anionic
structure on the physicochemical properties of alkali metal salts and room temperature ionic
liquids. Employing aryltrifluoroborate anions which can be systematically modified the
structures, the author found the crucial factors, information for design of salts based on

materials informatics, involved in the property expression of salts and ionic liquids.

The author wishes that the findings obtained in this work will provide valuable information

to further development and progress of science and technology in the field of ionic liquid.

Kazuki Iwasaki

Department of Applied Chemistry
Graduate School of Engineering
Osaka University

2-1 Yamada-oka, Suita,

Osaka 565-0871, Japan
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General introduction

Salts are chemical compounds with Coulomb interaction. Most inorganic salts such as LiCl,
NaCl, KBr and CaCl; have high melting points of 900 ~ 1500 K due to the strong Coulomb
interaction. If the salts transform to the liquid state at the temperature over melting points, they
are generally called “molten salts” which have unique features, e.g., reasonable vapor pressure,
incombustibility, a wide electrochemical window, and high ionic conductivity.! Therefore,
molten salts are very important nonaqueous solvents for electrochemical technologies.>”
However, not everyone can use molten salts, since special skills for handling the molten salts
and knowledge of high temperature chemistry are required. Surprisingly, in 1914, Paul Walden
reported the first room-temperature molten salt (melting point <298 K), ethylammonium nitrate,
in his article about the conductivity of molten salt systems.® This discovery enabled us to
employ molten salts like aqueous solution. Now room-temperature molten salt is generally
known as room-temperature ionic liquid (RTIL) or simply ionic liquid (IL). But, why does
ethylammonium nitrate show such a low melting point? The answer is in its low lattice energy
dominated by surface charge densities and molecular motion of ions. After moving into the 21st
century, a great number of cations and anions for creating RTILs and low-temperature molten
salts (melting point < 473 K) are proposed. Typical cations and anions are given in Figure .78
Their common features are the large ionic volume and flexible ionic structure leading to lower
lattice energy. However, even if RTIL is composed of the ions listed in Figure 1, it is not always
true that the RTIL shows favorable features. To design the RTIL is still a challenging and

rewarding research.
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Figure I. Common cations and anions for room temperature ionic liquids.

General preparation method for RTIL is described elsewhere.”!! Most RTILs are
synthesized by a metathesis reaction using organic halide with target cation, [Cation]X (X: CI
or Br), and metal salt with target anion, M[Anion] (M: Ag, Li, Na etc.). Acetonitrile,

dichloromethane, and water are commonly used as a reaction solvent.

[Cation]X + M[Anion] — [Cation][Anion] (RTIL) + MX|



For  example, 1-butyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)amide
([C4amim][N(SO2CF3)]) is obtained using 1-butyl-3-methylimidazolium chloride ([C4mim]Cl)
and lithium bis(trifluoromethanesulfonyl)amide (Li[N(SO2CF3):]). The most advantageous
feature of RTILs is that their ionic structures can be readily designed by a synthetic chemistry
technique, suggesting that the physicochemical properties can be also controlled.!?'® For the
[Cation]X, it is usually prepared from organic bases and alkyl halides.!” As an example, Scheme
I shows a chemical reaction process for synthesizing the [C4smim]Cl by a simple nucleophilic

substitution reaction of 1-methylimidazole and 1-chlorobutane.'® ' Not only alkyl chain but

A ®
TNOSN 4 NN > ~\ Xy (gl
\—/ toluene, reflux, 12 h \—/

Scheme I. Reaction scheme for 1-butyl-3-methylimidazolium chloride.

also a wide variety of side chains can be introduced to the cation structure without difficulty. In
the case of anion, it is not easy to create metal salts with novel anionic species although several
interesting polyatomic anions, e.g., [BF4]~, [PFs]~, [OSO2CF3]", [N(SO2CF3)2] ", are commonly
used, because the chemically stable structure with some electron withdrawing groups are
needed to decrease the surface charge density. As given in Scheme II, Li{N(SO2CF3);] that is
one of typical anion components in RTIL is synthesized via more than four step processes
including the usage of an unstable gaseous CF3SO,F intermediate.?’> The process requires
hazardous reagents and severe reaction conditions. Therefore, the approach for introducing
target groups in the anion structure is inevitably restricted and there is almost no systematical

study on the effect of introducing substituent to anion’s framework.

©
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Scheme II. Reaction schemes for lithium bis(trifluoromethanesulfonyl)amide.

In order to design and synthesize metal salts with novel anions that become the RTIL
component, I focused on aryltrifluoroborate anion ([ArBF3]") depicted in Figure II, since
Lennox, et al. recently reported an easy and safe preparation method for [ArBF3] -based alkali

metal salts (M[ArBF;] (M: K or Cs)) on a large scale without any corrosive reagents as shown



in Scheme II1.2* The [ArBFs] ™ has an analog structure of [BF4], that is, one fluorine in [BF4]”
is replaced with an aromatic ring. Because the BF3™ group considerably decreases the negative
charge on the aromatic ring, the decreased surface charge density may result in the low cation-
anion interaction energy. In addition, different functional moieties can be introduced to the

aromatic ring of [ArBF3]™ by a common chemical synthesis approach as with organic cations.

HO. . -OH Fo
N MF L-tartaric acid . ® F=B—F

| g (M:K,Cs)  CH,CN, H,0, THF M B
F rt, 1h /—R

Scheme III. Reaction scheme for alkali metal aryltrifluoroborate.

In the present study, the author establishes the synthetic method for novel alkali metal salts
with the [ArBF3]", which are precursors for preparing RTILs. The objective of this work is to
systematically reveal the influence of anionic structure on the physicochemical properties of
the [ArBF;] -based molten salts and RTILs leading to physicochemical property control by
their molecular design. Chapter 1 covers the synthesis process for the alkali metal salts with
various [ArBF;]™ anions. The influence of the substituents on the anions to thermal properties
is discussed in detail. The electrochemistry of [ArBF3] -based molten salt system is remarked.
Chapter 2 describes that transport properties of the RTILs composed of phenyltrifluoroborate
and different onium cations highly correlate with the molecular volume of the RTILs, which
was estimated using the appropriate quantum chemical calculations. In Chapter 3, the
equivalent conductivity and the electrochemical stability for some [C4smim][ArBF3] RTILs are
qualitatively discussed from the results of quantum chemical calculations of the cation-anion
interaction and the HOMO energy level of the anion. In addition, [C4mim][ArBF;] RTILs with
an electron withdrawing group on the phenyl moiety electrochemically form an ion-selective

membrane on a Pt electrode is presented.



Chapter 1 Synthesis and Evaluation of Alkali

Metal Aryitrifluoroborate

1.1. Introduction

Molten salts which have particular features have been employed in various scientific field
such as smelting, fuel cells, and chemical production.'~ Alkali metal salts are suitable material
of room temperature ionic liquids (RTILs) as well as molten salts. The thermal and
physicochemical properties of alkali metal salts can give an important information of the studies
on RTILs. Alkali metal halides show much high melting point over 894 K. There are some
approaches to develop the salts with low melting point. One is addition of other salt to an
original salt expecting the increase of entropy with mixing, for example, LiCI-KCl binary
systems**?° or NaCl-KCI-CsCl ternary systems.>**> Another is creation of ionic species with
lower surface charge densities and flexible moieties such as bis(trifluoromethane-
sulfonyl)amide ([N(SO2CF3)2]"). The latter approach is much efficient to handle molten salts at
low temperature in single salt system. Therefore, the anion with the feature described above
was required to develop the alkali metal salts which melt with lower temperature. However,
few articles on the design and synthesis of alkali metal cation-based low-temperature molten
salt systems with polyatomic anions are available?**® 3% because introducing target
substituent(s) to a polyatomic anion is typically difficult because of the simple basic structure.
Thus, the only limited number of anions can form the low-temperature-melting salt with alkali
metal cations. Aryltrifluoroborate anions ([ArBF3]"), which are easily and safely prepared on a
large scale using commercially available reagents,?® can be applicable to the creation of alkali
metal salts with relatively low melting temperatures and to the preparation of novel RTILs. In
this chapter, the thermal and physicochemical properties of the nearly 40 kinds of novel alkali
metal salts with [ArBF3]” were revealed. In the case of the salts showing the lowest melting

point, the author evaluated the electrochemical properties.

1.2. Experimental

1.2.1. Preparation of alkali metal aryltrifluoroborate

Aryltrifluoroborate alkali metal salts (M[ArBF3] (M: K or Cs)) were synthesized using
appropriate arylboronic acids (ArB(OH),) (Wako Pure Chemical Co., Japan; Tokyo Chemical
Co., Japan; and others), alkali metal fluorides (KF or CsF) (Wako Pure Chemical), and L-tartaric

acid (Wako Pure Chemical), according to the following protocol.”* An alkali metal fluoride



aqueous solution (4 equiv, 2 mL) containing the target cationic species was added to a solution
of arylboronic acid (5 mmol) in acetonitrile (20 mL), and the mixture was stirred for 5 min at
ambient temperature. L-Tartaric acid (2.05 equiv) dissolved in tetrahydrofuran (THF) (10 mL)
was slowly added to the mixture, and then a white byproduct precipitated immediately. The
reaction mixture was agitated for 1 h at ambient temperature and filtered to remove the
precipitate. The resultant filtrate was concentrated in vacuo, and the crude alkali metal salt was
obtained as a solid. The crude product was purified by recrystallization to give a pure
aryltrifluoroborate alkali metal salt. The obtained salt was dried at 353 K under vacuum for 4
h. The final product was confirmed by nuclear magnetic resonance, mass spectrometry, and

elemental analysis.

1.2.2. Thermal property measurements for alkali metal aryltrifluoroborate
Differential scanning calorimetry (DSC) was conducted using a Bruker DSC3100SA
instrument. The sample was sealed in an aluminum pan with an aluminum top. The sealed pan
was heated and cooled at a rate of 5 K min™!. The glass-transition temperature and melting point
were obtained from the DSC curve of the second heating process. These values were estimated
by the tangential intersection method near the temperature at which a phase transformation
occurred. Thermogravimetric (TG) analysis was performed using a Bruker TG-DTA2000SA
instrument. The sample was placed on an aluminum pan, and the pan was heated from room
temperature to 773 K at a rate of 5 K min' under flowing dry nitrogen gas. The thermal
degradation temperature was determined as the 5 wt % loss point of the TG curve. These two
instruments were controlled with a Bruker MTC1000SA workstation utilizing the Bruker
WS003 software. All specimens for these measurements were prepared in an argon-gas-filled

glove box (Vacuum Atmospheres Co., Omni-Lab, O and H,O < 1 ppm).

1.2.3. Electrochemical measurements for low temperature molten salt
electrolyte

Electrochemical measurements were conducted using an IVIUM Technologies
CompactStat portable electrochemical analyzer. All electrochemical experiments were
performed in a three-electrode cell. The working electrode was a platinum disk (diameter of 1.6
mm), which was polished with an alumina suspension (diameter of 0.06 pm) before use.
Platinum wire (diameter of 0.5 mm) was used as the counter electrode. Platinum and silver
wires (diameters of 1.0 mm) were employed for the quasireference electrode. The measurement
was conducted at 433 or 453 K in an argon-gas-filled glove box to prevent any contamination.
When a potassium electrodeposition experiment was performed, a tin plate (5 mm x 5 mm) was
used as the working electrode. Electrodeposition was conducted at 433 K in an argon-gas-filled
glove box. The electrodeposits were observed by a Hitachi S-3400N scanning electron
microscope (SEM) system. The composition was determined by an EDAX Octane Prime

energy-dispersive X-ray spectroscopy (EDX) instrument mounted on the SEM system. The



crystal structure of the electrodeposit was identified by a Rigaku Ultima IV X-ray
diffractometer (XRD) with Cu Ka radiation. This measurement was performed in the 26/ scan
mode with a scan rate of 1° min'. The electrochemical measurements were carried out in the

abovementioned argon-filled-glove box.

1.2.4. Computational methods

¢ was used for the ab initio molecular orbital calculations. The

The Gaussian 09 program?
basis sets implemented in the Gaussian program were used. Electron correlation was accounted
for by the second-order Mgller—Plesset perturbation (MP2) method.’” 3 The geometries of
complexes were fully optimized at the HF/6-311G(d,p) level. The intermolecular interaction
energies (Eint) were calculated at the MP2/6-311G(d,p) level by the supermolecule method. The
calculations of the [Comim][BF4] and Li[N(SO2CF3),] complexes®® “° show that the effects of
the basis sets on the calculated interaction energies of the complexes are very small, if basis
sets including polarization functions are used, and that the effects of electron correlation beyond
MP2 are negligible. Therefore, the author calculated the interaction energies of the complexes

at the MP2/6-311G(d,p) level in this work. The basis set superposition error*!

was corrected for
all of the interaction energy calculations using the counterpoise method.*> The stabilization
energy resulting from the formation of the complex from isolated ions (Efrm) was calculated as
the sum of Eint and deformation energy (Eder), which is the increase in the energy of the
aryltrifluoroborate anion resulting from the deformation of the geometry associated with the

complex formation.’**} The Eqer was calculated at the MP2/6-311G(d,p) level.

1.3. Results and discussion

1.3.1. Thermal behavior of alkali metal aryltrifluoroborate

A large number of aryltrifluoroborate alkali metal salts were prepared according to Scheme
I, and their thermal properties were examined by DSC and TG analyses. The melting point (7m)
and thermal degradation temperature (74) of M[ArBF3] (M: K or Cs) with different substituents
are given in Tables 1-1 to 1-4. Nonsubstitutive potassium phenyltrifluoroborate (K[PhBF3]),
which is the simplest aryltrifluoroborate potassium salt, had a melting point of 568 K (Table 1-
1). The aromatic potassium salts with substituents, R, at the meta position of the phenyl group,
K[m-RCsH4BF3], showed lower melting points than those of nonsubstitutive K[PhBF3], except
for the tert-butyl, bromomethyl, and carbamoyl groups. Specifically, potassium (meta-
ethoxyphenyl)trifluoroborate (K[m-OEtCsH4BF3]) with an ethoxy group at the meta position
on the aromatic ring melted at 390 K; thus, introducing the ethoxy group substantially decreased
the melting point. As shown in Table 1-5, this value was considerably lower than those of other
common potassium salts®* *47 likely because of the increased interionic distances and entropies

of the salts obtained. From these data, the author can also discuss the effects of the substituents



in a little more detail. For example, there is an obvious difference between the melting points
of K[m-OMeCsH4BF3] and K[m-OCF3C¢HsBF3]. The OCF3 group works as a strong electron
withdrawing group because of the electronegativity of the three fluorine atoms. Consequently,
the charge density of the anion decreases in the presence of the OCF3 group compared to that
in the presence of the OMe group without the fluorine atom. The resulting weak ionic
interaction between the K and [m-OCF;CsHsBF3]™ would cause a lower melting point. As

described later, quantum chemical calculations support this idea.

Table 1-1. Thermal properties of K[ ArBF3] salts with a substituent at the meta position

©
BF3
®
K
R
R T,Y/K TL/K DR T,%/K T/S/K
SH 568 590 ~NO, 525 566
O._CH
~cH, 518 561 D el 516 576
o)
CH3 NH
CH, _e 574 . _e 445
CH3 o)
CF, 501 568 ~o-CHs 430 592
s 467 538 N0 CH, 390 521
~o-CFs 405 539 No~CHs 425 568
oH CH,
~-CHa 409 507 437 539
S \O)\CH3
N0 ~
B ~CH 514 600 0" ""CH;, 439 548
0 3
~_Br e 410 SotSNch, 388 549
~cN 465 594 N0 ™~ ch, 419 571

“Melting point. “Thermal degradation temperature at 5 wt% loss. “Decomposition
before melting.



Table 1-2. Thermal properties of Cs|ArBF3]  Table 1-3. Thermal properties of K[ ArBF3]

salts with a substituent at the meta position salts with a substituent at the ortho position
© ©
BF3 BF3
® C) R
Cs K
R
R T./K TP/K R T.*/K TP/K
~y 445 566 N _¢ 587
CF, 403 549 No-CFa —< 555
NE 409 611 \S,CH3 549 564
\O/CFs 398 534 \O/CH3 554 579
Ng-CHs 413 565 0" CH, —c 565
o7 CH;, 433 572 ~No, _c 492
CH 7
No N\ s 409 567 —£ 482
© )]\CH3
“Melting point. “Thermal degradation “Melting point. “Thermal degradation
temperature at 5 wt% loss. temperature at 5 wt% loss.

“Decomposition before melting.

A similar approach was also applied to Cs salt preparation. The thermal properties of Cs
salts are summarized in Table 1-2. Cesium phenyltrifluoroborate (Cs[PhBF3]) exhibited a
melting point of 445 K, lower than that of its potassium counterpart. The same was true for
other Cs salts with the following substituents at the meta position: CF3, F, OCF3, and O"Pr. The
larger ionic radius of the cesium ion compared to that of the potassium ion is commonly
believed to decrease the Cs salt lattice energy.’* 2>-27- 28 In contrast, the T of Cs salts with a
methylthio or ethoxy group clearly increased compared to that of potassium salts with the same
anions. These Cs salts should have a favorable ion packing structure. A similar exception
regarding the melting temperatures derived from the differences in the cation and anion radii in
inorganic alkali metal halides has been reported.*® * The thermal properties of the ortho-
substituted potassium aryltrifluoroborate (K[o-RCsH4BF3]) are summarized in Table 1-3. Most
salts showed only a thermal degradation temperature without a melting point. Furthermore, for
these salts, it was much higher than those of the meta-substituted ones. To determine the

underlying reason, the author carried out quantum chemical calculations for evaluating the



interactions of K* with substituted phenyltrifluoroborate anions. The optimized structures of
the ion pairs of K and meta- and ortho-substituted phenyltrifluoroborate anions are depicted in
Figure 1-1. Whereas the K™ has contact with three fluorine atoms of -BF3™ in all of the ion pairs
of meta-substituted phenyltrifluoroborates, in all of the ion pairs of ortho-substituted ones, the
K" has contact with two fluorine atoms of -BF3; and one negatively charged atom in the
substituent. The stabilization energies resulting from the formation of the complexes from
isolated species (Efm) calculated for the ion pairs and the difference between the Efom for the
ion pair of meta-substituted phenyltrifluoroborate and the ion pair of ortho-substituted
phenyltrifluoroborate (AE) are given in Figure 1-1. For example, the Efrm calculated for the
optimized structure of K[m-OMeCsH4BF3] (—456.7 kJ mol™") was 34.4 kJ mol™! smaller (less
negative) than that for K[o-OMeC¢H4BF3] (—491.1 kJ mol ™). The Efum calculated for the ion

Table 1-4. Thermal properties of other K[ArBF3] salts

Potassium salts T, K /K
©
o BF3
K /@ﬁ — 481
MeO
©
BF3
®
K /@/C' — 404
FsC
C)
BF3
®
O,N “CHg,
0
)
BF3
© é — 550
N
\ ¢
©
BF;
® 461 534

o

“Melting point. “Thermal degradation temperature at 5 wt% loss.
“Decomposition before melting.



pair of meta-substituted phenyltrifluoroborates is always smaller than that for the ion pair of
corresponding ortho-substituted phenyltrifluoroborates. These calculations show that the
dissociation of the ion pair of meta-substituted phenyltrifluoroborate can occur more easily than
the dissociation of the ion pair of corresponding ortho-substituted phenyltrifluoroborates.>* !
The computational results suggest that the K salts with meta-substituted phenyltrifluoroborates
have lower melting temperatures compared to those of the salts of corresponding ortho-
substituted phenyltrifluoroborates, owing to weaker attraction between the cation and anion. In
addition to the aforementioned salts, the K salts with three disubstituted phenyltrifluoroborate
anions and two other aryltrifluoroborate anions were also synthesized (Table 1-4). These salts
had no melting point except for a potassium 1-naphthyltrifluoroborate (K[1-NaphBF3]). The
thermal degradation temperatures of alkali salts with aryltrifluoroborate anions prepared in this
study scatter over wide temperature ranges from 404—611 K. Different thermal stabilities of the
substituents in aryltrifluoroborate anions would be the major source of difference of the thermal

degradation temperatures.

Table 1-5. Melting points of common potassium salts

Salts Tn/ K Ref.

KF 1131 45

KCl 1043 46

KBr 1006 46

KI 952 46

KBF4 803 44
K[PhBF;] 568 this work
K[OSO:CF3] 503 47
K[N(SO:CF3),] 472 24
K[m-OEtC¢H4BF3] 390 this work
“Melting point.

10
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Figure 1-1. Optimized structures of ion pairs consisting of K™ and meta- and ortho-
substituted phenytrifluoroborate anions and their stabilization energies by the formation of
ion pairs (Eform). AE (= Eform(meta) — Eform(ortho)) 1S the difference between the Eform for the ion
pair of meta-substituted phenytrifluoroborate anion (Eform(meta)) and the Eform for the ion pair
of ortho-substituted phenytrifluoroborate anion (Eform(ortho))-
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1.3.2. Electrochemical analyses

As shown in Tables 1-1 to 1-4, K[m-OEtCsH4BF3] had the lowest melting point, that is, 390
K, among the studied salts. Cyclic voltammograms recorded using a Pt disk electrode in the
K[m-OEtCsH4BF3] molten salt are shown in Figure 1-2. The electrochemical window was
determined on the basis of the anodic and cathodic limiting potentials at which the current
densities reached £0.3 mA cm 2 in a forward scan. The current increment initiated at ca. 1.36 V
(vs. quasi-Pt wire reference electrode) and ca. 0.71 V (vs. quasi-Ag wire reference electrode)
in the anodic region (blue line) was attributable to the decomposition of the [m-OEtCsH4BF3]~
anion. In the cathodic region (red line), the negative limiting potential was ca. —2.48 V (vs. Pt
wire) and ca. —3.13 V (vs. Ag wire). Hence, the electrochemical window was 3.84 V at 453 K.
This range is comparable to those of typical alkali metal molten salt systems, such as LiCI-KCl
(3.8 V).33* Therefore, this K[m-OEtC¢H4BF3] molten salt shows great promise as a low-
temperature molten salt. Further electrochemical analyses were conducted to elucidate the
unknown electrochemical redox reactions observed at the negative limiting potential. As shown
in Figure 1-2, a small oxidation peak appeared at —2.3 V (vs. Pt wire) in the reverse scan of the
cathodic region. The author speculated that the oxidation wave was related to the dissolution of
metal potassium deposited in the potential range of —2.4 to —2.5 V (vs. Pt wire). However, the
Coulombic efficiency of the redox reaction estimated based on the cyclic voltammogram was
only 4%. Given metallic potassium’s low melting point (337 K), it is highly likely that the metal
potassium electrodeposited on the electrode floats or precipitated in the K[m-OEtCsH4BF;]
molten salt at 453 K soon after deposition. These processes would lead to the observed
significantly low Coulombic efficiency. In fact, the author could not identify any deposits on

the Pt electrode after electrolysis at the limiting potential. The author collected more accurate

3.0

N
o
T

-
o
T

________

1

-

o
T

N
o
T

Current density / mA-cm™2
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<
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Figure 1-2. Cyclic voltammograms recorded at a Pt disk electrode in (—) the cathodic region
and (---) the anodic region in the K[m-OEtC¢H4BF3] low-temperature molten salt at 453 K.

The scan rate was 10 mV s\
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Figure 1-3. Double-step chronoamperograms recorded at a Pt disk electrode in the
K[m-OEtC¢H4BF;3] low-temperature molten salt at 433 K with a potential step of
—2.6 V (vs. Pt wire) followed by 0 V (vs. Pt wire). The potential step times were
(—) 0.01 s and (---) 0.05 s.

IN
o

information on the relevant electrochemical reaction via two approaches: double-step
chronoamperometry using short potential step times and alloying with a tin electrode that can
readily form a K-Sn binary alloy.>> Figure 1-3 shows the double-step chronoamperograms
recorded using a Pt disk electrode in the K[m-OEtCsH4BF3] molten salt at 433 K. On the basis
of these chronoamperograms, the author can discuss the kinetic complications involved in the
electrode reaction. When a certain type of ionic species is oxidized or reduced ideally on the
electrode surface during double-step chronoamperometry, the kinetic complications are

determined by the following equation®
i T\1/2
_;:1—(1——) (1-1)

where ir is the forward current in the first potential step, i is the reversal current in the second
potential step, # is the time at any current in the second potential step, and 7 is the retention time
of the first potential step. Figure 1-4a depicts an ideal current response in double-step
chronoamperometry when the first step is the cathodic reaction. The data shown in Figure 1-3
were converted into —i/ir and #/t by eq 1-1 and are presented graphically in Figure 1-4b. The
solid line in the figure represents an ideal line calculated using this equation. At a longer step
time, that is, 0.05 s, a large deviation from the ideal line occurred. Conversely, the plots were
very similar to the ideal line when a shorter time step of 0.01 s was used. Therefore, the

electrode reaction proceeded reversibly at only very short reduction potential step times. Direct
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Figure 1-4. (a) Ideal current response in typical double-step chronoamperometry. ir is the
forward current in the first potential step, i; is the reversal current in the second potential
step, fr1s the time at any current in the first potential step, and 7 is the potential step time for
the first potential step. (b) —i/ir vs. #/7 plot derived from the chronoamperograms shown in
Fig. 1-3. The potential step times were (0) 0.05 s and (@) 0.01 s. The solid line in the figure
represents the ideal line calculated using eq. 1-1.

evidence of potassium electrodeposition was obtained by constant-potential electrolysis at —2.6
V (vs. Pt wire) for 3600 s on a Pt electrode. No deposits were identified. However, when a tin
plate with metallic luster was used as the working electrode (Figure 1-5a), the surface became

covered with a dark gray deposit under the same electrolysis conditions (Figure 1-5b). SEM

Figure 1-5. Optical microscope and SEM images of the tin electrode (a and c) before and
(b and d) after electrolysis at —2.6 V (vs. Pt wire) in the K[m-OEtCsHs4BF3] low-
temperature molten salt at 433 K. The SEM images are shown in (c) and (d).

14



KsSny, JCPDS-ICDD: 03-065-3351

JCPDS-ICDD: 00-004-0673

Intensity

*
: .
£
$
F-—
-

slls s |< S &8¢ &< S <
o o AN ~— o ~ O N AN ~— o
(a) Sl N Y ® - fIe T © B
Jdt “L L Ik Ak
1 | 1 | 1 | 1 | | 1 | |
10 20 30 40 50 60 70 80 90

20/ degree

Figure 1-6. XRD patterns (Cu-Ka) of the tin electrode before and after electrolysis at —2.6
V (vs. Pt wire) in the K[m-OEtCsH4BF3] low-temperature molten salt at 433 K. As
references, the diffraction patterns of -Sn (JCPDS-ICDD, file 00-004-0673) and K4Sn23

(JCPDS-ICDD, file 03-065-3351) are also shown.

images of the electrode surface before and after electrolysis are shown in Figure 1-5c and d,
respectively. The original tin electrode had a smooth surface, but after electrolysis, the surface
exhibited a dramatic change, becoming rough with many cracks.’’° The tin electrode was
characterized by XRD, and the results obtained before and after electrolysis are shown in Figure
1-6. The specimen after electrolysis had a unique XRD pattern. In addition to that of metallic
tin, the pattern for the K4Sn23 binary alloy was also evident; thus, the K—Sn binary alloy was
formed on the Sn electrode surface. The K—Sn alloy probably formed immediately after K(I)
reduction on the Sn electrode. EDX analysis of the specimen indicated that the major
components were potassium and tin. On the basis of these results, the redox reaction observed
at the negative limiting potential in the K[m-OEtCsH4BF3] molten salt was identified as the

electrode reaction for K(I), which is in agreement with the results of the few papers available
that address metal potassium deposition in ILs and organic solvents.5%-62
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1.4. Summary

Nearly 40 aryltrifluoroborate alkali metal salts with various substituents were designed and
successfully obtained via a simple and safe preparation process. The author revealed that the
choice of substituents and their positions strongly affected the thermal properties of the
resulting salts. The alkali metal salts clearly had lower melting points than those of common
inorganic alkali halides, for example, LiCl, KCI, and KF. The author used a structure-designed
potassium aryltrifluoroborate, K[m-OEtCsH4BF3] as a low temperature molten salt electrolyte

for the electrodeposition of metal potassium.

1.5. Characterization data

'H, C, “F, and "B NMR spectra were recorded on a JEOL JNM-ECS400 spectrometer
operating at 400, 100, 376, and 128 MHz, respectively. CDCl; was used as the solvent for the
samples in this study. The 'H and '*C NMR spectra were referenced to the residual solvent
signal as the internal standard: CDCl5 § = 7.26 ppm (‘H) and § = 77.0 ppm (*3C). The chemical
shift values in the '°F and !'B NMR were reported relative to the external references, CeHsCF3
5 =—63.7 ppm (*°F) and BF3-OEt; 6 = 0.0 ppm (''B). The signal for the *C binding !'B atom
was too broad due to the quadrupolar relaxation mechanism of the ''B nucleus.®* High-
resolution mass spectrometry (HRMS) was performed on a JEOL JMS-700 MStation mass
spectrometer using fast atom bombardment (FAB) ionization. HRMS and elemental analysis
(C, H, and N) were performed at the Analytical Instrumentation Facility, Graduate School of

Engineering, Osaka University.

Potassium phenyltrifluoroborate (K[PhBF3]):

©
BF;

®

O

Yield: 90 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 7.07 (m, 1H, arom. H), 7.14 (t, 2H,
J=7.2 Hz, arom. H), 7.40 (d, 2H, *Jun = 7.2 Hz, arom. H). *C NMR (100 MHz, CDsCN): ¢
126.5 (s), 127.6 (s), 132.3 (s). 'F NMR (376 MHz, CD3CN): ¢ —141.6 (q, 3F, 'Jsr = 51.7 Hz,
BF3). "B NMR (128 MHz, CD3;CN): ¢ 3.84 (q, 'Jsr = 56.4 Hz). HRMS (FAB), m/z: calcd. for

CsHsBF3K>" 222.9705 [M + K]"; found 222.9709. Elemental analysis calcd. for CsHsBFsK: C,
39.16; H, 2.74; found: C, 39.19; H, 2.97.
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Potassium (meta-methylphenyl)trifluoroborate (K[m-MeCcH4BF3]):

S)
BF3

®©
K
CH

Yield: 97 %, white solid. '"H NMR (400 MHz, CDsCN): ¢ 2.25 (s, 3H, CH3), 6.92 (t, 1H, J =
8.8 Hz, arom. H), 7.04 (q, 1H, J = 7.8 Hz, arom. H), 7.18-7.27 (m, 2H, arom. H). 3*C NMR
(100 MHz, CD3CN): ¢ 21.7 (s, CH3), 127.3 (d, J = 23.8 Hz), 127.6 (d, J = 9.5 Hz), 129.3 (s),
133.1 (s), 136.5 (d, J = 11.6 Hz). '°F NMR (376 MHz, CDsCN): ¢ —140.7 (d, 3F, 'Jgr = 62.4
Hz, BF3). "B NMR (128 MHz, CD3CN): ¢ 3.91 (d, 'Jsr = 56.3 Hz). HRMS (FAB), m/z: calcd.
for C;H7BF3K,"236.9862 [M + K]"; found 236.9869. Elemental analysis calcd. for C;H7BF3K:
C, 42.46; H, 3.56; found: C, 42.17; H, 3.72.

3

Potassium (meta-ter-butylphenyl)trifluoroborate (K[m-"BuCsH4BF3)):

©
BF
@ 3
K
CHs
CH
CHj °

Yield: 99 %, white solid. "H NMR (400 MHz, CD3sCN): ¢ 1.27 (s, 9H, C(CH3)3), 7.06-7.23 (m,
3H, arom. H), 7.49 (s, 1H, arom. H). >*C NMR (100 MHz, CD3CN): ¢ 31.9 (s), 35.0 (s), 123.5
(s), 127.3 (s), 128.9 (s), 129.5 (s), 149.6 (s). ’F NMR (376 MHz, CD;CN): ¢ —142.4 (d, 3F,
lJgr = 57.5 Hz, BF3). ''B NMR (128 MHz, CD3CN): ¢ 4.03 (d, 'Jsr = 55.0 Hz). HRMS (FAB),
m/z: caled. for CioH13BF3K2" 279.0331 [M + K]'; found 279.0343. Elemental analysis calcd.
for C10H13BF3K: C, 50.02; H, 5.46; found: C, 49.70; H, 5.55.

Potassium (meta-trifluoromethylphenyl)trifluoroborate (K[m-CF3;CsH4BF3)):

©
BF;

@ﬁl
K
CF

Yield: 93 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 7.33 (t, 1H, J = 7.6 Hz, arom. H),
7.41 (d, 1H, 3Juu = 7.6 Hz, arom. H), 7.67-7.71 (m, 2H, arom. H). *C NMR (100 MHz,
CDsCN): 6 123.2 (q, *Jcr = 3.8 Hz), 126.4 (q, 'Jcr =272.6 Hz, CF3), 128.1 (s), 128.5 (s), 129.0
(q, 2Jcr = 30.6 Hz), 136.1 (s). '°F NMR (376 MHz, CD3CN): ¢ —143.6 (d, 3F, 'Jgr = 57.5 Hz,
BF3), —63.1 (s, 3F, CF3). 'B NMR (128 MHz, CD3sCN): ¢ 3.51 (q, 'Jsr = 50.1 Hz). HRMS
(FAB), m/z: caled. for C7HaBFsK2" 290.9579 [M + K]; found 290.9579. Elemental analysis
calcd. for CtH4BF¢K: C, 33.36; H, 1.60; found: C, 33.48; H, 1.93.

3
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Potassium (meta-fluorophenyl)trifluoroborate (K[m-FCsH4BF3]):

©
BF;

¢ @
K
F

Yield: 82 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 6.79 (t, 1H, J = 8.9 Hz, arom. H),
7.09 (d, 1H, *Jun = 10.0 Hz, arom. H), 7.12-7.21 (m, 2H, arom. H). *C NMR (100 MHz,
CDsCN): ¢ 113.0 (d, 2Jcr = 21.1 Hz), 118.1 (d, 2Jcr = 17.3 Hz), 128.0 (s), 129.5 (s), 163.5 (d,
lJcr =233.3 Hz). ’F NMR (376 MHz, CDsCN): 6 —143.3 (q, 3F, 'Jsr = 51.7 Hz, BF3), —117.8
(s, 1F, 3-F). "BNMR (128 MHz, CD3sCN): 6 3.35 (q, 'Jsr = 53.3 Hz). HRMS (FAB), m/z: calcd.
for CeHaBF4K>"240.9611 [M + K]'; found 240.9627. Elemental analysis calcd. for CsH4sBF4K:
C, 35.68; H, 2.00; found: C, 35.66; H, 2.06.

Potassium (meta-trifluoromethoxyphenyl)trifluoroborate (K[m-OCF3;CsH4BF3)):

©
BF;

®

K
_CF
o CFs

Yield: 52 %, pale yellow solid. '"H NMR (400 MHz, CDsCN): ¢ 7.02 (d, 1H, 3Jun = 8.2 Hz,
arom. H), 7.25 (t, 1H, J = 7.8 Hz, arom. H), 7.30 (s, 1H, arom. H), 7.42 (d, 1H, *Juu = 7.3 Hz,
arom. H). >*C NMR (100 MHz, CD3CN): ¢ 119.2 (s), 121.4 (q, 'Jcr = 235.7 Hz, OCF3), 124.2
(s), 129.4 (s), 131.1 (s), 149.5 (s). ’F NMR (376 MHz, CD3CN): ¢ —143.4 (d, 3F, "Jgr = 58.4
Hz, BF3),—58.6 (s, 3F, OCF3). 'BNMR (128 MHz, CD3CN): 63.47 (q, 'Jsr = 48.1 Hz). HRMS
(FAB), m/z: caled. for CTH4OBF¢K>" 306.9528 [M + K]'; found 306.9533. Elemental analysis
caled. for C;H4OBF6K: C, 31.37; H, 1.50; found: C, 30.70; H, 1.86.

Potassium (meta-methylthiophenyl)trifluoroborate (K[m-SMeCsHsBF3]):

©
BF;

®
K
_CH
s-CHs

Yield: 72 %, pale yellow solid. '"H NMR (400 MHz, CD3;CN): ¢ 2.41 (s, 3H, SCHj), 7.04 (d,
1H, 3Jun = 7.8 Hz, arom. H), 7.11 (t, 1H, J= 7.6 Hz, arom. H), 7.22 (d, 1H, 3Juu = 7.3 Hz, arom.
H), 7.36 (s, 1H, arom. H). '*C NMR (100 MHz, CD3CN): ¢ 16.0 (s, SCH3), 125.1 (s), 128.4 (s),
129.3 (s), 130.7 (s), 136.9 (s). '°F NMR (376 MHz, CD3CN): ¢ —142.9 (d, 3F, 'Jsr = 49.7 Hz,
BF3). "B NMR (128 MHz, CD3CN): ¢ 3.76 (d, 'Jsr = 44.9 Hz). HRMS (FAB), m/z: calcd. for
C7H7SBF3K>" 268.9582 [M + K]'; found 268.9591. Elemental analysis calcd. for C;H7SBF3K:
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C, 36.54; H, 3.07; found: C, 35.93; H, 3.21.

Potassium (meta-methylsulfonylphenyl)trifluoroborate (K[m-SO:MeCsH4BF3]):

©
BF3

@

- @
,0
S/

1 ~CH
0 3

Yield: 86 %, white solid. 'H NMR (400 MHz, CD3CN): ¢ 2.98 (s, 3H, SO.CHj3), 7.38 (t, 1H, J
=7.8 Hz, arom. H), 7.64 (d, 1H, *Juu = 7.7 Hz, arom. H), 7.74 (d, 1H, *Juu = 7.3 Hz, arom. H),
7.92 (s, 1H, arom. H). '*C NMR (100 MHz, CDsCN): ¢ 44.6 (s, SO2CH3), 125.2 (s), 128.5 (s),
130.4 (s), 137.6 (s), 140.0 (s). 'F NMR (376 MHz, CD3CN): ¢ —143.6 (q, 3F, 'Jsr = 52.6 Hz,
BF3). "B NMR (128 MHz, CD3CN): ¢ 3.31 (d, 'Jgr = 50.8 Hz). HRMS (FAB), m/z: calcd. for
C7H70,SBF3K>" 300.9481 [M + K]; found 300.9492. Elemental analysis caled. for
C7H70,SBF3K: C, 32.08; H, 2.69; found: C, 32.08; H, 2.87.

Potassium (meta-bromomethylphenyl)trifluoroborate (K[m-CH:BrCsH4BF3]):

©)

BF
® 3
K

Br

Yield: 81 %, white solid. "H NMR (400 MHz, CD3CN): ¢ 4.64 (s, 2H, CH:Br), 7.06-7.13 (m,
2H, arom. H), 7.26 (d, 1H, 3Juu = 6.4 Hz, arom. H), 7.38 (s, 1H, arom. H). '*C NMR (100 MHz,
DMSO-d%): ¢ 36.6 (s, CH,Br), 126.1 (s), 126.6 (s), 131.5 (s), 132.5 (s), 135.3 (s). ’F NMR
(376 MHz, DMSO-d®): ¢ —141.7 (br, 3F, BF;). "B NMR (128 MHz, DMSO-d®): ¢ 3.66 (br).
HRMS (FAB), m/z: calcd. for CyHsBrBF3K," 314.8967 [M + K]'; found 314.8979.

Potassium (meta-cyanophenyl)trifluoroborate (K[m-CNCsH4BF3)):

©
BF3

®©
K
CN

Yield: 99 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 7.29 (t, 1H, J = 11.5 Hz, arom. H),
7.44 (dt, 1H, J= 7.6 Hz, *J= 1.6 Hz, arom. H), 7.69 (d, 1H, *Juu = 7.3 Hz, arom. H), 7.72 (s,
1H, arom. H). >*C NMR (100 MHz, CD3CN): ¢ 111.2 (s), 121.2 (s), 128.4 (s), 130.2 (s), 135.9
(s), 136.9 (s). "’F NMR (376 MHz, CD3CN): ¢ —143.8 (q, 3F, 'Jsr = 48.7 Hz, BF3). ''B NMR
(128 MHz, CD3;CN): ¢ 3.16 (q, 'Jsr = 49.4 Hz). HRMS (FAB), m/z: caled. for C;HsNBF;K,*
247.9658 [M + K]'; found 247.9661. Elemental analysis calcd. for C’HsNBF3;K: C, 40.22; H,
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1.93; N, 6.70; found: C, 38.94; H, 2.16; N, 6.60.

Potassium (meta-nitrophenyl)trifluoroborate (K[m-NO2CsH4BF3)):

©
BF;

@ﬁ)
K
NO

Yield: 85 %, yellow solid. '"H NMR (400 MHz, CD3CN): ¢ 7.37 (t, 1H, J = 7.8 Hz, arom. H),
7.80 (d, 1H, *Juu = 7.2 Hz, arom. H), 7.94 (d, 1H, *Juu = 8.0 Hz, arom. H), 8.21 (s, 1H, arom.
H). 3C NMR (100 MHz, CD3CN): ¢ 121.6 (s), 126.4 (s), 128.7 (s), 138.9 (s), 148.6 (s). '°F
NMR (376 MHz, CD;CN): ¢ —143.8 (q, 3F, 'Jgr = 48.7 Hz, BF;). 'B NMR (128 MHz,
CDsCN): 6 3.21 (q, 'Jsr = 50.8 Hz). HRMS (FAB), m/z: calcd. for CéHsaNO2BF3K," 267.9556
[M +K]; found 267.9566. Elemental analysis calcd. for CsHsNO2BF3K: C, 31.47; H, 1.76; N,
6.12; found: C, 31.15; H, 1.88; N, 6.14.

2

Potassium (meta-ethoxycarbonylphenyl)trifluoroborate (K[m-CO2EtCcH4BF3)):
©
o B
K
O._CHs
o}
Yield: 97 %, white solid. 'H NMR (400 MHz, CDs;CN): ¢ 1.32 (t, 3H, *Jun = 7.1 Hz,
CO.CH2CH3), 4.27 (q, 2H, *Jun = 7.0 Hz, CO.CH->CH3), 7.25 (t, 1H, J = 7.6 Hz, arom. H), 7.64
(d, 1H, *Jun = 7.3 Hz, arom. H), 7.73 (d, 1H, *Juu = 7.8 Hz, arom. H), 8.04 (s, 1H, arom. H).
13C NMR (100 MHz, CD3;CN): ¢ 14.6 (s), 61.2 (s), 127.5 (s), 127.7 (s), 129.6 (s), 133.2 (s),
137.1 (s), 168.5 (s). 'F NMR (376 MHz, CD3sCN): ¢ —143.2 (d, 3F, 'Jgr = 49.8 Hz, BF;).!'B
NMR (128 MHz, CDsCN): ¢ 3.54 (d, 'Jsr = 52.8 Hz). HRMS (FAB), m/z: caled. for
CoHoO:BF3K>" 2949916 [M + K]%; found 294.9916. Elemental analysis calcd. for

CoHoO2BF3K: C, 42.21; H, 3.54; found: C, 41.38; H, 3.60.

Potassium (meta-carbamoylphenyl)trifluoroborate (K[m-CONH2CsH4BF3]):

©
BF3

~®

NH,
(0]
Yield: 70 %, white solid. "H NMR (400 MHz, DMSO-d®): ¢ 7.00 (s, 1H, CONH>), 7.14 (t, 1H,
J=17.6 Hz, arom. H), 7.45 (d, 1H, *Jun = 7.3 Hz, arom. H), 7.54 (d, 1H, 3Juu = 7.8 Hz, arom.
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H), 7.76 (s, 1H, CONH.), 7.85 (s, 1H, arom. H). *C NMR (100 MHz, DMSO-d®): o 124.4 (s),
125.9 (s), 130.5 (s), 132.2 (5), 134.3 (s), 169.5 (s, CONH,). 1F NMR (376 MHz, DMSO-d°): &
~141.5 (br, 3F, BF3). "B NMR (128 MHz, DMSO-d®): ¢ 3.77 (br). HRMS (FAB), m/z: calcd.
for C/HsNOBF:K," 265.9763 [M + K]*; found 265.9769.

Potassium (meta-methoxyphenyl)trifluoroborate (K[m-OMeCsH4BF3)):

©
BF;

C]
K
_CH
o s

Yield: 94 %, white solid. "H NMR (400 MHz, CDsCN): 6 3.72 (s, 3H, OCH3), 6.66 (d, 1H, *Jun
= 7.6 Hz, arom. H), 7.00-7.02 (m, 2H, arom. H), 7.08 (t, 1H, J = 7.8 Hz, arom. H). '*C NMR
(100 MHz, CD3CN): ¢ 55.3 (s, OCH3), 112.3 (s), 117.3 (s), 124.8 (s), 128.7 (s), 159.7 (s). '°F
NMR (376 MHz, CDsCN): ¢ —142.8 (d, 3F, 'Jgr = 56.2 Hz, BF;). "B NMR (128 MHz,
CDsCN): ¢ 3.86 (d, 'Jsr = 46.9 Hz). HRMS (FAB), m/z: calcd. for CyH;0BF;3K>" 252.9811 [M
+K]"; found 252.9818. Elemental analysis calcd. for CyH;0BF3K: C, 39.28; H, 3.30; found: C,
38.71; H, 3.27.

Potassium (meta-ethoxyphenyl)trifluoroborate (K[m-OEtCsH4BF3)):

C]
BF;

C]
K
07 CH,

Yield: 87 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 1.30 (t, 3H, *Jun = 7.1 Hz, OCHCHj),
3.97 (q, 2H, *Jun = 7.1 Hz, OCH>CH3), 6.64 (d, 1H, *Jun = 8.4 Hz, arom. H), 6.98-7.01 (m,
2H, arom. H), 7.07 (t, 1H, J = 7.8 Hz, arom. H). 3C NMR (100 MHz, CD3CN): ¢ 15.3 (s,
OCH>CH3), 63.6 (s, OCH,CH3), 113.0 (s), 117.9 (s), 124.7 (s), 128.7 (s), 159.0 (s). '°F NMR
(376 MHz, CDsCN): ¢ —142.7 (br, 3F, BF;). !B NMR (128 MHz, CD3CN): ¢ 4.02 (br). HRMS
(FAB), m/z: caled. for CsHoOBF3K:>" 266.9967 [M + K]'; found 266.9975. Elemental analysis
caled. for CsH9oOBF3K: C, 42.13; H, 3.98; found: C, 42.00; H, 3.98.

Potassium (meta-n-propoxyphenyl)trifluoroborate (K[m-O"PrCcH4BF3]):

©
BF3

‘ @
K
O/\/CHB
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Yield: 90 %, white solid. 'H NMR (400 MHz, CDs;CN): ¢ 0.98 (t, 3H, *Jun = 7.3 Hz,
OCH>CH>CH3), 1.71 (m, 2H, J = 7.1 Hz, OCH,CH-CH3), 3.88 (t, 2H, *Jun = 6.4 Hz,
OCH>CH2CH3), 6.66 (d, 1H, *Jun = 6.9 Hz, arom. H), 7.00—7.02 (m, 2H, arom. H), 7.08 (t, 1H,
J = 7.6 Hz, arom. H). 3C NMR (100 MHz, CD3;CN): ¢ 10.9 (s, OCH,CH2CHj3), 23.5 (s,
OCH,CH2CH3), 69.8 (s, OCH2CH>CH3), 113.0 (s), 118.0 (s), 124.7 (s), 128.8 (s), 159.2 (s). '°F
NMR (376 MHz, CDsCN): ¢ —142.7 (br, 3F, BF3). !B NMR (128 MHz, CD3CN): ¢ 4.09 (br).
HRMS (FAB), m/z: caled. for CoH11OBF3K2" 281.0124 [M + K]™; found 281.0133. Elemental
analysis calcd. for CoH11OBF3K: C, 44.65; H, 4.58; found: C, 44.43; H, 4.57.

Potassium (meta-iso-propoxyphenyl)trifluoroborate (K[m-O'PrCsH4BF3]):

o
BF,

®
K @\ CH,
O)\CHg

Yield: 74 %, white solid. 'H NMR (400 MHz, CD;CN): ¢ 1.23 (d, 6H, *Juu = 6.0 Hz,
OCH(CHj3),), 4.54 (m, 1H, J = 6.1 Hz, OCH(CHs),), 6.65 (td, 1H, *Jun = 7.8 Hz, *J= 1.4 Hz,
arom. H), 6.97-7.01 (m, 2H, arom. H), 7.07 (t, 1H, J = 7.6 Hz, arom. H). 3*C NMR (100 MHz,
CD;CN): 622.5 (s, OCH(CH3)2), 69.9 (s, OCH(CHj3)2), 114.5 (s), 119.6 (s), 124.7 (s), 128.8 (5),
157.9 (s). ’FNMR (376 MHz, CD3CN): 6 —142.7 (br, 3F, BF3). ''B NMR (128 MHz, CDsCN):
0 4.08 (br). HRMS (FAB), m/z: caled. for CoH11OBF3K," 281.0124 [M + K]; found 281.0131.
Elemental analysis calcd. for CoH11OBF3K: C, 44.65; H, 4.58; found: C, 43.87; H, 4.71.

Potassium (meta-n-butoxyphenyl)trifluoroborate (K[m-O"BtCcH4BF3)):

©
BF3

ol
K
0" "CH,

Yield: 73 %, white solid. 'H NMR (400 MHz, CD;CN): ¢ 0.93 (t, 3H, *Jun = 7.3 Hz,
OCH.CH>CH2CH3s), 1.39-1.49 (m, 2H, OCH.CH.CH:CHs), 1.64-1.71 (m, 2H,
OCH,CH>CH2CHj3), 3.92 (t, 2H, *Jun = 6.6 Hz, OCH>CH2CH,CH3), 6.63 (dd, 1H, *Jun = 7.8
Hz, “J=0.92 Hz, arom. H), 6.97-6.99 (m, 2H, arom. H), 7.06 (t, 1H, J = 7.3 Hz, arom. H). 1*C
NMR (100 MHz, CD3CN): ¢ 14.2 (s, OCH,CH,CH>CH3), 20.0 (s, OCH,CH>CH>CH3), 32.3 (s,
OCH>2CH>CH2CH3), 67.9 (s, OCH>CH2CH2CH3), 112.9 (s), 117.9 (s), 124.7 (s), 128.7 (s), 159.2
(s). "”F NMR (376 MHz, CD3sCN): ¢ —142.7 (br, 3F, BF3). !B NMR (128 MHz, CDsCN): ¢
3.80 (br). HRMS (FAB), m/z: caled. for C1oHi30BF3K2" 295.0280 [M + K]; found 295.0296.
Elemental analysis calcd. for Ci1oH130BF;3K: C, 46.90; H, 5.12; found: C, 46.87; H, 5.19.
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Potassium (meta-n-decyloxyphenyl)trifluoroborate (K[m-O(CH2)9CH3CcH4BF3)):

©
BF;

K
NN,

Yield: 46 %, white solid. 'H NMR (400 MHz, CDsCN): ¢ 0.85 (t, 3H, *Jun = 6.9 Hz,
O(CH2)9CH3), 1.26-144 (m, 14H, OCH:;CH2(CH2);CH3), 1.65-1.72 (m, 2H,
OCH>CH>(CH,)7CHs), 3.90 (t, 2H, *Jun = 6.4 Hz, OCH>(CH>)sCH3), 6.62 (dd, 1H, *Jun = 8.0
Hz, %J = 2.4 Hz, arom. H), 6.95-6.98 (m, 2H, arom. H), 7.05 (t, 1H, J = 7.6 Hz, arom. H). *C
NMR (100 MHz, CD3CN): ¢ 14.4 (s, O(CH2)9CH3), 23.4 (s, O(CH2)sCH2CH3), 26.8 (s,
O(CHy);CH2CH>CH3), 30.0-30.4 (m, 5C, OCH:CH2(CH:)sCH>CH2CH3), 32.6 (s,
OCH2CH2(CH2)7CH3), 68.2 (s, OCH2(CH2)sCH3), 112.8 (s), 117.9 (s), 124.7 (s), 128.6 (s),
159.2 (s). YF NMR (376 MHz, CD3CN): ¢ —142.7 (br, 3F, BF3). ''B NMR (128 MHz, CD;CN):
0 3.88 (br). HRMS (FAB), m/z: calcd. for C16H250BF3K2"379.1219 [M +K]"; found 379.1217.
Elemental analysis calcd. for CisH2s0BF;3K: C, 56.48; H, 7.41; found: C, 56.18; H, 7.61.

Potassium (meta-(2-methoxyethoxy)phenyl)trifluoroborate
(K[m-O(CH2):20CH3CsH4BF3)):

©
BF3

‘O
K
0™,

Yield: 47 %, white solid. '"H NMR (400 MHz, CDsCN): ¢ 3.32 (s, 3H, O(CH2)OCHj3), 3.63 (t,
2H, *Jun = 64.8 Hz, OCH,CH->OCH3), 4.03 (t, 2H, *Jun = 4.8 Hz, OCH,CH>OCH3), 6.64 (dd,
1H, 3Jun = 7.8 Hz, *J = 2.3 Hz, arom. H), 6.97-7.00 (m, 2H, arom. H), 7.06 (t, 1H, J = 7.8 Hz,
arom. H). >*C NMR (100 MHz, CD3CN): ¢ 59.0 (s), 67.6 (s), 72.0 (s), 112.9 (s), 117.7 (s), 125.0
(s), 128.7 (s), 158.8 (s). '’F NMR (376 MHz, CD3;CN): 6 —142.8 (d, 3F, 'Jsr = 53.2 Hz, BF3).
B NMR (128 MHz, CD3CN): ¢ 3.71 (d, 'Jsr = 46.9 Hz). HRMS (FAB), m/z: calcd. for
C9oH110,BF3K," 297.0073 [M + K]*; found 297.0084.

Cesium phenyltrifluoroborate (Cs[PhBF3]):

S)
BF;

Cs

Yield: 89 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 7.09 (t, 1H, J = 8.0 Hz, arom. H),
7.15 (t, 2H, J = 7.3 Hz, arom. H), 7.41 (d, 2H, *Jun = 6.9 Hz, arom. H). *C NMR (100 MHz,
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CD3CN): ¢ 126.5 (s), 127.7 (s), 132.3 (s). '9F NMR (376 MHz, CDsCN): o —139.0 (q, 3F, "Jar
= 51.4 Hz, BF;). "B NMR (128 MHz, CD;CN): ¢ 3.81 (q, 'Jsr = 56.2 Hz). HRMS (FAB), m/z:
calcd. for CéHsBF3Csy™ 410.8540 [M + Cs]'; found 410.8548. Elemental analysis calcd. for
CsHsBF3Cs: C, 25.94; H, 1.81; found: C, 25.27; H, 2.04.

Cesium (meta-trifluoromethylphenyl)trifluoroborate (Cs[m-CF3CcH4BF3]):

S}
BF,

: @
Cs
CF

Yield: 99 %, white solid. '"H NMR (400 MHz, CDsCN): ¢ 7.33 (t, 1H, J = 7.5 Hz, arom. H),
7.41 (d, 1H, *Jun = 7.8 Hz), 7.66—7.70 (m, 2H, arom. H). '3*C NMR (100 MHz, CD;CN): ¢
123.1 (s), 126.4 (q, 'Jcr = 269.8 Hz, CF3), 128.1 (s), 128.4 (s), 129.0 (q, 2Jcr = 29.6 Hz, CCF3),
136.1 (s). ’F NMR (376 MHz, CD3sCN): ¢ —140.1 (br, 3F, BF3), —63.1 (s, 3F, CF3). 'B NMR
(128 MHz, CD3CN): ¢ 3.46 (q, 'Jsr = 51.8 Hz). HRMS (FAB), m/z: calcd. for C;H4sBF¢Cs,"
478.8414 [M + Cs]; found 478.8412. Elemental analysis calcd. for CsHsBF4Cs: C, 24.31; H,
1.17; found: C, 24.10; H, 1.18.

3

Cesium (meta-fluorophenyl)trifluoroborate (Cs[m-FCsH4BF3)):

©
BF;

®
F

Yield: 99 %, white solid. "H NMR (400 MHz, CD3CN): ¢ 6.78—6.83 (m, 1H, arom. H), 7.08—
7.22 (m, 3H, arom. H). '3*C NMR (100 MHz, CDsCN): ¢ 112.8 (d, 2Jcr = 21.0 Hz), 118.0 (d,
2Jcr = 16.2 Hz), 128.0 (s), 129.4 (d, *Jcr = 5.7 Hz), 163.5 (d, 'Jcr = 240.3 Hz, CF). '°F NMR
(376 MHz, CD3CN): 6 —139.8 (q, 3F, 'Jsr = 48.4 Hz, BF3), —118.1 (s, 1F, 3-F). "B NMR (128
MHz, CD3CN): ¢3.37 (q, 'Jr = 52.8 Hz). HRMS (FAB), m/z: calcd. for CeHaBF4Cs," 428.8446
[M +Cs]"; found 428.8453. Elemental analysis calcd. for CsHaBF4Cs: C, 24.36; H, 1.36; found:
C, 23.73; H, 1.60.

Cesium (meta-trifluoromethoxyphenyl)trifluoroborate (Cs[m-OCF3CcH4BF3]):

©
BF;

®
Cs
_CF
o3

Yield: 62 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 7.00 (d, 1H, *Jun = 8.0 Hz, arom. H),

24



7.24 (t, 1H, J = 7.8 Hz, arom. H), 7.28 (s, 1H, arom. H), 7.40 (d, 1H, *Jun = 7.3 Hz, arom. H).
13C NMR (100 MHz, CD5CN): ¢ 119.0 (s), 121.7 (q, “Jor = 252.4 Hz, OCF3), 124.1 (s), 129.3
(s), 131.1 (s), 149.5 (s). '°F NMR (376 MHz, CDsCN): ¢ —139.8 (q, 3F, UJsr = 57.8 Hz, BF3),
~58.6 (s, 3F, OCF3). 'B NMR (128 MHz, CDsCN): ¢ 3.35 (q, e = 50.8 Hz). HRMS (FAB),
m/z: caled. for C7HsOBF6Cs,™ 494.8363 [M + Cs]"; found 494.8367. Elemental analysis calcd.
for C;H4OBFsCs: C, 23.24; H, 1.11; found: C, 23.07; H, 1.14.

Cesium (meta-methylthiophenyl)trifluoroborate (Cs[m-SMeCsH4BF3]):

©
BF;

®
Cs
S/CH3

Yield: 94 %, pale brown solid. 'H NMR (400 MHz, CDsCN): ¢ 2.41 (s, 3H, SCH3), 7.02 (dd,
1H, *Jun = 7.8 Hz, J = 0.92 Hz, arom. H), 7.10 (t, 1H, J = 7.3 Hz, arom. H), 7.20 (d, 1H, *Jun
= 6.9 Hz, arom. H), 7.33 (s, 1H, arom. H). '*C NMR (100 MHz, CD3CN): ¢ 16.0 (s, SCH3),
125.0 (s), 128.4 (s), 129.3 (s), 130.6 (s), 136.8 (s). '’F NMR (376 MHz, CD3CN): 6 —139.2 (br,
3F, BF3). "B NMR (128 MHz, CD3CN): ¢ 3.60 (q, 'Jsr = 52.5 Hz). HRMS (FAB), m/z: calcd.
for C7H7SBF3Csy" 456.8417 [M + Cs]"; found 456.8427. Elemental analysis calcd. for
C7H7SBF3Cs: C, 25.96; H, 2.18; found: C, 26.18; H, 2.27.

Cesium (meta-ethoxyphenyl)trifluoroborate (Cs[m-OEtCsH4BF3)):

©

®
Cs
07 CH;

Yield: 96 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 1.30 (t, 3H, *Jun = 7.1 Hz, OCH.CHj),
3.98 (q, 2H, *Jun = 6.9 Hz, OCH>CH3), 6.62 (d, 1H, *Jun = 7.8 Hz, arom. H), 6.95-6.98 (m,
2H, arom. H), 7.06 (t, 1H, J = 7.6 Hz, arom. H). *C NMR (100 MHz, CDsCN): ¢ 15.3 (s,
OCH2CHj3), 63.6 (s, OCH2CH3), 112.9 (s), 117.7 (s), 124.7 (s), 128.7 (s), 159.0 (s). "’F NMR
(376 MHz, CD3sCN): ¢ —138.7 (br, 3F, BF;3). ''B NMR (128 MHz, CD3CN): ¢ 3.70 (d, 'Jgr =
48.9 Hz). HRMS (FAB), m/z: calcd. for CsHoOBF3Cs:" 454.8802 [M + Cs]"; found 454.8814.
Elemental analysis calcd. for CsHoOBF3Cs: C, 29.85; H, 2.82; found: C, 29.55; H, 2.97.
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Cesium (meta-n-propoxyphenyl)trifluoroborate (Cs[m-O"PrC¢H4BF3]):

©
BF3

C)
O/\/CH3

Yield: 96 %, white solid. 'H NMR (400 MHz, CDs;CN): ¢ 0.97 (t, 3H, *Jun = 7.3 Hz,
OCH>CH>CH3), 1.71 (m, 2H, J = 7.1 Hz, OCH,CH-CH3), 3.88 (t, 2H, *Jun = 6.6 Hz,
OCH>CH2CH3), 6.63 (dd, 1H, *Jun = 8.0 Hz, *J = 1.6 Hz, arom. H), 6.95-6.98 (m, 2H, arom.
H), 7.06 (t, 1H, J = 7.6 Hz, arom. H). '*C NMR (100 MHz, CD3CN): ¢ 10.8 (s, OCH2CH2CH3),
23.5 (s, OCH2CH:2CH3), 69.7 (s, OCH2CH2CH3), 112.9 (s), 117.8 (s), 124.7 (s), 128.7 (s), 159.2
(s). F NMR (376 MHz, CD3;CN): ¢ —138.5 (br, 3F, BF3). ''B NMR (128 MHz, CDsCN): ¢
3.72 (d, 'Jsr = 48.9 Hz). HRMS (FAB), m/z: calcd. for CoH;iOBF3Cs," 468.8959 [M + Cs];
found 468.8966. Elemental analysis calcd. for CoH11OBF3Cs: C,32.18; H, 3.30; found: C,
31.49; H, 3.22.

Potassium (ortho-fluorophenyl)trifluoroborate (K[o-FCsH4BF3)):

S)
BF;

(r? @/F

Yield: 79 %, white solid. '"H NMR (400 MHz, CD3sCN): ¢ 6.83 (t, 1H, J = 8.9 Hz, arom. H),
6.97 (t, 1H, J= 7.3 Hz, arom. H), 7.10-7.15 (m, 1H, arom. H), 7.42 (t, 1H, J = 6.2 Hz, arom.
H). 3C NMR (100 MHz, CD3sCN): ¢ 114.7 (d, 2Jcr = 25.9 Hz), 123.9 (s), 128.8 (d, *Jcr = 7.7
Hz), 135.0 (d, *Jcr = 10.5 Hz), 167.0 (d, 'Jsr = 237.6 Hz). "’F NMR (376 MHz, CD;CN): ¢
—140.8 (q, 3F, 'Jsr = 49.6 Hz, BF3), —110.8 (s, 1F, 2-F). "B NMR (128 MHz, CD3CN): 5 3.18
(q, Jer = 51.3 Hz). HRMS (FAB), m/z: caled. for C¢H4BF4K>" 240.9611 [M + K]*; found
240.9613. Elemental analysis calcd. for CsH4BF4K: C, 35.68; H, 2.00; found: C, 34.92; H, 1.99.

Potassium (ortho-trifluoromethoxyphenyl)trifluoroborate (K[o-OCF3CcH4BF3)):

©
BF3

©)
o

Yield: 80 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 7.07 (d, 1H, *Jun = 7.8 Hz, arom. H),
7.12-7.20 (m, 2H, arom. H), 7.53 (d, 1H, *Jun = 6.9 Hz, arom. H). *C NMR (100 MHz,
CDsCN): ¢ 119.9 (s), 121.9 (q, 'Jcr = 253.9 Hz, OCF3), 126.7 (s), 128.4 (s), 135.3 (s), 153.5
(s). FNMR (376 MHz, CD3CN): 6 —141.0 (q, 3F, 'Jsr = 48.9 Hz, BF3), —56.5 (s, 3F, OCF3).
B NMR (128 MHz, CD3CN): ¢ 2.99 (q, 'Jsr = 50.8 Hz). HRMS (FAB), m/z: calcd. for
C7H40BF6K>" 306.9528 [M + K]*; found 306.9535. Elemental analysis calcd. for C;H4OBF¢K:
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C, 31.37; H, 1.50; found: C, 30.91; H, 1.71.

Potassium (ortho-methylthiophenyl)trifluoroborate (K[o-SMeCcH4BF3]):

©
BF3

C)
Nohe

Yield: 70 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 2.32 (s, 3H, SCH3), 6.91 (t, 1H, J =
7.6 Hz, arom. H), 7.02—7.10 (m, 2H, arom. H), 7.40 (d, 1H, *Jun = 6.9 Hz, arom. H). *C NMR
(100 MHz, CD3sCN): ¢ 15.6 (s, SCH3), 123.9 (s), 124.1 (s), 127.5 (s), 133.1 (s), 142.6 (s). °F
NMR (376 MHz, CDsCN): ¢ —140.4 (q, 3F, 'Jsr = 52.4 Hz, BF;). "B NMR (128 MHz,
CDsCN): 6 3.37 (q, 'Jsr = 53.7 Hz). HRMS (FAB), m/z: calcd. for CtH7SBF3K," 268.9582 [M
+K]"; found 268.9586. Elemental analysis calcd. for CYH7SBF;K: C, 36.54; H, 3.07; found: C,
36.27; H, 3.12.

Potassium (ortho-methoxyphenyl)trifluoroborate (K[o-OMeCsHsBF3]):

©
BF3

@
iShs

Yield: 84%, white solid. 'H NMR (400 MHz, CDsCN): ¢ 3.68 (s, 3H, OCHj), 6.74—6.77 (m,
2H, arom. H), 7.08 (dt, 1H, J= 7.8 Hz, *J= 1.8 Hz, arom. H), 7.36 (d, 1H, *Jun = 6.4 Hz, arom.
H). 1*C NMR (100 MHz, DMSO-d®): ¢ 54.7 (s, OCH3), 109.6 (s), 119.1 (s), 126.7 (s), 133.2 (s),
162.5 (s). ’F NMR (376 MHz, CDsCN): ¢ —140.6 (q, 3F, 'Jgr = 53.0 Hz, BF3). ''"B NMR (128
MHz, CDsCN): ¢ 3.43 (d, 'Jsr = 54.2 Hz). HRMS (FAB), m/z: calcd. for C;H;OBF:K,"
252.9811 [M + K]'; found 252.9818. Elemental analysis calcd. for CyH7OBF3K: C, 39.28; H,
3.30; found: C, 39.15; H, 3.32.

Potassium (ortho-ethoxyphenyl)trifluoroborate (K[o-OEtCsH4BF3)):

©
BF;

®
K ©/OVCH3

Yield: 82 %, white solid. '"H NMR (400 MHz, CD3CN): ¢ 1.28 (t, 3H, *Jun = 7.1 Hz, OCHCHj),
3.99 (q, 2H, *Jun = 7.1 Hz, OCH>CH3), 6.75-6.79 (m, 2H, arom. H), 7.08 (dt, 1H, J = 7.8 Hz,
%J=1.9 Hz, arom. H), 7.38 (dd, 1H, J = 7.2 Hz, *J = 1.2 Hz, arom. H). '3*C NMR (100 MHz,
CD3CN): ¢ 15.3 (s, OCH2CH3), 64.3 (s, OCH2CH3), 112.5 (s), 120.8 (s), 128.3 (s), 134.4 (s),
162.7 (s). ’F NMR (376 MHz, CD3CN): 6 —140.4 (d, 3F, 'Jgr = 58.9 Hz, BF;). 'B NMR (128
MHz, CDsCN): ¢ 3.67 (d, 'Jsr = 48.8 Hz). HRMS (FAB), m/z: calcd. for CsHyOBF:K,"
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266.9967 [M + K]"; found 266.9979. Elemental analysis calcd. for CsHyOBF3K: C, 42.13; H,
3.98; found: C, 41.89; H, 3.82.

Potassium (ortho-nitrophenyl)trifluoroborate (K[o-NO2CcH4BF3]):

©
BF3

O

Yield: 82 %, gray solid. "H NMR (400 MHz, CD3CN): ¢ 7.27 (dt, 1H, J=7.7 Hz, /= 1.3 Hz,
arom. H), 7.39-7.45 (m, 2H, arom. H), 7.64 (d, 1H, *Jun = 7.3 Hz, arom. H). 3*C NMR (100
MHz, CD3CN): ¢ 122.5 (s), 127.9 (s), 131.5 (s), 135.2 (s), 156.0 (s). '°F NMR (376 MHz,
CDsCN): 6 —141.8 (q, 3F, 'Jsr = 46.3 Hz, BF3). "B NMR (128 MHz, CD3CN): ¢ 2.76 (q, 'Jsr
=48.4 Hz). HRMS (FAB), m/z: calcd. for CsHsNO2BF3K2" 267.9556 [M + K]*; found 267.9566.
Elemental analysis calcd. for CsHsNO,BF3K: C, 31.47; H, 1.76; N, 6.12; found: C, 31.47; H,
2.07; N, 6.11.

Potassium (ortho-acetylphenyl)trifluoroborate (K[o-COCH3CsH4BF3)):
©

o BP0
K CHj

Yield: 55 %, white solid. 'H NMR (400 MHz, CD3CN): ¢ 2.45 (s, 3H, COCHj3), 7.13-7.15 (m,
2H, arom. H), 7.21-7.25 (m, 1H, arom. H), 7.53 (d, 1H, *Juu = 7.2 Hz, arom. H). 3C NMR
(100 MHz, CD3CN): ¢ 31.3 (s, COCH3), 125.6 (s), 126.5 (s), 129.3 (s), 133.7 (s), 146.9 (s),
210.2 (s, COCH3). 'F NMR (376 MHz, CDsCN): ¢ —138.5 (q, 3F, 'Jsr = 51.0 Hz, BF3). !'B
NMR (128 MHz, CDsCN): ¢ 3.44 (q, 'Jer = 53.2 Hz). HRMS (FAB), m/z: caled. for
CsH70OBF3K,"264.9811 [M + K]; found 264.9819. Elemental analysis calcd. for CsH;OBF3K:

C,42.51; H, 3.12; found: C, 42.60; H, 3.18.

Potassium (2-fluoro-5-methoxyphenyl)trifluoroborate (K[2-F-5-OMeCsH3BF3)):

©
BF3

®
K F

H,CO

Yield: 90 %, white solid. "H NMR (400 MHz, CD;CN): ¢ 3.96 (s, 3H, OCH3), 6.60—6.65 (m,
1H, arom. H), 6.75 (t, 1H, J = 8.7 Hz, arom. H), 6.93-6.95 (m, 1H, arom. H). '*C NMR (100
MHz, CD3CN): ¢ 56.0 (s, OCH3), 113.5 (d, *Jcr = 9.6 Hz), 115.3 (d, 2Jcr = 29.7 Hz), 119.3 (d,
3Jcr =12.9 Hz), 156.1 (s), 161.3 (d, 'Jcr = 229.9 Hz). '°F NMR (376 MHz, CD3CN): ¢ —141.0
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(d, 3F, 'Usr = 53.2 Hz, BF3), —122.7 (s, 1F, 2-F). "B NMR (128 MHz, CD3CN): 6 3.06 (d, 'Jsr
= 48.8 Hz). HRMS (FAB), m/z: calcd. for CJHsOBF4K," 270.9716 [M + K]"; found 270.9727.
Elemental analysis calcd. for C;HsOBF4K: C, 36.24; H, 2.61; found: C, 36.08; H, 2.82.

Potassium (2-chloro-5-trifluoromethylphenyl)trifluoroborate (K[2-Cl-5-CF3CsH3BF3)):

©
BF;

Cl

~®

FsC

Yield: 85 %, white solid. '"H NMR (400 MHz, DMSO-d%): ¢ 7.36 (d, 1H, *Jun = 8.2 Hz, arom.
H), 7.42 (dd, 1H, *Jun = 8.2 Hz, *J = 2.3 Hz, arom. H), 7.70 (s, 1H, arom. H). *C NMR (100
MHz, DMSO-d®): ¢ 124.0 (q, *Jcr = 3.3 Hz), 124.8 (q, 'Jcr = 270.5 Hz, CF3), 125.8 (q, 2Jcr =
30.3 Hz), 129.0 (s), 130.1 (q, *Jcr = 3.1 Hz), 141.9 (s). ’F NMR (376 MHz, DMSO-d°): ¢
—142.2 (br, 3F, BF3), —63.3 (s, 3F, CF3). "B NMR (128 MHz, DMSO-d%): 6 2.59 (d, 'Jsr = 45.0
Hz). HRMS (FAB), m/z: calcd. for C7H3CIBFK," 324.9189 [M + K]'; found 324.9191.
Elemental analysis calcd. for C;H3CIBF6K: C, 29.35; H, 1.06; found: C, 29.80; H, 1.26.

Potassium (3-methoxycarbonyl-5-nitrophenyl)trifluoroborate
(K[3-CO2Me-5-NO2C6H3BF3)):

©
BF
@ 3
K
0N
O,N CH,
o}

Yield: 73%, white solid. '"H NMR (400 MHz, DMSO-d%): 5 3.91 (s, 3H, CO.CH3), 8.35 (br, 2H,
arom. H), 8.44 (s, 1H, arom. H). 3*C NMR (100 MHz, DMSO-d®): ¢ 52.5 (s, CO2CH3), 121.0
(s), 129.4 (s), 129.5 (s), 138.1 (s), 147.1 (s), 165.6 (s, CO.CH3). ’F NMR (376 MHz, DMSO-
d®): 0 —143.3 (br, 3F, BF;). 'B NMR (128 MHz, DMSO-d°): ¢ 2.87 (br). HRMS (FAB), m/z:
calcd. for CsHsNO4BF3K," 325.9611 [M + K]'; found 325.9612. Elemental analysis calcd. for
CsH¢NO4BFsK: C, 33.48; H, 2.11; N, 4.88; found: C, 33.32; H, 2.36; N, 6.03.

Potassium 3-thienyltrifluoroborate (K[3-C4H3SBF3]):

S)
BF3

‘O
AN
\S

Yield: 97 %, gray solid "H NMR (400 MHz, DMSO-d®): ¢ 6.97—7.00 (m, 2H, arom. H), 7.16—
7.18 (m, 1H, arom. H). 3C NMR (100 MHz, DMSO-d®): ¢ 122.5 (s), 124.2 (s), 131.9 (s). '°F
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NMR (376 MHz, DMSO-d®): ¢ —138.0 (q, 3F, 'Jsr = 52.0 Hz, BF3). ''B NMR (128 MHz,
DMSO-d®): ¢ 2.96 (q, 'Jsr = 50.8 Hz). HRMS (FAB), m/z: calcd. for C4H3SBF;K>" 228.9269
[M +K]; found 228.9282. Elemental analysis calcd. for C4H3SBF3;K: C, 25.28; H, 1.59; found:
C, 25.08; H, 1.85.

Potassium 1-naphthyltrifluoroborate (K[1-NaphBF3]):

)
BF3

Yield: 81 %, pale brown solid '"H NMR (400 MHz, DMSO-d®): ¢ 7.26-7.32 (m, 3H, arom. H),
7.55-7.59 (m, 2H, arom. H), 7.70—7.72 (m, 1H, arom. H), 8.39 (d, 1H, *Jun = 8.7 Hz). >*C NMR
(100 MHz, DMSO-d%): ¢ 123.5 (s), 124.0 (s), 125.0 (s), 125.3 (s), 127.5 (s), 128.6 (d, Jcr = 2.9
Hz), 130.3 (s), 133.0 (s), 136.6 (s). "’F NMR (376 MHz, DMSO-d%): ¢ —137.7 (d, 3F, 'Jgr =
44.8 Hz, BF;).''B NMR (128 MHz, DMSO-d°): ¢ 4.12 (d, 'Jgr = 46.9 Hz). HRMS (FAB), m/z:
calcd. for CioH7BF3K>" 272.9862 [M + K]*; found 272.9868. Elemental analysis caled. for
CioH7BF3K: C, 51.31; H, 3.01; found: C, 50.56; H, 2.90.

®
K
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Chapter 2 Physicochemical Properties for Room
Temperature lonic Liquids with

Phenyltrifluoroborate Anion

2.1. Introduction

Room temperature ionic liquids (RTILs) are a subset of molten salts that possess unique
features, such as negligible vapor pressures, incombustibility, wide electrochemical windows
(EWSs), and relatively high ionic conductivities.!: %72 The features of RTILs, except for the
handling temperatures, are very similar to those of molten salts. In the past several decades,
numerous cations and anions have been used to prepare various functional RTILs as shown in
General Introduction.” ® The physicochemical properties of RTILs strongly depend on the
combination of the cation and anion.'?'® 73 ™ Thus, RTILs with [ArBF3]  synthesized in
Chapter 1 are likely to have favorable physicochemical properties because of the distinctive
anion structure.”"3 In this chapter, in order to observe the influence of different organic cation’s
structures on the properties of RTILs, the author produced undiscovered RTILs by combining
different onium cations, e.g., imidazolium, pyridinium, pyrrolidinium, piperidinium, and
quaternary ammonium, with the phenyltrifluoroborate ([PhBF3]") anion, which has the simplest
structure among the [ArBFs]™ anions. The physicochemical properties of the resulting
[PhBF;] -based salts were examined. The factors controlling their properties were explored via

systematic data gathering.

2.2. Experimental

2.2.1. Preparation of phenyltrifluoroborate-based RTILs

Seven kinds of onium salts, 1-ethyl-3-methylimidazolium chloride ([Comim]Cl) (Tokyo
Chemical Industry Co., Ltd.), 1-butyl-3-methylimidazolium chloride ([C4smim]Cl) (Kanto
Chemical Co., Inc.), 1-butylpyridinium chloride ([C4py]Cl) (Tokyo Chemical Industry Co.,
Ltd.), I-butyl-1-methylpyrrolidinium chloride ([C4mpyr]Cl) (Sigma-Aldrich, Inc.), 1-butyl-1-
methylpiperidinium chloride ([Csmpip]Cl) (Tokyo Chemical Industry Co., Ltd.),
trimethylpropylammonium bromide ([Ni,1,13]Br) (Tokyo Chemical Industry Co., Ltd.), and
tributylmethylammonium chloride ([Na4.4,1]Cl) (Sigma-Aldrich, Inc.) were used as the cationic
species for the preparation of the [PhBFs] -based organic salts. K[PhBF3] prepared via the

almost same protocols described in Chapter 1 was used as the anion source. The synthesis of
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the [PhBF3] -based organic salts was performed using the metathesis protocol explained below.
K[PhBF3] (40 mmol) was added to a solution of an onium halide (40 mmol) in acetonitrile (60
mL), and the mixture was stirred for 1 h at ambient temperature. After the reaction, the mixture
was filtered to remove the precipitated by-product, KCI or KBr, and the filtrate was condensed
under vacuum. The crude product was extracted by CH>Cl> and rinsed with ultrapure water
several times to remove the unreacted halides and by-product. The organic layer was
concentrated in vacuo. The resultant onium phenyltrifluoroborate was dried at 373 K under
vacuum for 12 h. The final product was confirmed by NMR spectroscopy, mass spectrometry,
and elemental analysis. 1-Butyl-3-methylimidazolium tetrafluoroborate ([Csmim][BF4]) was
purchased from Kanto Chemical Co. and used for comparison and was thoroughly vacuum

dried for 24 h before use to remove any residual water.

2.2.2. Thermal and physicochemical property measurements

Thermal properties for phenyltrifluoroborate-based salts were measured in the same manner
described in Chapter 1. Thermogravimetric (TG) analyses were performed using a Bruker TG-
DTA2000SA instrument and differential scanning calorimetry (DSC) was conducted using a
Bruker DSC3100SA instrument. These two instruments were controlled with a Bruker
MTC1000SA workstation utilizing the Bruker WS003 software.

Density measurements were conducted using a Kyoto Electronics Manufacturing DA-640
resonant frequency oscillation density/specific gravity meter in the range of 298-353 K. The
viscosity was measured using a Kyoto Electronics Manufacturing EMS-1000
electromagnetically spinning viscometer in the range of 298-353 K. Ionic conductivity
measurements were performed using a Horiba DS-51 digital conductivity meter in the range of
303-353 K with a glass conductivity cell after the cell was calibrated with a 0.1 M KCl aqueous
solution. All the measurements, except the viscosity, were performed in an argon-filled glove
box (Vacuum Atmospheres Co., Omni-Lab, Oz and H20 < 1 ppm). The viscosity measurements

were performed using the special airtight cells for the electromagnetically spinning viscometer.

2.2.3. Electrochemical measurements

The electrochemical measurements were conducted with an IVIUM Technologies
CompactStat portable electrochemical analyzer. All electrochemical experiments were
performed in a three-electrode cell. The working electrode was a glassy carbon disk (diameter
of 1.6 mm), which was polished with an alumina suspension (diameter of 0.06 um) prior to use.
A platinum wire (diameter of 0.5 mm) was used as the counter electrode, and the reference
electrode was constructed by placing a 1.0 mm diameter Ag wire into a 6 mm diameter Vycor®
glass tube filled with a [C4mim][N(SO2CF3)2] RTIL containing 0.05 M Ag[N(SO2CF3)2]. The

measurements were performed in an abovementioned argon-filled glove box.
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2.2.4. Computational methods

The Gaussian 09 program>® was used for the molecular orbital calculations. The author used
the basis sets implemented in the Gaussian program. All the ion structures used in this study
were optimized at the HF/6-311G(d,p) level. The ionic volumes of the cations and anions were
calculated at the B3LYP/6-31G+(d) level.'® The author determined the ionic volume using

the average value from 10 calculations.

2.3. Results and discussion

2.3.1. General characteristics

The chemical structures of the organic salts prepared in this study are summarized in Figure
2-1 with their abbreviations. The author successfully synthesized seven types of [PhBF3] -based
organic salts. All the salts, except [Ni,1,13][PhBF3], were liquid salts at room temperature.
K[PhBF3] has a melting point of 568 K, but the cation exchange of K* for the organic cations

caused a sudden drop in the melting point due to the larger cation size and the asymmetric

©
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1-butyl-3-methylimidazolium

©
BF;

®

~n DN
N" SN\

\:/

1-ethyl-3-methylimidazolium

©
BF;

o

1-butylpyridinium

phenyltrifluoroborate phenyltrifluoroborate phenyltrifluoroborate
([C4mim][PhBF;]) ([C,mim][PhBF;]) ([C4pyl[PhBF;])
© © ©
® BF; @&~ BF, BF;
-
O @ \
1-butyl- I -methylpyrrolidinium 1-butyl- 1 -methylpiperidinium trimethylpropylammonium
phenyltrifluoroborate phenyltrifluoroborate phenyltrifluoroborate
([C4mpyr][PhBF;]) ([C4mpip][PhBF;]) (INy,1,1,3][PhBF3])
H/ @
BF;
O
tributylmethylammonium
phenyltrifluoroborate

([N4.44,1][PhBF3])

Figure 2-1. Chemical structures of [PhBF3] -based RTILs with different organic cations and

their abbreviations.
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structure of the organic cations. The resulting organic salts were stable in air without any
undesirable reactions with oxygen and moisture even though they were moderately hygroscopic.
All the salts had a lower water miscibility than the salts with [BF4] ", and the hydrophobic phenyl

group in [PhBF3]™ causes this characteristics.

2.3.2. Thermal behavior

The TG analysis results for the [PhBF3] -based salts are shown in Figure 2-2 along with the
results for [C4mim][BF4] as a comparison. The thermal degradation temperatures determined at
a 5 wt% loss are given in Table 2-1. All the salts exhibited clear weight losses at temperatures
in the range from 477-514 K, and their thermal stabilities were inferior to that of [Csmim][BF4].
This result is attributed to the [PhBF3]™ anion containing a B—C bond because the bond
dissociation energy of the B—C bond (92 kcal-mol ') is smaller than that of the B-F bond (181
kcal'mol™!) in [BF4]".3* The TG curves also indicated that the thermal degradation reaction
proceeds via multiple steps, whereas [Csmim][BF4] showed a simple one-step curve. As
expected, the weight losses observed for the first one or two steps were very close to the wt%
of the [PhBF3] in the original RTILs, e.g., 51 wt% in [Csmim][PhBF3] and 56 wt% in
[Comim][PhBF3]. The DSC curves for the same RTILs are given in Figure 2-3. Almost all the
salts showed a glass-transition temperature (7;) at 208—228 K, but they did not show significant
crystallization or melting behaviors, except for [Ni,13][PhBF3], which showed a sharp

100

O 1 ] 1 ]
300 400 500 600 700

Temperature / K

Figure 2-2. Results of the TG analysis for (---) [Csmim][BF4], (—) [C4mim][PhBFs], ()
[Comim][PhBFs], () [Capy][PhBF3], () [Campyr][PhBFs], (—) [Csmpip][PhBFs], ()
[N1,1,1,3][PhBF3], and (—) [N44,4,1][PhBF3]. The measurements were conducted at a rate of
5 K-min .
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exothermic peak in the cooling process at ca. 313 K and a noticeable endothermic peak in the
heating process at 353 K without any glass-transition behavior (Figure 2-3g). In the case of
[Csmpy][PhBF3] and [Naas4,1][PhBF3], small crystallization and melting behaviors were
observed (Fig. 3e and h). These behaviors are induced by the very slow dynamics derived from
the unique properties of RTILs.?> 8 Unfortunately, certain information about such phase

transitions could only be obtained using a specially manufactured DSC at this time.%’
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180 220 260 300 340 380 420
Temperature / K

Figure 2-3. DSC curves of (a) [Csmim][BF4], (b) [Csmim][PhBFs], (c) [Comim][PhBF3],
(d) [Capy][PhBF3], (e) [Campyr][PhBF3], (f) [Campip][PhBFs], (g) [N1,1,1,3][PhBF;], and

(h) [N44.4.1][PhBF3]. The measurements were conducted at a rate of 5 K-min.




Table 2-1. Physicochemical properties of [PhBF3] -based RTILs and salt

9¢

RTILs and salt FW ¢ T’ Im® Ta* d* ) n’ o8 ) 4" ) Veation Vanion”
/K /K /K /g:em™  /mPa's  /mS-em! /S-:em*mol!  /nm? / nm?
[C4mim][BF4] 226 190 — 611 1.201 101 4.21 0.795 0.207 0.072
[C4mim][PhBF3] 284 209 — 492 1.145 115 242 0.602 0.207 0.164
[Comim][PhBF3] 255 210 — 477 1.192 60 7.09 1.54 0.160 0.164
[C4py][PhBF3] 281 224 — 490 1.151 131 2.20 0.539 0.203 0.164
[C4mpyr]|[PhBF3] 287 208 — 497 1.114 241 1.44 0.371 0.211 0.164
[C4mpip][PhBF3] 301 228 — 514 1.108 1150 0.328 0.0895 0.231 0.164
[N1,1,1,3][PhBF3] 274 — 350 495 — — — — 0.160 0.164
[Na4.4,1][PhBF;] 345 227 — 496 1.028 1870 0.112 0.0377 0.319 0.164

¢ Formula weight. ” Glass-transition temperature. ¢ Melting point. ¢ Thermal degradation temperature at 5 wt% loss. ¢ Density at 298 K.
/Viscosity at 298 K. € Ionic conductivity at 303 K. * Equivalent conductivity at 303 K. / Volume of the cation./ Volume of the anion. The
ionic volume was calculated with the Gaussian 09 program using a B3LYP/6-31G+(d) level calculation.



2.3.3. Physicochemical properties

The density data for the [PhBF3] -based RTILs at 298 K are given in Table 2-1 along with
other physicochemical properties. The temperature dependence of the density (d) of the
[PhBF;] -based RTILs is shown in Figure 2-4. The solid lines depicted in the figure are straight
lines that were calculated using the least-squares method. In general, density can be represented

as a function of absolute temperature by the following equation:
d=a+bT (2-1)

where a is the density at 0 K (g-cm™), b is a volume expansion coefficient (g-cm >-K™!), and T
is the absolute temperature (K). The results fitted by the least-squares method are summarized
in Table 2-2. The correlation coefficient (|R|) indicates the precision of the fitting. The densities
of the [PhBF3] -based liquid salts were 1.028-1.192 g-cm ™ at 298 K (Table 2-1), and these
values were closely related to the cationic volume. The ascending order of the cation volume
based on the B3LYP/6-31G+(d) level calculations using the Gaussian 09 program>° is [Comim]"
(0.160 nm®) < [Capy]" (0.203 nm?®) < [Csmim]* (0.207 nm®) < [Campyr]” (0.211 nm?) <
[Campip]® (0.231 nm?) < [Naa4.1]" (0.319 nm?), and this order coincides with the descending

order of the density. Several research groups have concluded that the molecular volumes of
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Figure 2-4. Temperature dependence of the density for ( @) [Csmim][BFi], ( @)
[C4mim][PhBF3], (') [Comim][PhBF3], () [Capy][PhBF;], (@) [Csmpyr][PhBF;], (@)
[Campip][PhBF3], and () [Naasa4,1][PhBF3]. The solid lines depicted on each plot are the
approximate lines calculated using the least-square method.
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RTILs are related to some of their physicochemical parameters, e.g., density, viscosity, melting
point, and dielectric constant.®®*° As the author will discuss later, a similar relationship was

also observed in my RTILs.

Table 2-2. Fitted parameters for the density of the RTILs with various cations

RTILs al/gem> bx10*/ g-em>-K! IR|
[C4smim][BF4] 1.413 -7.113 >0.9999
[C4mim][PhBF;] 1.339 —6.510 >0.9999
[Comim][PhBF;] 1.392 —6.711 >0.9999
[Capy][PhBF3] 1.340 —6.362 >0.9999
[C4smpyr][PhBF;] 1.297 —6.136 >0.9999
[C4mpip]|[PhBF3] 1.288 —6.048 >0.9999
[N44.4,1][PhBF;] 1.207 —6.020 >0.9999
104 ¢ .
[ 3 10°
103 - [ | ] Q
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Figure 2-5. Correlation between the () ionic pair volume and viscosity at 298 K and the
() ionic pair volume and ionic conductivity at 303 K. The original data are given in
Table 2-1.
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The [PhBF;] -based RTILs showed viscosities (7) ranging from 60 to 1870 mPa-s at 298 K
and ionic conductivities (¢) ranging from 0.112 to 7.09 mS-cm™! at 303 K (Table 2-1). The
RTILs with aromatic cations, i.e., [C4mim]*, [Comim], and [Capy]", had favorable transport
properties. Most RTILs with a z-conjugated cation show a similar tendency.’! ®> The compact
volume of aromatic cations, not the liquid structure of RTILs, contributes to the transport
properties, as shown in Figure 2-5, and this indicates that the molecular volume is related to the
viscosity and conductivity. The following equations proposed by Krossing et al. were used to
fit the data.”
b1V

n=ase (2-2)

o = aye P2Vm (2-3)

where a1 (mPa-s) and a2 (mS-cm™!) are the empirical pre-exponential factors, b1 (nm>) and b
(nm?) are the empirical constants, and Vi (nm?) is the molecular volume of each organic cation
and the [PhBF3]™ anion in the RTILs. Their volumes were estimated using quantum chemical
calculations, and the data are summarized in Table 2-1. The fitting parameters for eq. 2-2 and
2-3 are a1 = 4.00 x 1072, by = 22.9, a> = 3.48 x 10, and b, = 26.8. Interestingly, even though
[C4mpip][PhBF3] has some deviations, the plots for all the RTILs agree well with the equations,
suggesting that the cation volume is an important factor in the [PhBF3] -based RTIL system.
The obtained slopes, b1 and b, were larger than those for the other anions, e.g., [BF4],
[N(CN)2]", and [N(SO2CF3)2].° The values for b; are related to the strength of the
intermolecular interactions in the RTILs, and the same applies to b2. In the [PhBF3] -based
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& ¢ 2 o *els ®,
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2 K R4 ¢ S - . *.
> -g * . ") o *
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Figure 2-6. Arrhenius plots of the (a) viscosities and (b) ionic conductivities for (@)
[Cmim][BF:], (#) [Csmim][PhBF3], () [Comim][PhBF:], (¢ ) [Capy][PhBF3], (#)
[Csmpyr][PhBFs], () [Campip][PhBF3], and (#) [Na.44.1][PhBFs].
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RTILs, a stronger interaction was observed compared to the RTILs with other anions, which
was contrary to my expectation that the interionic interaction energy would decrease due to the
electron-withdrawing phenyl group on the anion. The unexpected behavior could be due to the
extra interaction induced by the dynamic contact resistance between the organic cation and the
bulky phenyl group on [PhBF3]".

Arrhenius plots of the viscosity and ionic conductivity for the RTILs with [PhBF3]™ are
shown in Figure 2-6a and b, respectively. Each plot shows gentle curves, and the curves are
common for glass-forming RTILs. In general, the activation energies of the transport properties,
viscosity and ionic conductivity can be discussed using Arrhenius plots. However, using the
plots to discuss the temperature dependence of glass-forming liquids is difficult because of the
complex system generated by the super-Arrhenius behavior.”> In this case, the Vogel—
Tammann—Fulcher (VTF) equation, as expressed below, can be used to fit the transport

properties. Eq. 2-4 and 2-5 show the VTF equation for the viscosity and the equivalent ionic

conductivity (4 / S-cm? mol™!), respectively.”* %
’r’ 1
ln17=T_TO+§lnT—lnA77 (2-4)
k, 1
—ln/1=T_T0+§lnT—lnAA (2-5)

where k; (K) is a constant related to the Arrhenius activation energy for the viscous behavior,
k1 (K) is a constant related to the conduction behavior, 7o (K) is an ideal glass-transition
temperature, 4, is a scaling factor for the viscosity, and A, is a scaling factor for the equivalent
ionic conductivity. The experimental results for the specific ionic conductivity can be converted

to the equivalent conductivity using the following equation.
A=cM/d (2-6)

where M is the formula weight (g-mol™!) and d is the density (g-cm>). The fitted parameters
obtained from eq. 2-4 and 2-5 are summarized in Table 2-3. The temperature-dependent
activation energies for the viscosity (Ea,;) and the equivalent conductivity (Ea ) are given by
the following equations, which involve the partial differentiation of eq. 2-4 and 2-5, respectively,

with respect to temperature.”* %>

dlnn Rk,T? RT

Fag = K1 ( oT ) (T—Tp)? 2 7
dlnA Rk,T?  RT

— pT2 = S 2-8

Baq = RT ( oT ) (T —Ty? 2 (2-8)
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The resulting plots of Ea; and Ea 4 versus the absolute temperature are shown in Figure 2-7. The
ionic transport activation energies of the RTILs strongly depended on the cation volume and
temperature. The RTILs with larger cations had higher activation energies, and this suggests
that the cation structure has a large effect on the activation energy, which directly influences
the transport properties. The activation energies decreased as the temperature increased, and
almost all the E,, values were higher than the E, 1 values at each temperature.'> % Given that
the differential capacitance measured via an AC impedance technique is different from the
capacitance estimated using the static method because of the ultra-slow response to the electric
double layer formation,” the observed differences between the E,, and E, 4 values may be due

to the AC impedance method used to perform the ionic conductivity measurement.
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Figure 2-7. Temperature-dependent activation energies for the (a) viscosity and (b)
equivalent conductivity for ( @ ) [Csmim][BF4], ( € ) [Csmim][PhBF3], ( < )
[Comim][PhBF3], (¢) [C4py][PhBF3], (@) [C4smpyr][PhBFs], () [C4smpip][PhBF;], and
(®) [Naga1][PhBF3].
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Table 2-3. Fitted parameters for the VTF equations for the viscosity and equivalent conductivity of the [PhBF3] -based RTILs

Parameters derived from the viscosity

Parameters derived from the equivalent conductivity

RTILs
T()/K kq/K lnA,, |R| To/K kA/K lnAA |R|

[Csmim][BF4] 171 8.71 x 10? 5.08 0.9999 148 2.70 x 103 13.2 0.9999
[Csmim][PhBF3] 168 9.61 x 10? 5.48 0.9999 152 1.04 x 10 9.21 0.9999
[Comim][PhBF3] 166 8.45 x 10? 5.15 0.9999 132 1.41 x 103 10.6 0.9999
[C4py][PhBF3] 176 9.03 x 107 537 0.9999 148 1.19 x 10° 9.90 0.9999
[Csmpyr][PhBF3] 176 9.89 x 10° 5.46 0.9999 162 1.09 x 10° 9.62 0.9999
[C4mpip][PhBF3] 195 1.00 x 10° 5.53 0.9999 180 2.78 x 10° 14.5 0.9999
[Na44.4,1][PhBF3] 182 1.31 x 10° 6.59 0.9999 178 4.14 x 103 17.2 0.9999




The Walden plot method and pulsed-field-gradient spin-echo (PGSE) NMR®® spectroscopy
are often used to estimate the dissociation degree of RTILs, i.e., the ionicity. Here, to investigate
the ionicity of the [PhBF3] -based RTILs at each temperature, the author evaluated the degree
of the ionic dissociation using the Walden plot method that requires data on the equivalent ionic
conductivity and the reciprocal of the viscosity.!> !¢ % In Figure 2-8, the Walden plots of the
[PhBF;] -based RTILs are shown, and the plots of [Csmim][BF4] are included for comparison.
The diagonal line in the figure is an ideal line for an 1 M KCl aqueous solution that is regarded
as an ideal dissociation state. If there are partially associated ion pairs in RTILs, the plots deviate
from the ideal line, and the degree of ionic dissociation can be visually estimated based on the
deviation. Interestingly, the plots of most of the [PhBF3] -based RTILs and [Csmim][BF4] were
close to the ideal line. The small gaps between the ideal line and the plots imply that the RTILs
have favorable dissociation degrees. In terms of the ionicity, the introduction of the phenyl

group to BF3 did not have a large influence.
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Figure 2-8. Walden plots for ( @) [Csmim][BFs], ( € ) [Csmim][PhBFs3], ( ¢ )
[Comim][PhBF3], (¢*) [C4py][PhBF3], (@) [Csmpyr][PhBF3], () [C4smpip][PhBF3], and
(®) [Na441][PhBF3]. The solid line in the figure is an ideal line constructed from the data
for an 1 M KCI aqueous solution.
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2.3.4. Electrochemical analysis

The electrochemical stability, which is generally called the EW,'? of the RTILs with
[PhBF;]™ was examined via linear sweep voltammetry. The obtained voltammograms are shown
in Figure 2-9. Each scan was initiated from the open circuit potential, and all the cathodic
limiting potentials (E.), the anodic limiting potentials (£a.), and the EWs (EW = E, — E¢) were
estimated from Figure 2-9. The electrochemical data are summarized in Table 2-4. The
ascending order of the RTIL EWs is [Cspy][PhBF3] (2.42 V) < [Comim][PhBF3] (3.71 V) <
[Camim][PhBF3] (3.78 V) < [Nsg44,:1][PhBF;] (4.40 V) < [Campip][PhBF3] (4.55 V) <
[Csmpyr][PhBF3] (4.67 V). The RTILs with a quaternary ammonium cation, which is known to
be more electrochemically stable than aromatic cations, showed wider EWs. Typically, the
cathodic and anodic limiting reactions in RTILs are the decompositions of the cation and anion,
respectively.”> 781 The anodic limiting potentials of the RTILs with [PhBF3]™ had relatively
similar values of 0.584-0.804 V (vs. Ag(I)/Ag), but the potentials were substantially lower than
those with [BF4]™ (ca. 1.65 V). This was probably due to the oxidizable electron-rich phenyl
group in [PhBF3]". In contrast, the cathodic stabilities differed based on the cation structure.
The quaternary ammonium cations, [C4smpyr]", [Campip]’, and [Nas4.1]", had a higher stability
than that of the other aromatic cations. [C4py]™ had the lowest cathodic stability, and the stability
difference from [Comim]" was ca. 1.1 V. This is an acceptable potential gap considering the
reported values observed in [Comim][AlCls] and [Capy][AICL4]. 1!
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Figure 2-9. Linear sweep voltammograms taken by a glassy carbon electrode in (---)
[Csmim][BF4], (—) [Camim][PhBFs], () [Comim][PhBF;], () [Cspy][PhBF3], (—)
[Campyr][PhBF3], (—) [Campip][PhBF3], and (—) [Na444,1][PhBF3] at 298 K. The scan rate
was 10 mV-s!.

44



Table 2-4. Cathodic and anodic limits and electrochemical windows for the [PhBF3] -
based RTILs

E" Ed
RTILs EW</V
/'Vvs. Ag(I)/Ag /'Vvs. Ag(l)/Ag
[C4mim][BF4] -2.99 1.65 4.64
[C4mim][PhBF3] —3.04 0.745 3.78
[Comim][PhBF3] —2.97 0.739 3.71
[Capy][PhBFs3] —1.84 0.584 242
[C4mpyr]|[PhBF3] —3.86 0.804 4.67
[C4mpip][PhBF3] —3.76 0.787 4.55
[Ns4.4,1][PhBF;] —3.66 0.735 4.40

@ Cathodic limiting potential at the cut-off current density of —0.3 mA-cm 2. ® Anodic
limiting potential at the cut-off current density of 0.3 mA-cm 2. ¢ Electrochemical window;
EW =E, - E..

2.4. Summary

The author successfully synthesized six novel RTILs and one organic salt with [PhBF3]".
Their thermal stabilities are moderate and do not exceed that of the [BF4] -based RTILs due to
the decomposition of [PhBF3] ", which has a thermally unstable B-C bond. However, the other
physicochemical properties of the [PhBF3] -based RTILs were basically favorable even though
[PhBF;]™ is a relatively rigid and large anion compared to the typical anion components in
RTILs. Introducing the phenyl group to the BF; structure was not problematic. In RTIL system:s,
the cationic species as well as the anionic ones has a major effect on the physicochemical
properties. Several design criteria for RTIL systems were successfully obtained. The
fundamental findings reported in this article will be useful for creating currently unknown
functional RTILs.

2.5. Characterization data

Characterization of the phenyltrifluoroborate-based salts were conducted in the same

condition and manner described in Chapter 1.
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1-Butyl-3-methylimidazolium phenyltrifluoroborate ([C4smim][PhBF3]):

©
BF3

®
o
N_\N/\/\

Colorless liquid. '"H NMR (400 MHz, CDCls): ¢ 0.884 (t, 3H, *Jun = 7.3 Hz), 1.17-1.27 (m,
2H), 1.60-1.69 (m, 2H), 3.68 (s, 3H), 3.89 (q, 2H, *Jun = 5.9 Hz), 7.03 (d, 1H, *Juu = 2.0 Hz),
7.08 (d, 1H, *Jun = 1.6 Hz), 7.14 (d, 1H, *Jun = 7.6 Hz), 7.19 (t, 2H, *Jun = 7.2 Hz), 7.53 (d,
2H, *Jun = 5.8 Hz), 8.62 (s, 1H). 3*C NMR (100 MHz, CDCl3): ¢ 13.3 (s), 19.3 (s), 31.8 (s),
36.0 (s), 49.5 (s), 121.8 (s), 123.4 (s), 126.6 (s), 127.0 (s), 131.4 (s), 136.3 (s). '°’F NMR (376
MHz, CDCls): 6 —141.7 (s, 3F, BF3). "B NMR (128 MHz, CDCL): ¢ 3.72 (d, 'Jsr = 43.0 Hz,
BF3). HRMS (FAB), m/z: calcd. for C2oH3sN4BF3"423.2901 [M + [Camim]]*; found 423.2897.
Elemental analysis calcd. for Ci14H20N2BF3: C, 59.18; H, 7.10; N, 9.86; found: C, 57.70; H,
7.42; N, 9.56.

1-Ethyl-3-methylimidazolium phenyltrifluoroborate (|C2mim][PhBF3]):

©
BF3

\N&(ﬁ/\
Colorless liquid. 'TH NMR (400 MHz, CDCl3): ¢ 1.39 (t, 3H, *Jun = 7.3 Hz), 3.72 (s, 3H), 4.00
(q, 2H, *Jun = 7.6 Hz), 7.06-7.07 (m, 2H), 7.15 (d, 1H, *Jun = 6.9 Hz), 7.21 (t, 2H, *Juu = 7.1
Hz), 7.54 (d, 2H, *Jun = 6.9 Hz), 8.72 (s, 1H). 1*C NMR (100 MHz, CDCls): ¢ 15.2 (s), 36.1
(s), 45.0 (s), 121.4 (s), 123.3 (s), 126.1 (s), 127.1 (s), 131.4 (s), 136.4 (s). ’F NMR (376 MHz,
CDCls): 0 —141.8 (s, 3F, BF3). ''B NMR (128 MHz, CDCls): ¢ 3.75 (d, 'Jsr = 45.0 Hz, BF3).
HRMS (FAB), m/z: calcd. for CisH27N4BF3™ 367.2275 [M + [Comim]]"; found 367.2276.
Elemental analysis calcd. for Ci2HisN2BF3: C, 56.28; H, 6.30; N, 10.94; found: C, 54.51; H,
6.80; N, 10.68.

1-Butylpyridinium phenyltrifluoroborate ([Cspy][PhBF3]):

©
BF;

NN
0
Light brown liquid. "H NMR (400 MHz, CDCls): ¢ 0.882 (t, 3H, *Jun = 7.2 Hz), 1.24 (m, 2H,
3Jun = 7.6 Hz), 1.77 (m, 2H, *Jun = 7.7 Hz), 4.39 (t, 2H, *Juu = 7.6 Hz), 7.11-7.20 (m, 3H),
7.53 (d, 2H, *Jun = 6.4 Hz), 7.78 (t, 2H, *Jun = 7.1 Hz), 8.23 (t, 1H, *Jun = 7.1 Hz), 8.58 (d, 2H,
3Jun = 5.5 Hz). *C NMR (100 MHz, CDCl3): ¢ 13.3 (s), 19.1 (s), 33.4 (s), 61.9 (s), 126.2 (s),

127.1 (s), 128.3 (s), 131.6 (s), 144.4 (s), 144.8 (s). ’F NMR (376 MHz, CDCl3): 6 —142.2 (s,
3F, BF3). "B NMR (128 MHz, CDCl3): ¢ 3.73 (s, BFs). HRMS (FAB), m/z: calcd. for
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Co4H33NoBF3™ 417.2683 [M + [Capy]]"; found 417.2681. Elemental analysis calcd. for
CisHioNBF;: C, 64.09; H, 6.81; N, 4.98; found: C, 62.69; H, 7.29; N, 4.97.

1-Butyl-1-methylpyrrolidinium phenyltrifluoroborate ([Csmpyr|[PhBF3]):

\Cﬁ/\/\ (3':3
O

Colorless liquid. 'H NMR (400 MHz, CDCls): ¢ 0.888 (t, 3H, *Jun = 7.3 Hz), 1.24 (m, 2H, 3Jun
= 7.4 Hz), 1.45 (m, 2H, *Jun = 8.0 Hz), 1.95 (m, 4H), 2.68 (s, 3H), 2.97-3.01 (m, 2H), 3.13—
3.16 (m, 4H), 7.11 (t, 1H, *Jun = 7.1 Hz), 7.17 (t, 2H, *Jun = 7.3 Hz), 7.49 (d, 2H, *Jun = 6.9
Hz). 3C NMR (100 MHz, CDCl3): ¢ 13.5 (s), 19.4 (s), 21.2 (s), 25.5 (s), 47.6 (s), 63.8 (s), 126.0
(s), 127.0 (s), 131.4 (s). ’F NMR (376 MHz, CDCls): ¢ —142.3 (s, 3F, BF3). !'B NMR (128
MHz, CDCl3): ¢ 3.50 (s, BF3). HRMS (FAB), m/z: calcd. for C24HasN2BF3™ 429.3622 [M +
[Campyr]]"; found 429.3632. Elemental analysis calcd. for Ci1sHasNBFs: C, 62.74; H, 8.78; N,
4.88; found: C, 61.11; H, 9.12; N, 4.75.

1-Butyl-1-methylpiperidinium phenyltrifluoroborate (|C4mpip][PhBF3]):
\ﬁ/\/\ (l;)F3

Colorless liquid. 'H NMR (400 MHz, CDCl3): ¢ 0.899 (t, 3H, *Jun = 7.1 Hz), 1.25 (m, 2H, *Jun
=7.3 Hz), 1.39-1.55 (m, 4H), 1.61 (m, 4H), 2.73 (m, 3H), 2.99-3.02 (m, 6H), 7.10 (t, 1H, *Jun
=6.9Hz), 7.17 (t,2H, *Jun = 7.6 Hz), 7.51 (d, 2H, *Jun = 7.3 Hz). >*C NMR (100 MHz, CDCl5):
0 13.5(s), 19.4 (s), 19.7 (s), 20.4 (s), 23.4 (s), 47.1 (s), 60.5 (s), 63.3 (s), 126.0 (s), 126.9 (s),
131.5 (s). "F NMR (376 MHz, CDCls): 6 —141.6 (s, 3F, BF3). ''B NMR (128 MHz, CDCl;): ¢
3.54 (s, BF3). HRMS (FAB), m/z: calcd. for C26H49N2BF3" 457.3935 [M + [C4mpip]]"; found
457.3949. Elemental analysis calcd. for CisH27NBF3: C, 63.80; H, 9.04; N, 4.65; found: C,
62.05; H, 9.29; N, 4.59.

Trimethylpropylammonium phenyltrifluoroborate ([N1,1,1,3][PhBF3]):

)
BF;
\,\(-?/\/
A\

Colorless solid. 'H NMR (400 MHz, CDCl3): ¢ 0.904 (t, 3H, *Jun = 7.4 Hz), 1.54-1.63 (m, 2H),
3.00 (s, 9H), 3.06-3.10 (m, 2H), 7.15 (t, 1H, 3Juu = 7.4 Hz), 7.22 (t, 2H, *Jun = 7.2 Hz), 7.54
(d, 2H, *Jun = 6.4 Hz). '3C NMR (100 MHz, CDCl3): ¢ 10.4 (s), 16.4 (s), 53.0 (s), 68.1 (s),
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126.2 (s), 127.1 (s), 131.4 (s). ’F NMR (376 MHz, CDCls): ¢ —140.3 (s, 3F, BF3). "B NMR
(128 MHz, CDCls): 6 3.73 (s, BF3). HRMS (FAB), m/z: caled. for CisH37N2BF3" 349.2996 [M
+ [N1,1,13]]"; found 349.3003. Elemental analysis caled. for C12H2NBFs: C, 58.33; H, 8.57; N,
5.67; found: C, 58.20; H, 8.79; N, 5.86.

Tributylmethylammonium phenyltrifluoroborate (|[N4,4,4,1][PhBF3]):

i

SN

Colorless liquid. 'H NMR (400 MHz, CDCl3): ¢ 0.895-0.931 (m, 9H), 1.28 (m, 6H), 1.43 (m,
6H), 2.73-2.77 (m, 3H), 2.95-2.99 (m, 6H), 7.08-7.11 (m, 1H), 7.16 (t, 2H, *Jun = 7.1 Hz),
7.53 (d, 2H, *Jun = 6.4 Hz). *C NMR (100 MHz, CDCl3): ¢ 13.5 (s), 19.4 (s), 23.9 (s), 48.0 (s),
61.1 (s), 125.8 (s), 126.8 (s), 131.6 (s). ’F NMR (376 MHz, CDCls): 6 —142.0 (s, 3F, BF3). ''B
NMR (128 MHz, CDCl): ¢ 3.59 (s, BF3s). HRMS (FAB), m/z: caled. for C3HesN2BF3"
545.5187 [M + [Ns44.1]]"; found 545.5200. Elemental analysis calcd. for Ci9H3sNBFs: C,
66.09; H, 10.22; N, 4.06; found: C, 65.13; H, 10.38; N, 4.03.
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Chapter 3 Preparation and Electrochemical
Application of Aryltrifluoroborate-
Based Room Temperature lonic

Liquids

3.1. Introduction

As mentioned in previous chapters, it is difficult to modify the anion’s framework for RTILs
although the organic cations are created with ease. Thus, the systematic investigation on RTILs
with the diversely functionalized anions is hardly reported until now.®- *® If the scheme for
introducing any substituent into the anion structure can be established, as is true for organic
cations, further advancement of RTIL science and technology will be expected. The author
described in Chapter 1 that the preparation of various types of ([ArBF3]") anions can be obtained
by the easy-to-use scheme. In this chapter, a new family of 1-butyl-3-methylimidazolium
([Csmim]")-based RTILs with [ArBFs], whose substituents are methoxy, fluoro,
trifluoromethyl, or cyano groups, are synthesized and their physicochemical and
electrochemical properties are examined. Several position isomers of disubstituted [ArBF3]™
anions are also prepared to gain deeper insight into the substituent effects on the
physicochemical properties and electrochemical behavior. Additionally, the effects of the anion
structure are thoroughly investigated using a computational approach to understand the origin
of the substituent effects on the physicochemical behavior of the [C4mim][ArBF3] RTILs.

3.2. Experimental

3.2.1. Preparation of aryltrifluoroborate-based RTILs

The synthesis of [C4smim][ArBF;] RTILs was carried out by the metathesis protocol
expressed below. 1-Butyl-3-methylimidazolium chloride ([C4mim]Cl) (Kanto Chemical Co.,
Inc.) and the appropriate K[ArBFs], prepared by the same protocol mentioned in previous
chapter, were used as cationic sources and anionic sources, respectively. K[ArBF3] (40 mmol)
was added to the solution of [C4mim]Cl (40 mmol) in acetonitrile (60 mL), and the mixture was
stirred for 1 h at ambient temperature. After the reaction, the mixture was filtered to remove the
precipitated KCl, and the filtrate was condensed under vacuum. The crude product extracted by

CH:Cl; was rinsed by ultrapure water several times to remove the unreacted precursor and KCI.
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The organic layer was concentrated in vacuo. The resultant organic salt was dried at 353 K
under vacuum for 12 h. The final product was confirmed by NMR, mass spectrometry, and
elemental analysis. 1-Butyl-3-methylimidazolium tetrafluoroborate ([Csmim][BF4], Kanto
Chemical Co.) was thoroughly vacuum dried for 24 h before use in order to remove residual

water.

3.2.2. Thermal and physicochemical property measurements

Thermal an physicochemical properties for [Csmim][ArBF3] RTILs were measured in the
same way described in previous chapter. Thermogravimetric (TG) analysis was performed
using a Bruker TG-DTA2000SA and differential scanning calorimetry (DSC) was conducted
using a Bruker DSC3100SA. These two instruments were controlled with a Bruker
MTC1000SA workstation utilizing the Bruker WS003 software. Density measurements were
conducted by a Kyoto Electronics Manufacturing DA-640 resonant frequency oscillation
density/specific gravity meter in a range of 298-353 K. Viscosity was measured by a Kyoto
Electronics Manufacturing EMS-1000 electromagnetically spinning viscometer in a range of
298-353 K. Ionic conductivity measurements were performed by a Horiba DS-51 digital
conductivity meter in a range of 303—353 K using a glass conductivity cell after cell calibration
with a 0.1 M KCI aqueous solution. All the measurements except viscosity were carried out in
the argon-filled-glove box. Viscosity measurements were carried out using special airtight cells

for the electromagnetically spinning viscometer.

3.2.3. Electrochemical measurements

Electrochemical measurements were conducted with an IVIUM Technologies CompactStat
portable electrochemical analyzer. All electrochemical experiments were performed in a three-
electrode cell. The working electrode was a glassy carbon disk (diameter of 1.6 mm), platinum
disk (diameter of 1.6 mm) or platinum plate (10 mm x 10 mm), which was polished with an
alumina suspension (diameter of 0.06 um) before use. Platinum wire (diameter of 0.5 mm) was
used as the counter electrode. The reference electrode was constructed by placing an Ag wire
(diameter of 1.0 mm) into a glass tube (diameter of 6.0 mm) terminated with Vycor® glass and
filling the tube with a 0.05 M Ag[N(SO2CF3)2] /[Csmim][N(SO2CF3)2] solution. In the
passivation tests, three different types of redox reagents, 1-ethyl-3-methylimidazolium
tetrachloroferrate ([Comim][FeCl4]), ferrocene (FeCp2), and ferrocenium tetrafluoroborate
([FeCp2][BF4]), were used to characterize the ion selectivity of the passivation film, and 0.1 M
[C4mim][p-FC¢H4BF3] ionic liquid solutions with the three redox reagents were used as an
electrolyte. The passivation films on the Pt electrode surface were prepared by potential sweep
in the potential range of —0.5 to 5.0 V vs. Ag(I)/Ag at the scan rate of 10 mV-s™! and were
observed by a JEOL JSM-6335F or a Hitachi S-3400N scanning electron microscope (SEM).
The composition was determined by an EDAX Octane Prime energy-dispersive X-ray
spectroscope (EDX) mounted on the Hitachi S-3400N SEM system. The electrochemical
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measurements were carried out in the abovementioned argon-filled-glove box.

3.2.4. Computational methods

The Gaussian 09 program®® was utilized for the ab initio molecular orbital calculations and
DFT calculations. The basis sets implemented in the Gaussian program were used. Electron
correlation was accounted for by the second-order Moller—Plesset perturbation (MP2)
method.?” 3 The geometries of each ion and ion pair were fully optimized at the HF/6-
311G(d,p) level. The ionic volume of the ions was calculated at the B3LYP/6-31G+(d) level.!®
The author determined the final ionic volume from the average of the ionic volumes obtained
from ten calculations. The partial atomic charges were obtained from electrostatic potential
fitting using the MP2/6-311G(d,p) level calculation. The intermolecular interaction energies
(Eint) were calculated in the same manner described in Chapter 1. The HOMO energy level of
the anion was calculated at the HF/6-311G(d,p) level.

3.3. Results and discussion

3.3.1. General characteristics

Ten types of [Camim]*-based RTILs with [ArBF3]~, each having different substituents on
the phenyl ring of the anion, e.g., methoxy (-OMe), fluoro (-F), trifluoromethyl (-CF3), and
cyano (-CN), were successfully prepared in this study. The chemical structures of the
synthesized RTILs are depicted in Figure 3-1 with their chemical name and abbreviations. All
the RTILs were yielded nearly quantitatively by metathesis reactions. These salts can be
handled in open-air conditions without any undesirable reactions; however, they exhibit some
hygroscopicity. The [C4mim][ArBF3;] RTILs with all substituents are immiscible with water,
while the alkyl- and alkenyltrifluoroborate-based RTILs, which have an aliphatic chain instead
of the aromatic ring, exhibit water-miscibility.”® The fundamental thermal and physicochemical
properties of the [Csmim][ArBF3] RTILs are summarized in Table 3-1 along with those for 1-
butyl-3-methylimidazolium tetrafluoroborate ([C4smim][BF4]) and 1-butyl-3-
methylimidazolium phenyltrifluoroborate ([C4amim][PhBF3]) for comparison.'?? Details of their

properties will be discussed below.
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©

© BF;
® BFs @
- v
N\=/N/\/\ @\ N\=/N/\/\

OMe OMe
1-butyl-3-methylimidazolium 1-butyl-3-methylimidazolium
(meta-methoxyphenyl)trifluoroborate (para-methoxyphenyl)trifluoroborate
[C4ymim][m-OMeC¢H,BF;] [C4mim][p-OMeC¢H4BF;]

©) )
BF3 BF3

T O RS EN

F
1-butyl-3-methylimidazolium 1-butyl-3-methylimidazolium
(ortho-methoxyphenyl)trifluoroborate (meta-fluorophenyl)trifluoroborate
[C4II]1H1][O-OM€C6H4BF3] [C4Hllm] [m—FC6H4BF3]
©
BF, C)

BF3

< AP AP
TN AT N @/F

F
1-butyl-3-methylimidazolium 1-butyl-3-methylimidazolium
(para-fluorophenyl)trifluoroborate (ortho-fluorophenyl)trifluoroborate
[C4mim][p-FCsH,BF;] [C4ymim][o-FCsH,4BF;]
©)
© BF,
® BF3 ®
~ /§ ~ N
N\=/N/\/\ ©\ N\=/N/\/\

CFs CFs
1-butyl-3-methylimidazolium 1-butyl-3-methylimidazolium
(meta-trifitoromethylphenyl)trifluoroborate (para-triftuoromethylphenyl)trifluoroborate
[Cymim][m-CF3C¢HyBF;] [C4mim][p-CF;C¢HyBF;]

)
C) BFs
® BF3 @
BN NI
N\Z/N/\/\ ©\ N\Z/N/\/\

CN eN
1-butyl-3-methylimidazolium 1-butyl-3-methylimidazolium
(meta-cyanophenyl)trifluoroborate (para-cyanophenyl)trifluoroborate
[C4mim][m-CNCsHyBF;] [C4ymim][p-CNC¢H,BF3]

Figure 3-1. Chemical structures of [Csmim][ArBF3] RTILs and their abbreviations.
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Table 3-1. Fundamental thermal and physicochemical properties of the [C4mim][ArBF3] RTILs

€S

Ty Tim® T d° n ¢ A Vanion' ~ Efornd
RTILs Fw* _ _ _ _

/K /K /K /g:em™  /mPa's /mS:em! /S-em?*mol!  /nm? / keal-mol™!
[C4smim][BF4] 226 190 — 611 1.201 101 4.21 0.795 0.072 —84.8
[C4mim][PhBF3] 284 209 — 492 1.145 115 242 0.602 0.164 —85.6
[C4mim][0-OMeCsH4BF3] 314 232 — 513 1.182 1870 0.229 0.0611 0.198 —85.9
[C4mim][m-OMeCsH4BF3] 314 206 — 528 1.167 261 1.11 0.300 0.192 —83.4
[C4smim][p-OMeCsH4BF3] 314 221 — 513 1.170 367 0.767 0.207 0.199 —84.1
[C4smim][o-FCsH4BF3] 302 213 — 520 1.200 169 1.82 0.460 0.162 —83.7
[C4smim][m-FCsH4BF3] 302 206 — 545 1.188 100 2.60 0.663 0.178 —82.1
[C4mim][p-FCsH4BF3] 302 216 — 511 1.192 125 1.99 0.506 0.172 —82.2
[C4mim][m-CF3C¢H4BF3] 352 208 — 519 1.243 144 1.64 0.466 0.208 —80.4
[C4mim][p-CF3CsH4BF3] 352 212 — 521 1.245 167 1.38 0.391 0.201 -79.8
[C4mim][m-CNCsH4BF3] 309 217 — 591 1.160 294 1.09 0.292 0.205 —78.9
[C4mim][p-CNCsH4BF;] 309 223 — 593 1.162 370 0.861 0.230 0.190 —78.2

“Formula weight. °Glass-transition temperature. “Melting point. “Thermal degradation temperature at 5 wt% loss. “Density at 298 K./Viscosity at
298 K. €lonic conductivity at 303 K. "Equivalent conductivity at 303 K. ‘Volume of anion given by the Gaussian 09 program at the B3LYP/6-
31G+(d) level. /Formation energy of the ionic pair that is given by the Gaussian 09 program at the MP2/6-311G(d,p) level.



3.3.2. Thermal and physicochemical properties

TG-DTA curves for the [C4mim][ ArBF3] RTILs are shown in Figure 3-2. The author defined
the thermal degradation temperature (74) as the 5 wt% loss point of the TG curves. As given in
Table 3-1, the [C4mim][ArBF3] RTILs showed a T4 of 511-593 K. These values are slightly
higher than that of non-substitutive [C4smim][PhBF3] (74: 492 K). All the TG curves exhibit a
two-step weight loss behavior. The mild bond dissociation energies of B-C, C—-OMe, C—F, etc.,
compared to the C—C bonding energies, can possibly result in anion decomposition.'* %4 The
introduction of the cyano group, -CN, to the phenyl moiety, makes the [ArBF3]™ anion inactive
in the thermal degradation reaction. The results of the DSC experiments for the same RTILs are
shown in Figure 3-3. Only the glass-transition behavior based on the second-order phase change
is clearly observed at 206-232 K in the [Csmim][ArBF3] RTILs. All have glass-transition

temperatures (7).

100

TGN

O I ] L ] ) ] | | < e
300 400 500 600 700

Temperature/ K

Figure 3-2. Results of the TG analysis for (- ) [C4mim][o-OMeCsH4BF3], (—) [Camim][m-
OM6C6H4BF3], (---) [C4mim] [p-OMeC6H4BF3], ( e ) [C4mim] [O-FC6H4BF3], (—)
[C4mim] [m-FC6H4BF3], (—-—) [C4mim] [p-FC6H4BF3], (—) [C4mim] [m-CF3C6H4BF3], (---)
[Csmim][p-CF3C¢H4BF3], (—) [Camim][m-CNC¢H4BF3], (---) [Camim][p-CNCesH4BF3].

The measurements were conducted at 5 K-min".
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Figure 3-3. DSC curves of (a) [C4mim][o-OMeCsH4BF3], (b) [Camim][m-OMeCsH4BF3],
(¢) [Camim][p-OMeCeH4BF3], (d) [Camim][o-FCsH4BF3], (e) [Camim][m-FCsH4BF3], (f)
[C4mim][p-FC6H4BF3], (g) [C4mim][m-CF3C6H4BF3], (h) [C4mim][p-CF3C6H4BF3], (1)
[Csmim][m-CNCsH4BF3], and (j) [Csmim][p-CNCe¢H4BF3]. The measurements were
conducted at 5 K-min ",
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The temperature dependences of density (d) for the [Csmim][ArBF3] RTILs are shown in
Figure 3-4. The linear correlation was given from the plots of density versus absolute
temperature in the figure. Density can be explained as a function of the absolute temperature
with the equation d = a + bT, where a is the density at 0 K (g-cm™), b is the volume expansion
coefficient (g-cm >-K '), and T is the absolute temperature. The fitting results using the least-
square method are displayed in Table 3-2. Each fitting line in the figure exhibited a good
correlation coefficient (|R|) of > 0.9999. The [Csmim][ArBF3] RTILs, especially those with the
fluoro and trifluoromethyl group, showed higher densities than [C4smim][PhBF3] because of the

dense packing structure, as discussed below.
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Figure 3-4. Temperature dependences of the density for (O) [Camim][0-OMeCsHsBF3],
( @) [Csmim][m-OMeCe¢HsBF3], ( A) [Csmim][p-OMeCe¢HsBF3], ( O ) [Csmim][o-
FCe¢H4BF3], (M) [Csmim][m-FCsHsBF3], (A) [Camim][p-FCsHsBF3], (M) [Csmim][m-
CF3C6H4BF3], ( A ) [C4mim][p-CF3C6H4BF3], ( H ) [C4mim][m-CNC6H4BF3], ( A )
[Csmim][p-CNCsH4BF3], and (@) [C4smim][PhBF3].
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Table 3-2. Fitted parameters for the densities of the [Csmim][ArBF3] RTILs

RTILs al/gem> b x10% grem 3K R|
[Csmim][BF4] 1.413 ~7.113 > 0.9999
[Csmim][PhBF;] 1339 ~6.510 > 0.9999
[C4mim][0-OMeC¢H4BF;] 1387 ~6.891 > 0.9999
[Camim][m-OMeCeH4BF3] 1366 —6.683 > 0.9999
[C4mim][p-OMeCsH,BF3] 1370 ~6.714 > 0.9999
[Csmim][o-FCsH4BFs] 1.405 ~6.875 > 0.9999
[Csmim][m-FCsH4BF;] 1393 ~6.880 > 0.9999
[Csmim][p-FCeH4BF;] 1.400 ~6.985 > 0.9999
[C4mim][m-CF3CH4BE3] 1.472 ~7.710 > 0.9999
[Csmim][p-CF3CeH4BF;3] 1.478 ~7.844 > 0.9999
[Camim][m-CNC¢H4BF:] 1365 —6.887 > 0.9999
[C4mim][p-CNCsH4BF3] 1366 —6.855 > 0.9999
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Figure 3-5. Correlation between the () ionic pair volume and viscosity at 298 K and the
(0J) ionic pair volume and ionic conductivity at 303 K. Vi, is the sum of V, and V.. In this
study, Ve, as the volume of [Camim]" is 0.207 nm?, which is calculated by the Gaussian 09
program at the B3LYP/6-31G+(d) level. The original data are given in Table 3-1.
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The basic transport properties, viscosities and ionic conductivities for the [Csmim][ArBF3]
RTILs are summarized in Table 3-1. The difference in the group type and the bonding position
of the groups greatly impact the properties. Figure 3-5 shows the correlation between the ionic
pair volume (Vm) and the transport properties for the [Csmim][ArBF3] RTILs. The author could
not obtain a favorable linear relationship between the ion pair volume and transport properties,’
in contrast to the contents described in Chapter 2 using the same anionic species, [PhBF3] ", but
different cationic species.!?? Therefore, the physicochemical properties of the [Camim][ArBF;]
RTILs are mainly influenced, not by the ionic pair volume, but by the anion structure.”! In
addition, all the RTILs with a group at the meta position exhibit favorable properties relative to
the ortho and para counterparts. For example, [ C4mim][m-FCsHs4BF3] shows the highest fluidity
and ionic conductivity among the other [C4mim][ArBF;] RTILs.

Arrhenius plots of the viscosity (#) and ionic conductivity (o) for the [Csmim][ArBF3]
RTILs are shown in Figure 3-6a and b, respectively. The plots for the viscosity are convex
downward, and those for the ionic conductivity are convex upward. These behaviors are
commonly observed in glass-forming RTILs.”* To discuss the transport properties in detail, the
author evaluated the activation energies of the viscosity and equivalent conductivity using the
Vogel-Tamman—Fulcher (VTF) equation and its partial differential.’* *> The VTF equation can
be widely used to fit the transport properties of the glass-forming substances, and the fitted
parameters are summarized in Table 3-3. The temperature-dependent activation energies for

viscosity (Ea,) and equivalent conductivity (£a4) can be obtained from the partial differential
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Figure 3-6. Arrhenius plots of (a) viscosities and (b) ionic conductivities for (O)
[C4mim][o-OMeC6H4BF3], ( | ) [C4mim][m—OMeC6H4BF3], (A ) [C4mim][p-
OMeCsHsBF3], (O ) [Csmim][o-FCsHsBF3], ( M) [Csmim][m-FC¢H4sBF3], ( A)
[Camim][p-FCsH4BF3], (M) [Csmim][m-CF3C¢H4BF3], (A) [Camim][p-CF3CsH4BF3],
( [ ) [C4mim][m-CNC6H4BF3], ( A ) [C4mim][p-CNC6H4BF3], and ( o )
[C4mim][PhBF3].
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of the VTF equations with respect to temperature.” > The resulting plots of Ea, and Ea 4 versus
absolute temperature are shown in Figure 3-7, indicating that there is a strong temperature
dependence of the activation energies for ionic transport. The activation energies decreased
with increasing temperature, and most Ea, values were higher than E. 4 at each temperature, as

shown in previous reports.!> 1696, 102
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Figure 3-7. Temperature dependences of the activation energies derived from (a) the
viscosities and (b) the ionic conductivities for (O) [Csmim][o-OMeCsHsBF3], (M)
[Csmim][m-OMeCsHsBF3], ( A ) [Csmim][p-OMeCsHsBF3], ( O ) [Csmim][o-
FCe¢H4BF3], (M) [Csmim][m-FCsHsBF3], (A) [Csmim][p-FCsH4BF3], (M) [Csmim][m-
CF;C6HsBF3], (A) [Csmim][p-CF3C¢H4BF3], (M) [Csmim][m-CNCsHsBF3], (A)
[Csmim][p-CNCsH4BF3], and (@) [C4mim][PhBF3].
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Table 3-3. Fitted parameters for the VTF equations of viscosity and equivalent conductivity for the [C4mim][ArBF3;] RTILs

09

Parameters derived from viscosity Parameters derived from equivalent conductivity
fHbs T/ K ky /K In 4, R| To/K kal K In A4 IR|
[C4mim][BF4] 171 8.71 x 107 5.08 0.9999 148 2.70 x 10° 13.2 0.9999
[C4mim][PhBF;] 168 9.61 x 10° 5.48 0.9999 152 1.04 x 10° 9.21 0.9999
[C4smim][0o-OMeCsHsBF3] 205 9.54 x 10° 5.56 0.9999 176 1.44x 10° 11.3 0.9999
[Camim][m-OMeC¢H4BF3] 179 9.82 x 102 5.53 0.9999 160 1.25% 10° 10.4 0.9999
[C4mim][p-OMeCsHsBF3] 187 9.53 x 10° 5.52 0.9999 166 1.27% 10° 10.6 0.9999
[Camim][o-FCsH4BF3] 180 8.83 x 107 5.19 0.9999 136 1.47x 10° 10.9 0.9999
[Camim][m-FCsH4BF3] 187 7.29 x 107 4.80 0.9999 158 1.04x 10° 9.62 0.9999
[Camim][p-FCsH4BF3] 180 8.66 x 107 5.35 0.9999 127 1.59x 10° 11.2 0.9999
[Camim][m-CF3CsH4BF3] 181 8.50 x 107 5.14 0.9999 137 1.40x 10° 10.5 0.9999
[Camim][p-CF3C¢H4BF3] 182 8.98 x 102 5.46 0.9999 137 1.43x 10° 10.5 0.9999
[Csmim][m-CNCsHsBF3;] 192 8.81 x 102 5.45 0.9999 171 1.12x 10° 10.1 0.9999

[Camim][p-CNCsH4BF;3] 195 8.72 x 10° 5.38 0.9999 177 1.13x 10° 10.3 0.9999




The ionicity, defined as the dissociation degree of the RTILs, is often determined by the
Walden plot method as well as pulsed-field-gradient spin-echo (PGSE) NMR measurements.”®
Walden plots are constructed from the equivalent conductivity and reciprocal of viscosity. The
gap between an ideal line and the obtained Walden plot implies the dissociation degree of
RTILs.!> 1699102 Iy Figure 3-8, Walden plots of the [C4mim][ArBFs] RTILs are displayed,
including the results of [C4mim][BF4] for comparison. The diagonal line in the figure is an ideal
line, which was estimated from an 1 M KCI aqueous solution with an ideal dissociation state.
Walden plots of the [C4smim][ArBF3] RTILs are close to the ideal line. The gaps between the
ideal line and the plots indicate favorable dissociation degrees comparable to that of a typical
RTIL, [C4smim][BF4]. Interestingly, [Csmim][o-OMeCsH4BF3] shows similar gaps to those of
other ILs; although, it has the lowest ionic conductivity and fluidity among the [Csmim][ArBF3]
RTILs.
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Figure 3-8. Walden plots of ( O ) [Csmim][o-OMeCsHsBF3], ( M ) [Csmim][m-
OMeCeH4BF3], ( A) [Camim][p-OMeCsHsBF3], ( O ) [Csmim][o-FCsHsBF3], ( M)
[C4mim][m-FC6H4BF3], (A) [C4mim][p-FC6H4BF3], (.) [C4mim][m-CF3C6H4BF3], (A)
[C4mim][p-CF3C6H4BF3], (-) [C4mim][m-CNC6H4BF3], (A) [C4mim][p-CNC6H4BF3],
(@) [Csmim][PhBF;], and ([0) [C4mim][BF4]. The diagonal line in the figure is an ideal
line expected from an 1 M KCl aqueous solution.
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3.3.3. Computational analyses

The structures of the [C4smim][ ArBF3] ion pairs were optimized by ab initio calculations for
further discussion.*® The optimized structures of the [Camim][ArBF3] ion pairs are depicted in
Figure 3-9 with that of [C4mim][BF4] ion pair for comparison. Almost all optimized structures
of the ion pairs have similar conformations. In the case of the optimized structure of the
[Csmim][PhBF3] ion pair, the BF3 group in the [PhBF3]™ anion interacts with the hydrogen on
the C; position of the imidazolium cation, which is the same as with the [C4mim][BF4] ion pair.
The phenyl ring is in a skew position to the plane of the imidazolium ring. The only exceptions
are the [C4smim][ArBF3] ion pairs whose anions have -F or -OMe in ortho-substitutes. In the
optimized structures for the [C4smim][0o-FCsH4BF3] and [C4smim][0-OMeCsH4BF3] ion pairs,
phenyl rings turn to the plane of the imidazolium cation. The steric hindrance between the butyl

[C,mim][BF] [C,mim][PhBF,] [C,mim][0-OMeC¢H,BF5]  [C,mim][m-OMeC4H,BF]

[C,mim][p-OMeCgH,BF;]  [C,mim][o-FC4H,BF] [C,mim][m-FC4H,BF,] [C,mim][p-FC4H,BF]

%%

Ao

[C,mim][m-CF;C¢H,BFs]  [C,mim][p-CFsCH,BFs]  [C,mim][m-CNCeH,BF5  [C,mim][p-CNC¢H,BFs]

Figure 3-9. Optimized structures of ion pairs consisting of [Csmim]™ and
aryltrifluoroborates with various substituents. The geometries were optimized at the
HF/6-311G(d,p) level.
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Figure 3-10. Correlations between equivalent conductivity and formation energy of the ionic
pairs for (O) [Csmim][0-OMeCsH4BF3], (M) [Csmim][m-OMeCsH4BF3], (A) [Camim][p-
OMGC6H4BF3], (O) [C4mim] [0-FC6H4BF3], (.) [C4mim] [m-FC6H4BF3], (A) [C4mim] [p-
FCsHsBF3], ( M ) [Csmim][m-CF3C¢HsBF3], ( A ) [Csmim][p-CF3CsHsBF;], ( H )
[Csmim][m-CNCeH4BF3], (A) [C4smim][p-CNCsH4BF3], (@) [Csmim][PhBF3], and ()
[C4mim][BF4]. Equivalent conductivity was measured at 303 K. Efom Was given by Gaussian
09 program at the MP2/6-311G(d,p) level.

group on the cation and the ortho-located group on the anion is the cause of the different
conformation of the optimized structures.

To discuss the substituent effects on the interaction between the cation and anion species,
the author calculated the stabilization energies (Eform) for the ionic pairs.*” #*3° The magnitude
of the stabilization energy calculated for an ion pair expresses the degree of interionic
interaction between the anion and cation species. The Erm calculated for the [Csmim][ArBF3]
ion pairs ranges from —78.2 to —85.9 kcal-mol ™! (Table 3-1). The ion pairs composed of anions
having electron withdrawing groups, such as -F, -CF3, or -CN, have smaller interionic
interactions compared with those having the electron donating -OMe. Introduction of the
electron donating -OMe group to the phenyl ring increases the negative charge on the -BF;
group, which is also confirmed by the electrostatic potential fitting to the [OMeCsH4BF3]~
anions. Figure 3-10 shows the correlation between equivalent conductivity, 4, and Efom for the
[Csmim][ArBF3] RTILs. The 4 increased proportionally with the decrease of Efom unless the
substituents were CF3 and CN. For reference, [C4mim][BF4], which has a smaller Efm than
[Csmim][PhBF3], displays a higher equivalent conductivity. The author could not observe a
clear correlation between A and Eform wWhen a -CF3 or -CN group, which are favorable electron

withdrawing groups to decrease the interionic interaction, is contained in the anion. One
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plausible reason is that the steric hindrance is caused by their relatively large ionic volumes and
inflexible structure prevents ionic mobility. It should also be consider that a tetramer-like ion
pair, such as ([Csmim]2[ArBF3])[ArBF3], may temporarily form in the RTILs due to the non-
negligible interaction between the lone pairs on the -CF3 and -CN groups and the adjacent
cations. In fact, the similar oligomerizing nature is seen in other protic or aprotic RTILs with
some hydrogen bonding sites, and the formation is indicated by the molecular orbital calculation

105-108 If 4 huge ion pair is partially generated in a short

and the molecular dynamics simulation.
period of time, the fluidity and ionic conductivity would decrease despite having a favorable

E form.

3.3.4. Electrochemical measurements

The electrochemically stable potential range, called the electrochemical window (EW),!%
is used to discuss the electrochemical properties of solvents. Electrochemical stability of the
[C4mim][ArBF3] RTILs was examined by linear sweep voltammetry (Figure 3-11). Table 3-4
summarizes the values for the cathodic limiting potential (£:), anodic limiting potential (£.),
and EW estimated from the voltammograms. In commonly used RTILs, except Lewis acid-base

type RTILs,'” E; and E, are derived from the decomposition of cationic and anionic species,
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Figure 3-11. Liner sweep voltammograms recorded at a glassy carbon electrode in (-*-*)
[Csmim][0-OMeCsH4BF3], (—) [Csmim][m-OMeCsH4BF3], (---) [Csmim][p-
OMeCeHsBF3], (--*) [Csmim][o-FC¢H4BF3], (—) [Csmim][m-FCsHsBF3], (---)
[C4mim] [p-FC6H4BF3], (—) [C4mim] [m-CF3C6H4BF3], (———) [C4mim] [p-CF3C6H4BF3],
(—) [Camim][m-CNCsH4BF3], (---) [C4amim][p-CNCsH4BF3], (—) [C4mim][PhBF3], and
(---) [C4amim][BF4] at 298 K. The scan rate was 10 mV-s™'. (inset) Cyclic voltammograms
recorded at a glassy carbon electrode in [Csmim][p-FCsH4BF3] at 298 K. (—) First cycle

and (—) second cycle. The scan rate was 10 mV-s ',

64



respectively. All the [C4mim][ArBF3] RTILs have a similar £c of —2.80 to —2.96 V vs. Ag(I)/Ag
due to the same cationic species. In the anodic region, by contrast, they show different £, values,
suggesting that the decomposition behavior strongly depends on the anionic species. The EWs
of the RTILs composed of [ArBF3]~ with an -OMe group (3.18-3.28 V) are narrower than that
of non-substitutive [Csmim][PhBF3] (3.65 V), but ones with electron withdrawing groups, such
as -F, -CF3, and -CN, display a wider EW of 3.49—4.06 V. Introducing an electron donating
group, such as -OMe, to the [ArBF3] ™ leads to the formation of an easily oxidized electron-rich
anion. Furthermore, the electron withdrawing group can cause an anion to become electron poor
resulting in the electrochemical oxidation-resistant RTILs. HOMO energy levels of ion pairs
obtained by ab initio calculations support these results. The data for comparison are given in
Table 3-4. Unfortunately, all the [C4mim][ArBF3] RTILs prepared in this study show narrower
EWs than [C4mim][BF4] due to the electron-rich phenyl group on the [ArBF;] .

Table 3-4. Cathodic and anodic limits, electrochemical windows, and HOMO energy for the
[Csmim][ArBF3] RTILs

RTILs E* ES EW’ Enomo®
/Vvs.Ag(l)/Ag /Vvs.Ag()/Ag /V / eV
[Camim][BF4] ~2.99 1.65 4.64 -9.93
[C4mim][PhBF3] -3.04 0.745 3.78 ~4.94
[Csmim][0-OMeC¢HsBF3]  —2.89 0.392 3.28 -4.56
[Camim][m-OMeC¢H4BF3]  —2.94 0.327 3.26 —4.67
[C4mim][p-OMeCsH4BF3] —2.96 0.218 3.18 —4.55
[Camim][o-FCsH4BF3] —2.94 1.04 3.98 -5.20
[Camim][m-FCsH4BF3] ~2.80 0.799 3.60 ~5.24
[Camim][p-FCsH4BF3] -2.92 0.855 3.78 ~5.09
[Camim][m-CF3CsH4BF3]  —2.88 0.611 3.49 ~5.58
[Camim][p-CF3CsH4BF3] -2.91 1.15 4.06 -5.71
[C4mim][m-CNCsH4BF3] -2.81 0.734 3.54 -5.78
[C4smim][p-CNCsH4BF3] —2.90 1.09° 3.99 ~5.74

“Cathodic limiting potential at the cut-off current density of —0.3 mA-cm 2. *Anodic limiting
potential at the cut-off current density of 0.3 mA-cm 2. “Electrochemical window (EW) = E,
— E.. 'THOMO energy of anion given by the Gaussian 09 program at the HF/6-311G(d,p) level.
“Potential at the maximum current density.
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Figure 3-12. (a, b) Pictures and (¢, d) FE-SEM images of a Pt electrode (a and c) before and
(b and d) after voltammetric experiments.

Surprisingly, unique anodic decomposition behaviors appeared at approximately 0.8 V vs.
Ag(I)/Ag in the [Csmim][ArBF;] RTILs with electron withdrawing groups. For instance, in
[Csmim][p-FCsH4BF3], the cyclic voltammogram obtained at the potential range of open circuit
potential to 5.0 V changes greatly after two or more cycles (Figure 3-11 (inset)). Analogous
electrochemical behavior has already been reported in the RTIL electrolytes with [N(CN)2],
[C(CN)3], or [B(CN)4] .11%!13 Further investigation was conducted by visual inspection and
SEM observation of the electrodes before and after the voltammetry to determine the cause for
these results. After the anodic potential sweep, the color of the Pt electrode changed slightly
from metallic bright to light yellow (Figure 3-12a and b), and the SEM images reveal the
uniform formation of an unknown membrane on the electrode (Figure 3-12¢ and d). EDX
analysis of the deposit indicated that the major components are C, N, and F, and the atomic ratio
of the components are greatly different from the ratio in the [Csmim][p-FC¢HsBF3]. To
characterize the ionic selectivity of the membrane, electrochemical experiments were
performed using the three types of redox reagents, [FeCp2][BF4] for cation redox, FeCp» for
neutral redox, and [Comim][FeCl4] for anion redox. When the membrane-modified Pt electrode
pretreated by the potential sweep was used as a working electrode, cyclic voltammograms in
[Csmim][p-FCsH4BF3] changed greatly with the added redox reagent species (Figure 3-13 and
Table 3-5). A clear reversible behavior for all the redox reagents is given using a pristine Pt

electrode. The peak current for the anion redox reagent, [FeCls]", is hardly observed at the
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Figure 3-13. Cyclic voltammograms recorded at a (---) pristine Pt electrode or (—)
membrane-modified Pt electrode in (a) 0.1 M [Comim][FeCls]/[Csmim][p-FCsH4BF3], (b)
0.1 M FeCpo/[C4smim][p-FCsH4BF3], and (c) 0.1 M [FeCp2][BF4]/[Csmim][p-FCsH4BF;] at
298 K. The scan rate was 10 mV-s '

modified electrode; however, using the cation and neutral redox reagents, [FeCp2]" and FeCpa,
gentle peak currents appear. These results indicate that the formed membrane works as an anion
blocking layer. Still the formation mechanism is unknown, but electropolymerization of the
[ArBF3]” anion may occur on the electrode surface during the anodic potential sweep.!''* This
unexpected anion blocking layer can possibly be used as a useful electrode coating for high

voltage cathodes in future high-capacity Li-ion batteries to impede solvent decomposition.
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Table 3-5. Summary of electrochemical analyses of three redox reagents on a pristine or membrane-modified Pt electrode”

Pristine Pt Membrane-modified Pt

Redox reagents DPristineb/ sz' 871 Imembrane—modiﬁed/ Ipristine
Ipe‘ / mA-cm ™2 I’ / mA-cm™ Ire‘ / mA-cm ™2 I’ / mA-cm™

[Comim][FeCls] 520% 1078 —0.612 0.476 —0.0106 0.00133 0.0173

FeCp2 11.7x 1078 —0.694 0919 —0.0605 0.214 0.233

[FeCp2][BF4] 5.07x 1078 —0.604 0.464 —0.201 0.131 0.333

“Prepared by the potential scan in [C4smim][p-FC¢H4BF3] at the potential range of —0.5 to 5.0 V vs. Ag(I)/Ag. *Diffusion coefficients of the redox
reagents on the pristine Pt given by Randles—Sevcik equation at the scan rate of 10 mV-s™!, the redox reagent concentration of 0.1 M, and the /.
for [FeCls]™ and [FeCpa]" or the I, for FeCpa. “Cathodic peak current density. “Anodic peak current density.



3.4. Summary

A series of over 10 types of [Csmim][ArBF3] RTILs was successfully prepared by a simple,
safe and non-hazardous chemical synthesis process. Their physicochemical properties varied
with the substituents introduced on the phenyl group in [ArBF3]". Notably, [Csmim][m-
FCe¢HsBF3] showed favorable fluidity and more ionic conductivity than non-substitutive
[Csmim][PhBF3]. A computational approach revealed that the interionic interaction between
[ArBF3]” and [Csmim]" was closely associated with the transport properties, except for RTILs
with [ArBF3]™ containing CF3 and CN groups. In addition, if an electron withdrawing group
was contained in the [ArBF3]™ anion, anomalous electrochemical behavior was recognized at
the anodic limiting potential, which may correspond to the electropolymerization of the
[ArBF3] ™ anion. The formed membrane made an electrochemically active Pt electrode inactive

to anionic species but not neutral and cationic ones.

3.5. Characterization data

Characterization of [Csmim][ArBF3;] RTILs was performed in the same conditions and

manner described in previous chapter.

1-Butyl-3-methylimidazolium (ortho-methoxyphenyl)trifluoroborate

(|[Camim][o-OMeCsH4BF3]):

©
BF3

\NA(;\? OMe

Colorless liquid. 'H NMR (400 MHz, CDCl3): ¢ 0.899 (t, 3H, *Jun = 7.4 Hz), 1.27 (m, 2H, *Jun
= 7.7 Hz), 1.72 (m, 2H, *Jun = 7.8 Hz), 3.75 (s, 3H), 3.84 (s, 3H), 4.02 (t, 2H, *Juu = 7.6 Hz),
6.77 (d, 1H, *Jun = 8.0 Hz), 6.84 (t, 1H, *Jun = 7.2 Hz), 7.11 (d, 1H, *Juu = 1.6 Hz), 7.15 (dt,
1H, *Jun = 1.6 Hz, 7.7 Hz), 7.20 (d, 1H, *Juu = 1.6 Hz), 7.54 (d, 1H, 'Jun = 6.8 Hz), 9.09 (s,
1H). 3C NMR (100 MHz, CDCls): ¢ 13.3 (s), 19.3 (s), 31.9 (s), 36.3 (s), 49.8 (s), 55.1 (s),
109.9 (s), 113.8 (s), 120.6 (s), 121.9 (s), 123.5 (s), 129.4 (s), 136.8 (s), 159.4 (s). '°F NMR (376
MHz, CDCl3): ¢ —139.2 (s, 3F, BF3). "B NMR (128 MHz, CDCl3): ¢ 3.49 (s, BF3). HRMS
(FAB), m/z: caled. for C23H37N4OBF5" 453.3007 [M + [C4mim]]"; found 453.3017. Elemental
analysis calcd. for Ci1sH2oN>OBF3: C, 57.35; H, 7.06; N, 8.92; found: C, 56.61; H, 7.27; N, 8.75.
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1-Butyl-3-methylimidazolium (meta-methoxyphenyl)trifluoroborate

(|[Camim][m-OMeCsH4BF3)):

©
BF3

®
\N\/:/N/\/\
OMe

Colorless liquid. 'H NMR (400 MHz, CDCl3): ¢ 0.910 (t, 3H, *Jun = 7.4 Hz), 1.27 (m, 2H, *Jun
= 7.7 Hz), 1.71 (m, 2H, *Jun = 7.7 Hz), 3.77 (s, 3H), 3.78 (s, 3H), 3.97 (t, 2H, *Jun = 7.4 Hz),
6.68-6.72 (m, 1H), 7.07 (t, 1H, *Jun = 1.8 Hz), 7.12-7.15 (m, 4H), 8.77 (s, 1H). *C NMR (100
MHz, CDCl3): 6 13.3 (s), 19.3 (s), 31.9 (s), 36.2 (5), 49.7 (s), 55.1 (s), 113.8 (s), 120.6 (s), 122.0
(s), 123.6(s), 129.4 (s), 136.4 (s), 159.4 (s). ’F NMR (376 MHz, CDCl3): 6 —141.5 (s, 3F, BF3).
B NMR (128 MHz, CDCls): ¢ 3.47 (s, BF3). HRMS (FAB), m/z: calcd. for C23H37N4sOBF;*
453.3007 [M + [C4smim]]"; found 453.3012. Elemental analysis calcd. for Ci1sH»N>OBF;3: C,
57.35; H, 7.06; N, 8.92; found: C, 56.59; H, 7.17; N, 8.78.

1-Butyl-3-methylimidazolium (para-methoxyphenyl)trifluoroborate
(|C4mim] [p-OMeCcH4BF3)):

©
BF;
\N&(ﬁ/\/\
\—/
OMe

Colorless liquid. '"H NMR (400 MHz, CDCl3): ¢ 0.911 (t, 3H, *Jun = 7.2 Hz), 1.27 (m, 2H, *Jun
= 7.7 Hz), 1.71 (m, 2H, *Jun = 7.7 Hz), 3.76 (s, 3H), 3.79 (s, 3H), 3.98 (t, 2H, *Jun = 7.4 Hz),
6.78 (d, 2H, 3Jun = 8.4 Hz), 7.08 (t, 1H, *Jun = 1.8 Hz), 7.13 (t, 1H, Jun = 1.8 Hz), 7.49 (d, 2H,
3Jun = 8.4 Hz), 8.85 (s, 1H). *C NMR (100 MHz, CDCl3): ¢ 13.3 (s), 19.3 (s), 31.9 (s), 36.2
(s), 49.7 (s), 55.0 (s), 113.8 (s), 122.1 (s), 123.6 (s), 129.4 (s), 136.5 (s), 159.4 (s). "’F NMR
(376 MHz, CDCl3): 6 —140.6 (s, 3F, BF3). "B NMR (128 MHz, CDCl3): ¢ 3.71 (s, BF3). HRMS
(FAB), m/z: caled. for C23H37N4OBF3" 453.3007 [M + [Csmim]]"; found 453.3013. Elemental
analysis calcd. for Ci1sH22N>OBF3: C, 57.35; H, 7.06; N, 8.92; found: C, 56.47; H, 7.12; N, 8.87.

1-Butyl-3-methylimidazolium (ortho-fluorophenyl)trifluoroborate

(|Csmim][o-FCsH4BF3]):

©
BF;

<~ AR
N\=\/N/\/\ ©/F

Colorless liquid. 'H NMR (400 MHz, CDCl5): ¢ 0.854 (t, 3H, *Jun = 7.3 Hz), 1.22 (m, 2H, *Jun
= 7.6 Hz), 1.69 (m, 2H, *Jun = 7.5 Hz), 3.79 (s, 3H), 4.00 (t, 2H, *Jun = 7.6 Hz), 6.80 (t, 1H,
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3Jun = 8.7 Hz), 6.97 (t, 1H, *Jun = 7.1 Hz), 7.08-7.14 (m, 1H), 7.18 (t, 1H, *Jun = 1.8 Hz), 7.23
(t, 1H, *Jun = 1.6 Hz), 7.51 (t, 1H, *Jun = 6.9 Hz), 8.83 (s, 1H). 1*C NMR (100 MHz, CDCls):
o 13.2 (s), 19.2 (s), 31.8 (), 36.0 (s), 49.5 (s), 114.0 (d, %Jcr = 24.8 Hz), 121.9 (s), 123.0 (s),
123.5 (s), 128.0 (d, *Jcr = 7.6 Hz), 134.1 (d, *Jcr = 12.4 Hz), 136.4 (s), 166.0 (d, 'Jer = 237.4
Hz). °F NMR (376 MHz, CDCl3): ¢ —139.4 (s, 3F, BF3), —109.7 (s, 1F, 0-FC¢Ha). ''B NMR
(128 MHz, CDCls): ¢ 3.02 (s, BF3). HRMS (FAB), m/z: calcd. for C2oH34N4BF4* 441.2807 [M
+ [Csmim]]"; found 441.2819. Elemental analysis calcd. for C14Hi19N2BF4: C, 55.66; H, 6.34;
N, 9.27; found: C, 55.21; H, 6.43; N, 9.15.

1-Butyl-3-methylimidazolium (meta-fluorophenyl)trifluoroborate

(|[Camim][m-FCsH4BF3)):

©
BF;

®

\N:/N/\/\

F
Colorless liquid. '"H NMR (400 MHz, CDCl;3): ¢ 0.926 (t, 3H, *Jun = 7.6 Hz), 1.30 (m, 2H, *Jun
=7.7 Hz), 1.76 (m, 2H, *Jun = 7.6 Hz), 3.85 (s, 3H), 4.04 (t, 2H, *Jun = 7.4 Hz), 6.79-6.84 (m,
1H), 7.10 (t, 1H, *Jun = 2.0 Hz), 7.14 (t, 1H, *Juu = 1.8 Hz), 7.16-7.21 (m, 2H), 7.33 (d, 1H,
3Jun = 6.8 Hz), 8.95 (s, 1H). *C NMR (100 MHz, CDCl): ¢ 13.2 (s), 19.2 (s), 31.7 (s), 36.0
(s), 49.5 (s), 112.6 (d, 2Jcr = 21.0 Hz), 117.3 (d, 2Jcr = 17.1 Hz), 121.9 (s), 123.4 (s), 126.8 (s),
128.6 (d, *Jcr = 6.7 Hz), 136.1 (s), 162.6 (d, 'Jcr = 242.2 Hz). 'F NMR (376 MHz, CDCl3): o
—142.0 (s, 3F, BF3), —116.9 (s, 1F, m-FCsHa). ''B NMR (128 MHz, CDCls): ¢ 3.31 (s, BF3).
HRMS (FAB), m/z: calcd. for C2oH3aN4BF4™ 441.2807 [M + [Csmim]]"; found 441.2815.
Elemental analysis calcd. for Ci4H19N2BF4: C, 55.66; H, 6.34; N, 9.27; found: C, 55.04; H,
6.39; N, 9.15.

1-Butyl-3-methylimidazolium (para-fluorophenyl)trifluoroborate
(|C4smim] [p-FCcH4BF3]):

©
BF,
\N&(l?
) /\/\

¢
Colorless liquid. 'H NMR (400 MHz, CDCl3): ¢ 0.849 (t, 3H, *Jun = 7.2 Hz), 1.19 (m, 2H, *Jun
= 7.7 Hz), 1.63 (m, 2H, *Jun = 7.6 Hz), 3.69 (s, 3H), 3.89 (t, 2H, *Jun = 7.6 Hz), 6.85 (t, 2H,
3Jun = 9.2 Hz), 7.08 (t, 1H, *Jun = 1.8 Hz), 7.12 (t, 1H, 3Juu = 2.0 Hz), 7.46 (t, 2H, *Jun = 7.2
Hz), 8.62 (s, 1H). 3C NMR (100 MHz, CDCl3): 6 13.2 (s), 19.2 (s), 31.7 (s), 35.9 (s), 49.4 (s),
113.5 (d, 2Jcr = 19.2 Hz), 121.9 (s), 123.4 (s), 132.8 (d, Jcr = 5.7 Hz), 136.1 (s), 161.9 (d, 'Jcr
=242.4 Hz). ’F NMR (376 MHz, CDCl3): 6 —141.1 (s, 3F, BF3), —118.5 (s, 1F, p-FC¢Ha). !'B
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NMR (128 MHz, CDCl3): ¢ 3.68 (s, BF3). HRMS (FAB), m/z: calcd. for C2H3sN4BF4"
441.2807 [M + [Csmim]]"; found 441.2811. Elemental analysis caled. for C14H19N2BF4: C,
55.66; H, 6.34; N, 9.27; found: C, 54.99; H, 6.36; N, 9.13.

1-Butyl-3-methylimidazolium (meta-trifluoromethylphenyl)trifluoroborate
(|Camim] [m-CF3CsH4BF3]):

©
BF,

®
\N\/:/N/\/\
CF3

Colorless liquid. '"H NMR (400 MHz, CDCl3): ¢ 0.874 (t, 3H, *Jun = 7.6 Hz), 1.24 (m, 2H, *Jun
=17.7 Hz), 1.70 (m, 2H, *Jun = 7.5 Hz), 3.80 (s, 3H), 3.99 (t, 2H, 3Juu = 7.6 Hz), 7.11 (t, 1H,
3Jun = 1.6 Hz), 7.15 (t, 1H, *Juu = 1.8 Hz), 7.31 (t, 1H, *Jun = 7.4 Hz), 7.39 (d, 1H, *Jun = 7.6
Hz), 7.72-7.75 (m, 2H), 8.84 (s, 1H). '*C NMR (100 MHz, CDCl:): ¢ 13.2 (s), 19.2 (s), 31.7
(s), 36.1 (s), 49.7 (s), 121.8 (s), 122.7 (s), 123.3 (s), 125.0 (q, 'Jcr = 270.8 Hz, CF3), 127.2 (s),
127.7 (s), 128.7 (q, 2Jcr = 30.5 Hz), 134.9 (s), 136.4 (s). "’F NMR (376 MHz, CDCl3): 0 —142.2
(s, 3F, BF3), —63.1 (s, 3F, CF3). "B NMR (128 MHz, CDCls): ¢ 3.31 (s, BF3). HRMS (FAB),
m/z: caled. for C23H3aN4BFs" 491.2775 [M + [Csmim]]"; found 491.2782. Elemental analysis
calcd. for C1sH19N2BFe: C, 51.16; H, 5.44; N, 7.96; found: C, 50.40; H, 5.62; N, 7.88.

1-Butyl-3-methylimidazolium (para-trifluoromethylphenyl)trifluoroborate
(|C4mim] [p-CF3CsH4BF3]):

S)
BF;
\N&(I?
) /\/\
CF,4

Colorless liquid. 'TH NMR (400 MHz, CDCl3): ¢ 0.871 (t, 3H, *Juu = 7.4 Hz), 1.18-1.28 (m,
2H), 1.64-1.73 (m, 2H), 3.79 (m, 3H), 3.95-3.99 (m, 2H), 7.09 (d, 1H, *Jun = 1.2 Hz), 7.13 (d,
1H, *Jun = 1.6 Hz), 7.44 (d, 2H, *Jun = 8.0 Hz), 7.64 (d, 2H, *Jun = 8.0 Hz), 8.82 (d, 1H, *Jun
= 6.0 Hz). 3C NMR (100 MHz, CDCl3): 6 13.2 (s), 19.2 (s), 31.7 (s), 36.1 (s), 49.6 (s), 121.8
(s), 123.3 (s), 123.5 (s), 124.8 (q, 'Jcr = 270.3 Hz), 128.0 (q, 2Jcr = 31.5 Hz), 131.5 (s), 136.3
(s). ’F NMR (376 MHz, CDCl3): ¢ —142.3 (s, 3F, BF3), —63.1 (s, 3F, CF3). ''B NMR (128
MHz, CDCl3): ¢ 3.44 (s, BF3). HRMS (FAB), m/z: calcd. for C23H3aN4BFs™ 491.2775 [M +
[Csmim]]"; found 491.2783. Elemental analysis calcd. for Ci1sHi19N2BFs: C, 51.16; H, 5.44; N,
7.96; found: C, 50.58; H, 5.53; N, 7.93.
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1-Butyl-3-methylimidazolium (meta-cyanophenyl)trifluoroborate

(JCamim] [m-CNCe¢H4BF3)):

©
BF3

@
\N:/N/\/\
CN
Colorless liquid. 'H NMR (400 MHz, CDCl3): ¢ 0.889 (t, 3H, *Jun = 7.3 Hz), 1.27 (m, 2H, *Jun
=7.6 Hz), 1.74 (m, 2H, 3Juu = 7.6 Hz), 3.86 (s, 3H), 4.06 (t, 2H, *Jun = 7.3 Hz), 7.21 (m, 1H),
7.24 (m, 1H), 7.30 (t, 1H, *Jun = 7.8 Hz), 7.42 (d, 1H, *Jun = 7.3 Hz), 7.77-7.79 (m, 2H), 8.91
(s, 1H). 3C NMR (100 MHz, CDCl3): ¢ 13.2 (s), 19.3 (s), 31.8 (s), 36.2 (s), 49.8 (s), 110.3 (s),
120.4 (s), 121.9 (s), 123.4 (s), 127.6 (s), 129.7 (s), 135.1 (s), 136.0 (s), 136.4 (s). '’F NMR (376
MHz, CDCl3): ¢ —142.5 (s, 3F, BF;). ''B NMR (128 MHz, CDCl3): ¢ 3.27 (s, BF3). HRMS
(FAB), m/z: calcd. for C23H34NsBF3™ 448.2854 [M + [Csmim]]"; found 448.2843. Elemental
analysis calcd. for Ci1sH9N3BF3: C, 58.28; H, 6.20; N, 13.59; found: C, 57.53; H, 6.42; N, 13.49.

1-Butyl-3-methylimidazolium (para-cyanolphenyl)trifluoroborate
([Csmim] [p-CNCsH4BF3]):

©
BF3
I
\—/

CN

Colorless liquid. 'H NMR (400 MHz, CDCl3): ¢ 0.890 (t, 3H, *Jun = 7.3 Hz), 1.27 (m, 2H, *Jun
=7.1 Hz), 1.74 (m, 2H, *Jun = 7.3 Hz), 3.85 (s, 3H), 4.03—4.09 (m, 2H), 7.18 (s, 1H), 7.21 (s,
1H), 7.48 (d, 2H, *Jun = 7.8 Hz), 7.64 (d, 2H, *Jun = 7.8 Hz), 8.92 (s, 1H). 3*C NMR (100 MHz,
CDCls): 613.2 (s), 19.2 (s), 31.7 (s), 36.1 (s), 49.6 (s), 109.1 (s), 120.1 (s), 122.0 (s), 123.4 (s),
130.5 (s), 131.9 (s), 136.2 (s). ’F NMR (376 MHz, CDCl3): ¢ —142.6 (s, 3F, BF3). ''B NMR
(128 MHz, CDCl3): ¢ 3.25 (s, BF3). HRMS (FAB), m/z: calcd. for C23H34NsBF3" 448.2854 [M
+ [C4smim]]"; found 448.2855. Elemental analysis caled. for C1sH19N3BF3: C, 58.28; H, 6.20;
N, 13.59; found: C, 57.40; H, 6.38; N, 13.49.
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Conclusions

In this investigation, many types of the novel salts with [ArBF3]” were designed and
prepared for creating unforeknown low temperature molten salts and RTILs. To use [ArBF3]™
anion as liquid salt constituent, the first systematical studies on the impact of anionic structure
on RTIL’s features were achieved. In addition, it was revealed that the several salts with
[ArBF3]™ anion exhibit the unique electrochemical behaviors attributing to the redox reaction
for cation or anion. Chapter 1 detailed the synthetic method, property evaluation, and
electrochemical application of alkali metal aryltrifluoroborates. A number of [ArBF3;]™ were
designed in order to perform the systematical investigations of novel alkali metal salts. The
author successfully synthesized approximately 40 kinds of novel alkali metal salts by safe and
easy preparation method, and their thermal properties were elucidated. These salts showed
lower melting points than those of simple inorganic alkali metal halides due to the larger entropy
of anion and the weaker interactions between the alkali metal cations and the [ArBF3]™ anions.
K[m-OEtC¢H4BF3] which can reduce K(I) to K(0) was obtained as a low temperature molten
salt electrolyte. In Chapter 2, truly new RTILs with [PhBF3]", which is the simplest [ArBF3]~
were depicted. The author investigated closely the physicochemical properties of [PhBF3] -
based RTILs with seven types of organic cations. The [PhBF3] -based RTILs showed favorable
transport properties, e.g., fluidity and ionic conductivity, despite a rigid and bulky aromatic ring
on the anion. The remarkable relationship between transport properties and the molecular
volume of the RTILs were observed. The electrochemical stability for [PhBF3] -based salts
were examined. It was revealed that the cation’s structure determined the transport and
electrochemical properties for the [PhBF3] -based RTILs. Chapter 3 described the
physicochemical and electrochemical properties of the [Csmim][ArBF;] RTILs. A series of
[C4smim][ArBF3] RTILs with various substituents introduced on the phenyl moiety on the anion
were successfully prepared and examined. Various properties were exhibited by modification
of anion’s structure but the transport properties scarcely depended on the ionic pair volume
although the pair volume dependency of the RTIL properties is recognized in Chapter 2. To
discuss the electronic and structural effect of groups on anion, the quantum chemical
calculations were performed evaluating the cation-anion interaction and HOMO energy level
of anion. Unexpected anion selective layer was formed on a Pt electrode by the electrochemical
oxidation of [ArBF3]™ anion with the electron withdrawing groups. These results obtained in
this work will provide the novel guidelines of molten salts and RTILs synthesis to existing
synthetic strategies. The author firmly considers that the findings lead to further development

of molten salt, ionic liquid and electrochemical technology.
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