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Chapter 1

General Introduction

1.1 Tonic Liquids and its Application

Room-temperature ionic liquids (ILs), i.e., salts composed of only ions with melting
points lower than room-temperature, have attracted attentions as a new type of solvents
in the scientific and industrial fields [1-4]. ILs have unique solvent properties including
non-volatility, non-flammability, high thermal and electrochemical stabilities [S], which are
essentially different from conventional molecular solvent or aqueous systems. These general
properties of ILs mentioned above originate from the complicated interactions between
cations and anions such as Coulombic interaction, hydrogen bond, m—n interaction and
van der Waals interaction. These various cation—anion interactions in ILs also have an
effect on its solubility to make specific affinities to target molecules (e.g. metal ions [6, 7],
macromolecules [8], biomacromolecules [9] and gases [10—12]). That is, these novel solvent
properties can be easily designed by controlling the interactions between anion and cation,
i.e., the combination of cation and anion. This property, designability is one of the reason
why intense number of research for ILs have been performed and reported until now.

The studies for application of ILs have been rapidly developing since 1992, when Wilkes
et al. reported water/air-stable imidazolium-based ILs, for example, 1-ethyl-3-methyl imida-
zolium tetrafluoroborate ([ComIm™][BF,~]) [13, 14]. Since this report, numerous ILs have
been suggested and investigated in the wide application field such as electrochemistry [15],
dissolution/separation studies [7, 16], synthetic organic and catalytic chemistry [17-19].
These applications are closely related to its dissolution ability. For example, ILs are used for
applications as solvent for dissolution and conversion of cellulose into fuel or functionalized
polymer [20-24]. Rogers et al. reported some ILs composed of imidazolium-based cation and

chloride anion can dissolve cellulose with relatively low temperature (~100°C) [25] although
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cellulose could not be dissolved by conventional organic liquids or water even with intense
heat. Recently, Ohno et al. reported that some phosphonate-based ILs can easily dissolve
cellulose under mild condition [26], for example, 1-ethyl-3-methylimidazolium methylphos-
phonate, [ComIm™][CH3(H)PO5;~], dissolves 2—4 wt% cellulose at room temperature with

high dissolution rate as shown in Figure 1.1.

Figure 1.1. (a) The molecular formula of [ComIm*][CH3(H)PO3;~] and (b) cellulose
dissolution in [ComIm*][CH3(H)POs~]. The broken line indicates cellulose residual. This

figure was reprinted from [26].

This cellulose solubility enables us to extract biomass energy from numerous types of
plants composed of cellulose without complicated and large apparatus. In this way, ILs
are applied as a task-specific solvent to show unique solubility by controlling its solvent
properties.

One of the most popular research of ILs is application for electrolytes [27-29]. The
high electrochemical stability and high ion conductivity of some cation and anion types
enable application for electrochemical devices such as lithium-ion batteries [30-32], fuel
cells [33,34] and actuators [35,36]. The advantages of IL-based electrolytes are negligible
volatility and non-flammability, which offer longer life-time and more advanced safety than
conventional organic solvents. In the application as lithium-ion batteries, the affinity to
lithium-ion, i.e., high dissolution amount as well as high diffusion rate of the ion, is required.
To develop ILs with more electrochemically stable and higher lithium-ion conductivity,

numerous combinations of anion and cation have been suggested and investigated. Mat-
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sumoto et al. reported that combination of pyrrolidinium cations and bis(fluorosulfonyl)imide
([FSI"]) anion shows good charge-discharging cycling stability of a Li/LiCoO, with high
transport rate [37]. Watanabe et al. reported lithium-ion-based IL by using balky borate salts
containing two methoxy-oligo(ethylene oxide) groups and trifluoroacetyl groups as anion,
which shows high ion conductivity and electrochemical stability [30,38]. Many researchers
have tried to develop ILs with high lithium-ion transport ability comparable to conventional
electrolyte and it is one of the important research for energy application using ILs. On the
other hand, the research for solid electrolyte using ILs has also attracted much attentions to
prevent the leakage of liquid [38,39]. Until now, various support materials for ILs including
inorganic, organic and polymeric materials have been developed and investigated [40].
However, as the support materials for electrolyte, there are many requirements such as good
compatibility with ILs, high mechanical toughness, thermal and electrochemical stabilities.
Therefore, establishment of solidification method for ILs is still in progress.

Recently, CO, gas separation has attracted much attentions because excessive CO, pro-
duction causes environmental problems such as global warming and air pollution. Blanchard
et al. reported that an imidazolium-based ILs containing fluorine shows high CO, absorption
ability [41], leading to application as CO, absorption media with non-volatility, thermal and
chemical stability. In addition, CO; is highly soluble in ILs relative to other gases like N,
H,, and CH4 [42], that is, ILs show CO; absorption selectivity to separate CO, gas from
mixed gases. Therefore, a large number of investigations for CO, separation using ILs have
been performed [43-46]. The pressure swing absorption method is mainly investigated to
separate CO, gas from a mixed gases under pressure according to the affinity of IL to CO,,

as illustrated in Figure 1.2.

Pressure Separation Vacuum Separation
f""""'\"" )

CO,/N, gas N, gas CO, gas
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Figure 1.2. Illustration of the CO, separation process using pressure swing method.
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Under high pressure, only CO, gas is dissolved and extracted to IL phase from mixed
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gases. By separating liquid phase and gas phase, CO;-removed gas and ILs which contains
CO; can be obtained. After separation, ILs emit CO, under low pressure for reuse. Due to
non-volatility of ILs, the loss of solvent can be negligible, which is one of the advantages of
IL compared with conventional solvents (aqueous amine solution or organic solvent) in this
method. However, this method needs pressure swing from high pressure to vacuum, thus a

large and complicated apparatus with high energy consumption is required for separation.

low Pressure

Separation membrane

|

/\
®e= ©® -®

Figure 1.3. Illustration of the CO, separation process using separation membrane.

High Pressure

As an alternative separation method, a separation membrane method using ILs as illustrated
in Figure 1.3 has attracted much attentions. Only CO, gas passes through the membrane
due to selective affinity between ILs and CO, without pressure swing. Thus, this method
generally requires smaller operational energy compared with conventional methods. In
addition, due to non-volatility and thermal stability of ILs, the separation process can be
performed in wide range of pressure and temperature unless the membrane does not break.
Here, note that, it is essential to solidify ILs for application to separation membrane and thus
the solidification of ILs is one of the important studies also in CO, separation [47,48].

In this way, the solidification of ILs is one of the hottest topics because the liquid material
has a serious disadvantage, the leakage of liquid. For the applications as not only CO,
separation membranes but also electrolytes, leakage is inevitable problems in materials using
ILs. To improve this property, some composite materials using ILs have been suggested to
solidify ILs.

1.2 Composite Materials Using ILs

The composite materials with ILs are roughly classified to three types; supported IL

membranes (SILMs), polymeric ILs and iongels, as illustrated in Figure 1.4. The SILMs,
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Figure 1.4. Illustration of three types of composite material using ILs, SILM, Polymeric IL

and iongel.

i.e., polymeric or inorganic porous materials filled with ILs, are the most investigated ones,
but they have a serious disadvantage. The supported materials cannot hold ILs under high
pressure because they hold ILs with weak surface tension. Thus, SILM does not work under
high pressure or at high temperature. Polymeric ILs, i.e., polymers made by cross-linking
ILs themselves, which can strongly hold ILs, were also suggested for solidification of ILs.
However, it was pointed out that the separation performances or ion conductivities are inferior
to that of the SILM. In the polymeric ILs, ILs are bound to rigid polymer matrix, resulting
in limited diffusion of gas molecules or ions. By contrast, iongels, which can strongly hold
solvents in their polymer network structure, can hold ILs under high pressure and they contain
“free” ILs. Thus, the iongels show inherent solvent properties of ILs comparable to SILMs
or neat ILs.

However, a gel is generally brittle material. Watanabe et al. reported typical ion-
gel composed of poly(methyl methacrylate) (PMMA) and 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide([ComIm*][TFSA™]), which shows too small elastic
modulus for application under high pressure (for example, iongel with 20 wt% polymer
content shows only 10 Pa elastic modulus, i.e., one of the indicators for the mechanical
toughness) [39]. To obtain free-standing iongel, they added high content of polymer (up
to 60%), but the ionic conductivity decreases due to decrease of content of IL. Similar to
this example, a low IL content leads to decrease in the inherent IL properties including
CO, separation performances, which is a serious problem in the development of iongels as
new soft materials. Therefore, iongels with both low polymer content and high mechanical

toughness are required for application studies using iongels.
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(c) double network (DN) gel  (d) tetra-PEG gel

Figure 1.5. Schematic illustration of (a) slide-ring gel, (b) nano-composite (NC) gel, (c)
double network (DN) gel and (d) tetra-PEG gel. These illustrations were reprinted from [49].

1.3 Previous Studies for TetraPEG Hydrogel and Iongel

In the hydrogel system, many tough hydrogels have been explored and investigated.
Shibayama reviewed tough hydrogels, for example, nano-composite gel (NC gel), double-
network gel (DN gel), slide-ring gel and TetraPEG gel (Figure 1.5), and pointed out that
the mechanical properties of these gels deeply depend on the polymer network structure,
especially, homogeneity of polymer network [49]. Among them, Tetra-PEG gels, which are
prepared by cross-end-coupling of two kinds of tetra-arm poly(ethylene glycol) prepolymers
of the same size, have ideal homogeneous polymer network, which have been studied by
small-angle neutron scattering (SANS) measurements [50]. This homogeneous network
results in homogeneous dispersion of tension to be the origin of the high mechanical
toughness of TetraPEG gel [51,52].

Here, note that, the homogeneity of TetraPEG gel originates in not only tetra-arm
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structure of prepolymers but also reaction mechanism between two kinds of terminals,
i.e., amide formation between NH,- and N-hydroxysuccinimide- (activated ester) terminals.
Our research group investigated the gelation kinetics of TetraPEG in water by using UV
measurement and pointed out that the gelation of TetraPEG is not a diffusion-limited
mechanism, but a reaction-limited mechanism [53, 54]. In a reaction-limited reaction, the
reaction rate of prepolymers is much slower than their self-diffusion. Thus, prepolymers can
sufficiently diffuse and homogeneously mix with each other, before the cross-end coupling
reaction occurs. This results in formation of homogenous network structure and high reaction
efficiency (>90%), leading to high mechanical toughness of TetraPEG hydrogel. We achieved
this reaction-limited reaction by the control of the gelation reaction rate, which strongly
depends on the concentration of H" ([H"] or pH). That is, the reaction rate depends on the
acid-base reaction of the NH, terminal, -NH, + H* 2 -NH3*, because the protonated NH3*
does not react with activated ester terminal. It has already been established that TetraPEG
hydrogels with high toughness and a homogeneous polymer network can be prepared in
aqueous solutions using a phosphate-type buffer with constant pH (~ 7) during the gelation
reaction.

We previously proposed a iongel using tetra-armed poly(ethylene glycol) (TetraPEG)
as a network polymer, which shows a high mechanical toughness (18 MPa of maximum
breaking compression modulus at 83.5% strain) with extremely low polymer content (~6
wt%) [55]. From SANS measurement, it was suggested that TetraPEG 1ongel prepared in
ILs has a homogeneous polymer network structure similar to the TetraPEG hydrogel [56].
The TetraPEG iongel has both high IL content and high mechanical toughness. Thus, it
is a promising material for CO;, separation membrane or solid electrolyte. However, the
mechanical properties of TetraPEG iongels are inferior to the corresponding hydrogels.

Figure 1.6 shows stress-elongation curves for 6 wt% TetraPEG iongel and hydrogel. As
can be clearly seen, both maximum breaking stretching ratio (Amax) and maximum breaking
stretching stress (o-max) for the iongel are smaller than the values for hydrogel. The elastic
modulus can be estimated from the initial slope of the curves in small deformation and the
value for iongel is estimated to be 7.2 kPa although the value for hydrogel is approximately
11 kPa. This results might be ascribed to the connectivity defects (or low reaction efficiency)
caused during the reaction in ILs because the gelation control, which is essential to produce
homogeneous polymer networks, has not been established in IL system.

Therefore, in this doctoral dissertation, I elucidated the gelation mechanism of TetraPEG
iongel on the basis of acid-base reaction and reaction kinetics to control the gelation reaction.

By establishing the control of the gelation reaction, I successfully prepared a tough iongel
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Figure 1.6. Stress-elongation curves for 6 wt% TetraPEG iongel together with correspond-
ing data for TetraPEG hydrogel [55].

enough to be applied as solid electrolyte or CO; separation membrane. I confirmed that the
solvent properties of the TetraPEG iongel is almost equivalent to composing IL from CO,

separation experiment in this study.
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1.4 Outline of the Dissertation

In the previous section, I pointed out that the control of NH,/protonated NH3™ group
fraction and reaction rate plays a key role in the preparation of homogeneous TetraPEG gel
with high mechanical toughness. However, the acid-base reactions in ILs, which essentially
differ from those in conventional solvents, have not been well investigated and established at

the present stage.

In Chapter 2 and 3, I thus investigated the acid-base reactions in two types of ILs, protic
ILs and aprotic ILs (the former have dissociative proton in cation and the latter have no

dissociative proton) by direct pH measurement.

In Chapter 2, 1 investigated the acid-base property of protic IL, 1-alkylimidazolium
bis(trifluoromethanesulfonyl)amide ([C,,ImH"][TFSA™], n: alkyl-chain length), by poten-
tiometric titration. The equilibrium constant, Kg = [C,,Im][HTFSA] on the autoprotolysis
reaction (C,ImH* + TFSA™ & C,Im + HTFSA) was successfully determined for n = 2 and
4 systems and the validity of potentiometric titration using ion-sensitive field effect (ISFET)

electrode was confirmed.

In Chapter 3, I investigated the acid-base reaction of NH; in typical aprotic IL
[ComIm*][TFSA™]. The quantitative Brgnsted basicity of butylamine (BuNH;) in the
[ComIm*][TFSA™] was determined. The pK, value of butylammonium (BuNH3*) was
estimated by potentiometric titration to be 16.6(1), and it was found that the value is
significantly larger than that in aqueous solution (pKa = 10.6). The large pK, might be

ascribed to solvation structures unique to IL system.

In Chapter 4, the solvation structures of BuNH; and BuNH3" in [ComIm™][TFSA™] were
investigated by high-energy X-ray total scattering (HEXTS) experiments with the aid of
molecular dynamics (MD) simulations from the viewpoint of protonation effect on solvation
structures. The nearest-neighbor molecular distance for BuNH3*~TFSA™ was smaller than
that for BUNH,—TFSA™, which indicates strong interaction between solute and anions occurs
by protonation. In both systems, a specific interaction between the anion and amine group,
1.e., hydrogen bonding between oxygen atoms of TFSA™ anion and hydrogen atoms of
amine/ammonium group, was found. From the spatial distribution functions (SDFs) obtained

from MD simulations, it was pointed out that the coordination number of TFSA™ anion
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increased from 2 to 3, resulting in large stabilization energy. This results indicate that the

large pK, value originates in drastic change in solvation structure by protonation.

In Chapter 5 and 6, I reported the gelation mechanism of tetra-armed prepolymer in

[ComIm™][TFSA™] on the basis of acid-base reaction discussed in the previous chapters.

In Chapter 5, I applied the protic IL, 1-ethylimidazolium TFSA™ ([C,ImH*][TFSA™])
as a nonvolatile H™ source to control the gelation reaction rate. It was found that the
gelation time of TetraPEG iongel can be successfully controlled, suggesting that the acid-base
properties of NH, terminal also play a key role in the gelation process. However, the reaction
efficiency of amide bond (cross-linked point) systematically decreased with increasing proton
concentration, leading to a low mechanical toughness of the iongels. This results indicates
that excess proton binds with NH, terminal to make unreactive terminal and thus it forms
network defects due to low reaction efficiency. This result indicates that removal of excess

protons by pH control can improve the reaction efficiency of TetraPEG iongel.

In Chapter 6, to control solution pH, I established a "pH-buffering IL” by adding protic IL
(as a proton source) and its conjugated base to the solvent aprotic IL. I demonstrated that the
pH-buffering IL exhibits a successful pH-buffering effect to maintain a constant pH during
the gelation reaction. From a kinetic study, I found that the gelation reaction undergoes a
simple second-order reaction of the two TetraPEGs in the pH-buffering IL. The gelation rate
constant, kg in the present iongel system was two orders of magnitude smaller than that in
the corresponding hydrogel system, which implies reaction-limited mechanism. The reaction
efficiency at the cross-linking point was experimentally estimated to be 92% by spectroscopic
measurements. I thus conclude that a defect-free polymer network can be prepared in the

pH-buffering IL system.

In Chapter 7, TetraPEG iongel has been applied to CO, separation study. I evaluated the
CO, separation performance of TetraPEG iongel which contains 6 wt% polymer. The iongel
shows excellent CO, permselectivity equivalent to neat IL over the high temperature range up
to 100°C. This remarkable CO, separation property of TetraPEG iongel originates in a large
fraction of ionic liquid (94 wt%), owing to the homogeneous network structure of TetraPEG

iongel.
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Chapter 2

Acid-base Property of Protic Ionic
Liquid, 1-Alkylimidazolium
Bis(trifluoromethanesulfonyl)amide
Studied by Potentiometric Titration

2.1 Introduction

As mentioned in the Chapter 1, room-temperature ionic liquids (ILs) have attracted much
attentions as novel solvents for electrolytes [1-5], catalytic and organic reactions [6—10] due
to the unique solvent properties such as non-flammability, negligible vapor pressure [11],
high ion conductivity [12-16], thermal and electrochemical stabilities [17]. Furthermore,
their solvent properties can be easily designed by changing the combination of cation and
anion to give specific solvent properties such as hydrophilicity, gas absorption capability [18—
23], proton conductivity [24] and so on. Especially, protic ionic liquids (pILs, [HB*][A™]),
prepared by mixing strong acid (HA) and base (B) [25,26], show good conductivity of the
protons because they contain dissociative protons within the cation, and thus plLs are applied
as non-volatile electrolytes for fuel cells [27,28]. In such applications, the behavior of proton
dissociated from the cation plays a key role, and thus the acid-base properties of pILs have
been widely investigated [8,29-34].

It has been established that pILs show an autoprotolysis (or a self-dissociation reaction),
A~ + HB* = HA + B, and the autoprotolysis constant K, is defined as K; = [HA][B]. Angell
et al. proposed ApK, that is given by two acid dissociation constants, K,s for HA and HB*
in aqueous solutions, i.e., ApK, = pK,(HB") — pK,(HA) = —log([HA][B]/[A"][HB")), to
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evaluate the acid-base properties of pIL as a first step [35]. The ApK, is useful to understand
the acidity/basicity of pIL. However, it was pointed out that the ApK, value appreciably
differs from the actual K, because solvation environments of acid and base are quite different
in pIL and aqueous systems [36].

In the case of aqueous solutions, we can easily evaluate the acid-base properties such as
pKa or pK; by direct pH measurement using a popular glass electrode. However, in non-
aqueous solutions including plLs, it is often difficult because the glass electrode is generally
not available. Kanzaki and Umebayashi et al. firstly reported a direct pH measurement
by potentiometric titration experiment using an ion-selective field effect transistor (IS-FET)
electrode to estimate the K of ethylammonium nitrate ([C;NH3"][NO37]) [37-39]. They
also reported the K values of some typical pILs recently, however, the number of reported
K values is still limited compared with the number of reported various pILs. That is, the
knowledge of the acid-base property of plLs is still limited at the present stage and should be
accumulated by determining equilibrium constant such as K and K,.

In this work, direct determination of K value was performed on typical imidazolium-based
pIL, 1-alkylimidazolium bis(trifluoromethanesulfonyl)amide, [C,, ImH*][TFSA™] (n = 2 and
4), by potentiometric titration using IS-FET electrode. Furthermore, temperature dependence
of the K; was also investigated to estimate Gibbs energy, enthalpy and entropy for the

autoprotolysis reaction of the [CoImH*][TFSA™].

2.2 Experiment
2.2.1 Materials

The pIL, [C,ImH*][TFSA~] was prepared by mixing equimolar amounts of
bis(trifluoromethanesulfonyl)amide (HTFSA) as an acid and 1-alkylimidazole (C,Im) as a
base (Wako Pure Chemical Industries, Japan) in a glove box filled with argon. The C,Im
was purified by distillation and dried with molecular sieves (3A). The HTFSA was kept
in a glove box and used without further purification. The obtained solution was dried in
vacuum at room-temperature during 1 day. Water content in the pIL. was checked by Karl
Fisher titration to be less than 200 ppm for both [Co,ImH*][TFSA™] and [C4ImH"][TESA™].

3

Density measurements were performed for the pILs, and the values were 1.576 g cm™ and

1.477 g cm™ for [Co,ImH*][TFSA~] and [C4ImH*][TFSA~], respectively.
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2.2.2 Potentiometric titration

Using [C,, ImH*][TFSA™] as the solvent, the acid HTFSA solution (0.35 mol dm™>) and the
base C>Im solution (3.20 mol dm~>) were prepared in a glove box. The HTFSA solution (7.3
cm?®) was titrated with the C,,Im solution in a vessel at 298 K. The electromotive force (emf)
was measured by using IS-FET electrode (HORIBA 0040-10D), which is well established to
show an excellent Nernstian response to [H*] and quick response with 3 min in ILs and non-
aqueous solvents. To confirm validity of my measurements, firstly, potentiometric titration
was carried out for [CoNH3"][NO3~]. The value of pK was estimated to be 9.7, which is in
good agreement with the value (9.83) already reported by Kanzaki et al. [37].

2.2.3 Analysis
Autoprotolysis equilibrium of [C,ImH*][TFSA™] is described as

C,ImH* + TESA™ 2 C,Im + HTFSA, K, = [C,Im][HTESA]. 2.1)

Total concentrations of HTFSA and C, Im, Cy; and Cg ;, respectively, at each titration point,

iare
Vo[HTFSA
Cy,; = u = [HTFSA]; + [C,,ImH*]; and (2.2)
Vo +V;
V;[Col
Cpi= YilColmlo _ [C,Im]; + [C,JmH*];. (2.3)
’ Vo + Vi

where V, V;, [HTFSA]p and [C,Im]j are the initial volume, the volume at titration point i,
the initial concentrations of acid and base (titrant) solutions, respectively. In Cg — Cg > 0
(acid region), it is plausible that all the C,,Im are protonated to exist C,,ImH" in the solution
because HTFSA is a strong acid, and thus we can obtain the simple equation: [HTFSA] =
Cy,; — Cg,;. From a Nernstain equation, the observed electromotive force (emf), E; at the

titration point i is represented as
E; = E° + (2.303RT/F)1og[HTFSA]; = E*' + (2.303RT/F)log(Cy,; — Cg.;), (2.4)

where E°’, R, T and F denote standard electrode potential, gas constant, temperature and
Faraday constant. The observed E;s were analyzed according to Gran’s method as follows,

which is well known as analysis for an acid-base reaction by potentiometric titration. The
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(Vo + Vi) 105/ 230B3RT/F) s plotted against V; based on the following eq. 2.5 to give a straight

line, and the slope and intercept essentially correspond to the [C, Im]y and E°’, respectively.
(Vo + Vi)loEi/(Z.303RT/F) _ 10E°’/(2.303RT/F)(VO[HTFSA]O — V;[C,,Im]o) (2.5)

In Cyg — Cg < 0O (base region), all protons in the solution bind to C,Im, leading to a
relationship; Cy,; = [C,ImH"]. We can thus obtain the simple equation; [HTFSA] =
K/[C2Im] = K/(Cg,;—Cq,;). From a Nernstain equation, the following equation is obtained

in the base region,

(VO + Vl) 10—Eg/(2.303RT/F)

) (2.6)
= 100 KrET/Q2303RT /) (v [C,, Im]o — Vo[HTFSA]y)

and from the intercept in the left side vs. V; plot and that in eq. 2.6, we can estimate the
autoprotolysis constant, pK;. The data obtained by potentiometric titration experiments were

analyzed by Gran’s method. The titration experiment was performed 3 times and averaged.

2.3 Results and discussion

2.3.1 Potentiometric titration for [C,,ImH"][TFSA™]

(a) [C,ImH J[TFSA ] (b) [CImH J[TFSA ]

800 —
o

600 — I

E;/mV

400 —+

200 ;WM*) ——,@mw"}

-0.4 -0.2 0.0 07.32 0.4-0.2 -0.1 0.0 0.173 0.2
Cy— Cg/mol dm Cy— Cg/ mol dm

Figure 2.1. Potentiometric titration curve obtained for the acid HTFSA with the base C,,Im
in [C,ImH*][TFSA™] pILs with (a) n = 2 and (b) n = 4, respectively. The solid lines

correspond to the theoretical curve calculated by using the K values obtained finally.

Figure. 2.1 (a) shows potentiometric titration curve observed for [CoImH*][TFSA™] pIL.
The value of E; observed in the HTFSA solution slightly and gradually decreased with the
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addition of the titrant C;Im solution, and then sharply fell at the equivalent neutral point
([HTFSA] = [C2Im]). Subsequently, it decreased slightly under excess base conditions. The
large emf jump of approximately 600 mV indicates that the [Co,ImH*][TFSA™] has a large
pKs value. Similar potentiometric titration was applied to the [C4ImH*][TFSA™] system,
which can be seen in Figure 2.1 (b). The extent of the E; jump is almost similar to n =
2 system, implying that the pKg value for n = 4 system is close to that for n = 2. To
estimate the pK value, I analyzed the observed titration data using Gran’s method described

in Experimental section in detail.

1.4

(a) [CoImH ][TFSA ] (b) [C,ImH J[TFSA ]

O O =
A O 0o O

Vo + Vi)IOiE,-/(Z.3O3RT/F) Jau

N
o

I I I I I I
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=
W

Figure 2.2. Gran’s plot for the observed E;s in [C,ImH*][TFSA™] with (a) n = 2 and
(b) n = 4. The straight solid lines show the theoretical lines calculated by a linear squared

fitting method.

Figure 2.2 (a) shows the result of Gran’s plots for [CoImH*][TFSA™] system. It was found
that the experimental points fall on a straight line in both Cy — Cg > 0 (acid) and < 0 (base)
regions, resulting in a successful determination of pKg by using slope and intercept values. [
thus estimated the pKj value (and standard deviation) to be 12.3(2) for [CoImH*][TFSA™] at
298 K. This pK; value means that both neutral C,Im and HTFSA exist at the concentration of
1072 mol dm=3 in [CoImH*][TFSA~] pIL. Similarly, the pK value for [C4ImH*][TFSA™]
was estimated from Gran’s plots as shown in Figure 2.2 (b) to be 12.6(1) at 298 K. The
obtained pK; values are almost the same for both n = 2 and 4 systems, indicating that there
is essentially no dependence of alkyl group on the pK;. Kanzaki et al. recently reported
the pK; value of n = 1 system, [C;ImH*][TFSA™] by potentiometric titration. In their
work, the experiment was carried out for the melt [C;ImH*][TFSA™] at 324 K because
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[Ci{ImH*][TFSA™] is a solid at room temperature and the pK; value was estimated to be
8.58 [34]. Although the result cannot be directly compared with those for n = 2 and 4
systems (this work) due to different temperature condition on the experiments, the pK seems
to be enough small relative to those for n = 2 and 4 systems. This implies that the basicity of
the neutral C,Im in the [C,,ImH*][TFSA~] becomes stronger with increasing n = 1 up to 2,
however, that is a constant even with further increasing n. Here, I note the acid-dissociation
constant, pK, of neutral C,Im depending on n in aqueous solutions [40]. The K, value
does not show the dependence of the alkyl-chain length between C,Im (7.3) and C4Im (7.2)
in aqueous solutions. Furthermore, the alkyl-chain length dependence of the pK was also
reported for a series of alcohols in aqueous solution [41]. The pK is 16.7 for methanol
(n = 1) and increases with increasing n to be 18.9 for ethanol (n = 2), but, the value is kept
unchanged with further increasing n, i.e., 19.3 for 1-propanol (n = 3) and 21.5 for 1-butanol
(n = 4). These behaviors are similar to that obtained for [C,,ImH*][TESA™] system in this

work.

2.3.2 Relationship between pK and ApK,

14 — . K
TFSA (n=4) .
12 = TFSA (n=2)% !
(this work) ,
10 — TfO (n=1)
) 8 B Q/ B [ ]
¥ TFSA (n=1)
6 o
/
4 — SR
v
2= ,0 Lo
AN
0 RN | | |
0 5 10 15 20 25
ApK,

Figure 2.3. Relationship between pK and ApK, in [C,,ImH*][TFSA~] with n = 2 and 4
(open circle), that with n = 1 and [C;ImH"][TfO] (closed circle). The broken line with
pKs = ApK, — 3 corresponds to the result for some plLs.

Figure 2.3 shows the pK; values obtained for the [C,ImH*][TFSA™] (n = 2 and 4)
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plotted against the corresponding ApK, values, together with that for [C;ImH"][TFSA™]
(325 K) and 1-methylimidazolium trifluoromethanesulfonate, [C;ImH*][TfO](367 K) re-
ported by Kanzaki et al. [34]. In addition, those for several pILs ([C;ImH"][CF;COO™],
[C{ImH*][CH3;COO~], [C{ImH*][HCOO™], [C,NH3*][NO3~] and a series of PILs com-
posed of a ternary ammonium with 2-hydroxyethyl groups as a cation) already reported were
also considered, which is shown as a broken line in this figure. In the several pILs, the pK; vs
ApK, plots are represented by a straight line with pK; = ApK, —3 (broken line in Figure 2.3).
As is well established, the ApK, involves a hydration effect, and thus differs from the pKj
value determined by the experiments. Although temperature condition on the experiments
is different from room temperature, the [C{ImH"][TfO] (367 K) largely deviates from the
straight line, which locates on the lower position from the line, i.e., pK; << ApK,.

In the case of [C,ImH*][TFSA™] system examined here, it was found that the pK; values
for n = 2 and 4 are appreciably larger than the corresponding values expected from the
broken line. It seems that those are close to the relationship with pKy = ApK, (solid line in
Figure 2.3), which is the first case among the pILs reported until now. Here, note that pKj
and ApK, strongly depend on the solvation in pIL and water, respectively. The difference
between them (that is, pKs — ApKj,) is related to the sum of each difference in the solvation
free energies of cation, anion and their neutral species. The pKy — ApK, for n = 2 and 4
are 1.0 and 1.4, respectively, which is a positive value and significantly larger than those for
another plILs [34], showing a negative value. To discuss this from thermodynamic aspect, I
extended our study to temperature dependence of the pKj to estimate the enthalpy and entropy

of autoprotolysis reaction.

2.3.3 Thermodynamic parameters for autoprotolysis reaction in pILs

Table 2.1. pKjs of [Co,ImH*][TFSA™] in various temperature.

T/K pKs/mol?> dm™

297.7 12.3(2)
300.5 12.2(1)
314.7 12.0(1)
333.2 11.6(2)

Potentiometric titration experiment as described above was carried out with varying various
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Figure 2.4. Van’t Hoff plot obtained from temperature dependence of K for
[CoImH*][TEFSA™].

temperatures as shown in Table 2.1. Figure 2.4 shows the pK; values plotted against
reciprocal temperature, i.e., van’t Hoff plot, for the [CoImH*][TFSA™]. As can be seen in
the figure, the plot showed a good linearity in the temperature range examined here, and then
the enthalpy, AH® and entropy, AS® could be estimated from the slope and intercept in the
straight line. The AH° and AS° values were estimated to be 41(3) kJ mol~!' and —0.10(1) kJ
mol~! K=!, respectively, and the Gibbs energy, AG° at 298 K is 70.4 kJ mol~'. The positive
AH® suggests that the C,ImH™ is endothermically deprotonated in the pIL to from the neutral
CoIm. It has been established by calorimetric titration experiment that the AH° and AS° for
the autoprotolysis reaction in [CoNH;3*][NO3~] which is also a typical pIL are 83(2) and
0.09(1) kJ mol~! K1, respectively, and the AG® is 54.9(3) (pK, = 9.83 at 298 K).39 The
AH® for [CoImH*][TFSA™] is significantly smaller than that for [C;NH3"][NO3~], while
the AS° is essentially the same in both plLs. I thus conclude that the smaller pK, or AG° for
[CoImH*][TESA™] than for [C,NH3*][NO3~] is mainly ascribed to the enthalpy term in the
autoprotolysis reaction. The reaction enthalpy depends on the basicity of neutral specie in the
solution, in this case, CoIm and C,NH,. The basicity of C,Im is appreciably smaller than that
of C,NH; according to the pK, for both protonated species in aqueous system (pK, = 7.2 and
10.6 for C,ImH* and C,NH3%, respectively). This leads to a weaker C,Im—H™ interaction
relative to a Co,NH,—H™ one, resulting in a smaller reaction AH® in [CoImH*][TFSA™] than
that in [CoNH3*][NO57].
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2.4 Conclusion

The autoprotolysis reaction of [C,,ImH*][TFSA™] with n = 2 and 4 were investigated by
potentiometric titration to directly and experimentally estimate the equilibrium constant, pK.
The pKj is appreciably larger than the corresponding ApK, calculated by two pK,s for HA
and HB* in aqueous system, which quite differs from the result for other pIL systems such as
[Co,NH3*][NO3 ] etc. reported until now. From temperature dependence of the pK; obtained
by potentiometric titration, the AH® and AS° in the autoprotolysis reaction were determined
in [CoImHT][TFSA™]. It was found that the reaction endothermerically undergoes and the
AH® is smaller than that for [C;NH3*][NO3;~]. To obtain more insight into the acid-base
properties of plLs, the pK; data should be accumulated in various pILs and discussed from

thermodynamic aspect.
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Chapter 3

Brgnsted Basicity of Solute
Butylamine in an Aprotic Ionic
Liquid Investigated by
Potentiometric Titration

3.1 Introduction

In aqueous systems, acid-base properties, i.e., Brgnsted acidity and basicity, are well
established and understood, and it is thus known that they play a key role in chemical
reactions in solution. As the indicative parameter of the acidity and basicity of solutes, the
acid dissociation constants (pK,s) are well known and pK,s of numerous solutes have been
reported in aqueous systems. These values can be determined by simple titration experiment
by detecting pH, which can be measured using a popular glass electrode. However, in
non-aqueous media such as ionic liquids (ILs), it is difficult to determine the absolute
pK.s, because a glass electrode hardly work in the non-aqueous system. Instead of direct
measurement, other techniques, such as ultraviolet-visible (UV-vis) and infrared (IR)/Raman
spectroscopy have been applied to investigate the pK,s in non-aqueous solutions [1-5].

Recently, ILs have attracted attention as new solvents, and thus have been widely
investigated for application (e.g. catalysys, separation and electrochemical devices) as
mentioned in Chapter 1. However, the knowledge of acid-base reactions in ILs still remains
limited, although they are one of the most fundamental and essential reactions in solution. ILs
are classified into two categories (similar to non-aqueous molecular solvents), i.e., protic ILs

(pILs) and aprotic ILs (alLs). pILs, [HB*][A™], can be readily prepared by simply mixing
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Brgnsted acids (HA) and bases (B) [6-9]. Angell et al. proposed that the pK, for [HB*][A™]
is defined by the deference between two acid dissociation constants, K,s, for HA and HB*
in water, i.e., ApK, = pK,(HB*) — pK,(HA) [9]. The ApK, is a good indicator of the acid-
ity/basicity of a pIL, however it has limit because it does not take account for the hydration
effect to the solute. Kanzaki and Umebayashi et al. firstly reported the directly measured pH
in pILs using an ion-selective field effect transistor (IS-FET) or Pt(H,) electrode to evaluate
the autoprotolysis constant, K, using potentiometric titration experiments [6, 8]. In the case
of alLs, UV-visible spectroscopic investigations have been applied to alL solutions containing
a neutral solute as an indicator, with the protonation extent of the solute evaluated on the
basis of the wavelength of the absorption band [3, 5]. It should be noted that, the directly
measured pH (or — log[H"]) is one of the best indicators to determine the acid-base properties
in solution [10, 11]. However, these direct investigations have rarely been performed on acids
and bases in alLs, because a glass electrode does not show response to the [H*] in ILs, as
mentioned above. In this study, the direct measurement of the pH was performed on an
alLL. 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide ([C,mIm*™][TFSA™])
solution containing butylamine (BuNH,) as a typical neutral solute molecule with strong
basicity, and the acid dissociation constant of BuNH;r in the [ComIm*][TFSA~] alL was

estimated.

3.2 Experiment
3.2.1 Sample preparation

[ComIm™][TFSA™] was prepared from 1-methylimidazole and 1-bromoethane according
to the previously described procedure [12]. The water content was determined by using
Karl Fisher titration to be less than 50 ppm. The BuNH, was dried with molecular sieves (4-
A). The bis(trifluoromethanesulfonyl)amide acid (HTFSA, crystals) was used without further

purification.

3.2.2 Potentiometric titration

An HTFSA solution (4.0 x 1072 mol dm™, 4.0 cm?) in a thermostated vessel at 298
K was titrated with the BuNH, solution (8.0 x 1072 mol dm™?) by using an auto-burette.
The electromotive force (emf) was measured using an IS-FET electrode (HORIBA 0040-
10D) [13], which is well established as showing an good Nernstian response to [H*] in ILs

and non-aqueous solvents [7, 13]. The titration experiments were performed 3 times and
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averaged. The data were analyzed according to Gran’s method [14]. The details of the theory

and analysis are described as follows.

3.2.3 Theory and Analysis
The acid-base reaction of BuNH, in [ComIm*][TFSA™] aIL is described as

BuNH," 2 BuNH, + H* (or [HTFSA]), 3.1

where K, is the equilibrium constant for acid-base reaction. Here, It should be noted that the
solvent [ComIm™][TESA™] undergoes autoprotolysis reaction to give the proton-dissociated

specie (eq. 3.2) in the solution.

ComIm(H") + TFSA™ 2 ComIm + HTFSA,

K = [ComIm][HTFSA]( or [ComIm][H*]), (3-2)

where Kj is the autoprotolysis constant. In this section, 1-ethyl-3-methylimidazolium cation
and its proton-dissociated one are described as C,mIm(H") and ComIm, respectively. The
autoprotolysis reaction for solvent coexists with the above acid-base reaction in equilibrium,
and then it is expected that the neutral C;mIm acts as conjugated base for BuNH, in the
solution. Total concentrations of HTFSA and base (BuNH,), Cy; and Cg; at each titration

point, i are

Vo[HTFSA
VolHTESAb | 5 NH,*; + [HTFSA]; - [CoymIm]
Vo+ Vi (3.3)

= [BuNH;"]; + [HTFSA]; — K,/[HTFSA] and

C}Li =

Cg,; = [BuNH3"]; + [BuNH,];, (3.4)

where Vp, V;, [HTFSA]p and [BuNH,] are the initial volume for acid solution, the volume
at titration point Z, the initial concentrations of acid and base (titrant) solutions, respectively.
In Cy — Cg > O region, namely, acid region in the solution, it is plausible that all BtNH2
molecules exist as protonated BuNH3+. Therefore, the eq. 3.4 can be approximated as Cg; =
[BuNH3"] to lead to [HTFSA] = Cy; — Cg,; + K/[HTFSA]. Here, I note that it is very
difficult to determine the Ks value experimentally, because the CymIm is dissociated proton at
C2 position within the ComIm(H*) cation and unstable in the solution. We thus assume here
that the Ks is very small and is negligible in this system. Indeed, the potentiometric titration
curve can be represented by concerning the acid-base reaction for BuNH; (eq. 3.1) only (see

Figure 3.1). On the basis of this assumption, we obtain the simple equation, [HTFSA] =
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Cu,;i—Cg,; ,if K'/? << Cy — Cp. From a Nernstain equation, the observed E; at the titration

point i is represented as
E; = E°" + (2.303RT/F) 1og[HTFSA]; = E°' + (2.303RT/F) log(Cy,; — Cg.;), (3.5)

where E°’, R, T and F denote the standard electrode potential, the gas constant, temperature
and Faraday constant. The observed E;s were analyzed according to Gran’s method, which
is well known in the analysis for an acid-base reaction by titration potentiometry. The
(Vo + V;)10Ei/2-303RT/F) i plotted against V; on the basis of the following equation to give
a straight line, and the slop and intercept essentially correspond to the [BuNH;]y and E*’,

respectively.
(Vo + V;) 10E/303RTIE) = 1oE7/G303RTIE) (v IHTFSA] — Vi[BuNH2lo)  (3.6)

In Cy — Cg < 0 (base region), all protons are distributed to base BuNH; to form BuNH;™.
Therefore, eq. 3.3 is simplified as Cy = [BuNH3"], and we thus obtained the following

equation.
H] = ——. 3.7

From a Nernstain equation, the following equation including the E; is obtained, and

Vo[HTFSA]o 10~ Ei/C-303RT/F)

) (3.8)
= 10 g Kat E¥/Q2303RT/F)] (. IBuNH, ] — Vo[HTFSA]p)

If [HTFSA]y is known, [BuNH;]( can be estimated from the intercept and slope in the left-
hand side vs. V; plot. Furthermore, from the intercepts in eq. 3.6 and 3.8, we can estimate the

acid dissociation constant pKj.

3.3 Results and discussion

Figure 3.1 shows a typical potentiometric titration curve obtained for the BuNH, dissolved
in [ComIm*][TFSA™] solution. The value of E; observed in the vessel (HTFSA solution)
slightly and gradually decreased with adding the titrant (BuNH, solution) and then fell
rapidly at the equivalent neutral point, i.e., [HTFSA] = [BuNH;]. Subsequently, the E;
decreased slightly under excess base conditions. The large emf jump up to approximately 850
mV indicates that BuNH, has a large pK, value in [C,mIm*][TFSA™] alL. For estimation of
the apparent pK, value, the observed titration data were analyzed using Gran’s method.

Figure 3.2 shows the Gran’s plot for the obtained data. The experimental data fell on a

straight lines in both the acidic and basic regions. According to Gran’s plot, the slope and



30 Chapter 3 Acid-Base Property of Solute in IL

800

E;/ mV
~
S
(e
|

)

S

S
|

200 | | | |
40 200 0 20 40

Cy— Cq/x10 " mol dm

Figure 3.1. Potentiometric titration curve for the acid HTFSA with the base BuNH; in a

[ComIm™][TFSA™] solution. The solid line corresponds to the theoretical curve calculated

with the experimentally determined pK,.
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Figure 3.2. Gran’s plot for the obtained E;s in [ComIm™][TFSA™] solution. The straight

lines (solid) show theoretical lines calculated with a linear squared fitting method. The data

points on left and right lines are normalized by the value ini = 1, i = 19, respectively.
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intercept of this plot leads to the quantitative evaluation of the apparent pK,, which was
estimated to be 16.6(1). The theoretical line calculated with this pK, value is also shown in
Figure 3.1 (the red solid line), which well reproduces the experimental titration curve.

From the estimated value, it was found that the pK, of BuNH;r in [ComIm™*][TFSA™] is
significantly larger than corresponding value in water (pK, = 10.6 [15]). This indicates that
BulNHj; in the alLL acts as a stronger base than it does in water. Similar behavior has also been
reported in other non-aqueous solutions [2,11].

Recently, Barhdadi et al. reported the pK, values of some neutral solutes in 1-butyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)amide ([C4mIm*][TFSA™]) determined
by potentiometric and cyclic voltammetric measurements using a platinized Pt(H,) elec-
trode [16]. They estimated the pK, values of pyridine, 3-picoline, 2,6-lutidine, and
2,4,6-collidine to be 11.5, 11.2, 13.2, and 15.2, respectively, which are higher than the
corresponding values in water (5.2, 5.68, 6.75, and 7.43, respectively). The differences in the
pK, values for these commonly used bases containing a nitrogen atom in [C4mIm™][TFSA™]
and water for these solutes, i.e., pK,(IL) — pK,(water), are 6.3, 5.5, 6.4, and 7.8, respectively.
In the present study, BuNH, is also a base with a nitrogen atom, and the difference in
the pK, values is 6.0, which shows similar behavior to the values mentioned above. This
similarity implies that the ApK, value is related to the solvation in alL, i.e., the difference in
the solvation free energy of the solute in the IL and that in water.

Figure 3.3 shows the distribution of neutral RNH, (R = butyl or propyl) calculated with
the pK, values in [ComIm™][TFSA™] (this work), water, and the non-aqueous solvents
tetrahydrofuran (THF) and acetonitrile (AN) [1]. The pK, values in the water (BuNH>),
THF (propylamine, PrNH;) and acetonitrile (PrNH,) systems are 10.6 [15], 13.8 [1] and
18.2 [17], respectively. As can be clearly seen in Figure 3.3, the order of the basicity for
BuNHj; is water < THF < [ComIm*][TFSA~] < AN. This behavior can be ascribed to the
solvation of the each species, particularly the protons in the solutions. Solvent parameters
such as the dielectric constant, donor and acceptor numbers, ET(30) are useful parameters for
initially understanding the solvation behaivor in a solution [18, 19]. For example, the donor
number, which reflects the electron-pair donation, is in the order [ComIm*][TFSA™] (11.2)
< AN (14.1) < water (18.0) < THF (20.0). It is reasonable to assume that protons should
be stabilized by a strong electron-pair donating solvent. Therefore, BuNH] would be more
dissociated in solvents with larger donor numbers, resulting in a smaller pK,. However, this
trend is not observed for the actual pK, values. Similarly, no significant relation between
the pK, and other solvent parameters was observed. However, it should be emphasized that

BuNH]J behaves as a stronger acid in the IL than it does in AN, although the electron donating
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Figure 3.3. Distribution of amine species in [ComIm*][TFSA™] (this work), water, THEF,
and acetonitrile calculated with the each pK, values. The lines colored with blue, gray
(broken), black (bold), and red (dotted) correspond to the water, THF, [ComIm™][TFSA™]

and acetonitrile systems, respectively.

ability for IL is weaker than that for AN.

3.4 Conclusion

The acid-dissociation constant, pK, for BuNH; in [ComIm*][TFSA™] alL was success-
fully determined directly by using IS-FET electrode to be 16.6(1). This value is significantly
larger than corresponding value for water (10.6), indicating that the BuNH; in alLs acts as a
stronger Brgnsted base than that in water. The value was compared with pK, values in other
non-aqueous solvents, however, there is no obvious relation between pK, and conventional
solvent parameters. To obtain more insight into the acid-base properties of solutes in IL
systems, further knowledge of the thermodynamic and structural aspects of solvation in ILs

are thus required.
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Chapter 4

Effect of Protonation on the
Solvation Structure of N-Butylamine
in 1-Ethyl-3-methylimidazolium
Bis(trifluoromethylsulfonyl)amide
Studied by High-energy X-ray Total
Scattering and Molecular Dynamics
Simulations

4.1 Introduction

Room-temperature ionic liquids (ILs) composed of only ions show novel solvent proper-
ties, which quite differ from water or conventional organic solvents [1]. Due to their unique
properties such as nonvolatility, nonflammability, thermal and electrochemical stability, ILs
have attracted much attentions as promising solvents for many scientific fields such as organic
synthetic chemistry [2, 3], electrochemistry [4-6], green chemistry [7, 8] and soft material
science [9-12]. One of the most important characteristics of ILs is their designability, that is,
one can bestow affinities on various molecules such as metal ions [6,13] organic molecules [3]
and biopolymers [14-18] for dissolution them into ILs by designing structure of cation and
anion. These dissolution properties are important for the application of ILs as a novel reaction

field because many chemical reactions are performed in solution, where solute is dissolved.
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Among the fundamental reactions, acid-base reaction is one of the most important
reactions. In aqueous systems, acid-base properties, i.e., Brgnsted acidity and basicity,
are well established and understood to play a key role in chemical reactions in solution.
However, in aprotic ILs (alLs), which have no dissociative protons in cation, knowledge
of acid-base reactions is quite limited. Measurements of acid dissociation constant K,, i.e.
an indicative parameter of the acidity and basicity, are limited to indirect measurements
such as ultraviolet-visible (UV-vis) and infrared (IR) spectroscopies [19-23] because a glass
electrode is not available in typical ILs. McFarlane et al. investigated the position of the
UV-vis absorption band in alLs containing a neutral solute as an indicator to point out that
the acid-base properties in ILs essentially differ from that in water [21]. Barhdadi et al.
directly performed cyclic voltammetry to estimate the pK, values of some bases in 1-butyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)amide ([C4mIm*][TESA™]) [24]. The
values are strongly dependent on the anion species of the IL and are significantly larger than
the corresponding values in water. Krossing et al. calculated Gibbs solvation energies of the
proton in ILs by quantum chemical calculations to report that ILs have novel acidity scale
different from those of water or conventional solvents, which deeply depends on anion or
cation species [25].

Recently, I directly determined the pK, values of butylamine (BuNH;) in the typical
alL, 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide ([C,mIm*][TFSA™])
by potentiometric titration using ion-sensitive field effect transistor (IS-FET) electrode [26].
The pK, value was estimated to be 16.6(1) [26], which is significantly larger than that in
water (pK, = 10.6). This large difference in pK, values is ascribed to the difference of Gibbs
energy, which deeply depends on solvation by solvents. Thus, this result indicates that the
solvation structure in ILs essentially differs from that in water.

In this work, I carried out high energy X-ray total scattering (HEXTS) measurements on
BuNH; and BuNH3™" in [ComIm*][TFSA™] solutions to elucidate the change of solvation
structure after protonation. In order to show the solvation structure clearly, I performed
MD simulation for this system. First, I discussed the solvation structure of BuNH, in
[ComIm™][TFSA™]. On the basis of this result, I discussed the difference of solvation
structure between BuNH, and BuNH;3 ™.
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4.2 Experiment
4.2.1 Materials

The IL, [ComIm™][TFSA~] was synthesized according to conventional methods [27].
The water content in the IL was checked by Karl Fisher titration to be less than 50 ppm.
N-butylamine (BuNH;), purchased from Wako, was dried with molecular sieves (3A) and
purified by filtering prior to use. The HTFSA was kept in a glovebox and used without further
purification. By dissolving equimolar N-butylamine and HTFSA into [ComIm™][TFSA™],
1-butylammonium TFSA™ (BuNH3™) with [ComIm™][TFSA™] solution was obtained.

4.2.2 HEXTS Experiments

HEXTS measurements were performed by using the HEXTS apparatus at the BLO4B2
beamline of SPring-8 (Japan Synchrotron Radiation Research Institute, JASRI, Japan) [28,
29]). All of the measurements were performed at room temperature. The monochromatized
X-ray of 61.4 keV was obtained using a Si(220) monochromator. The observed scattering
intensity of the X-ray was corrected for absorption [30], polarization and incoherent
scatterings [31,32] to obtain coherent scattering intensities, /.onh(g). The experimental X-ray
structure factor, S**P(g), and the radial distribution function, G**P(r), per stoichiometric

volume were obtained as follows;

Icoh(Q) - Z nifi(Q)z
[2 ni fi(q)]?

S*P(g) = + 1 and 4.1)

1
2121 po

qmaX
G™*(r)-1= f g[S — 1] sin(gr) x exp(—qu)dq, 4.2)
0

where n; and f;(q) correspond to the number and atomic scattering factor of atom i,

respectively, po is the number density, and B is the damping factor [33].

4.2.3 MD Simulations

An MD simulation for an NTP ensemble (298 K and 1 atm) in a cubic cell was performed
using Materials Explorer 4.0 program (Fujitsu), and the composition (number of ion pairs

and solutes) in a given system is listed in Table 4.1. The simulation time was 2.0 ns for all
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of the systems. The system was equilibrated for the first 50 ps with an interval of 0.2 fs, and
the data collected at every 0.1 ps during 2.0 ns were analyzed to obtain the X-ray weighted
structure factors and radial distribution functions, SMP(¢) and GMP(r), respectively. CLaP
and OPLS-AA force fields were used for IL ions and solutes (BuNH, and BuNH3"),
respectively [34-38], including intermolecular Lennard-Jones and Coulombic interactions
and intramolecular interactions with bond stretching, angle bending, and torsion of dihedral
angles. The detailed procedure of MD simulations was described elsewhere [27, 39-47].
The density values obtained by the MD simulations showed good agreement with the
corresponding experimental ones, which are also listed in Table 4.1. The SMP(¢g) and GMP (r)
were calculated from the trajectory obtained by MD simulations to directly compare the MD

result with HEXTS experiments, as follows,

2i 2jlni(ni—=Dfi(@)fi(@)/N(N-1)] rr MD 1y singr ..

TP [Zk}n(k?ﬁ)gv/\)]];] Jo 4xpo@MP(r) = D Lrdr +1 (i = )
i 2jlening fi(q)jilq r MD singr . .
RCACILDE Jo armpo(gy; () — D= =dr + 1 @ #J)

(4.3)

,where the total number of atoms in the simulation box, N is given by N = X;nx. The
X-ray radial distribution function GMP (r) was obtained from SMP(g) by a Fourier transform

procedure similar to that of G™*P(r).

Table 4.1. Compositions and densities of the systems for the MD simulations.

Solute species Density /gcm™  Solute Cation  Anion
(concentration)? MDP Exp°©
BuNH; (15 mol%)  1.537 1.475 45 256 256
BuNH; (30 mol%)  1.496 1.414 110 256 256
BuNH3* (30 mol%) 1.607 1.501 110 256 256
aMol fraction of solute in IL, [ComIm*][TFSA™].

bDensities obtained from MD simulations.

“Densities obtained from experiments.
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4.3.1 HEXTS Experiment
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Figure 4.1. (a) BuNH; concentration dependence of X-ray structure factors, S*P(g)’s, and
(b) protonation effect to S*P(g) for BuNH; in [ComIm™][TFSA™] solution.

Figure 4.1 (a) shows the observed S*P(g) for BuNH; in [ComIm*][TFSA™] solutions in
the ¢ range of 0.2-6.0 A~!, together with the corresponding neat [ComIm*][TFSA~]. The
first peak at 0.9 A~! decreased in the intensity with increasing BuNH, concentration and
the reverse was observed in the second one at 1.5 A~'. This indicates that intermolecular
interaction between BuNH, and IL ions (anion and cation) is formed instead of ion—ion
interaction of [ComIm*][TFSA™] to form a new solvation structure surrounding BuNHj.
Figure 4.1 (b) shows the observed S™*P(g) for BuNH3" in [ComIm*][TFSA™] solution
together with the corresponding BuNH, data. As can be clearly seen, the shape of the first
peak at 0.9 A~! obviously became broader. This implies that solvation structure significantly
changed by protonation.

Figure 4.2 shows the experimental radial distribution function, G*P(r), as a form of
r2[G(r) — 1] for 0-30 mol% BuNH, and 30 mol% protonated BuNH3* in [ComIm*][TFSA™]
solutions in the r range of 0—10 A. It has been established in our previous works that the peaks
at r < 3 A is mainly assigned to the intramolecular interactions for solute and solvent. In
the r-range of 3-6 A, the component for intermolecular interaction is seriously overlapped
with that for the intramolecular interaction. Therefore, we tried to extract a partial radial
distribution function for intermolecular component, particularly, BuNH,—IL and BuNH3"-IL

interaction, from the total GMP(r) to discuss solvation of BuNH, in IL solution.
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Figure 4.2. (a) BuNH, concentration dependence of radial distribution functions, 7> [G(r) —
1]’s, and (b) protonation effect to r2[G(r) — 1] for BuNH; in [ComIm*][TFSA~] solution.

4.3.2 MD Simulations

Figure 4.3 shows X-ray weighted radial distribution functions, r2[GMD(r) — 17’s, for
(a) 15, (b) 30 mol% BuNH; and (c¢) 30 mol% BuNH3* in [ComIm™][TFSA~] solutions,
together with the corresponding r2[G*P(r) — 1]’s obtained by HEXTS experiments. It
was clearly found that the MD results well reproduce the HEXTS ones for all of the
experiments examined here. The MD-derived total GMP () can be divided into intra- and
intermolecular components, GMP;,..(r) and GMPj .(r). We thus extracted the partial
GMP, i (r)’s and GMPyer(r)’s to discuss the solvation structure of BuNH, and BuNH3*
in [ComIm*][TFSA™]. By separating two type of the G(r), the peaks observed in Figure 4.3
can be assigned. The peaks at 1.5, 2.1, and 2.7 A in the rz[G(r) — 1] were mainly assigned
to the intramolecular correlations within C;mIm* and TESA™ components according to our
previous report [27] and thus the other peaks might be assigned to the intermolecular corre-
lations. To discuss the intermolecular correlation in detail, the GMPj . (r) is separated to six
intermolecular interactions, that is, solute—anion, solute—cation, solute—solute, cation—anion,
anion—anion, and cation—cation components, which are discussed in detail in the following

sections.
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Figure 4.3. Radial distribution function, r2[GMP(r) — 1]’s, for (a) 15, (b) 30 mol% BuNH,
and (¢) 30 mol% BuNH3* in [ComIm*][TFSA™] solutions. The open circles correspond

to the experimental r>[G®P(r) — 1]’s, and the solid lines correspond to the theoretical

r2[GMP (r) — 1]’s derived from MD simulations.
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4.3.3 Solvation Structure of BuNH, in [ComIm™][TFSA™]
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Figure 4.4. X-ray weighted (a)total GMP, er(r), as a form of r2[G(r) — 1] obtained from
MD simulations for 15-30 wt% BuNH; in [ComIm*][TFSA™] solutions, together with the
partial GMPj . (r)’s for (b) solute—cation(IL), r2[GMPy1_cat () — 11, and (b) solute—anion(IL),

r2[GMP _n () = 1], interactions.

Figure 4.4 shows total GMP, o (r) as a form of r2[G(r) — 1] for 15-30 wt% BuNH,
in [ComIm*][TFSA™] solutions, together with the corresponding partial GMD, i (F)’s
for solute—anion(IL) and solute—cation(IL) components (r*[GMPy_cay — 1] and

MD
GMD,_._

rz[GMDsol_an(r) — 1], respectively). Here, the partial radial distribution functions, [ y

1]’s (i and j correspond to solute, cation or anion species), are normalized by the number of
combinations of ion pairs at rmax (= 20 A in this work) and their X-ray scattering abilities,
i.e. r2[GMP;_;(r)/GMP;_; (rmax) — 1]. In Figure 4.4 (a), the total r2[GMP e, () — 1] exhibited

a clear peak a at 4.6 A, which corresponds to the nearest-neighbor interaction in this system.
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It is clearly seen in Figure 4.4 (b) that the main peaks at 4.6 A in the total r2[GMPjyer (r) — 1]
can be assigned to the BuNHj—anion(IL) interactions. The peaks at 5.7 and 9.2 A in total
r2[GMP, ..(r) — 1] also can be assigned to the BuNH,—anion(IL) interactions. As can be

2[GMP | _i(r) — 1] showed a clear peak at 5.0 A, indicating that

seen from Figure 4.4 (c), r
the C,mIm™ cations are the second neighbor of BuNH,. We thus concluded that the BuNH,
molecules are preferentially solvated by the TESA™ anion in the [ComIm*][TFSA™] and then,

contributions of the C,mIm™* cation to the solvation are relatively small.

Figure 4.5. SDFs of the center of mass of TFSA™ anion and C,mIm™* cation surrounding N
atoms within BuNH>, obtained for 30 mol% BuNH, in [ComIm*][TFSA~]. The blue and red

clouds indicate the isoprobability surface of TFSA™ anion and ComIm™ cation, respectively.

Figure 4.5 shows typical spatial distribution functions (SDFs) calculated from center of
mass of TFSA™ anion (blue cloud) and C,mIm* cation (red cloud) surrounding N atoms
within BuNH,, calculated from the MD trajectory. The clouds in the SDFs indicate the
isoprobability surfaces of a given ion. It was found that the center of mass of the TFSA™
anion is located around the H atoms within the NH; group and then C,mIm™* cation is located
between anions. Here, we note the SDFs reported for typical imidazolium-based ILs with
balky anions, [C,,mIm™][X~] with X = TESA™ [40] and FSA™ [47]. These anions have low
polarity and highly delocalized charge and the interaction between cation and anion is almost
from an electrostatic contribution. However, the O atoms in TFSA™ has still considerable
polarity, thus hydrogen bond between H and O atom observed in this system. We concluded

that TFSA™ anion has the polarity and then forms a hydrogen bond with the BuNH, molecule.
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4.3.4 Solvation Structure of BuNH3" in [ComIm™][TFSA™]
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Figure 4.6. X-ray weighted (a)total GMP, er(r), as a form of r2[G(r) — 1] obtained from
MD simulations for 30 wt% BuNH, and BuNH3* in [ComIm™][TFSA™] solutions, together
with the partial GMPje,(7)’s for (b) solute—cation(IL), r*[GMPo1_cat () — 11, and (b) solute—

2 [GMD

anion(IL), r sol—an(r) — 1], interactions.

Figure 4.6 shows total GMP, or(r) as a form of r2[G(r) — 1] for 30 wt% BuNH,
and BuNH3" in [ComIm™][TFSA™] solutions, together with the corresponding partial
GMP,er (r)’s for solute—anion(IL) and solute—cation(IL) components (r*[GMPgo1_carry — 1]
and rZ[GMDsol_an(r) — 1], respectively). In Figure 4.6 (a), the total r2[Ginter(r) — 1] exhibited
a similar peak to the BuNH, system, however, the shape around 4.0 A, which corresponds
to the nearest-neighbor interaction, slightly changed. As can be seen from Figure 4.6 (b), a
clear peak was observed at 4.2 A. The peak position moves from 4.6 to 4.2 A by protonation,

indicating TFSA™ anion shows stronger interaction with BuNH3* than BuNH; system. On
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the other hand, in Figure 4.6 (¢), the second neighbor peak from C,mIm* cation is observed
at 9 A. This indicates that the BuNH3*—cation(IL) interaction becomes significantly weaker
than BuNH, system instead of the strong BuNH3*—anion(IL) interaction. We thus concluded
that the BuNH3™ molecules are more preferentially solvated by the TFSA™ anion in the
[ComIm*][TFSA™] than the BuNH, system.

Figure 4.7. SDFs of the center of mass of TFSA™ anion and C,mIm™ cation surrounding N
atoms within BuNH3*, obtained for 30 mol% BuNH3* in [ComIm™][TFSA~]. The blue
and red clouds indicate the isoprobability surface of TFSA™ anion and ComIm™ cation,

respectively.

Figure 4.7 shows typical SDFs calculated from center of mass of TFSA™ anion (blue cloud)
and C,mIm™ cation (red cloud) surrounding N atoms within BuNH3™", calculated from the
MD trajectory. As with the BuNH, system, it was found that the center of mass of the
TFSA™ anion is located around the H atoms within the NH3™ group. However, note that, the
coordination number of TFSA™ anion increased from 2 to 3 by protonation. On the other
hand, ComIm™ cation is located outside anions, which indicates that the interaction with
BuNH;* for C;mIm™ cation is significantly weaker than that for TFSA™ anion. This results
indicate that the solvation structure of TFSA™ anion plays a key role in the large stabilization

energy by protonation of BuNHj; in aprotic IL.

4.3.5 Atom-atom interaction between amine and TFSA™ anion.

To discuss local interactions of solute and anion in detail, we further analyzed the MD
results to evaluate the atom—atom pair correlation functions, gMDatom_atom(r)’s. Here,

we focused on the atom—atom interactions for intermolecular solute—anion components.
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Figure 4.9. Atom-atom pair correlation functions, gMDatom_atom(r)’s for O, F and N atoms
within TFSA™ anion around N atom for (a) BuNH; and (b) BuNH3;" systems.

Figure 4.8 shows the gMDNB_OA(r)’s for the interaction between N atom within the BuNH»
or BuNH;* (Ng) and O atom within TFSA™ anion (O4). Other gMPrng_xa’s (X = N, O,
F and S) were shown in Figure 4.9. The first peak position of gMPNg_oa(r) for BuNH,
system appeared at 3.0 A, whereas corresponding peak position for other gMPng_xa’s were
longer than it (see figure 4.9). In BuNH3* system, The first peak position of gMPng_oa ()
also appeared at 2.8 A and similar behavior to BuNH, system was observed. The distance
of the closest N-H (solute) = - - O (anion) correlation in both systems are consistent with
the distance for the hydrogen bond (N-H - - - O, 2.8-3.1 A). [48] We thus concluded that
hydrogen bond mainly contributes to the the correlation between solute (BuNH, or BuNH;3*)
and anion (TFSA™). Here, note that a significant difference is found in the first peak intensity
between two systems. We thus estimated the coordination number of O atoms within TFSA™
anion around N atom within BuNH, or BuNH;3" to discuss the difference in detail.

The coordination numbers of the O atom within TFSA™ anion around N atom within
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Table 4.2. Coordination number of atoms in the first and second solvation shell of Ng-Oa
in BuNH, and BuNH3*.

Coordination number (peak position / A)

Solute species First peak Second peak
BuNH; (30 mol%)  2.58 (3.0) -(-)
BuNH;3" (30 mol%) 4.99 (2.8) 6.75 (5.1)

BuNH; or BuNH;3* were listed in Table 4.2. In the BuNH, system, the coordination number
of nearest-neighbor O atom is approximately 2 due to two N-H bond within BuNH,. On the
other hand, in the BuNH3* system, the coordination number increased to be approximately
5, which is more than 3, i.e., the number of N-H bond within BuNH3*. This indicates that the
BuNH3" was highly attracted by negative charge of O atom to form new solvation structure,
that is, partially two O atom within one TFSA™ anion were attracted to exist within first
solvation shell around N atom. In addition, a second peak was clearly observed in the
BuNH3" system. The coordination number for the second peak was estimated to be 6.75,
which is more than that for the first peak. This result indicates that all of the O atom within
surrounding TFSA™ anion were attracted by positive charge of BuNH3™, resulting in more
ordered orientation of TFSA™ anion than BuNH; system, where the second peak was not
observed. We thus concluded that the protonation strongly affects the solvation structure and

coordination number of anion, resulting in large Gibbs energy of protonation.

4.4 Conclusion

The solvation structures of BuNH, and BuNH3* in [ComIm*][TFSA™] were investigated
by HEXTS experiments and MD simulations and quantitatively discussed in terms of
structural parameters such as distance, orientation, and coordination number for inter-
and intramolecular interactions in the solutions to elucidate large pK, value of BuNH;™.
The experimental radial distribution functions, r>[GMP(r) — 1], were well reproduced by
theoretical ones derived from MD simulations for all of the systems examined here. It was
found that the BuNH, and BuNH3™ molecules are preferentially solvated with the TFSA™
anion rather than the CmIm* cation. We pointed out that the hydrogen bond between Op
(anion) and Hy (BuNH; or BuNH3") is predominant in the solute-IL interaction due to a
localized negative charge within four oxygen atoms of the anion. After protonation, the

coordination number of TFSA™ anion increased from 2 to 3, resulting in the large stabilization
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energy. Eventually, we concluded that drastic change of solvation structure results in large

pK, value.
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Chapter 5

Gelation Mechanism of Tetra-armed
Poly(ethylene glycol) in Aprotic
Ionic Liquid Containing
Non-volatile Proton Source, Protic
Ionic Liquid

5.1 Introduction

3D Polymer networks combined with ionic liquids (ILs), i.e., iongels are investigated and
applied as polymer electrolytes for electrochemical devises [1-6], polymer actuators [7-11],
and membranes for gas separations [12—-17]. Iongels are well known as environmentally
green materials [18, 19] because ILs have negligible volatility, non-flammability, thermal
and chemical stabilities [20-22]. Physicochemical and electrochemical properties of iongels
strongly depend on solubility of polymers in ILs, and these properties can be controlled by
combination of polymers and ILs. That is, the iongels composed of polymers which have
good compatibility with ILs can contain a large amount of solvent IL, resulting in high ion
conductivity and gas absorption selectivity. Ueki and Watanabe reviewed the solubility of
several polymers in typical aprotic ILs (alLs) [23]. They pointed out that certain combinations
of polymers and ILs show temperature-induced phase separations. Both lower and upper
critical solution temperature (LCST and UCST, respectively) type phase separations occur
in the ILs, and their phase separation temperatures can be easily changed by the polymer-IL

combinations. Furthermore, the cross linked iongels obtained by their combinations show
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reversible swelling/shrinking behavior, that is, a volume phase transition [24].

In the development of iongels as polymer electrolytes and gas separation membranes, one
of the requirements for the applications is establishment of iongel with high mechanical
toughness at low polymer and high solvent IL contents. Lodge et al. reported high toughness
iongels composed of ABA-type triblock copolymers in conventional alLs with relatively
low polymer concentrations (10-20 wt%), which show high ionic conductivity and high
performance as CO, separation membranes [25, 26]. Recently, they have also reported
high toughness iongel with 10 wt% triblock copolymer based on poly(styrene-b-ethylene
oxide-b-styrene), which is prepared by chemical cross-linking in IL [27,28]. Kamio et
al. proposed the thin membranes for CO, separations using poly(vinyl pyrrolidone)-based
iongels containing 50-70 wt% amino acid-based IL [29-31]. The free-standing iongel
containing 70 wt% amino acid-based IL exhibits the compression breaking stress of 1
MPa for 60% strain, resulting in good CO, permeability and separation performance. We
also proposed high toughness iongel using tetra-armed poly(ethylene glycol) (TetraPEG)
as a network polymer [32, 33]. The TetraPEG iongel can be prepared by cross-end
coupling reaction of two different amine- and N-hydroxysuccinimide-terminated TetraPEGs
(TetraPEG-NH, and TetraPEG-NHS, respectively) in alLs to give a free-standing iongel even
with low polymer content (3—6 wt%). The mechanical properties of the TetraPEG iongel, for
example, the maximum breaking compression modulus reaches 18 MPa (83.5% strain) at 6
wt% polymer content. The excellent mechanical toughness is ascribed to a homogeneous
polymer network structure according to our structural study [34-37].

According to our systematic study on TetraPEG hydrogel system, the gelation reaction
of TetraPEGs strongly depends on the pH in solution. It has been established in our
previous work that TetraPEG gelation undergoes as a simple second-order reaction kinetics,
—d[-NH;]/dt = kge[-NH2][-NHS] in aqueous system, where kg is the reaction rate
constant [38—40]. Furthermore, I have pointed out that the gelation time is directly related to
the acid-base reaction of the terminal NH; group within TetraPEG-NH, (TetraPEG-NH; +
H* 2 TetraPEG-NH3"). The concentration of NH, group decreases in a lower pH (or
higher [H*]), resulting in a longer gelation time. It is thus expected in an alL system that
has no dissociative H* within either the cation or the anion, the addition of H™ sources
is thus required for gelation control. I recently proposed the addition of protic IL (pIL)
as a non-volatile H* source into solvent alL. [41]. The gelation time of TetraPEG in
[ComIm*][TFSA™] is evidently prolonged in the presence of 1-ethyllimidazolium TFSA™,
[CoImH*][TFSA™] (pIL). This implies that the acid-base properties of TetraPEG-NH; in
[ComIm*][TFSA™] play a key role on the gelation process as well as the hydrogel system.
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However, knowledge of acid-base properties of solutes in solvent alLs is still limited at the
present stage [42,43]. Particularly, those in polymer/alLL systems have never been reported
yet.

In this work, I report the pIL effects on the gelation mechanism of TetraPEG in alLL systems.
I mainly focus on the acid-base equilibrium of the terminal NH; groups within TetraPEG, and
discuss the relationship between gelation mechanism and mechanical properties of TetraPEG

iongel.

5.2 Experiment
5.2.1 Materials

NH,-terminated and NHS-terminated TetraPEGs (TetraPEG-NH; and TetraPEG-NHS,
respectively) were prepared from tetrahydroxyl-terminated PEG, which is described in else-
where in detail [32]. The molecular weight (My,) of TetraPEG-NH, and TetraPEG-NHS were
20 kg mol~!. The alL, 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
([ComIm™][TFSA™]) and 1-ethyl-3-methylimidazolium tetrafluoroborate ([ComIm*][BF;7])
were synthesized according to conventional methods [44]. Water contents in the alLLs were
checked by Karl Fisher titration to be less than 50 ppm.

The plILs used in this work are 1-ethylimidazolium bis(trifluoromethanesulfonyl)amide
([CoImH*][TFSA™]) and 1-ethylimidazolium tetrafluoroborate ([C,ImH*][BF4~]). Equimo-
lar amounts of HTFSA and 1-ethylimidazole (C;Im) as a base are mixed in acetonitrile.
The acetonitrile solution was dried in a vacuum at room-temperature during 1 day to obtain
[CoImH*][TFSA™]. The CpIm was dried with molecular sieves (3A), and purified by
distillation. The HTFSA was kept in a glove box and used without further purification.
Similarly, equimolar amounts of HBF, and C,Im were mixed in water, and then the aqueous
solution was dried in a vacuum at room-temperature for 1 day to obtain [CoImH"][BF4~].
Water contents in the pILs was also checked by Karl Fisher titration to be less than 100 ppm
for both [CoImH*][TFSA™] and [C,ImH*][BF,~]. Density measurements were performed
for the [Co,ImH*][TFSA~] and [CoImH*][BF4~]. The values were 1.577 gcm™ and 1.343 g
3

cm™, respectively.

5.2.2 Rheological measurement

Rheological measurements were performed using a stress control theometer (MCR-501,

Anton Paar, Austria) with a cone plate geometry to estimate the gelation time. Iongel samples
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were prepared as follows: First, mixed IL solvent were prepared by adding a small amount
of pIL to alL in both TFSA™ and BF;~ system. The pIL concentrations ranged from 1.2
to 4.3%1073 mol dm~3. Second, TetraPEG-NH, and TetraPEG-NHS macromer solutions
(cocentration, ¢ = 50 mg/mL = 3 wt%, M,, = 20 kg mol~!) were prepared by dissolving
TetraPEG macromer in mixed IL solvent. Finally, the mixture of equivalent amounts of
macromer solutions was stirred for 1 minute and set on thermostatic plate (25.0°C). The
sample (570 ul) was held between two plates and the time dependences of the storage
modulus (G”) and loss modulus (G”’) for the gelation process were monitored under shearing

by plates. The strain and angular frequency were set to 2% and 1 Hz, respectively.

5.2.3 Potentiometric titration

HTFSA (acid) and TetraPEG-NH; (base) in [C,mIm*][TFSA~] were prepared in a glove
box. The TetraPEG-NH; solution (concentration of terminal NH; group, cnpp = 9.4 X
107 mol dm™, 2.8 cm?) was titrated with the HTFSA solution (cy = 3.1 x 1072 mol dm™)
in a vessel with a water jacket at 298 K. The electromotive force (emf), E; at each titration
point, i was measured by using an ion-selective field effect transistor (IS-FET) electrode
(HORIBA 0040-10D) coupled with an Ag/AgCl reference electrode that was separated from
the sample by a porous ceramic separator with a double-junction (HORIBA 2565A-10T).
This electrode system is well established to show an excellent Nernstian response to [H*]
and quick response with 3 min in ILs and non-aqueous solvents [45—47]. The titration
experiments were performed three times and the observed data were analyzed according
to Gran’s method to determine an equilibrium constant, K,nu3) given by the following

acid-base reaction (eq. 5.1 and 5.2)

TetraPEG-NH3* 2 TetraPEG-NH, + H* (or HTFSA) and (5.1)
[-NH,][H"]
Kynn3) = [NZW (5.2)

From a Nernstian equation, the observed E; at the titration point is represented as

E; = E” + (2.303RT/F)log[H"];, (5.3)

where E°’, R, T, F denote the standard electrode potential, the gas constant, temperature

and Faraday constant, respectively. The observed E;s were analyzed on the basis of Gran’s
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method. Here, total concentrations of H* (HTFSA) and base (TetraPEG-NH;), Cyy; and Cg;

at each titration point, i are

Vi[H"Jo

;= = [-NH3*]; + [H"]; 4

Ch, Vot V. [-NH3™]; + [H"]; and (5.4)
Vo[-NHz]o N

= —— =" = [-NH,]; + [-[NH3"]; 5.5

CB,l VO " Vz [ 2]1 + [ 3 ]l’ ( )

where Vj, Vi, [-NH3]p and [H*], are the initial volume for base solution, the titrated volume
at titration point Z, the initial concentrations of base and acid (titrant) solutions, respectively.
According to Gran’s method, the left-hand side of the following equation plotted against V; to
give a straight line in Cy > Cp region (acid region) and the slope and the intercept essentially

correspond to the [H" ]y and E°’, respectively.
(Vo + Vi) 10E1/2303RT/F) _ 1oE”Q.303RT/F) (y (H+], — Vo[-NH,]o). (5.6)

In Cy < Cg region (base region), the following equation including the E; is obtained,

‘/l[H+]()10_El/(2303RT/F) — 10—[]0g Ka(NH3)+EO,/(2.303RT/F)] (VO ['NH2]0 _ ‘/1[H+]()) (57)

From the slope and the intercept in the left-hand side vs. V; plot of the eq. 5.7, the
pKann3) can be obtained. The details of the theory and analysis are described in our
previous work [43, 48] or Chapter 2 and 3. The acid-base reaction of neutral C;Im in
[ComIm™] [TESA™] was also investigated by similar potentiometric titration, i.e., the HTFSA
in [ComIm™][TFSA™] solution (cg = 8.6 X 1072 mol dm™3, 3.5 cm?) was titrated with the
CyIm in [ComIm*][TFSA™] solution (concentration of CoIm, ccomm = 6.6 X 107! mol dm™),

resulting in the determination of pKyc2imn) given by eq. 5.8 and 5.9 as follows.

CoImH* 2 CyIm + H (or [HTFSA]) and (5.8)
[C2Im][HY]
K = —\ 5.
a(C2m) = e (5.9

5.2.4 Stretching measurement

The rectangular [ComIm™*][TFSA™] iongel films (5.0x30.0x1.0 mm) were prepared under

room-temperature in the same way described in the rheological measurement. Concentrations
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of TetraPEG-NH; and TetraPEG-NHS were set to be 50 mg/mL (3 wt%). The pIL
concentrations were 1.4 and 2.3x1073mol dm™3, corresponding to be 29 and 48% of the
-NH, group concentration (4.8x1072 mol dm™3), respectively. The stretching measurement
was carried out using a mechanical testing apparatus (EZ-TEST, SHIMADZU, Japan) at a

velocity of 10 mm min~!.

5.3 Results and discussion
5.3.1 Protic IL effect on the gelation time

As mentioned in Introduction, reaction time on TetraPEG gelation strongly depends on
the concentration of H*, [H*] in IL. Therefore, I focused on pILs as non-volatile H*
sources. In this work, [CoImH*][TFSA™] and [C,ImH"][BF,~] that are analogous pILs of
[ComIm™][TFSA™] and [C,mIm™][BE,~] alLs, respectively, were added into the correspond-
ing TetraPEG/alL solutions, and I firstly confirmed experimentally the relationship between

gelation time and pIL concentration using rheological measurements.

103 _(a) TFSA system L (b) BF, system
E —1.2 )(1073 mol dm73 ;; —19 )(1073 mol dm73
[ ——14x10" moldm" T —24x10° moldm "
102 3 —2.3 )(1073 mol dm e —2.5 )(1073 mol dm73
£ i
o 10' £ L T -
o - ¥
10'F ¥
10'1 _IIII | IIIIIII| | IIIIIII_-I IIIII| | IIIIIII| L i
10° 10° 10" 10° 10° 10" 10°
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Figure 5.1. pIL concentration dependences of dynamic moduli, G’ (solid line) and G”
(broken line) for the gelation of TetraPEG in ComIm*-based ILs with (a) TESA™ and (b)
BF,4~ anions plotted against the reaction time (f). The concentration of polymer was set to be
3 wt%.

Figure 5.1 (a) shows typical results of the storage (G’) and loss (G”) moduli for the
gelation of 3 wt% TetraPEG in [ComIm*][TFSA™] alL with varying [CoImH"][TFSA™]

pIL concentration, cpi.. Both G” and G” gradually increased with increasing the reaction
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time, t. The intersection of the G’ and G profiles were clearly observed for all the pIL
concentrations, which corresponds to the gelation point [49, 50]. I also investigated the
G’ and G” in [ComIm*][BF4~] alL containing [CoImH*][BF4~] pIL, which is shown in
Figure 5.1 (b). Similar to the TFSA™ system, both G’ and G”” increased with t, and then the

gelation points were clearly observed for all the cpys examined here.

1500 O BF, system
® TFSA system
8= -
= 1000
500 —
0
0 4

Cpi,/ x10 " mol dm_3

Figure 5.2. Gelation time corresponding to the intersection of G’ and G (fg1) plotted

against the pIL concentrations (cpIL).

Figure 5.2 shows the reaction time at each gelation point (here, I call gelation time, #g)
plotted against cpy. It was found that the fge 18 gradually and systematically prolonged
with increasing the cpy. for both TESA™ and BF,~ systems. The 7 at a given cp. was
appreciably longer in the TFSA™ system than in the BF;~ one. At the present stage, it is
difficult to clearly interpret the anion effect on the 7q.;. However, at least, I can propose that
the rge) can be successfully controlled from seconds to hours by the addition of pIL (proton
source) into alLL (solvent). To understand the effect of c,i. or H* concentration on the 74|
in detail, I investigated the acid-base reaction of terminal NH; group within TetraPEG-NH,
in alL.. It might be expected that the acid-base equilibrium of pIL adding as a proton source
in solvent alL. plays an essential role in the fg. In this work, the acid-base properties of
TetraPEG-NH, and conjugate base of plIL cation, C,Im, were quantitatively evaluated by a
direct pH measurement in solvent alLL to determine their acid dissociation constants, pK,

values.
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5.3.2 Acid-base Reaction of Prepolymer in Aprotic IL
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Figure 5.3. (a) Potentiometric titration curves for base TetraPEG-NH; titrated with acid
HTFSA in a [C;mIm*][TFSA™] solution. The solid line corresponds to the theoretical curve
calculated by using the pK, obtained from Gran’s plot. (b) Gran’s plot for the observed
titration data. The straight line (solid) shows theoretical line calculated by a linear squared

fitting method.

Figure 5.3 (a) shows a typical potentiometric titration curve observed for the TetraPEG-
NH, in [ComIm*][TFSA~] solution. The value of E; in the TetraPEG-NH, (base) solution
slightly and gradually increased with the addition of the titrant HTFSA (acid) solution.
The value sharply increased at the equivalent neutral point, indicating concentration of
TetraPEG-NH;, [-NH>] is equal to [HTFSA] at the point. The large E; jump (approximately
800 mV) was observed in the TetraPEG-NH,/[ComIm™ ][TFSA™] system. This suggests that
the protonated TetraPEG-NH, (i.e., TetraPEG-NH3™") has a large acid dissociation constant,
pKamz) value in [ComIm*J[TFSA™]. To estimate the apparent pK,nu3) value, the observed
titration data were analyzed using Gran’s method, which is shown in Figure 5.3 (b). The
experimental data fell on a straight line in both the acidic and basic regions to result in the
quantitative evaluation of the apparent pK,h3) value. The pK,nu3) value was estimated to
be 16.4(5) mol dm~3. The calculated curve using the pK,u3) value is shown by the solid
line colored with red in Figure 5.3 (a). As can be seen in Figure 5.3 (a), the calculated curve
successfully reproduced the experimental titration points. Here, I note that the pK,nu3) value

of the TetraPEG-NH, obtained here is almost similar to the corresponding value of analogous
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model molecule, butylamine (BuNH;) in [C,mIm*][TFSA™] [43]. This suggests that there
are essentially no molecular-weight dependence on the acid-base property of NH, group in
alLs.

(a) (b)
1.00
5 =
600 QS 0.8 T,
g <
g 0.6 <
Z 400 |- g o
s = g
I % 0.4 %
200 ~ E
* 02 &
S =
0E ' ' 0.0
20.10  -0.05 000 0.05 0.10 00 02 04 06 08 10

€y — Ceot / Mol dm v/ cm’
Figure 5.4. (a) Potentiometric titration curves for acid HTFSA titrated with base C,Im in
[ComIm™][TFSA™] solution. The solid line corresponds to the theoretical curve calculated by
using the pK, value obtained from Gran’s plot. (b) Gran’s plot for the observed titration data.

The straight line (solid) shows theoretical line calculated by a linear squared fitting method.

Figure 5.4 (a) shows a typical potentiometric titration curve observed for the C,Im in
[ComIm™][TFSA™] solution. Similar to the TetraPEG-NH, system, the E; in the HTFSA
(acid) gradually decreased with the addition of the C,Im (base) titrant solution, followed by
the sharp increase in the E; at the neutralization point, cg — ccorm = 0. It was found that
the extent of E; jump (approximately 600 mV) is appreciably small relative to that for the
TetraPEG-NH, system. This is because apparent pK, is lower for the C,Im system than for
the TetraPEG-NH, one. By applying Gran’s plot analysis to the observed data, the apparent
PKa(c2imny for the protonated CoIm was successfully estimated to be 13.7(9) mol dm™3. The
result of the Gran’s plot is shown in Figure 5.4 (b). The calculated potentiometric curve using
the pKy(c2imn) value is shown as solid red line in Figure 5.4 (b). It seems that the calculated
curves slightly deviated from the experimental data relative to the TetraPEG-NH, system,
particularly, in the range of cy — ccorm < 0. However, I finally concluded that pKycoimn)
value obtained here is reasonable, because a pK, value is directly related to the extent of
E; jump. In [ComIm*][TFSA™] (aIL), The pK, value for the acid-base reaction of CyIm
is two-order smaller than that of TetraPEG-NH;. This means that the Brgnsted basicity of
TetraPEG-NHj is significantly stronger than that of C;Im in the [ComIm*][TFSA™] alIL. That
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is, most of H* in the alL solution preferentially protonated the TetraPEG-NH; to form the
TetraPEG-NH3 ", whereas cation of pIL exists as neutral C,Im.

In the present TetraPEG iongel system, a small amount of pIL with a dissociative H*
is added into the TetraPEG in alLL solution to control the gelation time. Based on the
facts obtained here, the gelation mechanism may be proposed as follows; (1) when pIL
([CoImH™][TFSA™] in this work) is added into TetraPEG/alL solution, the H* dissociated
from the CoImH™™* cation binds to the TetraPEG-NH, to form the TetraPEG-NH3*. (2) The
concentration of the TetraPEG-NH3* in the alL is much larger than that of the C,ImH**
because of the 2-order larger pK,nu3) relative to the pKyc2mny- (3) The TetraPEG-NH3™*
cannot react with TetraPEG-NHS. Hence, the concentration of reactive NH, group decreases
with increasing cpr. (or [H*]) to lead to a long gelation time.

Finally, I note the acid-base properties of TetraPEG-NH, and C,Im in aqueous solutions.
The pK, values of TetraPEG-NH, and C;Im in water were reported to be 9.2 and 7.2,
respectively. Both pK,s in [ComIm™][TFSA™] (alL) were around 7-order larger than the
corresponding values in water. This indicates the solutes in all. act as a much stronger
Brgnsted base than those in water. The large difference of pK, between alLL and aqueous
solutions are originated from the solvation of solutes (both neutral and protonated species),
which should be investigated in terms of thermodynamic and structural aspects as described

in Chapter 4.

5.3.3 Reaction Efficiency

Figure 5.5 (a) shows stretching stress-elongation curves obtained for TetraPEG iongel
prepared in [ComIm*][TFSA™] containing [CoImH™][TFSA™] (cpn. = 0, 1.4 and 2.3x1073
mol dm™3). The stretching stress (o) gradually increased by elongation (1) and reached to
the breaking stress at Apma = 4.8, 3.0 and 2.5 for ¢, = 0, 1.4 and 2.3x1073 mol dm,
respectively. The breaking stress decreased with increasing cp.. From the initial slop of the
observed stress-strain curve, I can estimate the elastic modulus G for TetraPEG iongel. The
Gs were estimated to be 2.8, 1.7 and 0.9 kPa for the iongels with ¢y, = 0, 1.4 and 2.3%x1073
mol dm~3, respectively.

The linear relationship between G and cp;, was found in Figure 5.5 (b), which implies
that the mechanical strength of TetraPEG iongel can be controlled by adding pIL, in other
words, acid-base reaction of TetraPEG-NH,. According to our systematic study for TetraPEG
hydrogel system, the decrease in the G value is directly related to incompleteness of gelation

reaction or reaction efficiency of amide bond (cross linking point). The same might be applied
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Figure 5.5. (a) Stress-elongation curve for 3 wt% TetraPEG iongels with varying pIL
concentration, cpi.. The cross marker (X) shows the breaking point. (b) Elastic modulus,

G plotted against cpyy.

to the present iongel system, i.e., cpr Or [H*] in solvent alL affects the reaction efficiency of
TetraPEG iongel. I thus examined to evaluate reaction efficiency, p in this system based on a
tree-like theory and phantom network model [S1-55]. The relationship between G and p is

described as

G = c(4C3P(FY[1 — P(F°")]/2 + [1 — P(F°")]*)RT and (5.10)

P(F™Y = (1/p=3/4)"% - 1)2, (5.11)

where ¢, R, T and P(F°") correspond to the preparation concentration of bonds, gas
constant, temperature and probability that one of 4 arms leads out to polymer network,
respectively.

Figure 5.6 shows the ps obtained for cp, = 0, 1.4 and 2.3x107> mol dm™. The p was 72%
for cpi, = 0% 1073 mol dm™3 (neat alL)), and the value was linearly decreased with increased
cpiL- This suggests that cross-end coupling reaction (formation of amide bond) is appreciably
suppressed by a little amount of H* in the solution. I can propose that the acid-base reaction

of TetraPEG-NH, in alL is predominant in this gelation system.
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Figure 5.6. pIL concentration dependence on reaction efficiency, p.
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Finally, I conclude TetraPEG gelation mechanism in ILs (Figure. 5.7). In TetraPEG-
NH,/[ComIm*][TESA™] (aIL) solutions containing [CoImH"][TFSA~] (pIL), most of H*
ions within the CoImH** cation of pIL are dissociated and then binds to TetraPEG-NH,
to from TetraPEG-NH3™ (step 1). This is because the pK,mu3) is 2-order larger than the
pKa(camm)- The TetraPEG coexists as protonated TetraPEG-NH3;* and neutral TetraPEG-NH,
in the solution, and then the latter only reacts with TetraPEG-NHS to form the amide bond
(HN-CO). The TetraPEG-NH3" cannot form the amide bond, resulting in a residual unre-
active group. The gelation time, tg thus depend on the distribution ratio of TetraPEG-NH3*
: TetraPEG-NH,, which is controlled by [H*] or cpr.. After amide bond formation, the
H* and NHS™ are dissociated from NH;- and NHS-terminated polymers, respectively. The
dissociated H* preferentially binds to the reactive NH, group due to its strong Brgnsted
basicity (large pK,) (step 2). Thus, the reactive NH, group within TetraPEG gradually
decreases with proceeding the gelation reaction (step 3). When all the reactive NH, groups
are protonated completely by the dissociated H*, the gelation reaction is stopped to give
defects in polymer network (step 4). The [H'] in the solution (aIL, in this work) thus
predominates the reaction efficiency, p of TetraPEG iongel, which can be quantitatively

controlled by initial pIL concentration and its acid-base property (pKa(c2im))-

5.4 Conclusion

The gelation reaction of TetraPEG in [ComIm™][TFSA™] alLL was investigated in terms of
gelation time, acid-base reaction and reaction efficiency. The gelation behavior of TetraPEG
strongly depends on the [H*] in the solution. I thus control the gelation reaction by adding
[CoImH*][TFSA™] pIL as a proton source, in this work. The gelation time of TetraPEG
in [ComIm™][TFSA™] alL can be successfully controlled by the pIL concentration, cprr,
suggesting that the acid-base properties of terminal group of TetraPEG and pIL play a key role
on the gelation reaction. The acid dissociation constant, pK, of protonated TetraPEG-NH3*
and CoImH** (pIL cation) are quantitatively determined in [ComIm™][TFSA™] alL. The
pK, value for the TetraPEG-NH3" (16.4) is significantly larger than that of the CoImH™*,
which indicates that most of H* in the system preferentially binds to the NH; group within
TetraPEG. The TetraPEG-NH3* cannot react with TetraPEG-NHS to give the unreactive
terminal groups. I thus conclude that reaction efficiency or extent of defect polymer
network in TetraPEG iongel is essentially dominated by the concentration of TetraPEG-NH3™*
depending on [H*] (or cpr) in the solvent [ComIm™][TFSA™].
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Chapter 6

Defect-free Polymer Network Ion
Gel Prepared in pH-buftering Ionic
Liquid

6.1 Introduction

It is well established that room-temperature ionic liquids (ILs) consisting only of ions
possess unique solvent properties such as nonvolatility, high thermal and electrochemical
stabilities, and high designability; these are essentially different from the properties of
conventional molecular solvents as mentioned in Chapter 1. More importantly, the high
designability of ILs, i.e., the ease with which their cation/anion combinations and chemical
structures can be designed, allows us to dissolve various compounds, such as inorganic elec-
trolytes [1-4], organic molecules [5-8], and polymers [9-13], in IL media. One promising IL
application is as a polymer gel electrolyte, or iongel, which is a three-dimensional polymer
network swollen with ILs and used for electrochemical devices (e.g., batteries, capacitors,
and actuators) [14-22] and gas-separation membranes [23—27]. However, such applications
are still limited due to the low mechanical strength of iongels, which is ascribed to the
inhomogeneity of the polymer network created in the cross-linking process [28]. Hence,
a high polymer content (generally, 20-50 wt%) is required to yield a free-standing iongel
with sufficient strength; however, this results in a low IL content. This leads to a decrease in
the inherent IL properties, which is a serious problem in the development of iongels as new
soft materials for application.

Recently, high-toughness iongels with low-polymer and high-IL (solvent) contents have

been extensively explored and applied as gel electrolytes for Li ion batteries [29] and
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gas-separation membranes [30-32]. Lodge et al. reported high-toughness iongels that
showed high ionic conductivity and high CO, permselectibity [33,34]. These were prepared
using a chemically cross-linked ABA-type triblock copolymer, poly(styrene-b-ethylene
oxide-b-styrene), with low polymer content (~10 wt%). Ito et al. reported an iongel
composed of a slide-ring gel network (i.e., movable cross-links that disperse the tensile
stress in the polymer network), which showed excellent maximum compression strain (up
to 66%) and elastic modulus (~20 kPa) and had a low polymer content (~10 wt%) [35].
Kamio et al. reported a high-toughness iongel for use in a CO;-separation membrane. It
was produced by combining an amino acid IL and a double-network gel structure, and
showed excellent CO,-separation ability and a maximum breaking compression strength
of more than 25 MPa. It also had a low polymer content (20 wt%) [36]. We focused
on the relationship between the mechanical strength and polymer network homogeneity
of iongels, and proposed a high-strength iongel produced using tetra-armed poly(ethylene
glycol) (TetraPEG) as a network polymer. The TetraPEG iongel can be easily prepared by
mixing two IL solutions containing amine- and N-hydroxysuccinimide-terminated TetraPEGs
(TetraPEG-NH; and TetraPEG-NHS, respectively) to obtain a free-standing TetraPEG iongel
with a polymer concentration of just 3—6 wt% [37,38]. At 6 wt% polymer concentration,
the TetraPEG iongel shows the high mechanical strength required in relevant applications:
18 MPa of maximum breaking compression modulus at 83.5% strain [37]. From a structural
viewpoint, small-angle neutron scattering and dynamic light scattering experiments suggested
that TetraPEG iongels prepared in aprotic ILs (alLs) have, relative to conventional iongels, a
homogeneous polymer network structure [38]. However, in terms of mechanical properties,
they are presently inferior to the corresponding hydrogels (TetraPEG hydrogels) [39]. This
might be ascribed to connectivity defects caused during the gelation reaction in ILs.

In general, to achieve the production of homogeneous gels in A-B-type reactions, we need
to control the reaction rate. If the reaction rate is too fast, the system becomes a gel state prior
to the homogeneous mixing of prepolymers, thus preventing miscibility. We recently reported
the gelation mechanism of TetraPEG prepolymers, i.e., the A-B-type cross-end coupling
reaction of TetraPEG-NH; and TetraPEG-NHS, in a typical aprotic imidazolium-based IL, in
terms of the gelation time and acid-base reaction of the TetraPEG [32,40,41]. I noted that the
gelation reaction in this system strongly depends on the concentration of H* ([H*] or pH).
That is, the acid-base reaction of the TetraPEG-NH; prepolymer, TetraPEG-NH, + H* 2
TetraPEG-NH3*, in the IL solution is important for understanding the gelation reaction
because the protonated TetraPEG-NH;3* cannot react with TetraPEG-NHS. The gelation time

can be freely controlled across a time range of several tens of seconds to hours depending
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on [H*]; however, the reaction efficiency at the cross-linking point decreases with increasing
[H*] [41]. We faced a dilemma: to control the reaction rate, we needed [H*], but to increase
the reaction efficiency, we needed to decrease [H"]. Therefore, to achieve a less-defective,
or near-ideal, polymer network iongel in the TetraPEG system, we need to prepare the iongel
in an alL medium with a pH-buffering capability. In fact, it has already been established
that TetraPEG hydrogels with high toughness and a homogeneous polymer network can be
prepared in aqueous solutions using a phosphate-type buffer giving constant pH (~7) during
the gelation reaction [42,43].

In the present work, to prepare a defect-free polymer network gel in an IL system, I estab-
lished a pH-buffering IL solution system. I used a typical alL, 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide ([ComIm*][TFSA™]), as a solvent that has no disso-
ciative proton within the ComIm* and TFSA™] ions. I then added a mixture of protic
IL (pIL) as a proton source and its conjugated base, i.e., 1-ethylimidazolium TFSA™]
([CoImH*][TFSA™]) and 1-ethylimidazole (C,Im), into the solvent alL.. I demonstrated the
pH-buffering effect in this system by direct pH measurements using an IS-FET electrode. The
gelation reaction of TetraPEGs was performed in the pH-buffering IL solution at a constant
pH, and the obtained TetraPEG iongel was characterized in terms of its gelation kinetics and

mechanical properties.

6.2 Experiment
6.2.1 Materials

TetraPEG-NH, and TetraPEG-NHS were purchased from Nippon Oil Fat and Co
(Japan). The molecular weight (M,,) of both TetraPEGs was 20000 g mol~!. The alL,
[ComIm*][TFSA™], was synthesized according to conventional methods [44, 45]. Water
content in the all. was checked by Karl Fisher titration to be less than 50 ppm. The pIL,
[CoImH*][TFSA™], was prepared by mixing equimolar amounts of HTFSA and C,Im in
acetonitrile [46]. The acetonitrile solution was dried in vacuum at room temperature for 1 day
to obtain [Co,ImH*][TFSA™]. The C,Im was dried with molecular sieves (3A) and purified
by distillation. The HTFSA was kept in a glovebox and used without further purification.
Water content in the pIL was checked by Karl Fisher titration to be less than 100 ppm.
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6.2.2 Potentiometric Titration

HTFSA, C;Im, and TetraPEG-NH; in [ComIm*][TFSA™] solutions were prepared in a
glovebox filled with N, gas. The HTFSA solution (3.3 cm?, 3.1 x 107! mol dm™3), in a
vessel with a water jacket, was titrated with C,Im solution (1.0 mol dm™3) at 283, 293, 303,
and 313 K. The electromotive force (E) was measured using an ion-selective field effect
transistor (IS-FET) electrode (0040-10D, HORIBA, Japan) [47,48] coupled with a Ag/AgCl
reference electrode separated from the sample by a porous ceramic separator with a double
junction [41,46]. From the Nernstian equation, the observed E at each titration point i, E;, is
represented as

2.303RT
E; = E” + % log[H*], (6.1)

where E°/, R, T, and F denote the standard electrode potential, gas constant, temperature,
and Faraday constant, respectively. The E; was analyzed based on Gran’s method, as
described elsewhere. [41,49] In the acidic region, the Gran’s plot, i.e., the left-hand side
of the following equation plotted against titration volume at point i (V;), gives a straight line

and the slope and intercept correspond to [CoIm]p and E®’, respectively.

(VO + W)loEi/(2.303RT/F) — 10E°’/(2.303RT/F) (VO[H+]O _ VL[CZIm]O)’ (62)

where Vp, [CoIm]y, and [H* ] are the initial volume of acid solution and the initial solution
concentrations of CoIm and H*, respectively. In the base region, the equation including E; is

obtained as follows

V()[H+]() 10—E,'/(2.303RT/F) — lO—[lOg Ka(cz]m].[)+EO'/(2.303RT/F)] (‘/l [Czlm]o _ VO [H+]0) . (63)

and the equilibrium constant for the acid-base reaction of CoIm, pKycommn), 1S quanti-
tatively estimated from the slope and intercept on the left-hand side of the plot against
V;. The same was applied to the determination of the acid-base equilibrium constant of
TetraPEG-NH;, pKanh3), 1n the IL solutions. The detail of the analysis is described in

prevous Chapters.

6.2.3 Rheological Measurements

Rheological measurements were performed using a stress control theometer (MCR-501,

Anton Paar, Austria) with cone plate geometry, to obtain the gelation time. The pH



6.2 Experiment

73

buffering [ComIm™][TFSA™] was prepared by adding 0.10 mol dm™ [CoImH*][TFSA™]
pIL and 1.0 mol dm™3 CyIm to [ComIm*][TFSA~] alL. TetraPEG-NH, and TetraPEG-NHS
prepolymers were dissolved in the pH-buffering IL (100 mg/mL) in a glovebox to prepare 6
wt% TetraPEG-NH,/IL and TetraPEG-NHS/IL solutions. The two TetraPEG solutions (1:1
by vol.) were mixed and stirred for 120 s. The mixed sample solution (570 uL) was held
between two plates and the time dependences of the storage and loss moduli (G” and G”,
respectively) for the gelation were monitored under shearing by the plates at 298 K. The

strain and angular frequency were set to 2% and 1 Hz, respectively.

6.2.4 UV-vis spectroscopy

UV spectra were recorded using a UV-vis spectrophotometer (V-630, JASCO, Japan) to
investigate degradation and gelation kinetics. In the degradation reaction of TetraPEG-NHS,
the TetraPEG-NHS prepolymer was dissolved in IL and stirred for 600 s to prepare a 1.5
wt% TetraPEG-NHS/IL solution (the initial concentration of terminal NHS, [-NHS],, was
4.8 x 1073 mol dm™3), which was then poured into a 0.4-cm-thick quartz cell. The time
dependences of the UV spectra were measured for the TetraPEG-NHS/IL solution at 283,
293, 303, and 313 K at a time interval of 600 s. In the gelation reaction, 3 wt% TetraPEG-
NHS/IL and TetraPEG-NH,/IL solutions ([-NH,]o = [-NHS]y = 4.8 x 107> mol dm™>) were
mixed and stirred for 120 s, and then poured into the 0.4-cm-thick quartz cell. The detailed
procedure for the UV measurements is the same as that for the degradation system described

above.

6.2.5 Stretching Measurements

The dumbbell-shaped TetraPEG iongels (size for a portion of a rectangular shape:
2.0x12.0x2.0 mm?) were prepared at room temperature by the procedure described above.
The stretching measurement was carried out using a mechanical testing apparatus (Autograph
AG-X plus; SHIMADZU, Japan) at a constant velocity of 60 mm min~'. The measurement

was performed three times and the observed moduli were averaged.

6.2.6 Gelation Kinetics

The gelation reaction of TetraPEG gel is an aminolysis reaction between the NH, and
activated ester (NHS) groups, as shown in Figure 6.1. It has been established in our previous

work that TetraPEG gelation proceeds as a simple second-order reaction [50-52]:
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X

(CH,0),
X—~(CH;0):C(CH,0)X
(C,H,0).

X:—C,HNH,

Y

(CH,0),
Y=(C,H,0);C(CH,0)Y
(C,H,0). Q

v YI—CSHIO—E—O—N

O /7 (=NHS)

TetraPEG—NH2+ TetraPEG-NHS
—> TetraPEG-NHCO-TetraPEG + NHS + H*

Figure 6.1. Schematic illustration of the gelation reaction of TetraPEGs.

d[-NHCO-]/dt = kgei[-NH;][-NHS], (6.4)

where kgei, [-NHCO-], [-NHz], and [-NHS] correspond to the reaction rate constant for
gelation, and the concentrations of amide bonds (cross-linking point), terminal -NH;, and
-NHS groups within the TetraPEG, respectively. Note that there are two reactions related to
the gelation reaction: a degradation reaction of TetraPEG-NHS and an acid-base reaction
of TetraPEG-NH,. With regard to the former reaction, in an aqueous solution system,
the TetraPEG-NHS gradually dissociates due to its hydrolysis reaction, which is given by
the second-order reaction of [-NHS] and [OH™] [51]. In the pH-buffering IL system, the
degradation reaction of TetraPEG-NHS also occurs due to the C,Im acting as a base. If I set
an excess [CpIm] condition relative to [-NHS], [C,Im] can be assumed as a constant (=initial
C,Im concentration, [C2Im]p). Thus, the reaction rate for the degradation can be described

as

—d[-NHS]/dt = kgeg[-NHS][CoIm]o(= kgee [-NHS]), (6.5)
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’

where kgep is the degradation rate constant and kg’ is the apparent rate constant
(=kgeg[C2Im]p). With the latter reaction, the -NH; group of TetraPEG coexists with the

protonated -NH3™ group in equilibrium, according to the following acid-base reaction:

TetraPEG-NH3 " 2 TetraPEG-NH, + H* (or HTFSA) and (6.6)
[-NH,][H"]
Kynmszy = TINHT (6.7)

where K,3) is the acid dissociation constant of the -NH3* group. The NH3* group does
not react with the NHS group [51]; therefore, the reaction rate depends on the distribution of

reactive -NHo, f, as shown in the following equations:

d[-NHCO-]/dt = kgei[-NH,|[-NHS] = kge1 f[-NH2 ]iotal [-NHS] and (6.8)

-NH K,
= [-NHy] (NH3) 69)

~ [NHalior  [H*] + Kanm)’
where [-NH;]iota1 corresponds to the total concentration of amine groups (= [-NH;] + [-

NH;*]). Finally, the rate equation for the gelation reaction is given by

—d[-NHS]/dt = kge1 f[-NH2 Jiota1[-NHS] + kgeg[-NHS][CoIm]o. (6.10)

6.3 Results and discussion
6.3.1 pH-Buffering Effect in Aprotic Ionic Liquid

In an alL system ([ComIm™][TFSA™] in this work), the solvent alLL has no dissociative
proton for both the cation and anion. On the other hand, a typical pIL, [Co,ImH*][TFSA™],
has dissociative protons within the Co,ImH™ cation and exhibits an acid-base equilibrium in

solutions;

CoImH* 2 C,Im + H* (or HTFSA), (6.11)

Kac2mn) = [C2Im][H*]/[CoImH ], (6.12)
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where C,Im is the conjugated base in solution. It is thus plausible that [CoImH™][TFSA™]
acts as a nonvolatile proton source in the [ComIm*][TFSA™] solution. Here, I note that the

[H*], or pH, in the solution is given by

[C,ImH*]

TCoIm] ©-13)

—log[H™] (or pH) = pKac2mn) — log

suggesting that the solution pH can be determined from pK,camm) and the concentration
ratio of protonated and neutral C,Im species, [CoImH*]/[C,Im]. Thus, it is expected that
a controlled pH condition can be achieved by adding both pIL ([CoImH*][TFSA™]) and
its conjugated base (neutral C,Im) into the solvent [ComIm™][TFSA™] and determining the
pKa(c2mmuy value. Initially, I determined the pKy(c2imp) in [ComIm™[[TFSA™] by direct [H' ]

measurement using an IS-FET electrode (potentiometric titration).

(a) (b)
:; 1.0 0 <
800 [— N 3 =
E{*\ 0.8 8+
600 [— S =
E § 0.6 Ci%
S0 o
2
L N S
200 M 0.2 I
- o
0 L = 0.0 bo =
0.0 0.5 1.0 ; 1.5 2.0 0.0 0.5 1.03 1.5
V:/cm V;/ecm

Figure 6.2. (a) Potentiometric titration curve for HTFSA solution titrated with CpIm
solution in [ComIm*][TFSA™] at 293 K. The solid line corresponds to the theoretical curve
calculated using the pK, obtained from the Gran’s plot. (b) Gran’s plot obtained from the

titration curve.

Figure 6.2 (a) shows a typical potentiometric titration curve observed for the
HTFSA/[ComIm*][TFSA~] solution (acid) titrated with the CoIm/[ComIm*][TFSA~] so-
lution (base) at 293 K. Details of the potentiometry examined here are described in the
Experimental section. The electromotive force, E, of the HTFSA solution slightly and
gradually decreased with the addition of the titrant CoIm solution. A large E jump (of

approximately 600 mV) was observed at around the neutralization point (V; = 1.0 cm?),
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indicating that C,Im shows a larger pK, value in [C,mIm*][TFSA™] relative to that in
aqueous solution (pK, (aq.) = 7.3) [53]. To estimate the apparent pK,c2mmn) value, the
observed titration data were analyzed using Gran’s method [49], and the typical result at 293
K is shown in Figure 6.2 (b). The experimental data fell on a straight line in both the acid
(0 < V;/em® < 1) and base (V;/cm® > 1) regions to give a quantitative evaluation of the
apparent pKycoimt). The pKycoimn) value at 293 K was estimated to be 14.9(1), and its

value at various other temperatures (283—-313 K) is listed in Table 6.1.

Table 6.1. The pKyc2imn) and pKynn3y values determined by potentiometric titration at
283, 293, 303 and 313 K.

Temperature / K pKy(cotmpy / mol dm™  pKynu3) / mol dm™=>

283 14.6 16.1
293 14.9 16.4
303 15.2 16.9
313 15.5 17.3
(a) (b) L0
[e) <
400 | g 08 =
> 5 0.6 S
= 200 — L 3 ) 5
SN . Lu; 0.4 %
SN ~
-200 —,M - ;
% | | | S 0.0 =
00 05 10 15 20 00 05 10 15 20

3 3

Vi/ cm Vi/ cm
Figure 6.3. (a) Potentiometric titration curve for TetraPEG-NH, solution (2.7 cm?, 8.2 x
1073 mol dm™?) titrated with HTFSA solution (2.0 x 1072 mol dm~3) at 293 K (solvent : in

[ComIm™][TFSA™]). The solid line corresponds to the theoretical curve calculated by using

the pK, obtained from Gran’s plot. (b) Gran’s plot obtained from the titration curve.

As mentioned in the Introduction, TetraPEG gelation strongly depends on the concentration

of reactive NH, groups within TetraPEG-NH; ([-NH;]), which is calculated from K,Nn3),
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[H*], and [-NHz]loa (see eq. 6.8). The Kynu3) for the acid-base reaction, -NH3™ 2
-NH; + H", in [C,mIm™][TFSA™] alL was estimated using a potentiometric titration similar
to that described above, and the experimental titration curve and Gran’s plot are shown
in Figures 6.3 (a) and (b), respectively. The pK,nn3) value at 293 K was successfully
determined to be 16.4(3), and its value at various other temperatures (283—-313 K) is listed in
Table 6.1.

1.0

0.8 =

0.6 —

0.4 —

0.2 —

J (= [-NH,]/ [-NH, o))

0.0
107 107 107 10" 10
[H+] / mol dm_3
Figure 6.4. Distribution ratio of neutral amine group, f, plotted against [H"], calculated
from the pKynm3) value in [ComIm™][TFSA™] alL at 293 K.

-12

Figure 6.4 shows the fraction of [-NH;] to [-NH;] o, f; plotted against [H*], calculated
using the obtained pK,u3) value (293 K). The fvs. [H*] line allows us to determine the
concentration of reactive amine, [-NH;], at a given [H"]. According to eq. 6.13, [H*] is
directly related to the [CoImH*]/[C,Im] ratio and pK,c2mn)y (=14.9). Therefore, a constant
f can be obtained during the gelation reaction by adjusting the amount of pIL and C;Im
added to the solvent alL, i.e., the pH-buffering effect. To establish the dependence of the pH-
buffering effect in [ComIm*][TFSA™] alL on the ratio of pIL and neutral CoIm, I performed
[H"] measurements at varying solution pIL and C,Im concentration ratios during the gelation

reaction of TetraPEGs, as follows.
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6.3.2 Gelation Behavior in pH-Buffering IL
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Figure 6.5. E variation observed in (a) [ComIm*][TFSA™] with 6.0 x 1073 mol dm™
[CoImH*][TFSA~] only, and with (b) 0.10 mol dm~ [CoImH*][TFSA~] + 0.5, 0.75, and
1.0 mol dm™> C,Im (solid red