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Chapter 1 General introduction

1.1. Harvesting of waste heat and thermoelectric conversion

With the continuous increase of the global population and industrialization in developing countries,
the demand for primary energy has reached unprecedented levels. Global primary energy demand is
forecast to increase by 96 thousands barrels of oil equivalent per each day (mboe/d) between 2015 and
2040, rising from 276 mboe/d in 2015 to 372 mboe/d by 2040.1 At the current consumption rate of
primary energy, petroleum reserves will last about 40 more years, natural gas will last around 60 years,
and coal will last approximately one and a half century.? The combustion of fossil fuels generates
enormous amounts of atmospheric carbon dioxide, which results in the greenhouse effect and global
warming. Among the consumed fossil energy, some studies estimated that about 20% to 50% of the
industrial energy consumption is discharged as waste heat.>* Therefore, the conversion of thermal
energy to useful energy is thus a feasible way to improve the efficiency of consumption of fossil fuel
and reduce our dependence.

Based upon the temperature level, waste heat is usually classified as high-grade (above 1200 F /
649 °C), medium-grade (450 F / 232 °C to 1200 F / 649 °C) and low-grade (below 450 F / 232 °C).*
While high and medium-grade heat is easy to be recovered, low-grade heat dominates the most of
waste heat(60%), and not practical or economical to recover with current technology.

Thermoelectric conversion is a kind of method to harvest waste heat, which can directly convert
temperature difference to electric power. Thermoelectric conversion devices generate electric power
without any moving parts such as fans and motors, and can work for a long period with maintenance-
free, and pollution-free. Thus, the research on the conversion of thermal energy to electricity by
Seebeck effect is very promising and always in ascendant. In addition to semiconductor-based
thermoelectric devices, electrochemical reaction-based devices, called as thermocell, thermogalvanic

cell or thermo-electrochemical cell, attracts much interest recently.



1.2. Thermoelectric devices and thermocell

Semiconductor-based thermoelectric devices have been studied as the main approach to transfer
thermal energy to electricity. Electric potential emerges by the addition of temperature difference
between both sides of the semiconductors. The induced potential (4V) is directly proportional to the

temperature difference (4T). Thus the ratio is described as the Seebeck coefficient (Se).>®

v

Se—ﬁ

(Equation 1-1)
Although the semiconductor-based thermoelectric devices already reach the practical level, the
conventional Se of the semiconductor-based materials is not high and remains in the range between

100 and 1000 uV/K. To obtain the working voltage, p- and n-type semiconductors are usually aligned

in serial connection (Fig. 1-1).
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Figure 1-1. (a) A thermocouple consisting of a p-type and an n-type semiconductor,

positive charge flow from the p-type to n-type leg in the external circuit resulting in

electrical current. (b) Key components of a thermoelectric generator module.’

It is also difficult to overcome the interplay between electrical and thermal conductivity in these
devices. Besides, the performance of those devices are usually limited in low-grade thermal energy
recovery and containing very toxic elements.® Therefore, thermocells attracts much interest recently

as an alternative thermoelectric device.
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Figure 1-2. Schematic illustration of a thermos-electrochemical cell using the
[Fe™(CN)s]* /[Fe"(CN)s]* redox couple in agueous electrolyte. The reduction reaction and oxidation

reaction at the cold and hot side respectively generate the induced potential.®

A thermocell (also called thermogalvanic cell or thermo-electrochemical cell) is usually composed
of redox couples and two electrodes immersed in an electrolyte (Fig. 1-2). The relatively low cost and
high Se (in the order of mV/K, which is higher than that of thermoelectric devices) of thermocells
provides a potential solution for the low-grade thermal energy harvesting. However, due to the low
carrier conductivity, the thermoelectric conversion efficiency of thermocells is still low, and much
improvement has been required. This thesis provides detailed strategies for the enhancement of Se in
thermocells by taking advantage of supramolecular science.

As discussed below, the performance of thermocell is closely related to the thermodynamics of the
redox species, and the detailed analysis of the thermoelectric performance could reveal the
thermodynamic property of the redox species. In Chapter 4, | focused on the fabrication of sulfide
thermocells, which could be the cheapest redox species, and executed the detailed analysis of redox

species, which has not been clear.



1.3. Thermoelectric Properties of a thermocell
1.3.1. Seebeck Coefficient (Se)

For a practical thermocell, a reasonable approximation of Se is determined by the difference between
the standard molar entropies of reactants and products.’® In the reduction-oxidation (redox) reaction in
Eq. 1-2, the steady-state Se is described as Eqg. 1-3.

A+ne =B (Equation 1-2)

o0 __ (Sp+Sp) — (Sp+Sy)-nS

Se = aT nF

(Equation 1-3)

where E is the steady—state potential difference, Sa and Sg are the partial molar entropies of species A
and B, S; and S; are the respective Eastman entropies of the designated ions, S is the total
transported entropy of the electrons in the electrodes, n is the number of electrons involved in the redox
reaction above and F is the Faraday constant. The transported entropy is usually negligible, because it
usually contributes only 1% of S¢.1%!! The contributions of S; and S, are also relatively small.
Consequently, a simpler approximation of Se can be derived by neglecting those three parameters. The
sign of Se is positive when the entropy is increasing in the reduction reaction, and vice versa. It is

common to use the initial Seebeck coefficient Se° , which can be simply expressed as Eq. 1-4.1?

Sg—S .
S0 = % (Equation 1-4)

1.3.2. Thermocell Performance

The power-generating ability of thermocells is evaluated by the current output of the loaded circuit.
The current was obtained by simply placing a variable external load resistance (Rext) in series with the
cell and measuring the cell potential (E). Power output (P) was calculated by using the following

equations in the basis of Ohm’s law:

I = £ (Equation 1-6)
Rext
E2
P=EI= (Equation 1-7)

Rext

The figure of merit (ZT) is dimension-less, which is quite commonly used to express the



performance of thermocells'?

Se

2
7T = K" T (Equation 1-8)

Where o is the electrical conductivity, and « is the thermal conductivity of the electrolyte. It should be
noted that in the case of thermocell systems, o is neither necessarily constant nor necessarily ohmic,
and ZT is not suitable for evaluating the power conversion efficiency of a thermocell.'® Instead, the
maximum power (Pmax) is simply given by the maximum rectangular area under the E-I curve and
sometimes used for evaluating the performance of thermocells. Current density (j) was used as the X-
axis, instead of the corresponding current (I). Usually, the E-j curve shows an approximately linear
relationship, and the greatest area occurred at E = /,Eqc, where the internal resistance (Rint) of the cell

was equal to the external resistance, Rint= Rex.. Consequently, Pmax can be calculated as*2

“(3) ()= o
Prax (2 . TRins (Equation 1-9)

where Iy is the short-circuit current delivered by the cell. Pmax can be determined from the maximum
peak of the power output (P) plot, calculated using Eq. 6, even when the E-I characteristic curves are
nonlinear.

The power conversion efficiency, #, of a thermocell is defined as Eq. 1-10.12

electrical output power Pmax

n= ,TAS] (Equation 1-10)

thermal power folowing through cell - [KA(?)_D-" —

The electrical power output is usually expressed as the maximum power output. The thermal power
flowing through the cell generally consists of two parts: the first term is the rate of heat transfer due to
simple thermal conduction, and which is dominating. A is the cross-sectional area of the thermocell,
and 07/ X is the temperature gradient between the cold and hot sides. The second term I/TAS/nF is the
transfer rate of the heat through the cell due to the reversible heat of the cell reaction. Quickenden et
al. noted that the inclusion of this reversible heat of reaction is appropriate only in a cell that involves
net consumption of electrolyte. Because there was no net consumption of electrolyte in the cell being

tested, Eq. (9) can be simplified as Eq. 1-11.
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Finally, nr was defined as the power conversion efficiency relative to that of the Carnot cycle as Eq. 1-

(Equation 1-11)

23, which provides a more comprehensive parameter to describe the efficiency of a power conversion
device.
n

Ny = m (Equation 1-12)
Thot



1.4. Redox couples

As discussed above, the thermoelectric potential of thermocells is determined by the entropy change
during the redox equilibrium of redox couples. High stability and versatility are required for redox
couples of thermocells. The aqueous electrolyte is widely used because of its versatility and high ionic
conductivity of solute. Fe(CN)s> /Fe(CN)s*~ shows a Se of —1.4 mV/K, which depends slightly on
concentration. I/13~ exhibits considerable concentration dependence than Fe(CN)s* /Fe(CN)s*". The
Se of I/13” in ethylammonium nitrate ionic liquid changes in three-fold between concentration of 0.01
M and 2 M, and the maximum value of 0.97 mV/K is obtained when the concentration is 0.01 M.
The Se of I"/13” in thermocell is positive due to the positive entropy change associated with the increase
in the number of molecules upon reduction

Is"+2e — 31" (Equation 1-13)

However, 17/l3~ cause corrosion depending on the absolute redox potential. Recently, Co?** or
thiolate/disulfide redox couples in organic solvent have drawn attention in the development of as
replacements for corrosive 1/13™ redox couple in DSC.** Pringle et al. investigated the Co?*** (bpy)s
(NTF2)?® redox couple (bpy = 2,2'-bipyridyl), NTf, = bis(trifluoromethanesulfonyl)amide and a
maximum Se of 2.19 mV K™ for an 0.01 M solution in 3-methoxypropionitrile iodide (MPN) was
observed.!® Roger et al. reported thiolate/disulfide (McMT /BMT) redox couple based thermocell,
which gives a Se of —0.6 mV/K.16

There were also some reports of thermocells that generated a potential via the redox reaction
between redox reactive aqueous ion and solid electrodes, such as the Cu*/Cu.*"!® In these cases the
electrodes are solid copper, which is oxidized at the anode to Cu?*. This is then transported though the
electrolyte to be reduced at the cathode as Cu. As aresult, a Se of 0.84 mV/K (0.7 M CuSOy) is observed.
However, the gradual consumption of anode in such thermocells make it is impossible to generate
energy continuously, which thus limits the practical application of such kinds of thermocells.

From the above, recent studies have mainly focused on the Cu, I, Fe and Co centered redox couples as

well as thiolate/disulfide. Additionally, the use of acetone/isopropanol and [Cr(bpy)s]**>* were



attempted as well.1°2° On the other hand, the redox reaction of polysulfide species in the lithium-sulfur
battery is attracting great interest,2224 but this kind of low-cost redox species never be tried in a
thermocell. Thus, the feasibility of the using polysulfide as redox species in a thermocell will be

described in Chapter 4.



1.5. Electrolyte

Most of the previous studies of thermocells use aqueous electrolytes, which generally gives higher
power output due to the relatively fast ion diffusion. The highest power output of thermocells has been
achieved with the aqueous Fe(CN)s* /Fe(CN)s*~ electrolyte.?®® Recently, Y. H. Kim et al. report the
enhancement of Se in the Fe(CN)s*>/Fe(CN)s* thermocell from —1.4 to —2.9 mV/K by adding organic
solvent to the aqueous electrolyte (Fig. 1-3). The addition of organic solvent induced the rearrangement
of solvated molecules surrounding Fe(CN)s*~, which caused an increase in the entropy change of the

overall redox system that yielded the high Se.?’
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Figure 1-3. The S, of the Fe(CN)s* /Fe(CN)s* in aqueous electrolyte (blue scatters) and the mixed

electrolyte of methanol and water.

J. Zhou et al. then significantly boost the Se in aqueous Fe(CN)e* /Fe(CN)s* electrolytes fabricated
thermocell from —1.4 to —4.2 mV/K by the introduction of strong chaotropic cations (guanidinium)
and highly soluble amide derivatives (urea) (Fig. 1-4). The mechanism of the enhancement of the Se is
that the significant increase in the entropy difference of the redox couple due to the synergistic

interactions
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Figure 1-4. (a) The Se of the Fe(CN)s* /Fe(CN)s* electrolyte containing only urea or urea/GdmCl
composite (UGdmCI). (b) Harvesting heat energy from the human body. When the module is closely
touched by one hand. After several minutes, a stable temperature difference of 1.3 K is generated,

which induced an approximately 0.3 V of open circuit potential 8

between urea/guanidium and the redox couple. Guanidinium is prone to bond with Fe(CN)s* rather
than Fe(CN)s*~ based on the ion specificity, whereas urea has a stronger affinity for Fe(CN)s>~ than for
Fe(CN)s*. These differences in affinity synergistically enlarge the entropy difference of the redox
couple, thereby significantly increasing the Se.?

The boiling point of solvents limits the operating temperature, and water-based thermocell can work
below 100 °C. Pringle et al. reported that the thermocells utilizing the Co(bpy)?***(NTf2)s redox
couple in high boiling organic solvent MPN (methoxypropionitrile) or a series of ionic liquid show
high Se of 1.5 to 2.2 mV/K (Fig. 1-5). ¥ The outstanding thermal stability, negligible volatility and low
thermal conductivity of ionic liquid make them ideal electrolytes for such higher-temperature energy

harvesting.

10
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Figure 1-5. Se measurements of 0.01 M Co?"*" (bpy)s(NTf2)2s in methoxypropionitrile (organic

solvent) and ionic liquid.t®

Additionally, the flexibility and leakage-prevention are crucial to thermocells, thus quasi-solid-state
electrolytes have been prepared by the using of cellulose,?® polyvinyl alcohol (PVA),* agar,® or

poly(sodium acrylate) beads.!

1.6. Electrodes

Platinum electrodes are widely used in various kinds of thermocells, due to its high electrochemical
catalytic activity that minimizes the charge transfer overpotential. However, the high cost prohibits the
commercialization, and cheaper materials is imperative. Recently, carbon electrodes are gaining much
attention as a promising, low-cost alternative to platinum. Nano-structured carbon materials, such as
nanotubes and graphene, have a high surface area which increases the number of reaction sites. They
can also increase the current density in the thermocells.3>%

In the first report that utilized carbon nanotubes as electrode materials,® electrodes consisting of
multi-walled carbon (MWCNT) buckypaper and vertically aligned MWCNTSs were fabricated (Fig. 1-
6). These electrodes provide high electrochemical surface areas and fast redox-mediated electron

transfer, which greatly enhances thermocell current capacity and overall efficiency. Thermocell

11



efficiency then is further improved by directly synthesizing MWNTSs as vertical forests that reduce the
electrical and thermal resistance at electrode/substrate junctions. As a result, the efficiency of
thermocells with MWNT electrodes is as high as 1.4 % of Carnot efficiency, which is three-fold higher

than those of previously reported thermocells .

Load

e FeCN) () Fe(CN)s*

Figure 1-6. Scheme of a thermocell with carbon nanostructured electrodes showing concentration

gradients of the ferri—ferrocyanide redox ions during power generation.3*

The highest thermoelectric conversion efficiency of thermocell was achieved by the use of a carbon-
nanotube aerogel-based electrode in aqueous Fe(CN)s*>/Fe(CN)s* electrolyte, with a conversion
efficiency of 3.95% (Fig. 1-7).2° This study exploited planar and cylindrical wound carbon nanotube
(CNT) aerogel sheets as the thermocell electrodes around a tungsten wire, which acts as the current
collector, the high power performance was attributed to fast ion diffusion to the electrode surface,
arising from the wound nanotubes with aligned pores and low tortuosity, combined with the high
surface area, and high catalytic activity contributed to by the Pt nanoparticles. Although these kinds of
electrodes using less platinum than pure platinum electrodes, the relatively complicated fabrication is

unpleasant for commercialization

12
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Figure 1-7. A schematic figure of cell components and their assembly into a planar thermocell. (b) An

apparatus for continuously drawing a carbon nanotube (CNT) aerogel sheet from a CNT forest, and

wrapping it around a metal frame to form an electrode for a planar thermocell.?

1.7.

Insertion of membrane

Conduction and convection of heat are one of the crucial issues for the inefficiency of thermoelectric

conversion, and the insertion of a membrane is thus an effective way to increase the temperature

gradient between cold and hot sides. The first attempt was
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Figure 1-8. The linear change of open circuit potential with the change of external temperature

difference. The color represents the various distance between the membrane and cold electrode. The

distance of 5 mm gives the

best performance.®®
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the insertion of Poly(Vinylidene Fluoride) (PVDF) membrane into thermocells to hinder the heat
conductivity (Fig. 1-8).3° At a temperature difference (external source) of 12 K, an enhancement in the
open circuit voltage (Voc) from 1.3 to 2.8 mV is observed. Meanwhile, the study revealed that the

distance between the membrane and electrode has an influence to the internal temperature difference.
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Figure 1-9. The comparison of power densities for different AT in previous studies (without

separator) and present study (with separator).%

Another recent study introduced a separator into a Fe(CN)s®>/Fe(CN)s*~ based thermocell with
activated carbon electrodes (Fig. 1-9).3 Not only the separator position but also the thickness and
composition were discussed. The record-breaking power output of 171 W m™2 (1.5 mW m2 K2 AT =86
K) was obtained by the using a cotton membrane with less than 8% thickness of the inter-electrode
spacing (0.2 mm in a 2.6 mm cell) located to the cold electrode. The result is significant compared with the
thermocell without any membrane (5.4 W m™?; 1.3 mW m 2 K2, AT = 64 K) or the thermocell consist of a

cellulose sponge separator (10.6 W m™2, 1.4 mW m 2 K2, AT = 86 K).

14



1.8. Supramolecular thermocells

Along with the innovation of redox species, electrolyte, and electrode in the performance

improvement, our group demonstrated a fascinating way by the host-guest interaction to enhance the
Se in thermocell (Fig. 1-10).%” Since the association and dissociation of o -CD and s~ is exothermal

and endothermal reactions,

1‘\ : QGI
o
d’

© ¢
©
©

‘ 000 e

or— 24

Figure 1-10. A schematic illustration of supramolecular thermocell in the combination of o-CD and

/5.

respectively, the I3~ at the cold side is captured by a-CD, which shifts the redox equilibrium to
oxidizing of more I” to I3™. Meanwhile, the dissociation of a-CD—I3~ complex promotes the reduction

of I3~ at the hot side. Based on Nernst equation®®

AEf R U3 ]u 3]c
Se = ar 2FAT<THln e >

where the subscripts “H”, “C” and zero represent the corresponding variables for hot and cold sides of
cells in equilibrium, and an initial state, respectively, and AE;s is the difference of formal potential,
which relates to activity coefficients of redox species.

The shift of equilibrium of the redox species by encapsulation enhances the Se from 0.86 to 1.43
mV/K. Furthermore, water-soluble starch and polyvinylpyrrolidone (PVP), was demonstrated as
polymeric hosts to selectively encapsulated I3~ in I/ I3~ composed thermocell, the significant

enhancement of Seto 1.5 mV/K by starch is observed (Fig. 1-11).3 The use of inexpensive polymers

15



in this work to pave the way to improve the Se by using polymers as host materials for redox species,

#
~e%

Cold ot

Figure 1-11. Schematic of a thermocell consists of a polymer as host, which binds triiodide (I3, purple

sphere) at the cold side and releases it at the hot side.

which also indicates the possibility of using host-guest inclusion to further increase the Se.

In addition to the I/ I3~ based supramolecular thermocells, Se enhancement in the thermocell consists

of ferrocenecarboxylate/ferroceniumcarboxylate also realized by the association of ferrocene-

carboxylate and fS-cyclodextrin
(negative Se) supramolecular the
polymers (1.5 mV/K) or -CD

imperative.

40 This study gives the first example of the fabrication of p-type
rmocell. However, the Se in thermocells consist of a-CD (1.43 mV/K),

(=1.20 mV/K) are still low value, and further enhancement of Se is

16



1.9. Motivation and Outline

The thermoelectric conversion efficiency of thermocells is still lower than that of semiconductor
devices; however, the performance of thermocells is quickly improved in these five years. Thus, the
further improvement of the performance of thermocells could achieve the real application of
thermocells. The main focus of this thesis is to fabricate high performance or low-cost thermocells on
the basis of host-guest supramolecular science or polysulfide redox species respectively. This thesis
consists of five chapters. The outline of chapter 2 and later are described below.

Chapter 2 describes the further enhancement of the Seebeck coefficient from 0.8 to 1.9 mV K™t by
the using of Hexakis(2,3,6-tri-O-methyl)-a-cyclodextrin (Mes-a-CD), which is a derivative of o-
cyclodextrin (a-CD). The previous work in our group demonstrated thata-CD enhances the Seebeck
coefficient from 0.8 to 1.4 mV/K. Isothermal titration calorimetry (ITC) measurement and fitting
analysis suggest that the binding constant of Me1g-a-CD and I3 is much higher than that of o-CD and
Is~, which further enlarges the concentration difference of 13~ and gives the larger Seebeck coefficient.
Furthermore, the encapsulation of Is~ in Meg-a-CD is observed. Generally, 15~ only exists in
coordination compounds, the formation of Is™ thus is observed in the solution for the first time, which
gives a way to study the property of Is™ in solution.

Chapter 3. describes a theoretical basis of the enhancement of the Seebeck coefficient in

thermocells. In this study, the Seebeck coefficient change for the addition of four kinds of cyclodextrins
(Me12-a-CD, a-CD, B -CD and y -CD) were investigated. The theoretical analysis revealed that

association enthalpy between the hosts and triiodide has a major influence on the Seebeck coefficients
of the thermocells. Thermodynamic parameters of host-guest associations were evaluated by
isothermal titration calorimetry, which is in good agreement with the theoretically estimated values
from thermocell measurements. This result provides a guideline to estimate the Seebeck coefficient of
supramolecular thermocells and to determine the thermodynamic parameters.

Chapter 4 describes a new demonstration of low-cost thermocell consists of polysulfide redox

species. In this method, 1-Butyl-1-methylpyrrolidinium polysulfide (P14Ss) is synthesized and the

17



redox species are prepared by the addition of sulfur to the P14Ss solution in DMSO. In thermoelectric
measurement, the sign of the Seebeck coefficient changes from —0.68 to +0.5 mV/K by the addition
of elemental sulfur in the cell. Operando UV-vis spectroscopy, as well as open circuit voltage analysis,
revealed that the change in the sign is attributed to the change in the dominating redox reactions by the
addition of sulfur. This result also provides a thermodynamic aspect of polysulfides electrochemistry,

which is of high importance in lithium—sulfur battery.

Chapter 5. gives a summary of the whole thesis work

18
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Chapter 2

Hexakis(2,3,6-tri-O-methyl)-a-cyclodextrin—Is~ Complex in
Aqueous I7/13~ Thermocells and Enhancement in the Seebeck

Coefficient

Abstract: A large Seebeck coefficient (Se) of 1.9 mV K™ is recorded for the 17/1s5~ thermocell by
harnessing host-guest complexation of hexakis(2,3,6-tri-O-methyl)-a-cyclodextrin (Me1g-a-CD) with
the oxidized iodide species. The thermocell measurement and UV-vis spectroscopy unveiled the
formation of a Mesg-a-CD—pentaiodide (Is) complex, which is in remarkable contrast to the triiodide
complex a-CD-I3™ previously reported. Although precipitation of a-CD—Iz~ complex in the presence
of an electrolyte such as potassium chloride has been a problem for their application to thermocells,
this issue has solved by using Meig-a-CD as a host compound. The absence of precipitation in the
Meg-a-CD and 1/lI3” system containing potassium chloride not only improves Se of the I/l3”
thermocell but also significantly enhances the temporal stability of the power output. This is the first
observation that Is~ species are formed in an aqueous solution which has been utilized in thermocells.
The solution equilibrium of redox couples is controllable by tuning the chemical structure of host
compounds. The integration of host-guest chemistry with redox couples thus pushes the limit of

thermocells.

2.1. Introduction

Thermo-electric conversion based on Seebeck effect has been attracting much interest
because of its potential to retrieve the waste heat and converting it to electricity, which provides
a promising way to reduce the consumption of fossil fuel. The semiconductor-based device has

been shared a major position of the thermo-electric materials for many years. However, their
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small Se limited the improvement of their development.r> Thermocells, often referred to as
thermo-electrochemical cells or thermo-galvanic cells, offer an alternative approach to design
a thermo-electric device which attracted growing attention due to their relatively high Se and
low cost.58

Thermocells composed of a redox pair that is dissolved into the electrolyte. As reviewed by
Quikenden, Pringle and their coworkers, various strategies were devoted to improving the performance
of thermocells, and Se reached up to 1.4 mV K™ by using Pt electrodes and an aqueous solution of
[Fe(CN)s]>#~.21! Recently, carbon nanotube was utilized as the electrodes and the conversion
efficiency of thermocell was enhanced to 3.95% relative to the Carnot cycle.*>** lonic liquid based
thermocells have also been extensively studied, which marked a high Se of 2.2 mV K™t in the wide
temperature range.> " However, a strategy to improve the figure-of-merit value is still required for

the practical usage of thermocells

OH OMe

(@) (©
HO O o o MeQ O o O
MeO
\#/ZOH\ HO™ oH OMe Meo |
o
o OH O OMe OMe

.95 nm

Figure 2-1. (a, b) The molecular structure and size of a-Cyclodextrin (a-CD)® and (c, d)

hexakis(2,3,6-tri-O-methyl)-a-Cyclodextrin (Meis-a-CD)*®, respectively.
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We recently reported the concept of supramolecular thermocell, which was demonstrated by
introducing a-Cyclodextrin (a-CD, Fig. 2-1a) as a molecular host to the 1/13~ thermocell. o-
CD selectively captured hydrophobic I3~ anion, which led to a significant enhancement of Se
from 0.8 to 1.4 mV K 1.2 The addition of KCI, supporting electrolyte, caused precipitation of
the a-CD—I3z~ complex in the lower-temperature cells, which further increased the Se value to
ca. 2 mV K. Polymers such as starch and poly (vinyl pyrrolidone) also served as host matrices,
which showed an increase of Se to 1.5 and 1.2 mV K1, respectively.?! This host—guest approach
is applicable to various kinds of redox species and the effect independent from the type of
electrodes. It turned out to be useful in improving the Se value in thermocells, and the highest
Se of ca. 2 mV K™ has been achieved for the precipitation—dissolution equilibrium system of
o-CD—I3" in aqueous KCI.

Although the addition of KCI was desirable to increase the conductivity of the
electrochemical thermocell, the precipitation observed for the a-CD—I3" system decreased the
diffusion ratio of the redox species and also impaired the durability of the thermocell. To solve
this issue, it is essential to develop host molecules that show the enhanced stability of the
inclusion complex in aqueous electrolytes. We herein report that hexakis(2,3,6-tri-O-methyl)-
o-Cyclodextrin (Mes-a-CD, Fig. 2-1c) as a suitable host molecule for the 17/13~ thermocell.
The aqueous solution of Meg-a-CD and iodide showed high stability and no precipitation was
observed even in the presence of supporting electrolytes. The Se of thermocell reached 1.92
mV K1 which is the highest value reported to date for the homogeneous 17/15~ thermocells.

In addition, we found the system show an unusual off-stoichiometric interaction between
Meig-a-CD and 137, and the formation of Meig-a-CD—pentaiodide (Is) complex is
demonstrated for the first time. It is to note that the formation of Is~ species in aqueous solution
has never been confirmed, which presence has been only reported for the solid crystals??2°,
This result shows the design of proper host molecules lead to superior thermoelectric

conversion (Fig. 2-2).
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Coldside | | Hot side
Figure 2-2. Schematic illustration of supramolecular thermocell composed by 1™ (yellow balls), I3~ (a

trio of red balls), Is~ (connecting five dark red balls) and Me1s-a-CD (gray cone-shaped cylinder).

2.2. Results and discussion

2.2.1. Thermocell measurement

In order to investigate the effect of host—guest interaction, I"/1z~ thermocells were prepared under
various concentrations of Meis-a-CD. The concentrations of redox couple was kept same as the
previous work ([K1] = 10 mM, [Is7] = 2.5 mM).?% In contrast to the previous a-CD-I /I3~ system, the
present Meig-a-CD did not cause precipitation even in the presence of KCI. The detail of the
experimental procedure is described in the experimental part. The open circuit voltage (Vo) of the cell
between the hot and cold electrodes corresponds to the generating voltage of the cell. The temperature
dependence of V. at varied concentrations of hosts is shown in Fig. 2-3a. Vo values were proportional
to the temperature difference (47), where the slope of lines corresponds to the Seebeck coefficients.
That is, a high Se value means the large voltage emergence with the same temperature difference. In
Fig. 2-3b, the obtained Se was plotted as the function of Meig-a-CD and a-CD concentrations,
respectively. The data for the a-CD-1"/1s” system was also shown for comparison. The Se value
obtained without hosts is 0.84 mV K™%, which confirms the reproducibility of the previous work (0.86
mV K™).2 In the case of Meig-a-CD-I7/l5” system, Se value was almost constant below the Meg-a-

CD concentration of
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Figure 2-3. (a) The plots of Voc and 4T with various Mesg-a-CD concentration. [KlI]o = 12.5 mM and

[I2Jo = 2.5 mM. (b) Seebeck coefficient estimated from the slope of Fig. 2 (a) with various

concentration of Me1g-a-CD (red circles) and a-CD (black squares) thermocells. The margin of error

for each point is less than 0.02 mV K2,

1.5 mM, while a drastic increase was observed above the concentration of 2.0 mM. The high Se value
was maintained above the concentration of ca. 2.4 mM. The maximum Se of 1.92 mV K™ was observed
at the concentration of 2.2 mM, which is 1.08 mV K™ higher than that without host molecule. This
value is also ca. 0.5 mV K* higher than that obtained from the pristine a-CD-1/13™ cell system in the
absence of KCI, and provides the highest value of the homogeneous /13~ thermocells. Although we
have reported a slightly higher Se value of 1.97 mV K for the inhomogeneous precipitate—dissolution
equilibrium mixtures caused by the addition of KCI into the a-CD-I"/l3~ thermocell, the presence of
such precipitates significantly decreased its durability.?

We note that an inflection point was observed for the curve at [Me1s-a-CD] = ca. 2.1 mM,
which is well below that observed for a-CD (ca. 2.5 mM). In the case of a-CD, it
stoichiometrically captures I3~ and thus the concentration of the inflection point was almost the
same as the initial concentration of 13~. The observed shift of the inflection point for Meis-a-
CD reflects the formation of complexes with different stoichiometry. As discussed below, the

observed shift is derived from the complexation of Meig-a-CD with Is~ species.
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2.2.2. Isothermal titration calorimetry

The stoichiometry of Meis-a-CD and polyiodide anion was investigated by isothermal

titration calorimetry (ITC) (Fig. 2-4). In the case of pristine a-CD, the inflection point of the

ITC curve
0_
o -4
= ]
Tg ]
~ -84
T —=— 10
N e 25
-12 1 —A— 40
1 —v— 55

0.0 0.5 1.0 15 2.0 2.5
Molar ratio (I, /Me ,-a-CD)

Figure 2-4. ITC curves of the aqueous solutions of 13™ to Me1g-a-CD at various temperature.

for a-CD with I3~ was observed at ca. 1:1, which reflects the 1:1 complexation between I3~ and
a-CD.?%26-28 | contrast, the inflection point of the ITC curve for Meis-a-CD with I3™ is ca.
1.2:1 at 10 °C, which further shifted to 1.3:1 with increasing temperature. This result shows
that the interaction of two Iz~ molecules with one Me1g-a-CD is involved. The most probable
reaction is the encapsulation of Is~ ion according to the following equations. The formation of
Is~ ion in aqueous Me1g-a-CD is supported by the UV-Vis and Raman spectral measurements
described later.
Meig-a-CD + I3~ & Meig-a-CD—I3~ (Equation 2-1)
Meig-a-CD—I3™ + I3~ = Megg-a-CD—-ls™ + I~ (Equation 2-2)
Since Eqg. 2-2 is an equilibrium reaction, the encapsulation reaction occurs at a high
concentration of Is~. ITC curves in Fig. 2-4a has a hump of 4H at the molar ratio between 0.8

to 1.1 eq., which could be attributed to the encapsulation of Is".
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Figure 2-5. (a) Optimum fitting AH1 (red triangles), AH> (blue circles), the sum of 4/, and
AH> (pink pentagons) and the experimental result (black squares) of 13/Me1s-a-CD titration at
10 °C. 4H>' (green diamonds) is a hypothetical ITC curve for the second binding stage
generated by the SSIS model with the absence of the initial binding stage. The enthalpy change

in the figures is normalized. (b-d) Optimum fitting of the experimental titration curve for the

sum of I3~ into Me1s-a-CD and I3~ into I3 —Me1s-a-CD at 25, 40 and 55 °C respectively.

To get insight into the unique ITC data, curve fitting was executed. As above mentioned, in
the case of pristine a-CD, the ITC curve can be fitted with a simple 1:1 binding model between
the host and I3~ (a simple set of identical sites, SSIS) as reported previously.2%%6-28 |n contrast,
the SSIS model did not fit the ITC curve obtained for the Meis-a-CD—1"/l3™ system (Fig. 2-4).

The fitting was not satisfactory even by applying the TSIS (two sets of independent sites) model
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where two kinds of sites bind independently to guest molecules. These observations indicate

that the

0_
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Figure 2-6 The ITC curves for the second binding stage, i.e., I3~ into Meig-a-CD—I3~ at various

temperatures.

second binding reaction in Eq. 2-2 occurs cooperatively with the complexation between I3~ and

Meis-a-CD (Eq. 2-1). We therefore fitted the ITC curve to the model reported by Kataoka and

coworkers, which is a modified model based on the SSIS.?° In this model, the concentration of

Table 2.1. Parameters for initial and second binding stages.

Meig-a-CD + I3~ > Meg-a-CD—-l3"

10 °C 25°C 40 °C 55°C
AH; (kcal mol™) -11.5 -10.1 -9.61 -8.89+0.04
AS (cal Kt mol™?) -6.03 -8.15 -9.86 -10.28
Kas/10% (M) 215+5 79.8 £+ 0.5 18.1+0.4 4.12 £0.13
Meis-a-CD-I37+ 13~ > Meis-a-CD—Is™ + I
AH; (kcal mol™!) -15.6 ~15.99 -15.39 -17.75
AS (cal Kt mol™) -24.38 -29.35 -29.95 -41.64
Kas/10% (M) 564 +5 85.1+0.3 21.5+1.0 4.01+0.04

the substance in the second reaction is generated by the initial reaction, and the experimental

curve in Fig. 2-4 was fitted by the simultaneous control of these two interactions. The details

of the fitting were revealed in experimental part. As shown in Fig. 2-5, the experimental ITC

curve was successively fitted by the sum of 4H1 and 4H>, derived from enthalpy changes
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according to Eqg. 2-1 and Eq. 2-2, respectively. The ITC curves for the second binding stage
(Eq. 2-2) are described in Fig. 2-6. The thermodynamic parameters are shown in Table 2-1.

The ITC curve of the initial binding stage, i.e., I3~ into Me1g-a-CD is presented in the red

(@) (b)

250

0] s
2] %, 2001 —&— | into a-CD
T §' —e— | into Me -a-CD
S 4 _
g = 150
< T(C) ¢ 1001
T -84 = 10 o
< e 25 > 50
107 A 40 5
c
-12 v 55 CE 0
0.0 05 1.0 15 2.0 25 10 20 30 40 50 60
Molar ratio (I, /Me_,-a-CD) Temperature (°C)

Figure 2-7. (a) The initial binding enthalpy (41 in Fig. 3b) of the ITC curves for Me1g-a-CD with 13~
at various temperature. (b) The temperature difference of the binding constant K observed for a-CD

(black squares), Me1g-a-CD (red circles) with Is™.

triangles in Fig. 2-5. The shift of the stoichiometry from 1:1 to ca. 1.2:1 for the initial bonding
stage should be attributed to the contribution of the second binding stage, which consumed a
fraction of added I3™.

The complexation enthalpy between Meis-a-CD and I3~ at various temperature were extracted
in Fig. 2-7a. The binding constants (K) of Me1s-a-CD and I3~ were estimated by these fittings
and were plotted in Fig. 2-7b. The K of pristine «a-CD was also plotted in the figure, which is
ca. 25 times larger at 10 °C than that observed at 55 °C as reported previously.?° On the other
hand, Me1s-a-CD shows remarkable temperature dependence and ca. 50-fold increase in K
value was observed upon cooling the temperature from 55 °C to 10 °C. This larger change in
K observed for the Me1g-a-CD and I3~ enlarges the concentration difference of free 13~ between

the cold- and hot-branches of the cell.
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The enhancement of Se can be attributed to the changes in association enthalpy, and the
increase of —1 kcal mol ™t in 4H increases 0.06 mV/K. From Table S3, the initial binding
enthalpy 4/ at 25 °C was —10.1 kcal mol™ and the bonus of Se was estimated to be 0.6 mV/K.
On the other hand, the Meig-a-CD enhance the Se of the thermocell of 1.08 mV/K. This
discrepancy indicates that the association of Is~ into Meig-a-CD further increased the
concentration difference of I3~ between both branches of the cell, which further enhances the

Seebeck coefficient.
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2.2.3. UV-vis spectroscopy
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Figure 2-8. UV-Vis spectra of various aqueous solutions of 6.25 mM of Kl (green); 6.5 mM of Kl and
1.25 mM of |2 (black); 0.4 mM of |2 (red); 6.25 mM of Kl, 1.25 mM of I; and 1.4 mM of Mel8-a-CD
(pink); and 3.5 mM of I>and 2.1 mM of Mel8-a-CD, which were used to attribute all of the peaks in

I2, KI and Meg-a-CD composed solutions.

In order to investigate the species present in the mixed solution of |2, KI and Methyl-a-CD,
UV-vis spectroscopy was executed. The peaks were primarily assigned by using reference
solutions (Fig. 2-8). As shown in Fig. 2-8, aqueous solution of pure Kl has two peaks at 192
and 225 nm, which are attributed to the absorption peaks of 17331 When I, was added to the
KI solution, new peaks emerged at 290 and 352 nm, which reflects the formation of I3~ ion
through Eq. 2-2.30-34

L+ =13 (Equation 2-3)
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A saturated I> solution without KI has four peaks at 205, 290, 352, 460 nm, among which the
peaks at 205 and 460 nm are attributed to 1,.3°313334 The other two peaks at 290 and 352 nm
are derived from the I3~ ion generated by the hydrolysis of iodine, as described in literatures.®>-
37 The a-CD-l3~ complex formed upon the addition of «-CD to the aqueous mixture of Kl and
I2 gave almost identical peaks at 290 and 353 nm.2"?837 Meanwhile, upon the addition of Me1s-
o-CD, considerable red-shifts to 300 and 375 nm were observed (Fig. 2-8), reflecting the
complexation by Meig-a-CD according to Eq. 1. This red-shift in comparison with those of a-
CD could be ascribed to the modified bond distance of I3 in the relatively deeper and more
hydrophobic cavity of Meis-a-CD, which may have affected the electronic structure of 1573
The component observed for the mixture of 1> and Meg-a-CD at 430 nm is attributed to Mees-
a-CD-l2, which is blue shifted due to the elevated LUMO level of I, by the interaction with
oxygen atoms of Meis-a-CD.3**2 Furthermore, a shoulder peak at 503 nm was observed in the
spectrum (Fig. 2-8), which has never been reported in the previous solution systems. In the
solid state, the absorption around 500 nm has been assigned to that of Is~ anion,***® and we
attribute the peak at 503 nm to Meis-a-CD—Is". The complex is formed through Eq. 2-2.

Meig-a-CD—I3 + I3~ = Me-a-CD—Is + |- (Equation 2-2)

Table 2-2. The summary of the attribution of peaks on UV-vis spectra

- I2 Meis-a-CD-I1, I3~ Meis-a-CD-I3~ Meis-a-CD-Is5-
Wavelength 192 205 326 290 298 503
(nm) 225 460 445 352 372

As described above, the Me1g-a-CD provides deeper hydrophobic cavity as compared to that
of a-CD (Fig. 2-1), which must have stabilized the Is~ species in the form of Meig-a-CD—Is~
complex. The assignment of the six peaks was summarized in Table 2-2. Is~ ions have been

found in the solid polarizer film for liquid crystal displays, but to date, it has not been identified
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to exist in aqueous solutions. Thus, the formation of Meis-a-CD-Is in aqueous solution

provides a means to investigate the property of the discrete Is ion.
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Figure 2-9. (a) The UV-vis spectra of aqueous solutions with varying concentrations. (b) The

absorbance of all peaks on UV spectra plotted against the ratio of [I2]/[KI]. [Me1s-a-CD] = 2.1 mM.

The existed six peaks were further analyzed by Job’s method.*® Peaks in Fig. 2-9a
corresponds to I” (225 nm), Meis-a-CD—I3~ (298 and 372 nm), Meg-a-CD—I> (326 and 445
nm) and Meis-a-CD-Is~ (503 nm). These peaks were separated using Gaussian fitting and the
peak intensities were plotted against the initial concentration ratio of 1> and KI, as shown in Fig.
2-9b. The peak intensity of I~ at 225 nm monotonically decreases with the increase in
concentration ratio. Meanwhile, the absorbance of Meisg-a-CD—I3™ at 298 nm, increased almost
proportionally at a low concentration of I>. After reaching maximum intensity at the ratio of
5:5, the 298 nm-peak decreased beyond that ratio. The peak at 445 nm (Mes-a-CD-I>)
naturally shows a monotonic increase upon increasing l> concentration. The peak at 503 nm
(Megg-a-CD—I5") showed a maximum at the [I.]/[KI] ratio of 7:3 to 8:2, and decreased beyond
that ratio.

If the triiodide is the only polyiodide product in the aqueous mixture of KI and |2, the plot of

triiodide species (at 298 nm) should give a parabolic curve. The sharp decrease of the Me1s-a-

33



CD—Iz" (298 nm) and the increase of the Meig-a-CD—Is~ (503 nm) species in between the ratio
of 5:5 to 7:3 indicate that when the ratio of I> is higher than 5:5, the Meg-a-CD—I3™ react with

I3” to give the Meig-a-CD—Is complex through Eq 2-2.

Figure 2-10. The appearance of solutions 2 at room temperature. Because of the Meig-a-CD inclusion

and iodine hydrolysis, an excess of iodine can be dissolved in water even at the high ratio of 10:0.

— [

3mM 3.9mM 8 mM

Me_—0~ ag)

0mM 0.3 mM 0.6mM | 0.

Figure 2-11. The pictures of solutions 1 (see Table S1) at varied Me1g-a-CD concentrations. The color
of solutions changes from yellow to red black then to deep red-black. When the concentration of Me1g-
a-CD is increased beyond 3 mM, the color returns to red black again. The change of the color indicates
the formation of Meig-a-CD—Is~ and its transformation to Meig-a-CD—I3~ species at higher Me1s-a-

CD concentrations.

Although molecular iodine is slightly soluble in water (1.18 mM, 20 °C),%%-52 no precipitation
was observed in our experiments even in the absence of added KI. This would be attributed to
the high water solubility of Meig-a-CD-I> and formation of Meig-a-CD—Is". In addition, the

weak acidity of saturated iodine solution pH 6.6 can be associated with the hydrolysis of iodine.
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The appearance of each solution was shown in Fig. 2-10. The dark color of the solution 10:0

indicates the coexistence of Meis-a-CD—l2 and Meis-a-CD—Is .
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Figure 2-12. (a) The UV-vis spectra of Solution 1 with various concentration of Me1g-a-CD at 25 °C.
(b) The plots of the peak absorbance of I3, Meig-a-CD—I3", Me1g-a-CD-Is ", and Meis-a-CD-12in (a).
each solution was shown in Fig. 2-10. The dark color of the solution 10:0 indicates the

coexistence of Meis-a-CD—I2 and Me1g-a-CD—Is .

Based on these spectral analyses, the concentration of the iodide species in the thermocell
was then estimated by UV-vis spectroscopy. Fig. 2-12 shows UV spectra with various
concentration of Me1g-a-CD at 25 °C. As discussed previously, two peaks of I3~ at 290 and 352
nm show a red shift upon the addition of Meis-a-CD, which correspond to the formation of
Meig-a-CD—l3". Other peaks at 445 and 503 nm are attributed to Me1g-a-CD-I> and Meis-a-
CD-Is, respectively. Upon increasing the concentration of Meis-a-CD, peaks at 445 and 503
nm increased and the color of the solution showed changes from yellow to deep red black (Fig.
2-11), which reflect the formation of Me1g-a-CD—Is . Upon the addition of Me1g-a-CD at higher
concentrations beyond 3 mM, the color of the solution returns to weak red (Fig. 2-11). To
understand these color changes, the intensity of the peaks is plotted in Fig. 2-12b with varied
concentration of the host. As the absorbance of 13~ (290 nm) decreases, absorption intensities

for Meg-a-CD—I3~ (372 nm) and Meg-a-CD—I12 (445 nm) species increased. The absorbance
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of Meis-a-CD—I3~ and Me1g-a-CD—Il» reached almost constant when the concentration of Meis-

o-CD was elevated to ca. 3 mM. The absorbance of Meis-a-CD—Is increased similarly as that
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Figure 2-12. The UV-vis spectra of Solution 1 with different concentrations of Meig-a-CD.

Temperatures at 10, 25 and 40 °C.
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of Meig-a-CD-I3~ below the Mes-a-CD concentration of 2.1 mM, but it showed abrupt

decrease beyond this host concentration. It indicates that Meis-a-CD-ls~ underwent
comproportionation to two Meig-a-CD—l3~ molecules according to Eq. 2-4.53-56

Meig-a-CD—ls™ + Me1g-a-CD + I” = 2Meg-a-CD—l3~ (Equation 2-4)

The increase in Voc and Se values of the thermocell could be associated with the concentration
difference of free Is~ ions between the lower- and higher-temperature half-cells, which
undergoes the reduction reaction in the thermocell.?’ Therefore, the temperature dependence of
the concentration of free I3~ was estimated by UV-vis spectroscopy under various host
concentrations. All spectra are revealed in Fig. 2-12, and the peak intensity of free 13~ species
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Figure 2-13. (a) The temperature dependence of the absorbance of free I3~ species at 352 nm
at various concentration of Meg-a-CD at [KI] = 12.5 mM, [I2] = 2.5. The slope of the graph
changes from negative to positive. (b) The temperature gradient of the UV peak at 352 nm and

Se at various concentration of Me1g-a-CD. They are in good agreement with each other.

at 352 nm was estimated and plotted at various temperature and Me1s-a-CD concentrations as
shown in Fig. 2-13a. At lower concentrations of Meig-a-CD, a slight decrease of the peak
intensity was observed with increasing its temperature. The peak intensity of free I3~ also

decreased with increasing the concentration of Meig-a-CD. Upon increasing temperature, a
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relatively large increase of free 13~ signal was observed for the agueous Meig-a-CD above the
host concentration of 1.8 mM. This is ascribed to the decrease in the binding constant between
Meis-a-CD and I3, and the dissociation of the complex to liberate free I3~ species by heating.

The slope of the lines of Fig. 2-13a at various Meis-a-CD concentration was plotted in Fig.
2-13b. The change of the slope drastically increases in the concentration range from 2.0 to 2.2
mM. The change of the I3~ concentration affects the Se, and the trend of the graph quite
resembles the curve of the Se. Thus, the enhancement of Se of the thermocell can be attributed
to the host-guest interaction between Meg-a-CD and I3™.

The temperature dependency of UV-vis spectra was recorded in Fig. 2-14. Peak intensities at
370 and 503 nm decreases with increasing temperature. This result shows that the 4H of host-
guest interaction of Meig-a-CD and pentaiodide is negative. This result is in good agreement

with previous literature.
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Figure 2-14. (a) UV-vis spectra of KI (1.4 mM), I> (2.1 mM) and Meis-a-CD (2.1 mM) at
various temperature. Peak at ca. 503 nm was attributed to Meig-a-CD—Is". (b) The peak

intensities were plotted with various temperature.
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2.2.4. Raman spectroscopy
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Figure 2-15. Raman spectra of (a) aqueous solution of KI (12.5 mM) and 12 (2.5 mM), (b) 3 mM a-
CD in addition of (a) and (c) 2.1 mM Me1s-a-CD in (a). Each spectrum was fitted with Pseudo \Voigt

functions. All experimental data were overlapped in (d).

The formation of Me1s-a-CD-Is~ was further confirmed by Raman spectroscopy (Fig. 2-15)
by the increase of I, stretching signal at ca. 170 cm™1, which corresponds to the Is~ as an adduct
of |—_2|2_43,57759

UV-vis spectra reveal that Is7/I" aqueous solution in 3 mM «-CD and 2.1 mM Mezxg-a-CD possess
the maximum Iz~ and Is~ respectively, thus the Raman spectra were recorded at such conditions and
the corresponding fittings are shown in Fig. 2-15. A triiodide cation shows a strong peak at ca. 110
cm ! and a weak peak at ca. 140cm 1,983 which are attributed to the symmetric (v1) and asymmetric

(v) stretch vibration respectively. Another weak peak at 160 cm ™ is assigned to the Fermi resonance
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between v1 and the overtone of bending mode (v3) of triiodide, though the vs is proposed to be at 50-
70 cm™! while it is very weak and not observed in the spectra.>®®%4 When 3 mM «-CD was added to
the I37/1” solution, the increment of the peak intensity of v1 indicates that the host-guest interaction. A
new peak appeared at ca. 170 cm™2, which was assigned to the I-1 stretch mode, and a fraction of the
captured I3~ in a-CD should be described as an adduct of 112 (vi.i = 170 cm™1).5°6%64 |n the case of
Meis-a-CD as a host, the intensity of v1 peak decreased and the of a peak at 170 cm™? significantly
enhanced. s~ in the solid state exists as an adduct of 17-212 or I3™-15,5"°°6162 and a peak at 170 cm™

was enhanced in the case of I"-2l,. Thus, Me1s-a-CD stabilizes the I"-2I> adduct in aqueous solution.

2.2.5. Temporal stability of the thermocell

The power output can be obtained by applying external load voltage (V) to the thermocell (Fig 2-16)
and the measurement of the I-V curves. The maximum power output at each condition was obtained
by the plot of power and voltage (Fig. 2-16b). The addition of the supporting electrolyte, KCI, to the
supramolecular thermocell leads to the increase in the current output, as reported previously.®
However, in the previous study, precipitation emerged when pristine «-CD was used as a host matrix,

and the power output shows a drastic degradation in 6 hrs. The precipitation occurred due to the
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Figure 2-16. (a) Current output and (b) power out of the Me1g-a—CD-based supramolecular thermocell.
Temperature difference (AT) was controlled between 29—30 K, and the supporting electrolyte KC1 was

increased from 0 to 200 mM. Errors in the figure are smaller than the size of the squares.
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hydrogen bonding between the a-CD—I3" species, and this was the fatal flaw for the long-term
operation of a-CD-based thermocells. Meanwhile, such precipitation was not observed when
KCI was added to the aqueous mixtures of Me1g-a-CD, I> and KI.

Apparently, methylation of the hydroxy groups effectively prevented the precipitation. Fig

2-17 shows time dependence of the power output obtained for the Me1s-a-CD-based
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Figure 2-17. Time dependency of the power output of the thermocell (KI = 12.5 mM, I, = 2.5 mM,
Meig-a-CD = 4 mM) with (a) and without (b) KCI. The temperature difference was controlled at ca.

29 K (a) and 30 K (b), which were monitored and added to these figures.

supramolecular thermocell with and without KCI. As shown in the figure, stable power output
was observed, reflecting the stability of Meig-a-CD—I3~ complex in aqueous media. The stable
power output of Meis-a-CD—I3~ based thermocell, normalized by the temperature difference,
is 0.21 mW m2 K™%, which is ca. 2.3 times higher compared with the a-CD—I3~based thermocell

after continuous working for 6 hrs (0.09 mW m2 K1)

2.3. Conclusion

Me1g-a-CD was added to I'/lIs~ thermocell and the Seebeck coefficient was improved by
host-guest interactions. Compared to pristine a-CD, Meig-a-CD shows stronger interaction
with 157, and the Se of the thermocell was enhanced up to 1.9 mV K™t without precipitation.

The observed Se value is the highest among the pure-water thermocell system.
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UV-vis spectroscopy reveals that the Is~ was captured in the aqueous Me1s-a-CD, in addition
to Meg-a-CD—I3". This result is the first observation of Is~ formed in the solution system. The
binding constants of Me1s-a-CD and 13~ was estimated by ITC measurement. The estimated
enhancement of Se was ca. 0.6 mV K. The additional enhancement of Se was derived from
the formation of Is-, which boosted the concentration difference between the hot and cold
branches of the cell. Thermal change of the free Iz~ concentration was evaluated by UV-vis
measurement, which has resembled tendency to the Se trends. The methylation of the hydroxyl
groups in Meig-a-CD effectively prevented the formation of hydrogen-bonded polymer
complexes observed for the a-CD—13~ complex. As a result, the absence of precipitation in the
present Meig-a-CD/l3~ system offered high durability, which has been a critical issue in the
previous a-CD-l3~ system. These results indicate that the precise design of the host-guest

interaction is imperative to improve the thermocell performance.
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2.4. Experimental
2.4.1. Materials and sources

lodine (99.8%), Potassium iodide (99.5%) and Potassium chloride (>99%) were purchased from Kanto
Chemical Co. Inc. (Japan). a-Cyclodextrin (a-CD) and hexakis(2,3,6-O-Me)-a-cyclodextrin (Me1s-a-
CD) were purchased from Cyclodextrin-Shop of AraChem (Tilburg, Netherlands). All reagents were

used without any further purification.

2.4.2. Preparation of aqueous solution
Various kinds of stock solutions were prepared as summarized in Table 2-3 and Table 2-4.
Solution 1: 1> (25.4 mg, 1.0 mmol), KI (83 mg, 5.0 mmol) and various amount of Me1s-a-CD were
dissolved into 40 ml water so that initial concentration of Kl and I, to be 12.5 and 2.5 mM, respectively.
The concentration of Meig-a-CD was listed in Table 2-3. The solutions were called as S1-x where x

corresponds to the concentration of Meig-a-CD (mM).

Table 2-3. The mixing conditions of Solution 1.

I2 (mM) Kl (mM) Meis-a-CD (mM)

$1-0.0 2.5 12.5 0

$1-0.3 2.5 12.5 0.3
$1-0.6 2.5 12.5 0.6
$1-0.9 2.5 12.5 0.9
S$1-1.2 2.5 12.5 1.2
$1-1.5 2.5 12.5 1.5
$1-1.8 2.5 12.5 1.8
S$1-2.1 2.5 12.5 2.1
$1-2.4 2.5 12.5 2.4
$1-2.7 2.5 12.5 2.7
$1-3.0 2.5 12.5 3.0
$1-3.9 2.5 12.5 3.9
$1-5.0 2.5 12.5 5.0
$1-6.0 2.5 12.5 6.0
$1-8.0 2.5 12.5 8.0
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Solution 2: Solutions containing various Io/K1 ratio were prepared. The concentration of each solution

was listed in Table 2-4. These solutions are called S2-a:b where a:b corresponds to the ratio of I, and

KI.
Table 2-4 The mixing conditions of Solution 2.
I2 (mM) Kl (mM) Meis-a-CD (mM)

$2-0:10 0 3.50 2.10
$2-1:9 0.35 3.15 2.10
$2-2:8 0.70 2.80 2.10
$2-3:7 1.05 2.45 2.10
$2-4:6 1.40 2.10 2.10
$2-5:5 1.75 1.75 2.10
$2-6:4 2.10 1.40 2.10
$2-7:3 2.45 1.05 2.10
$2-8:2 2.80 0.70 2.10
$2-9:1 3.15 0.35 2.10
$2-10:0 3.50 0 2.10

2.4.3. Seebeck coefficient measurements
40 ml of solution 1 (S1-0.0 to S1-8.0) were poured into the H-shaped glass cell consists of two
half-cells soaked into a couple of water baths at different temperature (Fig. 2-18). Each half-cell has

VA
(A

e Pt wire —

<+—— Thermocouple ——

Figure 2-18. Schematic illustration of the H-shaped cell. The two half-cells were immersed in cold
and hot water baths. A stirrer was put into each side to accelerate the thermal equilibrium. Two
platinum wire electrodes were used to measure the open circuit voltage (Voc) and the temperature
difference was evaluated by thermocouples.

a diameter of ca. 2 cm and the distance between them is ca. 10 cm for creating a stable temperature
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difference. The temperatures inside the half-cells were monitored with thermometers (TM201, AS
ONE, Japan) and the cold side was kept at approximately 10 °C. Meanwhile, the electrolyte was stirred
during the measurements to accelerate the equilibrium in the cell. Platinum wires (¢ = 1 mm) were
washed with concentrated sulfuric acid and used as electrodes for measuring a potential difference
generated by the temperature difference. The potential difference was recorded by a source meter 2401

(KEITHLEY).

2.4.4. Isothermal titration calorimetry (ITC) measurements

The MicroCal VP-ITC titrator (LLC, Northampton, Ma, USA) was used for the calorimetric
titrations. An aqueous solution of 13.5 mM of Kl and 3.5 mM of I> was previously degassed using a
vacuum degasser Thermovac (MicroCal, LLC, Northampton, Ma, USA). The solution was drawn into
the syringe (250 pl). Another aqueous solution containing 0.3 mM of Mesg-a-CD was also degassed
and introduced into the ITC cell (1.4 ml). Data were collected during twenty-five injections of 10 pl
I37/1" titrant into Me1g-a-CD titrate (duration 24 s) at 10, 25, 40 and 55 °C with stirring at 310 rpm and
240 s injection spacing.

The fitting model is not the general single set of identical sites (SSIS) or two sets of independent
sites (TSIS), as discussed in the manuscript. Thus, the experimental results were analyzed by a novel
fitting method based on the single set of identical sites (SSIS).

In the novel fitting model, the concentration of the substances in Eq. 2 is dependent on the initial
binding reaction (Eq. 1).

Meig-a-CD + I3~ = Meg-a-CD—I3~ (Equation 2-1)

Meig-a-CD—Iz + I3~ = Meig-a-CD-Is™ + I~ (Equation 2-2)

The total heat generated can be regarded as a sum of Eqg. 1 and Eq. 2 and generated heat at each
injection can be written as Eq. S1,

AQ(i) = 40(i)1 + 40(i)2 (Equation 2-3)

where 4Q(i) is the heat generated of the i injection step, 40(i)1 and 40(i). are heat generated by
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Eq. 2-1 and Eq. 2-2, respectively.

The reaction of each step can be fitted by SSIS model.

24.41. SSIS model

The SSIS model is introduced as follows:2%6566
K = Binding constant;
n = The number of the binding sites;
Vo = Cell volume;
M: = The total concentration of host molecules in Vo,
Xt and [X] are total and free concentrations of guest molecules;
O = the fraction of binding sites occupied by a guest.

The binding constant K and the relationship of the total and free guest are described as:

- 0 ) ]
T -ow (Equation 2-4)
Xt = [X] + nOMt (Equation 2-5)

Combing Eq. S1 and Eq. S2 gives

2 Xi 1 X _ :
® —@[Hn—Mt+ nKMt]+ o 0 (Equation 2-6)

The total heat content Q of the solution contained in V, at fractional saturation © is

Q =nOMuUHV, (Equation 2-7)

Where 4H is the molar heat of guest binding. Solving the quadratic equation (Eq. 2-6) for ® and

then substituting this into Eq. 2-7 gives

_ nMAHY, X, L X 1 2_ ﬂ' . ]
Q= —[H + — \/(1+th+ KL o (Equation 2-8)
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The value of Q above can be calculated at the end of the i" injection and designated Q (i). The
parameter of interest for comparison with experiment, however, is the change in heat content from the
completion of the (i-1)"" injection to completion of the i injection. The expression for Q in Eq. 2-7
only applies to the liquid contained in volume V,. Therefore, after completing an injection, it is obvious
that a correction must be made for displaced volume (i.c., AVi = injection volume) since some of the
liquid in Vo after the i-1"" injection will no longer be in V, after the i injection, even though it will
contribute to the heat effect (assuming the kinetics of reaction and mixing are fast) before it passes out
of the working volume V,. The liquid in the displaced volume contributes about 50% as much heat
effect as an equivalent volume remaining in Vo. The correct expression for the heat released 4Q(i),

from the i injection is

4Q() = Qi) + T4 [EL] — i - 1) (Equation 2-9)

By dividing AQ(i) with moles in the i injected volume, the normalized heat, 40(i) is obtained,

which is described by three parameters n, 4H, and K.

2.4.4.2. The fitting of the present research

In the current fitting model, the total generated heat can be separated by two kinds of heat Qx(i) and

Q2(i), which are generated according to Eq. 2-1, and Eq. 2-2, respectively.

Ny My AH,V, X, 1 X, 1 7 4x
0,(0) = 1M1 4114 Vg I+ 2 — 2 ) — t1
2 mM,;  nKiMy mM,;  nKiMy ny My,
n,M,AH,V, X, 1 X 1 7 4x
0,(i) = 2M 4115V I+ 22 ~ lu+ 2 _ t2
2 noM;,  nyKoMy, NnyaMy;  nyKy;My, nyMi,
Where,

AH1 = Enthalpy change at the initial binding stage;
K1 = Binding constant between I3~ and Me1s-a-CD;

n1 = The number of binding sites in Me1g-a-CD;
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Vo, = Cell volume;
Mt = The total concentration of Meis-a-CD in Vo,
Xu1 = The total concentration of I37;

Qa(i) : The total released heat until the i injection in the initial stage (Eq. 1).

Similarly, the symbols in the second binding stage can be defined as:
AH> = The enthalpy change at the second binding stage
K2 = Equilibrium constant between I3~ and I3 —Me1g-a-CD
N2 = The number of the binding sites in I3 —Me1g-a-CD
Vo = Cell volume
Mz = The total concentration of I3 —Meis-a-CD in Vo, which equals to Xu[401/(i4H1)]
Xt = The total concentration of Is~, which equals to Xu[1-4Q1/(i4H1)]

Q2(i) : The total released heat until the i" injection in the second stage (Eq. 2).

Then, the experimental 1TC curve can be fitted by 4Q = AQ(i)1 + 40(i)2, where AQ(i)1 and 4Q(i). are
the released heat for i titration in the initial and second stages, respectively.
The result in the thermodynamic parameters 4H1, K1, 4H>, and Kz. Are shown in Table S3. 451 and

AS> were obtained by van't Hoff equation.

2.4.5. UV-vis spectroscopy
UV-vis spectra were recorded by UV-vis spectrometer (V670, JASCO, Japan) in the wavelength
range between 200 to 600 nm, with a resolution of 0.5 nm and a fixed slit width of 0.5 nm. 0.2 mm

path length quartz cuvettes were used.

2.4.6. Raman spectroscopy

Raman spectra were recorded on a micro-Raman spectrometer (Jasco NRS 3100KK) equipped with
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YAG laser (power 1.5 mW, Wavelength 532 nm) and a thermoelectrically cooled CCD detector

(DU401-BV-120, Andor). All the measurements were performed at ambient temperature.
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Chapter 3 Atheoretical basis for the enhancement of Seebeck

Coefficients in Supramolecular Thermocells

Abstract: Seebeck coefficients (Se) of supramolecular thermocells harnessing four kinds of
cyclodextrins as host molecules were investigated. The theoretical analysis revealed that association
enthalpy between the hosts and triiodide has a major influence on the Seebeck coefficients of the
thermocells. Thermodynamic parameters of host-guest associations were evaluated by isothermal
titration calorimetry, which is in good agreement with the theoretically estimated values from
thermocell measurements. This result provides a guideline to estimate the Seebeck coefficient of

supramolecular thermocells and to determine the thermodynamic parameters.
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Figure 3-1. The Seebeck coefficient enhancement based on the increased concentration of host

molecules, which reflects the controlled concentration gap of redox species.

3.1. Introduction

Thermoelectric conversion is one of the promising methods for waste energy usage.'™ Solid
thermoelectric semiconductors have been the main focus of the thermoelectric devices because of their
high conversion efficiency.6® Meanwhile, thermocells or thermo-electrochemical cells have recently
attracted increasing interest because they generate an electromotive force (Seebeck coefficient, Se) that

is one order higher than those reported for commercial semiconductors.®° A high S is essential for
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harvesting sufficient quantity of electric power from a small temperature difference. The
thermoelectric power of the thermocells is derived from the temperature dependency of the difference
in chemical potentials in electrolyte solutions, which was first discussed by Richards in the late 19th
century.*2 This simple mechanism allows us to utilize a variety of redox-active species as the
components of thermocells, and the studies on thermocell have been rekindled by Burrow,?
Quickenden,*!* and Ikeshoji®® et al. since the 1980s. They discovered that a redox couple of
hexacyanoferrate(l1/111) exhibits a high Se of —1.4 mV/K and high stability in agueous media, which
serves as a benchmark of thermocells nowadays.’®%® Recently, Zhou and coworkers reported
surprisingly high Se of —4.2 mV K! by addition of guanidinium into the hexacyanoferrate(l1/I11)
thermocell.?® In recent years, Pringle and co-workers discovered a new redox couple
tris(bipyridyl)cobalt(11/111), which showed a high Se up to 2.2 mV/K.2%2! Pringle, Weaver and Y.H.
Kim?2-2% showed the influence of solvents on the Seebeck coefficients of thermocells, and optimization
of the redox couples, solvents and electrodes contribute to the improvement of the Seebeck coefficient.
Thanks to their efforts, thermoelectric conversion efficiency reached 3.95% compared to Carnot
efficiency. However, further improvement of the performance is required to maximize the potential of
thermocells and find their wide applications.

We have recently proposed a novel strategy for improving the Seebeck coefficient by introducing
host-guest chemistry.2>2° g-cyclodextrin (a-CD) selectively binds triiodide ion (Is”) at a lower
temperature while it is released by elevating the temperature. The selective capture and elimination of
the oxidant resulted in the difference in the I3~ concentration between two electrodes which generates
an additional voltage according to the Nernst Equation (Fig. 3-1). By introducing host-guest
interactions to the thermocell, the Seebeck coefficient was enhanced by 0.6 mV/K.

This principle of the supramolecular thermocell is related to that of concentration cells,® and it
could also be described as thermal concentration cells. Although selective molecular recognition holds
promise to a wide range of applications, it has been difficult to generate energy. In supramolecular

thermocells, electric energy is created based on the temperature-dependent host-guest interactions,
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which is the key to improving the performance. It provided a first example of the heat-to-electric
energy conversion based on supramolecular chemistry.

In this study, we provide a theoretical basis that relates host—guest reactions to electromotive force.
Thermocell measurements were investigated for the redox-couple of iodide (17)/Is™ in the presence of
various cyclodextrins (CDs). The experimental data were compared with theoretically-estimated 4H,
A4S and the binding constant of the inclusion reactions from Se at varied host concentrations. A novel
host, Me12-a-CD, was also investigated which showed higher Se as compared to a-CD. This result will

provide a rational strategy for the enhancement of the Seebeck coefficient.

3.2. Results and Discussion

3.2.1. Thermodynamics for complexation of Is™with CDs

In a conventional I"/13™ thermocell, reduction of I3~ to three equivalents of I” (Eq. 3-1) preferably
occurs at the high-temperature side of the thermocell because this reaction gains entropy. Conversely,
oxidation of I” (Eq. 3-2) is preferred at the low-temperature side.3

I3 +2e —= 3I° (Equation 3-1)
- I3 +2e (Equation 3-2)

In supramolecular thermocells, various host molecules such as cyclodextrins (CDs) are added to
capture I3~ anion. a-, - and y-CDs are applied as the host molecules, which are 6-, 7- and 8-membered
rings of glucose chains, respectively, as well as Me1-a-CD that is a hexakis-(2,6-di-O-methyl)-a-
Cyclodextrin. Their inner cavities show hydrophobic nature in an aqueous environment.> The
inclusion phenomena of CDs for hydrophobic guest molecules have been applied in many disciplines
including the synthesis of supramolecular interlocked molecules,®*** molecular separations,
hydrogels,®*3" and drug delivery systems.3® a-CD binds one equivalent of hydrophobic 15~.%°

Although supramolecular thermocells utilize the temperature dependence of the binding constant
of these CDs, their thermodynamics has not been fully investigated to date. The binding constant (K),

inclusion enthalpy (4H) and entropy (4S) between I3~ and CDs were evaluated by isothermal titration
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Table 3-1. Binding constant (K), reaction enthalpy (4H), and reaction entropy (4S) between CDs and
I3~ at various temperatures. K, 4H, A4S at 25 °C were also estimated from the results of thermocell

measurements. 745 was also shown.

T (°C) K (103 M) AH (kcal mol™) A8 (cal K*mol™)  74S (kcal mol™?)
Me12-a-CD 10 771 £22 —9.86 £0.05 -279+0.3 -79+0.1
25 5975+ 1.8 -9.36 +0.01 -26.4+04 -7.8+0.1
40 224.1+05 —9.43+0.02 -245+05 -7.7+0.2
55 67.1+0.1 —9.36 £ 0.02 -22.1+0.3 -7.3+0.1
TEC* 1440 -13.13 —15.76 —4.70
a-CD 10 370+ 30 —12.02 £ 0.09 -17.0+£05 -48+0.1
25 160 £ 20 -11.97 £0.18 -16.4+£0.9 -49+0.3
40 44 +18 —12.14+0.10 -176+12 -55+04
55 22£17 -10.21 £ 0.15 -13.9+0.9 -46+0.3
TEC* 50.5 -11.97 -12.84 -3.83
B-CD 10 3.4+03 —6.06 + 0.14 -52+0.2 -15+0.1
25 26+0.2 —6.19+0.17 -51+0.3 -15+0.1
40 1.91+£0.17 —-6.5+0.3 -56+05 -1.8+0.2
TEC* 3.65 —5.66 -2.7 -0.81
y-CD 10 0.39+0.01 -2.81+0.03 1.93+£0.18 0.55+0.10
25 0.27 £0.02 —2.98 £ 0.03 1.13+0.12 0.34 £ 0.04
40 0.20£0.01 —2.90+0.04 1.23£0.09 0.39+0.03
TEC* 1.13 -1.83 8.1 2.4

calorimetry (ITC) at various temperatures (Table 3-1, the titration curves are shown in Fig. 3-2, 3-3
and 3-4). For a-CD, the binding constants decreased upon increasing temperatures, while the 4+ and
AS are less temperature dependent. The association reactions of I3~ and CDs is exothermal (4H < 0)

and preferably occurs at a lower temperature. It is to be noted that the 4S values of the Me12-a-CD, a-
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Figure 3-2. Titration curves and the fitting of ITC measurement. (a) a-CD, (b) p-CD, (c) y-CD.
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Figure 3-3. The ITC measurements between I3~ and Me12-a-CD at different temperatures10, 25, 40

and 55 °C were fitted by the two binding stages model. Experimental curve (black squares), Optimum

fitting (red circles), titration of stage 1 (pink triangles), titration of stage 2 (blue triangles), Hypothetical

stage 2 (green squares), Where optimum fitting is the sum of the stage 1 and 2.

59



(a) (b)
01 = 10°C ’s 01
e 25°C ¥~ o)
2_ A 40 UC ”’,:
- v 55°C T 44
B 4 / o)
g 4 E 4]
= T
g 6 - ‘ _\L<> -8
z K I
N 8- ' -10 1
vv*" A:./‘
OO =% 124
10 -
T T T T ‘14 T T T T
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 15 2.0 25
Molar ratio (I, /Me,,-a-CD) Molar ratio (I,/Me, ,-a-CD)

Figure 3-4. The fitting of the binding stage 1 (a) and the hypothetical curves of the binding stage 2 (b).

CD and p-CD are negative, which can be attributed to the loss of transition and rotational freedom of
both guest and host molecules.*® The interaction between the methyl groups of Mei2-a-CD and I5~ was
confirmed by *H NMR spectroscopy as shown in Fig 3-9. The H peak at 3.39 ppm is attributed to that
from 6-O-methyl groups, which shifts by the addition of Is~, associated with the increase of the
shoulder peaks. It indicates that the interaction between them, which could contribute to the change of
entropy by the inclusion reaction. On the other hand, fairly positive entropy change can be observed
for y-CD, which is caused by the replacing of binding water to 13-4 Therefore, the conformation of I3~
is highly restricted in the cavity of a-CD and Me12-a-CD, while it has a certain freedom in the larger
cavity of y-CD. In the cavity of p-CD, the conformational restriction of I3~ is at the intermediate
between o- and y-species. The association reaction of Me12-a-CD and I3~ contains two stages, which
is similar to the previous report for Meis-a-CD, 28 and the thermodynamic parameters of first and

second association step are presented in Table 3-1 and Table 3-2 respectively.

Table S2. Parameters for the second binding stage
Mep-a-CD-157+ I3~ = Mep-a-CD-Is" + I~

10°C 25 °C 40 °C 55 °C
AH (kcal mol™)  -12.1+0.3 ~11.47 £0.17 ~125+0.2 ~11.6+0.4
A4S (cal K1mol)  —14.99 -27.81 ~25.05 ~41.64
Kas/10% (M) 116 + 25 85.1+0.3 30+2 11.1+0.4
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3.2.2. Estimation of thermodynamic parameters from the Seebeck coefficients
in thermocells

The host-guest reaction decreases the concentration of unbound I3~ species at the cold side of the
thermocell and consequently, the electrochemical potential is generated according to the Nernst
Equation. The thermocell measurement was executed at the various temperature differences between
both sides of the thermocell (Fig. 3-10). Fig. 3-5 shows the linear increase of the electromotive force
(Voc) with increasing the difference in temperature(47). Seebeck coefficient (Se) is defined as Se = Voc
| AT, which was determined from the slope of the plots in Fig. 3-5. The intrinsic Se of the thermocell
without CD is ca. 0.85 mV K™%, which is slightly higher than that in the literature (0.53 mV K™).1 The
deviation is ascribable to the difference in the initial concentration of Kl and I, and different

temperature range applied to the thermocell.
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Figure 3-5. Electromotive force of thermocells consisting of 17/1s~ and various CDs at various concentrations.

(a) a-CD, (b) Me12-a-CD, (c¢) p-CD, (d) y-CD. Se was estimated from the slope of the plots.
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Fig. 3-6 shows the Se values obtained at varying concentrations of Me12-a-CD, a-, - and y-CDs.
The Se values of Mei-a-CD thermocells drastically increased when the concentrations of CDs
surpassed the initial concentration of I> (2.5 mM). The Se value in the presence of a-CD is the same as
that reported previously.2®> A similar curve can be observed for Me-a-CD, with a slight enhancement
of the Se. The electrolyte contains ca. 2.5 mM of I3~ and the drastic increase of Se was observed after
the addition of equimolar hosts to the guest. The increments of Seare 0.76, 0.66 and 0.25 mV K™ for

Me12-a-CD, a-CD and f-CD, respectively. The change of Se was negligible for y-CD.

1.8

Me -o-CD
a-CD
B-CD

1.6 1

A0 q

S (mv K

[CDs] (mM)

Figure 3-6. Experimental dependence of Se on the concentration of various hosts. The simulated Se

was shown as solid lines. Initial concentrations of Kl and 12 are 12.5 and 2.5 mM, respectively.

3.2.3. Theoretical analysis of the Seebeck coefficient in TEC
Theoretical analysis of these characteristic changes in Se values and the influence of host molecular

structures are discussed as follows. Upon complexation, CD derivatives mask the redox activity of Is™,
while the uncaptured I3~ serves as a redox-active species. The concentration of free I3~ species was

estimated from the host-guest equilibrium described as Eq. 3-3.

(151 =5 (1510 — [€D)o — K™ + (I3 ]o + [CD]o + K~D2 — 4[5 ,[CD],)  (Equation 3-3)

The subscript zero in Eq. 3-3 denotes the initial concentration of the corresponding species. The

relation between binding constant K and temperature T is given by Eq. 3-4, and the linear relations

62



between log K and T~ was confirmed in Fig. 3-7a.

AG® .
InK =— — (Equation 3-4)

The concentration of uncaptured I3~ ([Is"]) was estimated for various concentrations of the hosts,
as shown in Fig. 3-7b. The decrease in the concentrations of redox-active I3~ species is observed upon
increasing the relative concentration of CD ([CD]o/[I3 ]o). The simulation was carried out at T = 10
and 40 °C, respectively. In the cases of Me12-a-CD and a-CD, the differences of [1s7] between 10 and
40 °C are significant where the initial concentrations of hosts are higher than that of Is~. The changes

in concentration are not salient for - and y-CD as hosts. (Fig. 3-7Db).
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Figure 3-7. (a) Plots of log K versus T! for various CDs. (b) The estimated concentration of

uncaptured I3~ between 10 (line) and 40 °C (dash).

The electrochemical potential was estimated from the Nernst Equation (Eq. 3-5)'?, and the
concentration of I3~ was derived from Eq. 3. The Seebeck coefficient of thermocell was obtained by

the deriving Eq. 3-4.

Minkl  (Equation 3-5)

_ 0 _
E=E 2F  [I7]
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[CDlo—[15To+K ™= |([CD]o+[IT]o+K~1)* —4[CD]o[I7]
Se =:%§§_+_£¥§ v o~ Liz lo J( oTliz lo ) olfz lo +_§% %
ZJ([CD]O+[13‘]O+K—1)2—4[CD]o[Is‘]o

[CD]o=[I51o=K 1 +.|([CDlo+[I5]o+K~1) > =4[CD]o[I5] )
In——° ‘/( 02 o tk™) S (Equation 3-6)

Where AEx is the difference of formal potential between hot and cold sides, which can be estimated
from the intrinsic Se of the thermocell (4E:/ AT = 0.62 mV K™).

The 4H and K™ were obtained by fitting Eq. 3-6 to Fig. 3-6, and summarized in Table 3-1. The
results show that the estimated values of «-CD are in good agreement that obtained from the ITC
measurements, thus justifying the theoretical framework. The significant deviation for Me12-a-CD is
due to the two binding stages and the formation of Mei2-a-CD—Is", the details are described in the ESI.
Thus, it is concluded that the enhanced Se of the thermocells results from the difference in the
concentration of electroactive I3~ species between the hot ([Is7]n) and the cold ([I37]c) electrode sides.
The present method provides the change in entropy, enthalpy and binding constants related to the host-

guest interactions by a simple measurement of the generated voltages in between two electrodes which

(a) s (b) 18
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Figure 3-8. (a) Induced circular dichroism (ICD) spectra of I3~ in the presence of a-, Me12-a-, - and

y-CDs. (b) The corresponding UV-vis spectra of the solutions in the CD spectroscopic measurement.

are set at different temperatures. The change of Se by the addition of y-CD is small, while the

association enthalpy could be evaluated by the fitting. Hence, this method is widely applicable to host—
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guest combinations with redox active guest molecules. The association of 13~ was confirmed by the
circular dichroism (CD) spectroscopy. As shown in Fig. 3-8, a couple of CD peaks were observed at
286 and 350 nm in the CD spectra of I3~ and a-, -, y-, and Me12-a-CD. These peaks are attributed to
I3, and the CD signals were induced by the incorporation by CDs, which provide the chiral
environment. A slight red shift of the peaks was observed for Me12-a-CD, as measured by the UV-vis
spectroscopic study in our previous paper.*? The absence of the peak at 225 nm, which is attributed to
that for 17, indicates that CDs selectively capture I3~ out of I". The weak bands for y-CD induced
spectrum mean the weak binding between y-CD and Iz, which has a good agreement with ITC and

thermocell studies.

3.3. Conclusion

The introduction of temperature-dependent host-guest interactions in thermocells allows to control
the concentration of redox-active guest molecules and enhances the Se. It is found that Mei2-a-CD
showed higher temperature dependence against the inclusion phenomena, raising the Se to a higher
value. This new approach to empower thermocell will be potentially applicable to other redox couples
such as iron- or cobalt complexes, whose intrinsic Se is higher than the I/ 13~ couple. Supramolecular

chemistry, therefore, will provide a clue to innovate thermocells.
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3.4. Experimental

3.4.1. Isothermal titration calorimetry.

The fitting of the titrations between a-CD, f-CD or y-CD and I3~ were carried out by Origin (ver.5
SR2, Micro cal. Inc) and iterated until the ¥ value reached the minimum. The titration between I~ and
Mei2-a-CD was fitted by a previously reported model.?

According to the previously reported method, the host-guest interaction between Me12-a-CD and I3~

including two binding stages as follows,

Me12-a-CD + I3~ = Mez2-a-CD-l3~ (binding stage 1)
Me12-a-CD—Iz~ + I3~ 2 Me-a-CD-Is™ + I~ (binding stage 2)
3.4.2. NMR Spectroscopy
d 6-CH
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Figure 3-9. 400 mHz *H-NMR spectrum of (a) Mei2-a-CD (3mM) (b) Mei2-a-CD (3mM), 12 (2.5 mM)

and KI (12.5 mM) in 700 pL of D20.
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3.4.3. Seebeck coefficient measurement

(@) Voltammeter <« Thermometer

L Electrode

O ap 8 Stirrer

Ice Hot water

Figure 3-10. (a) A schematic illustration of the TEC. (b) A photograph of the TEC.

3.4.4. Theoretical analysis on the Seebeck coefficient of TEC
3.4.4.1. Seebeck coefficient and reaction entropy.
Seebeck coefficient is the temperature derivative of the redox potential (dE/dT), and Weaver pointed

out that the reaction entropy (4Sr) during redox reaction is related to the dE/dT as: 2

dE AS) .
Se= 4G = nFrc (Equation 3-7)

where n is number of electrons in the redox reaction and F is Faraday’s constant. Weaver evaluated
ASrcof various redox couples in water and non-aqueous solvent. He also used Born’s model to calculate

the A4S as:

_ eZ_N dln & Zzox ered -
A8 == 5 r GinT (rox = e ) (Equation 3-8)

where ¢ is the dielectric constant of the solvent, Zox and Zreq are the valence charges of the oxidant and
reductant, respectively, rox and rreq are the corresponding radii, e is the electronic charge and N is
Avogadro’s constant. According to Weaver’s theory, redox ions with high valence and small radius
most likely result in high reaction entropy and high Seebeck coefficient. Although the A4Sy evaluated
from the experimental results of dE/dT and Eq. S1 have a linear relationship with theoretical values of

(Z20x/Yox — Z?redlTred), the empirical ASr. does not fit with the theoretical one. He concluded that, in
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addition to Born’s model, the coordination of the solvent molecule around ions and the spin transition

between redox could influence the A4S..%

3.4.4.2. Seebeck coefficient and the concentration of redox couple.

In order to derive the relationship between concentration of the redox couple and Seebeck coefficient,
we use Nernst formula to express the equilibrium potential of TEC.'? When a redox reaction reaches
an equilibrium Ox + ne~ 2 Red, the equilibrium potential can be expressed with the concentration of

oxidized specie ([Ox]) and reduced specie ([Red]):

[0x]
[Red]™

RT f
E=E;+ Eln (Equation 3-9)

_ RT Yox .
Er =E°+ Eln@ (Equation 3-10)

In Eqg. 3-9 and 3-10, R is the standard gas constant, Er is formal potential, E° is the standard potential,
vox @nd yred are the activity coefficient of oxidized and reduced species, respectively. Debye—Huickel
theory* describes that y is also related to Z?, r and &, which appear in Eq. 3-8. Seebeck coefficient (Se)
is a deviation of voltage by temperature, and when AT is small enough to regard AE as proportional to

AT, it can be written as:

[0x]
A(In——=7) .
— 4B _ 2By 4 R g, 10x] | RT 7 IRed] (Equation 3-11)

S = = =
€ AT AT  nF [Red]® nF AT

3.4.4.3. Calculations of Seebeck coefficient of [Red] / [Ox] with [Host]

When a host is added into the TEC, host—guest interaction between Host and either oxidized or
reduced form occur. When oxidized form is selectively bind to the host, after the system reaches an
equilibrium below;

Host + Ox 2 Host-Ox (Equation 3-12)
the binding constant and the initial concentration of host and Ox are expressed below:
K = [Host—Ox]/[Ox][Host] (Equation 3-13a)

[Host]o = [Host] + [Host—Ox] (Equation 3-13b)
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[Ox]o = [Ox] + [Host—Ox] (Equation 3-13c)
By solving equation (Eq. 3-13a) to (Eq. 3-13c), the concentration of electroactive oxidized form at

temperature T can be obtained as follows.

[0x] = %([Ox]o — [Host], — K™* + \/([Ox]o — [Host]y + K~1)2 — 4[Ox],y[Host],)
(Equation 3-14).
The concentration of the oxidized form changes with temperature change after the introduction of

supramolecular interaction. While that of reduced form is constant. Then (Eq. 3-11) is expressed as:

__AEf RT  Aln[ox]  A[Ox] _AK™") R

Se = tr X aton X3y X ar +—In[0x]  (Equation 3-15)
In Eq. 3-15,

Aln[ox] 1 . )

Alox] — Tox] (Equation 3-16a)

AK™Y _ K~1AH . i

AT = T R (Equation 3-16b)

Alox] _ 1 [Hostlo+[0x]o+K ™'~ /Q .

1 =5 ( 7o ) (Equation 3-16c¢)
Where

\/6 = \/([0x]o — [Host], + K~1)2 — 4[0x],[Host],
By substituting Eq. S10-a to ¢, Eg. S9 can be written as :

= AEp + AH % [Host]o—[0x]o+K~1-\/Q n R % In [Host]o—[0x]o—K~1+,/Q

S
€ AT  nFT 2,/Q nF 2

(Equation 3-17)

Thus Seebeck coefficient can be estimated by the initial concentrations of the host, redox-active species,
binding constant, and binding enthalpy.

Eqg. 3-17 has a peak where [0x], = [Host], — K~1. In that case, the Seebeck coefficient become

maximum at
A _ .
Se =— ZnII:“IT + :;F x In(y/[Host]o([Hostlo — K1) — K1) (Equation 3-18)
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Chapter 4 Electrochemical Thermo-Electric Conversion Using

Polysulfide as Redox Species

Abstract: Thermocells convert waste heat to electricity without any pollution; however, the high
cost and the corrosivity of redox species hinder their commercialization. In this work, we report the
first demonstration of a thermocell that utilize abundant polysulfide as redox species. 1-Butyl-1-
methylpyrrolidinium polysulfide (P14S3) is synthesized and the redox species are prepared by the
addition of sulfur to the P14Ss solution in DMSO. In thermoelectric measurement, the sign of the
Seebeck coefficient changes from —0.68 to +0.5 mV/K by the addition of sulfur in the cell. Operando
UV-vis spectroscopy, as well as open circuit voltage analysis revealed that the change in the sign is
attributed to the change in the dominating redox reactions by the addition of sulfur. This result also
provides a thermodynamic aspect of polysulfides electrochemistry, which is of high importance in

lithium-sulfur battery.

4.1. Introduction

Waste heat is released in large volumes with wide temperature distribution, and its utilization has a
great potential to improve the efficiency of fossil fuel consumption. Thermo-electric conversion is a
general method to convert waste heat to electricity, and that based on the semiconductor-based device
has been considered as the main approach. However, in addition to the use of toxic elements, the high
cost and the low Seebeck coefficient (induced thermoelectric voltage per unit temperature difference,
Se) have pushed it to its limitation.* Thermocells, which are fabricated by electrodes and redox pairs
inside the electrolyte, can convert heat to electricity on the basis of redox reactions. The low cost and
relatively high Se made them promising and consequently, they are attracting increased attention. The
[Fe(CN)s]* ™ redox pair-composed thermocell shows a Se of 1.4 mV/K which was taken as
benchmark,® and higher Se has been attained by those with water-organic solvent mixed solvent system

(Se, 2.9 mV/K)® and cobalt-based redox compounds (2.2 mV/K).”® The Se observed for the 17/13
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thermocell is ca. 0.8 mV/K, and it is enhanced to 1.9 mV/K by introducing cyclodextrins as a result of
selective host-guest interaction with I3~.>! However, the use of expensive metal compounds and
corrosive I"/13” species render these systems unpractical. Thus, it is of importance to find low cost and
non-corrosive redox species toward the application of thermocells.

Meanwhile, due to the abundance and low cost of elemental sulfur (Sg), the lithium-sulfur battery
has been immerging as a promising power storage device.?1° Disulfide!®-18 and S*/S,?" redox species
have also been introduced into dye-sensitized solar cells (DSCs) and dot-sensitized solar cells
(DSSCs)*, respectively; The thiolate/disulfide (McMT /BMT) composed thermocell was proved has
high thermoelectric power,2° however, S>/Sn>" has never been used in thermocells. We herein report
the first example of thermocell which utilizes anionic polysulfide redox species in thermocells. In
addition, we observed a change in the sign of Se from negative to positive in the presence of Ss. This

is ascribed to the transformation of main redox reactions as revealed by operando UV-vis spectroscopy.

4.2. Results and discussion
4.2.1. UV-vis spectroscopy of (P14)2Sswith various concentration of Ss

It is known that polysulfide in solution contains inevitably various species due to their
disproportionation reactions. Hence, we added various amounts of elemental sulfur (Sg) to the DMSO
solution of (P14)2Ss and investigated the composition of existing polysulfide anions. The UV-vis
spectra of the solutions are shown in Fig. 4-1a. The absorption peaks were separated by Gaussian
fitting, and the change of each peak intensity are plotted in Fig. 4-1b. The Ss™ ion?*?° has a single
peak at 617 nm while S42 (305 and 420 nm?2+28:30-32) ' 52~ (355 nm?22:3334 and 500 nm?12224-26.28,30,35)
and Se% (340 and 475 nm?*-28) anions show two peaks. The UV absorption edge of DMSO at 268 nm
prohibit the quantitative analysis of the absorbance peak at 270 nm, which is attributed to S3*>~. The
peak absorbance of Sz increases with the increase in Sg concentration until 20 mM, and beyond this
concentration, it decreases. The ascending absorbance of S4>~ (305 nm), Se*>~ (336 nm), and Sg*~ (500

nm) with the addition of Sg suggests the transformation of Sz*~ to the longer polysulfides. The
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spectroscopy shows that the composition of polysulfide ions can be adjusted by the added Sg ratio.
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Figure 4-1. (a) UV-vis spectra of (P14)2S3 with various concentration of Sg. (b) The plots of the

absorbance change of polysulfide species.

4.2.2. Thermocell measurement

Thermocell measurement was executed with a home-made H-shape cell as shown in Fig. 4-2. The
emerged voltage of each solution showed linear dependence to the temperature difference between
both side of the cell (4T), which is typical of Seebeck effect and the slopes of these plots provide
Seebeck coefficients (S¢). It is to note that without the addition of Ss, the Seebeck effect was not
observed. Without Sg, Ss*>~ is an only polysulfide species and no redox equilibrium emerges in the
thermocell. As shown in Fig. 3b, the Se value in the presence of 2.5 mM of sulfur was ca. —0.7 mV/K.
The absolute Se value decreases with the addition of sulfur until 17.5 mM, and the Se turns to be positive
when the sulfur concentration exceeded 20 mM. The Se value became almost independent on the
concentration of sulfur above this concentration. It is known that Se value is proportional to the entropy
change of the redox reaction, and the change of the Se by the addition of Sg would be reasonably
attributed the change of polysulfide species that mainly contribute the redox equilibrium. Hence we
investigated cyclic voltammetry of these solutions to identify the redox equilibrium at various Sg

concentrations.
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Figure 4-2. (a) The result of thermocell measurements. [(P14)2S3] = 10 mM in DMSO. (b) The

plots of Se with varying the concentration of sulfur. T = ca. 20 °C.
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4.2.3. Cyclic voltammetry

In order to investigate the mechanism of the change of Se, cyclic voltammetry was executed (Fig. 4-
3) at various sulfur concentrations. The voltammograms have many redox peaks. With the increase of
sulfur concentration up to 15 mM, the increase of the reduction peak current at —1.30 V vs Ag/AgCl
was observed (Fig. 4-3a), and it decreases with the sulfur concentration above 20 mM. At higher Sg
concentrations, the emergence of reduction and re-oxidation peaks was observed at —1.43 and —1.32 V,
respectively (Fig. 4-3Db).
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Figure 4-3. Cyclic voltammograms of 10 mM of (P14).Ss and (a) 0 to 15 mM or (b) 20 to 30 mM

of sulfur in DMSO. All curves were recorded at 25 °C.

These phenomena indicate the formation or increase of novel polysulfide species. We then carried
out operando UV-vis spectroscopy to identify these polysulfide species.

According to the UV-vis spectroscopy during the voltage sweep at a first redaction peak from —0.5
to —0.85 V vs Ag/AgCl (Fig. 4-4b, R1), the slight increase of peaks at 617, 500, 340 and 305 nm were

observed, which are attributed to Ss™, Sg?~, S6°>~ and S4>", respectively.
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Figure 4-4. (a) A cyclic voltammogram of 10 mM of (P14)2Szand 10 mM of Sg in DMSO at a sweep
rate of 1 mV/sec. (b-h) In situ UV-vis spectra of reduction reaction and oxidation sweeps between —0.5
to —0.85 V (b), —0.85to —1.15V (¢), —1.15to -2.0 V (d), -2.0 to 1.0 VV (e), —1.0 to —0.58 V (f), —0.58

to 0.1V (g) and —0.1 to 0.5 V (h) vs Ag/AgCI. Arrows indicate the direction of the spectral change.

The reduction peak at —0.7 V was previously assigned to the reduction of Sg, as shown in Eq. 4-
1.27,31,34,3640

Sg+2e — Sg*~ (Equation 4-1)
Se>” and Ss™ are formed by disproportion and dissociation reactions,?":31:34.36-40

Sg¥ = S¢* + (1/4)Ss  (Equation 4-2)

Se> = 2S5 (Equation 4-3)
In Fig 4-4c, an increase of S4>~ was observed for the Rz peak from —0.85to —1.15V, and the observed

change would be attributed to the following reduction reaction:
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Sg¥” + 2e” — 254 (Equation 4-4)

According to the report of Lu and coworkers, the decrease of Sg?~ is observed in this potential range.3®
In contrast, such a decrease in Sg>~ is not obvious in our experiment. This discrepancy derives from the
low concentration of Sg in our study since only 10 mM of Sg was added into the solution, and the Sg
was consumed to the reduction of S3?~ as shown in Fig. 6b. The decrease of Sg?~ is compensated by the
increase of S4>~ and probably Se*~ through the disproportionation reaction as shown in Eq. 5 and the
successive reaction of S3™ by Eq 4-3.

3S42” = 2S5 + 2S3* (Equation 4-5)

Upon scanning the electric potential from —1.15 to —2.0 V (Rz peak), the significant decrease in the
absorbance of S3™ is observed, and the increased Sz>~ can be detected by the decrease of the intersection
of the spectra. This result suggests the following reduction reaction;

Ss”+e — Sz (Equation 4-6)

The decrease of S4>~ is due to the shift of equilibrium in Eq 4-5 by decreasing the concentration of
S3.

Another reduction peak was observed at around —1.75 V; however, the UV spectra do not show any
change and the peak could be attributed to the reduction of 1-butyl-1-methylpyrrolidium cation.

During the first oxidation wave O1 (2.0 V to —1.0 V), the increase of Sz and decrease of S3>~ are
observed, which can be explained by the reverse oxidation reaction of Rs. In the second oxidation wave
02(-1.0 Vto—0.58 V), the UV peak of S3* is almost constant while a large decrease of Sz>~ in addition
to Sg®~ and Se®~ were observed. The oxidation peak was previously assigned to the oxidation of Sg>” to
S4>~ as shown in Eq. 4-7,%3 however, the change of peak assigned to S4* is small.

S4* — 2e” + Sg* (Equation 4-7)

This discrepancy could be derived from the small oxidation peak in CV, and continuing oxidation

of S5?” to Sg™ and disproportionation reaction from Sz™ to S42~ (Eq. 4-5) are the dominant reactions at

this region.
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In the O3 (—0.58 V to —0.10 V) region in Fig 4-4g, the sharp decrease of S3™ peak along with the
increase of S4>~, Se>~ and Sg>~ peaks are observed, which are due to the electrochemical oxidation of
Ss to form high-ordered polysulfides.®® O4 region from —0.10 to 0.5 V, has the decreases of all peaks,

which suggests the oxidation of polysulfide anion to Sg, which does not have absorption peak in the

figures.
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Figure 4-5. (a) Cyclic voltammogram of DMSO solution containing 10 mM (P14),Ssand 25mM Ss. At a sweep
rate of 1 mV/sec. (b-h) In situ UV-vis spectra of reduction and oxidation sweeps between (b) —0.5to -1V, (¢)—1

to—1.2'V, (d) —1.2to —2.0V, () 2.0 to 1.0 V, (f) -1.0 to —0.6 V, (g) —0.6 to 0.1 V and (h) —0.1 t0 0.5 VV vs

Ag/AgCI. Arrows indicate the direction of the spectral change.

The operand measurement was also executed with the addition of 25 mM sulfur as shown in Fig. 11.
Similar to the solution with 10 mM Sg, the increase of all of the species in Fig. 4-5b can be attributed

to the reduction reaction in Eq. 4-1 and successive reactions described in Eq. 4-2 and Eq. 4-3. The
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reduction wave Rz (—1.0 V to —1.2 V) was assigned to the reduction of Sg>~ as shown in Eq. 4-4; while
the reduction current was negligible. Therefore, the change in the region can be attributed to the
disproportionation reactions of S4* to S3™ and S3*~ as shown in Eq. 4-5.

As previously mentioned, the reduction wave at —1.30 V changes to one at —1.43 V with the increase
of sulfur concentration from 10 mM to 25 mM. The peaks of Ss™ and Se?~ decrease by the reduction
while that of Sg? increase by the reduction peak. Therefore, the peak at —1.43 V could be regarded as
the reduction of Sg>~ to S3*~ and shift of association equilibrium between S3™ to S¢*>~ (Eq. 4-3).

The spectroscopic change in Fig. 4-5e for the first oxidation wave O1 is opposite to R3 and therefore
the reaction is the oxidation of Sg?~ to S¢> species, which is partially dissociated to S3. Although the
oxidation peak in O region (—1.0 V to —0.6 V) is attributed to Eq. 4, the peak current is small and the
main reaction is the oxidation of S3?>~ to Se*~ and successive reaction with Sg to form Sg?~ (Eq. 4-2), or
dissociation reaction to S3™. The existence of neutral Sg species can be detected by the CV as discussed
below.

The reactions in Oz (—0.6 V to —0.1 V, Fig 4-5g), and O4 (-0.1 V to 0.5V, Fig. 11e) are similar to
those in O3 (oxidation of S3™ to form high-ordered polysulfides) and O4 (oxidation of polysulfide
anion to Sg) regions in Fig. 10, respectively.

As discussed above, the Se changes negative to positive by the addition of sulfur. Open circuit voltage
(OCV) was hence measured with various sulfur concentrations at varied temperatures, as shown in Fig.
4-6. The effect of temperature change on the OCV is negligible compared to the measurement precision.
Meanwhile, with the increase of sulfur concentration from 5 to 30 mM at 20 °C, the OCV changes
from —1.06 to —0.77 V vs. Ag/AgCI. In addition, an abrupt change of OCV was observed between 15

and 20 mM. The ascending of OCV from —0.96 to —0.66 V indicates the transformation of the species
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Figure 4-6. (a) Temperature dependence of the open circuit voltage (OCV) at various sulfur
concentrations. The concentration of (P14)2S3is 10 mM and the sulfur concentrations are written in the

figure. (b) Sulfur concentration dependence of the OCV at various temperature.

from short to long polysulfides.**** Under the low sulfur concentration, OCV locates reduction side,
and the main redox reactions in the thermocell should be Rs/O1in Fig. 4-4a (S3™ + € <> S3%7) or R2/O
(Se?” + & «> 254%). Hence the OCV locates between these two redox reactions. The reaction at the hot
and cold sides of the thermocell are driven by entropy and enthalpy, respectively, and the solvation
entropy of S in DMSO is smaller than that of S3?~. Thus the oxidation reaction occurs at the hot side,
and Se of Rs/O1 is negative. The oxidation of Sg? to 254> is an entropy-increasing reaction, thus the Se
should be positive. Therefore, the overall negative Se in the thermocell with a low concentration of Sg
suggests that R3/O; is the dominating reaction.

With increasing sulfur concentration, the OCV locates between Rs/O1 (Se? + 26~ <> 2S327) and R1/O4
(Ss + 2e~ <> Sg?) in Fig 4-5a. Since S8 is a cyclic molecule and Sg> is a linear anion, and the entropy
increases by the reduction reaction. Reduction reaction in R3/O1 is also entropy increasing. As a result,

reduction reactions are preferred at the hot side, which gives positive Se value.
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4.3. Conclusion
In summary, the 1-butyl-1-methylpyrrolidium trisulfide ((P14)2S3) was identified and utilized as

redox species in thermocell for the first time. The polysulfide components showed changes upon the
addition of Sg, which lead to the change in the sign of Se from negative to positive. This phenomenon
was observed for the first time as well. The operando UV-vis spectroscopy and OCV measurements
reveal the main redox equilibrium at various Sg concentration. When the proportion of Sg is low, the
main redox equilibrium is that between S3? and Sz™ that gives negative Se. With a high proportion of
Ss, the main redox equilibrium changes to that Ss?~ and Se?", which results in positive Se. This study
provides the first example of sulfur-based thermocell, and the detailed mechanism for the inversion of
the sign of Se is presented. The current polysulfide thermocells gives a way to fabricate thermocells
inexpensively, and in addition, provides a thermodynamic points of view on the electrochemical

reactions of polysulfides, which is of high importance in lithium-sulfur battery.

4.4. Experimental

4.4.1. Materials and sources

N-Methylpyrrolidine was purchased from Kanto Chemical (Japan). 1-chlorobutane was purchased
from Kishida Chemical (Japan). Elemental sulfur was purchased from Sigma-Aldrich. Sodium sulfide
was purchased from Wako Pure Chemical (Japan). Tetrabutylammonium hexafluorophosphate was

purchased from Tokyo Chemical Industry (Japan). All solvents and reagents were used as supplied.
4.4.2. Synthesis of 1-Butyl-1-methylpyrrolidinium chloride (P14Cl)

Because of the good solubility and low viscosity in most laboratory solvents, P14Cl was selected as
the cation and synthesized by a modified reported method.** N-Methylpyrrolidine (20 mL, 0.19 mol)
was dissolved in isopropanol (20 mL), then 1-chlorobutane (22 mL, 0.20 mol) was added slowly at
room temperature. The reaction mixture was stirred at 85 °C for 24 hrs. After cooling to room
temperature, the solvent was decanted, and the obtained pale yellow powder was purified by
reprecipitation from ethyl acetate and acetonitrile for several times followed by washing with ethyl
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acetate and was dried under heat and vacuum. P14Cl was obtained as white crystals. Yield: 27.34 g
(82%). 1H NMR (400 MHz, CDCI3, Fig. 4-7a): & = 3.90-3.65 (m, 4H; CH2), 3.65-3.5 (m, 2H; CH2),
3.26 (s, 3H; CH3), 2.26 (s, 4H; CH2), 1.8-1.65 (m, 2H; CH2), 1.5-1.3 (m, 2H; CH2), 0.95 (t, 3H;

CH3).

4.0 3.0 20 1.0

Figure 4-7. (a) *H NMR spectra of 1-butyl-1-methylpyrrolidinium chloride, and (b) 1-butyl-1-

methylpyrrolidinium sulfide.

4.4.3. Synthesis of 1-butyl-1-methylpyrrolidinium trisulfide ((P14)2S3)

4.36 g (24.6 mmol) of P14Cl and 2.12 g (27.2 mmol) of anhydrous Na,S were dissolved in 40 ml of
methanol and refluxed for 3 hrs. After cooled down to room temperature, the solvent was removed by

evaporation. The solvent was further removed by heating under reduced pressure, and viscose pale

83



yellow solid was obtained. To this sample was added anhydrous acetonitrile, and undissolved solid
was removed by membrane filtration. The solvent was eliminated by evaporation and heating of under
reduced pressure and 4.22 g pale yellow solid was obtained. The *H NMR (400 MHz, CDCls, Fig. 4-
7b) spectrum of (P14)2Ss is similar to that of P14Cl. Elemental analysis: calcd (found) % for (P14)2S3: C
56.79 (57.35), H 10.59 (10.46), N 7.36 (7.29). UV-vis spectra of (P14)2Ss in anhydrous acetonitrile
contains a peak at around 270 nm, which is attributed to the Ss*>~ anion (Fig. 4-8).28%4 It is to note
that the previous report!® indicated that P14(HS) and (P14).S were obtained by a similar procedure,

while the identification of these anions is unsatisfactory. Our results of elemental analysis and UV-vis

spectroscopy rather indicate it is (P14)2Ss.
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Figure 4-8. (a) UV-vis spectrum of (P14)2Ss (10 mM) in acetonitrile at 25 °C.

4.4.4. Seebeck Coefficient Measurements

(P14)2S3 (10 mM) and various amount of Sg (0 to 30 mM) were dissolved in anhydrous and degassed
DMSO under Ar atmosphere. The appearance of these solutions is shown in Fig. 4-9a. All the

thermocell measurements were executed under Ar atmosphere. Seebeck coefficients of the solutions
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were measured using an H-shaped glass cell as schematically shown in Fig. 4-9b. The cold side was

(@) (b) v

<« Ptwire ——————> Ar balloon

<«—— Thermocouple —

5mM 10mM 15mM 20mMm 25mM 30mM

Il

Figure 4-9. (a) Photographs of the solutions of (P14)2Ss (10 mM) with various concentration of Sg in

Rubber plug

Stirrer bar

DMSO. (b)Schematic illustration of the H-shape cell used in Se measurement. The diameter of each
branch is ca. 20 mm and the distance between them is ca. 100 mm. 40 ml of solutions were added into

the cell. These branches of the cell were soaked into water baths.

kept at approximately 20 °C. The temperatures were monitored with thermometers (TM201, AS ONE,
Japan). The electrolyte of the cell was stirred during the measurements. Platinum wires (1 mme) were
soaked into the hot and the cold branches and the potential difference between these wires was recorded
by a source meter 2401 (KEITHLEY). These platinum wires were washed with concentrated sulfuric

acid before use. Seebeck coefficient of each condition was estimated by the slope of AT-AV plots.

4.4.5. Operando UV-Vis spectroscopy measurement

All measurements were executed under Ar atmosphere. The schematic illustration of the operando
UV-Vis cell is shown in Fig. 4-10. A spectroelectrochemical cell with 1.0 mm path length was used.

A gold mesh (BAS, Japan), a platinum wire (BAS) and Ag/AgCl electrode (RE-1B, BAS) were used
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Ag/AgCl
reference electrode
Ar balloon
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Counter electrode

Optical
transmission

Gold mesh ]
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.
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Figure 4-10. Schematic illustration of three electrode UV cell for operando measurement. An argon

balloon was used to keep the inert atmosphere.

as working, counter and reference electrodes, respectively. 0.1 M tetrabutylammonium
hexafluorophosphate was used as supporting electrolyte. The scanning rate of CV measurements is 1.0
mV/s. UV-vis spectra were recorded by UV-vis spectrometer (V670, JASCO) in the wavelength range
between 270 to 800 nm, with a resolution of 0.5 nm and a fixed slit width of 0.5 nm. The scan speed

was 1000 nm/min.
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Chapter 5 Conclusion and future remark

In this thesis, the enhancement of Seebeck coefficient in thermocells by the using of the host-guest
interaction between cyclodextrins and triiodide, as well as the theoretical basis were described. A
method to fabricate low-cost thermocell with polysufide redox species was then introduce, and

analyzed by operando UV-vis spectroscopic study.

Chapter 2 described the enhancement of Seebeck coefficient in iodide/triiodide redox couple base
thermocell from 0.8 to 1.9 mV/K by Hexakis(2,3,6-tri-O-methyl)-a-CD (Me1s-a-CD). UV-vis
spectroscopic and isothermal titration calorimetrical study suggest the high binding constant of Me1e-
a-CD and triiodide is the key point for the high Seebeck coefficient. Besides, the formation of

pentaiodide inside Me1g-a-CD was observed, and which is the first time in solution.

Chapter 3 described the basis of host-guest superamolecular science based enhancement of Seebeck
coefficient. In which, the important role of enthalpy change in host-guest association was discovered
and confirmed with four kinds of cyclodextrins (M12-a-CD, o-CD, B-CD and y-CD). The calculated
equations between Seebeck coefficient and thermodynamic parameters can be used to evaluation the
thermodynamic parameters by simply thermoelectric measurements without isothermal titration

calorimetry.

Chapter 4 presented a novel method for the fabrication of low-cost thermocell by the using of
polysulfide species. The polysulfide redox species in the study were prepared by the addition of sulfur
into 1-butyl-1-methyl-pyrolidium trisulfide. The Cylic voltammetry and UV-vis spectroscopy indicate
that with the increase of sulfur into thermocell, the main redox reactions shift and the sign of Seebeck

coefficient changes from negative to positive.
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As discussed in chapter 2, Se is determined by the concentration difference of uncaptured I3~ at the
cold and hot sides of the thermocell. The enhancement of Se by Meis-a-CD is attributed to higher
binding constant between Meig-0-CD and I3~ at the cold side (low temperature) of the thermocell (Fig.
2-7b). However, the binding constant at the hot side (> 30 °C) is considerably high, which minimizes
the difference in the number of uncaptured I3~ on both sides, and limits the enhancement of Se. If a
temperature responsive host molecule having a phase transition temperature of ca. 30 °C could be
introduced to the 1/I3~ based thermocell, the binding constant at the hot side would be significantly
decreased, and less I3~ would be captured at the hot side, leading to a larger difference in the number
of uncaptured I3~ on both sides. As a result, Se could be further enhanced by taking the advantage of
the higher concentration difference in uncaptured Is. In the future, such kind of temperature responsive

host molecule will be synthesized and applied to thermocells.
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