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Part I

Introduction

Both organic and inorganic solid polymeric electrolytes continue to attract signi�cant

attention due to their conduction of electricity by the migration of ions, which endows

the window for potential applications in batteries and fuel cells. The majority of these

materials, the polymer-salt complexes, consists of a salt dissolved in a polymer matrix,

in which both cations and anions contribute to the overall conductivity [1]. In such

bi-ionic conductors, not only cations but also its counter anions migrate and a main

contribution to ion transport is due to the anions as the transference numbers of cations

are often as low as 0.2 [2, 3, 4, 5, 6]. Realizing the importance of cationic transport num-

ber, attempts have been undertaken in order to reduce the anions mobility and thus

increase the contributions from the cations [7], and thus polyelectrolytes have been

developed which possess ionic centers as part of their constitutional repeating units

[8]. In batteries, they do not cause leakage problems in contrast to polymer gel elec-

trolytes, and they have a high transference number for one of the ionic species present,

the mobile ions, which make them single ion conductors. Hence, such a polyelectrolyte

appears to be the best system to cover the requirements for a battery electrolyte. Var-

ious polyelectrolytes in which anions are covalently bound to the polymer chains have

been developed. However, these materials have exhibited but very low conductivities

at room temperature (∼10−7 S cm−1) [9]. Obviously, it is very urgent to provide a bet-

ter performing polyelectrolyte with a high transference number, a high charge carrier

concentration, short hopping distances, and no strong ion pairing.

In order to achieve these aims, the �rst part of this thesis is devoted to de-

velop several solid polyelectrolytes bearing alkylborate units, such that the anions

are immobilized on the chain. For this purpose, two main types of novel polyelec-

trolytes have been synthesized based on poly(lithium tetrakis(ethyleneborylborates)

and poly[tris(tetraethylenesilyl)boranes]. Each of these representative polymers were

synthesized by utilizing the hydroboration reaction. These polymers were modi�ed

subsequently via incorporating several organyl lithium reagents, where organyl denotes

for phenyl, methyl, n-butyl and t-butyl, generating various poly(lithium organylbo-

rylborates) and poly[lithium tris(tetraethylenesilyl)organylborates] as novel polyelec-

trolytes. The e�ect of these reagents on conductivity was investigated as an e�ort to
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develop better ion conductive polyelectrolytes with a high transference number. Fur-

thermore, poly(lithium organylborylborates) polymers were annealed, and then the

e�ect of annealing on ionic conductivity as well as structural characterizations were in-

vestigated. The solid polyelectrolytes were characterized mainly by powder XRD, FT-

IR, DTA/TG/MS, solid-state NMR, elemental analysis and impedance spectroscopy

techniques. In addition, the electrochemical properties of these polyelectrolytes were

determined with ac conductivity and direct current measurements.

Another very challenging topic is crystalline solid alkali ion conductors. Thus, in

the second part of this thesis, investigations have been focused on alkali �uorooxobo-

rate materials. Since solid alkali ion conductors are constitutional components of all

solid state electric batteries, they thus crucially determine the overall performance of

the respective con�gurations. The structural and compositional preconditions for high

electric conductivity, exclusively based on ions as charge carriers, are well understood

[10]. However, in spite of lasting e�orts in ever better understanding the microscopic

mechanisms [11], and in discovering superior materials, no signi�cant progress in pro-

viding solid electrolytes with improved pertinent properties has been achieved. The

top performing sodium and lithium ion conductors are still Na-β-Alumina [12] and

LISICON [13] types, respectively.

Against this background, it appeared to us appropriate, even necessary, to com-

mence systematic and basic studies aiming at identifying additional structural and

bonding features that would facilitate migration of alkali metal ions on periodic lat-

tices. We decided to disregard glasses because of the notorious inhomogeneous spread

of all relevant attributes on a microscopic level, and to focus on Li+ and Na+, since

systems based on those charge carriers are most promising with respect to achieving

good weight capacities. Also for the latter reason we have chosen borate based anionic

matrices.

The fundamental prerequisites for high conductivity are high concentration and

high long range mobility of charge carriers. In order to allow for good long range mo-

bility of cations, the anionic matrix needs to provide two, or better three, dimensionally

branched migration paths along which the ions experience but a �at electrostatic po-

tential pro�le. Therefore, one has to avoid accumulations of negative charges on the

walls of the pathways that might act as traps for the moving cations. In oxoanionic

matrices, oxygen atoms in terminal position are notorious for trapping cations. Avoid-

ing such terminal oxygen atoms, formally bearing a charge of =1, thus appears to be a

promising measure for improving cationic conductivity. One of the unique features of

the oxoborate chemistry is providing an option for achieving this goal: boron coordi-

nated by three oxygen atoms is showing signi�cant Lewis-acidity, allowing for adding
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a �uoride anion. As a result, a formal charge of =1 can be attributed to the respective

boron atom which is re�ected by a decrease in the e�ective negative charge of �uorine.

Another aspect favouring borates for the purpose discussed is their structural richness

and adaptability, which has been extensively analyzed with a number of classi�cation

schemes [14, 15, 16].

Based on these facts, alkali �uorooxoborates have been considered as auspicious ma-

terials. Therefore, in the second part, various alkali �uorooxoborates including lithium

�urooxoborate (LiB6O9F), sodium �uorooxoborate (Na3B3O3F6) and potassium �uo-

rooxoborate (K3B3O3F6) have been synthesized in solid state reactions and character-

ized. Out of them, the structures of LiB6O9F and Na3B3O3F6 have been determined,

for the �rst time, by single crystal analysis. Moreover, the structure of K3B3O3F6

is also revealed by considering the analogy with the Na3B3O3F6. All of these com-

pounds have additionally been characterized via FT-IR, Raman, DSC, DTA/TG/MS,

impedance spectroscopy and direct current measurement techniques.



10 1 PREPARATIVE WORKING METHODS

Part II

GENERAL PART

1 Preparative Working Methods

Most of the substances studied in this work are air sensitive. Therefore, handling of

air sensitive substances and the reactions were carried out in a highly puri�ed argon

atmosphere using standard Schlenk techniques or glove boxes, and with rigorously dried

reaction apparatus and solvents.

1.1 Vacuum and Inert Gas Apparatus

The inert conditions were achieved by using a vacuum and inert gas system which is

known as Schlenk line. It was constructed from Duran glass, and vacuum and inert

gas connections were tightened via specially prepared bended stopcocks or te�on valves

(Young valves). Argon �ow and vacuum control were adjusted by the help of these

te�on valves. The Schlenk line set up, which is schematically shown in Figure 1, was

composed of a dual manifold having a number of ports. One line of the manifold

was connected to a high vacuum pump and the second line was connected to the

argon source. Silicone grease (Wacker Chemie AG, Munich, Germany) was utilized

in order to connect the glasswares to the Schlenk line by joints. The connections to

the equipments were performed by glass spirals or angled glasses, which were dried

by �aming under vacuum and �lled with argon by using the concerned valves. The

inert gas was selected as argon (purity grade 4.8, Messer-Griesheim, Krefeld, Germany)

and it was supplied by the low temperature service department (Max Planck Institute,

Stuttgart, Germany) through copper lines. Argon gas was further puri�ed before usage.

A trap cooled with liquid nitrogen was connected to the line to prevent the vacuum

line from solvent vapours or gaseous products.

The apparatus shown in Figure 2 was employed to handle substances under inert

conditions. The construction provides �lling the substances in glass capillaries within
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a range of diameters under argon �ow, and to be sealed inside glass ampoules for long

term storage.

Figure 1: Schematic view of the argon and vacuum line (Schlenk system).

Figure 2: Schlenk apparatus which has LV 29 in the upper part and LV 14 in the
remaining connections for (a) sealing of ampoules, and (b) �lling of capillaries.
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1.2 Vacuum Devices

A �ne vacuum level was supplied by employing a rotary vane vacuum pump (Trivac D

4B, Oerlikon Leybod Vacuum GmbH, Köln, Germany). The connection of the pump

to the vacuum and inert gas apparatus was achieved by means of a trap cooled with

liquid nitrogen through a �exible metal tube. Grease-free te�on valves were utilized

in the ports. The vacuum range between 10−3 - 103 mbar was continuosly monitored

with the help of an electronic gauge apparatus (Pirani VAP 5, Vacuubrand GmbH &

CoKG, Wertheim, Germany) mounted to the vacuum line.

1.3 Puri�cation of the Solvents and Argon Gas

The drying of the common solvents like hexane and ether was carried out by re�ux-

ing the solvents over sodium metal in the presence of benzophenone until receiving

a blue color. Afterwards, they were distilled to an other �ask to obtain the puri�ed

solvents. The distilled solvents were stored in the presence of sodium wires under argon

atmosphere.

The prepuri�ed argon, which was received from the common lines, was furher sub-

jected to a set of puri�cation steps in order to remove any traces of oxygen and water

impurities (Figure 3). For further puri�cation, the gas was allowed to pass through a

set of succesive drying towers. The drying towers were columns �lled with �blue gel�,

potassium hydroxide, molecular sieves (with 3Å mesh size) and phosphorus pentoxide

on an inert substrate (Sicapent, Merck, Germany). The drying towers were followed

with a pressure regulator (mercury bubblier) in order to release the overpressure. After

that, the �nal puri�cation step was passage of the gas through titanium sponge (Sigma

Aldrich, USA) which was �lled in a quartz tube located in a horizontal furnace (Loba,

HTM Reetz GmbH, Berlin, Germany) at 700 °C. An oil bubbler �lled with silicon oil

was used to check and monitor the rate of argon gas �ow.

1.4 Manipulation of Air and Moisture Sensitive Substances

The handlings and synthetic procedures for all air and moisture sensitive substances

were achieved via standard Schlenk techniques [17]. The Schlenk line including all the

glassware was �ame dried with a high vacuum (10−3 mbar) by using a Bunsen burner
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Figure 3: Schematic set up for the argon puri�cation.

and cooled in a stream of argon �ow. In order to ensure that the apparatus was com-

pletely dry and clean, this process was followed at least three times. All manipulations,

such as �lling and extracting of substances, were performed under continuos argon �ow.

The liquid transfer was performed by the help of disposable syringes (Norm-Ject,

Henke Sass Wolf GmbH, Tuttlingen, Germany) connected with a single use needle

(Supra, Ehrhardt Medizinprodukte, Geislingen, Germany). These syringes were purged

several times with argon gas before usage.

1.5 Glove Box

The preparative works, which could not be performed in the Schlenk line, were facil-

itated in argon �lled glove boxes (MB 200 or MB 150 types, M. Braun, USA) under

strict exclusion of air and moisture. Some illustrative manipulations in glove boxes

were pressing pellets for both reactions and FT-IR measurements, as well as prepar-

ing impedance cells. The puri�cation of the argon gas was performed via molecular

sieves (pore diameter 300 pm) and copper contact �lters (BTS-catalyst, Sigma-Aldrich,

Taufkirschen, Germany). The purity of the argon gas was controlled by gas analyzers.

Both water and oxygen levels of the glove boxes were maintained below 0.1 ppm, and

continiuos monitoring of the atmosphere was performed by detectors. All apparatus
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and samples were transported in and outside of the glove box through air-tight evacu-

ation chambers. Before any manipulation, chambers were evacuated three times (each

15 min) and re�lled with argon.

2 Characterization Techniques

2.1 Thermal Analyses

2.1.1 Simultaneous Thermal Analysis (DTA/TG/MS)

Simultaneous thermal investigations of the samples were achieved by means of di�er-

ential thermal analysis (DTA) and thermogravimetric analysis (TG) with a STA 409

thermal analyzer (Netzsch, Selb, Germany). The measurements were performed with a

heating rate of 10 °C min−1 under argon �ow. In order to monitor the atomic/molecular

masses of volatile decomposition products, the instrument was equipped with a quadru-

pole mass spectrometer (QMS 421, Balzers, Hudson, NH, USA) having a Skimmer cou-

pling. 10-20mg of samples were placed in a corundum crucible for the measurements.

Air sensitive samples were transferred via a special Schlenk apparatus.

The measurements and evaluation of the results were performed with special pro-

gram packages maintaned by Netsch [18, 19].

2.1.2 Di�erential Scanning Calorimeter (DSC)

Di�erential scanning calorimeter measurements were performed by using a DSC 404

(Netzsch, Selb, Germany) equipped with a NiCr/NiCu thermocouple (Type E) un-

der argon atmosphere. A cylindrical platinum crucible (outer diameter 7mm, height

2.5mm) with a cap was used as a sample holder. For each measurement, approximately

10mg substances were introduced into the crucibles.

2.2 Quantitative Chemical Elemental Analysis

2.2.1 Hot Gas Extraction

Quantitative analyses of carbon in solid samples were performed in a hot gas extraction

analyzer (C-200, Leco, St Joseph, MI, USA). 10-20mg of samples were placed in a
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tin crucible together with a metal accelerator (0.8 g iron, 1.0 g cupper) and heated

inductively (T > 2500K) with an oxygen �ow. Entire carbon was oxidized to CO2

by the combustion and the quantitative determination of carbon was carried out with

the help of infrared absorption. SiC was used as a calibration standard during the

combustion.

2.2.2 Atomic Emission Spectroscopy with Inductively Coupled Plasma

Boron, lithium and silicon were quanti�ed by means of inductively coupled plasma

atomic emission spectroscopy (ICP-AES) with a model ARL 3580 B (ARL, EcuBlens,

Switzerland). The multi channel instrument was equipped with a conventional grat-

ing monochromator as a vacuum spectrometer in a Paschen-Runge mounting. The

equipment provides both to record the emission lines sequentially, and also to measure

simultaneously the light intensities of up to 50 elements within the wavelength range

of 170-810 nm. A low energy plasma chamber was equipped as a plasma source, and

the elements were quanti�ed and analyzed with the generated argon plasma. Standard

addition method was used to calibrate Si and B. ICP Expert Software was used to

analyze the data [20].

For the ICP analysis, digestion was performed by dissolving the samples in a mixture

of HNO3 and HF at elevated temperatues under pressure for 20 hours in a steel pressure

digestion vessel of type DAB 1 (Berghof, Eningen, Germany) having a 10ml PTFE

compartment [21].

2.3 X-ray Di�raction Techniques

2.3.1 Powder X-ray Di�raction

Powder X-ray di�raction of the samples were collected by employing a Stadi-P (Stoe &

Cie, Darmstadt) or a D8-Advance (Bruker AXS, USA) type di�ractometers at ambient

conditions.

Stoe Stadi-P di�ractometer was equipped with a curved germanium (111) type

monochromator and a copper anode with Cu-Ka1 (l = 1.540598Å) radiation. The

routine measurements were performed with a position sensitive detector (PSD 1 -

Position Sensitive Detector) having a large angle and a low resolution (angle range 35 °

and ∆2θ resolution = 0.15 °). Higher resolutions in the measurements were obtained

with a high resolution detector having an e�ective range of 6 ° and a resolution of

0.06 ° (PSD 2). The external standard for calibration was elementary silicon. Air
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sensitive samples, which were placed in a glass capillary (ø = 0.1 - 0.7mm, Hilgenberg,

Germany) and sealed under argon atmosphere, were measured with the Debye-Scherrer

geometry. On the other hand, air insensitive samples were measured in transmission

geometry with �at sample holders having the powder samples distributed with silicon

grease between X-ray amorphous polyethylene foils. The powder X-ray patterns were

analyzed via WinXPow [22] software. In order to identify the substances, the measured

di�ractograms were compared with the di�ractograms of already explored substances

stored in data bases such as ICSD [23] and JCPDS [24].

High resolution laboratory D8-Advance X-ray powder di�ractometers were utilized

to collect di�raction patterns of the high resolution measurements. The di�raction

patterns of the samples were collected by using the radiation of Cu-Ka1 from a primary

Ge(111)-Johansson type monochromator in conjunction with a Vantag-1 position sen-

sitive detector (PSD) with an opening angle of 6 °. The measurements of air sensitive

samples were carried out with glass capillaries sealed under argon atmosphere. Con-

cerning non-air sensitive samples, powders were distributed with ethanol on a silicon

mirror of the �at sample holder and the measurements were allowed in transmission

geometry.

2.3.2 Single Crystal Di�raction

The measurements of single crystals were carried out with two di�erent single crystal

di�ractometers. The �rst one is the AXS Smart APEX three circle single crystal

di�ractometer (Bruker, Karlsruhe) equipped with a �ne focus tube with Mo anode

(MoKa radiation, l = 0.71073Å) which was used as X-ray source. The X-ray beam

was monochromatized by using a graphite single crystal monochromator. The data

were collected by using a CCD detector (AXS, Bruker, Karlsruhe, Germany).

Alternatively, the experimental intensity data of the single crystals were collected

with a dual wavelength di�ractometer system: Smart APEX II three circle single crys-

tal di�ractometer (Bruker AXS, Karlsruhe, Germany) equipped with a CCD-detector,

a Siemens X-ray sealed tube (MoKα radiation, l = 0.71073 Å), an Incoatec (Geestacht,

Germany) microfocus X-ray source IµS (CuKα radiation, l = 1.54178 Å) and a N-Helix

low temperature device (Oxford Cryosystems, Oxford, United Kingdom (28=300 K)),

see Figure 4. The copper source was used for compounds containing the light elements.

The X-ray beam was generated with Incoatec IG150 and monochromotized by using a

Montel optic monochromator (Incoatec, Geestacht, Germany).

The crystal structures were solved by using the program package SHELXS-97 with

direct methods [25]. The initial structure models were re�ned with full-matrix least
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-square re�nement procedure with the help of SHELXL-97 [26] program package, which

was implemented in the WinGX Software [27]. Further details on crystallographic data,

measurements and the �nal structure models are given in the corresponding chapters.

Figure 4: Dual wavelength di�ractometer system: (1) sealed tube (Mo), (2) IµS mi-
crofocus source (Cu), (3) N-Helix cooling device.

2.4 Infrared Spectroscopy

Infrared spectroscopy measurements were performed with a FT-IR spectrometer (Fouri-

er-Transform, IFS 113v, Bruker, Karlsruhe) accompanied with vacuum optics and a

Genzel interferometer. The spectrometer was equipped with a DTGS (deuterated tri-

glycine sulphate) detector and a silicon carbide globar for radiation source. The mea-

surements were performed over a wavenumber range of 400 cm-1 to 4000 cm-1 with a

resolution of 2 cm-1. Air sensitive samples were prepared in a glove box and transferred

inside a desiccator for measurements. Samples were prepared by grinding 1-2mg ma-

terial together with a 300mg KBr (99+%, Aldrich, further dried in vacuum at 200 °C)

matrix in an agate mortar, and then the pellets were pressed in a hydrolytic press at

0.8GPa for 10minutes.
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2.5 Raman Spectroscopy

Raman spectra were recorded with a microscope laser Raman spectrometer (LabRAM

system, Co. : Jobin-Yvon, USA) functioning at the Helium-Neon (632.8 nm) and Diode-

Laser (784.7 nm) laser lines at 20mW. The instrument was operating by irradiation

of a micrometer size (10-20 µm) sample with focusing the laser and by detection of

the scattered light with a multi channel CCD (charge coupled device) detector. The

powder samples were placed in glass capillaries (ø = 1mm). Air sensitive samples were

prepared and sealed under argon atmosphere. The measurements were performed at

room temperature.

2.6 NMR Spectroscopy

Both solid state and liquid NMR spectra were recorded with pulse fourier transform

NMR spectrometers. The XWin-NMR program [28] was used for the analysis of the

data and XWin-plot program [29] was utilized to draw the spectra. Matlab [30] was

used to process solid state NMR data. The raw data of the MQMAS experiment were

processed with the matNMR toolbox [31]. 1H, 7Li, 11B and 13C nuclei were measured in

this thesis. The measurement frequencies and the standard solutions used to calibrate

the chemical shift axis are given in Table 1.

Table 1: NMR active nuclei with corresponding Larmor frequencies and reference so-
lutions.

Nuclei Larmor frequency /MHz Standard substance

9.4 T 7.05 T

1H 400.00 300.13 Tetramethylsilane, Si(CH3)4

7Li 155.45 116.6 1 M aqueous LiCl solution

11B 128.34 96.25 Borontri�uoride diethylether,
BF3.O(CH2CH3)2

13C 100.57 75.46 Tetramethylsilane, Si(CH3)4
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2.6.1 Solid-State NMR Spectroscopy

Solid state NMR experiments were carried out on a 400MHz Spectrometer (DSX-400

WB, Bruker Analytic, Karlsruhe) with a 9.4Tesla magnet. Zirconium dioxide rotors

were used as the sample holders. 11B, 13C and 1H solid state NMR were performed

with a 2.5mm double resonance Magic Angle Spinning (MAS) probe (Bruker Analytic,

Karlsruhe; Germany). These experiments were all performed with a MAS frequency

of 25 kHz.
13C spectra were obtained by using an adiabatic-passage Hartmann-Hahn cross-

polarization (APHH-CP) with a contact time of 1ms [32]. The RF amplitudes for the

CP pulses were 80 kHz and 55 kHz for 13C and 1H, respectively.

For 11B, the Multiple-Quantum Magic Angle Spinning (MQMAS) technique was

applied [33]. To achieve a pure-phase 2D spectrum, MQMAS was combined with a Z-

�lter [34]. The raw data of the MQMAS experiments were processed with the matNMR

toolbox [31].

For 7Li Variable Temperature NMR (VT-NMR), a 7mm WVT (Wide Range Vari-

able Temperature) probe (Bruker Analytic, Karlsruhe) was used under static condi-

tions. The RF �eld for 7Li was 50 kHz. The line width of the 7Li peak was estimated

by taking the full width at half maximum.

Air sensitive samples were sealed in glass ampoules by a natural gas-oxygen hand

burner and they were placed inside the 7mm zirconium dioxide rotors for measure-

ments. 2.5mm rotors were too small to place glass ampoules, but they were su�ciently

airtight to hold air sensitive samples.

2.6.2 Liquid NMR Spectroscopy

NMR spectra of the dissolved samples were recorded by using a 300MHz spectrometer

(Avance DPX 300 SB, Bruker Analytic, Karlsruhe, Germany) operating at 7.05Tesla.

The samples were dissolved in deuterated solvents (i.e. d8-THF) in NMR tubes (WG-

5-mm-Economy-8, Co. : RototecSpintec Gmbh, Biebesheim, Germany). Air sensitive

samples were prepared by using the standard Sclenk techniques under a puri�ed argon

atmosphere. Some samples were prepared and measured at low temperatures, which

can be followed in the related chapters. The measurements were performed with a

5mm broad band probe head (1H; 109Ag -31P). 13C NMR spectra were recorded with
1H broad band coupling.
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2.7 Impedance Spectroscopy

2.7.1 Overview of Impedance Spectroscopy

Impedance spectroscopy is a powerful method for electrochemical characterization of

various materials. It is also capable to determine the contributions of individual elec-

trode or electrolyte processes [35, 36]. Electrical response of a system can be deter-

mined by several single processes in solid state electrochemistry. The key property of

the impedance spectroscopy is its unique capability to distinguish the di�erent steps

in an electrochemical process including the detailed information about the surface and

bulk properties. To illustrate, the resistance in ion conducting materials is caused not

only by bulk but also sometimes by grain boundary contributions. In a conventional

direct current (dc) measurement only the overall sample resistance, which is the sum

over all individual processes, is measured. In contrast to dc measurements, frequency

dependent alternating current (ac) resistance measurements generally give more de-

tailed information on the electrical properties of a system. Electrochemical impedance

measurements are performed by applying a small sinusoidal potential or current to an

electrochemical cell and measuring its current or potential response over a wide range

of frequencies. Individual resistive processes can usually be distinguished via varying

the frequency by several orders of magnitude.

In 1969, Bauerle was the �rst researcher who realized the potential of the impedance

spectroscopy and applied the technique for ion conducting materials to di�erentiate

between bulk, grain boundary and electrode resistances [37]. After this pioneering work,

impedance spectroscopy has gained a great attention and become the most powerful

tool to investigate a wide range of ionic conductors such as polymers, ceramics and

glasses.

The excitation signal of a sinusoidal voltage as a function of time is represented by:

E = E0 cos(wt)

E : The sinusoidal potential

E0: The amplitude of the signal

w : The radial frequency

t : Time

or

E = E0 cos(wt) + E0 i sin(wt) = E0 e
iωt

where w = 2πf is the relationship between radial frequency w (in radians/second) and
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frequency f (in Hertz).

The response to the applied perturbation is a sinusoidal signal of the current, which

is shifted in phase and amplitude from the applied signal, and expressed by:

I = I0 cos(wt+ θ) + I0 i sin(wt+ θ) = I0 e
i(ωt+θ)

where θ is the phase shift.

It is possible to evaluate the impedance of a system by using an analogous equation

to the Ohms law. When the equation for the frequency independent dc resistance is

replaced with the frequency dependent ac version, impedance (Z) can be derived as:

Z =
E

I
=

E0 e
iωt

I0 ei(ωt+θ)
=

E0

I0

e−iθ

The impedance can be transformed from the complex notation to the Cartesian

coordinate by using the Euler transformation, which is eix = cos x + i sinx. When

further replacement of E0/I0 with | Z | is applied, the representation of impedance

appears in the form of:

Z =
E0

I0

e−iθ = |Z | cosθ � i |Z | sinθ

The impedance can be separated into real and imaginary parts,

Z = Z ' = i Z �

⇒ Impedance Z = Real part Z ' = i Imaginary part Z �

The real and imaginary parts of impedance are described by Z ' = Re (Z) = | Z |

cos θ and Z � = Im (Z) = | Z | sin θ, respectively. The modulus (represented by | Z |)

and phase angle, θ, can be derived with the following equations:

|Z| = (Re2 + i Im2)1/2

θ = Arc tan (Im/Re)

The measured resistance can be simpli�ed into the ohmic resistance in the impedance

equation given above if the phase angle is equal to 0, where there is no phase di�erence

between potential and current:
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θ = 0 ⇒ Z =
E0

I0

= R

The current lags behind the potential by π /2 in the case of pure capacitor with a

capacitance of C and the capacitive resistance is given as:

E0

I0
=

1

ωC
and θ =

π

2
⇒ Z = �i

1

ωC

Two methods of graphical representation are mostly applied for the complex func-

tion, Z, in order to analyze the impedance measurements. The �rst one is the Nyquist

plot or the Argand plot, where the real and imaginary parts are plotted on linear axis

against one another in one plane, as shown in the Figure 5. The impedance can be

represented as a vector having | Z | as the length, and θ as the angle between this vec-

tor and the x-axis. Lower frequency data are represented on higher values in x axis

of the Nyquist plot. This representation is widely used for the interpretation of the

ion conducting materials. The second way of data representation is called as the Bode

diagram. It is represented by plotting plane diagram of two components, which are

complex logarithm (log | Z |) and phase angle (θ), against logarithm of frequency (log

|ω|).

2.7.2 Equivalent Circuit Elements

In order to interpret the measured impedance spectra, the most popular approach

is based on to construct an electrical network representation, so-called an equivalent

circuit. Optimisation of impedance analysis via equivalent circuit simulation has the

basis to regard the measured impedances as a network of impedance elements [38,

39]. This network model has to approximate the measured impedance well over the

whole frequency range and it can consist of resistors (R), capacitors (C), inductors (L),

Warburg impedance (W) and constant phase element (CPE). Each of these elements

can be characterized in Nyquist as well as in Bode plots (Table 2). Serial or parallel

combinations of these elements produce the impedance plots.
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Figure 5: Graphical representation of an impedance spectrum as Nyquist plot (top)
and Bode plot (bottom).
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Constant Phase Element, CPE

When modelling an electrochemical phenomenon, an ideal capacitor assumes that

the surface under investigation is homogeneous. Irregular electrode surface, which is

usually due to surface roughness or non-uniformly distributed properties, leads to a dis-

persion of the parameters [40]. The depression of the semicircles is always encountered

in real systems, and thus the non-ideal behaviour is exhibited to some degree. Hence,

commonly observed non-ideal capacitance can be simulated mathematically very well

by introducing so-called the constant phase element, CPE [41, 42]. Thus, by replacing

the capacitor in the RC element with CPE, one can deal with the frequently observed

depressed semicircles. The circuits containing CPE are widely used to explain the be-

haviour of solid ionic conductors, solid-solid interfaces and rough solid-liquid interfaces.

The impedance of a CPE element is expressed with:

ZCPE =
1

Q.(iω)n

where, Q is the ideal capacitance and n is an empirical constant having values between

0 and 1. A CPE acts as an ideal capacitor when n is equal to 1, and an ideal resistance

when n is equal to 0 [43]. In this manner, the parameter n is a measure for the degree of

depression of such an arc. It is a perfect semicircle for n = 1 and a depressed semicircle

for n < 1.

The Warburg Element

The Warburg element is introduced to describe impedances associated with mass

transfer by di�usion. Warburg-impedance makes it possible to clarify the situations

like a di�usion layer created near the electrode in ion conducting materials. It is

expressed by means of the equation below, where W is a proportionality coe�cient

called Warburg coe�cient.

Z =
W√
iω

The impedance depends on the frequency of the potential perturbation. Thus, at

low frequencies the reactants di�use farther, leading to the Warburg impedance. This

expression makes it possible to associate certain processes with predicted features in

the impedance spectra.
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On a Nyquist plot, the Warburg impedance appears as a diagonal line, which is

called a spike, with a slope of 45 °. On a Bode plot, the Warburg impedance exhibits

a phase shift of 45 °.

Parallel connection

Parallel connection of R and C, for a circuit shown in Figure 6, brings about a

semicircle in Nyquist plot. The semicircle has an intercept on the Z' axis at zero and

the maximum frequency at ωRC =1. A straightforward impedance expression can be

derived by applying the Ohm's law to two components connected in parallel of an RC

circuit, since resistances in parallel add as 1/R and capacitances in parallel add as iωC

[44]:

1

Z
=

1

R
+ iωC

The impedance can be evaluated as:

Z =
R � iωR2C

1 + ω2R2C2

=
R

1 + (ωRC)2
� R

iωRC

1 + (ωRC)2

Therefore,

Z ,
re =

R

1 + (ωRC)2
and ��Z ,,

im = R
ωRC

1 + (ωRC)2

Here, it is remarkable that impedance can easily be separated into real and imag-

inary parts. The above equation for the parallel connection of an RC (resistance and

capacitance) circuit gives rise to a semicircle of radius R/2 and maximum value of

|Z�| de�ned by ωRC = 1. The frequency where the imaginary part of the impedance

reaches its maximum is the relaxation frequency, ωR, of the RC element. It is given by

ωR = 1 /RC.



26 2 CHARACTERIZATION TECHNIQUES

Table 2: The characteristics of basic impedance elements and the representations in
Nyquist and Bode plots.
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Figure 6: (a) Impedance spectrum with one semicircle, and (b) equivalent circuit
constructed from parallel combination of resistance and capacitance.

Figure 7: (a) Impedance spectrum with two semicircles, and (b) equivalent circuit for
two serial connected RC elements.

Each parallel RC element gives rise to a semicircle in the complex impedance plane.

Two well separated semicircles in the complex impedance plane are represented by con-

structing two serial RC elements as exempli�ed in Figure 7. For example, two semicir-

cles can be observed due to bulk (i.e. R1C1 element for bulk) and grain boundary (i.e.

R2C2 element for grain boundary) phenomena. This situation could be encountered

when there is a di�erence in magnitude for the capacitances of the observed processes.
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Therefore, the capacitance can be calculated for each process and its magnitude gives

strong information on the physical origin of the semicircles [45]. Typical orders of

magnitude for some common capacitances are tabulated in Table 3.

Table 3: Typical orders of magnitude of some common capacitances.

Capacitance [F] Responsible Phenomenon

10−12 Bulk

10−11 Minor, second phase

10−11 = 10−8 Grain boundary

10−7 = 10−5 Sample = electrode interface

10−4 Electrochemical reaction

2.7.3 Impedance Spectroscopy Measurements

The schematic set up of the impedance spectroscopy measurement used in the present

study is given in Figure 8. It was designated to collect response of a sample to an

applied alternating wave signal between 25 °C and 700 °C.

Impedance spectroscopy measurements were performed with an impedance analyzer

(Alpha-A 4.2 Analyzer, Novo Control, Hundsangen, Germany) which was combined

with the ZG 4 impedance interface in a two-wire arrangement. Measurements and

data recording were performed with the WinDeta program [46] by the central computer

assisted controlling of all components. The equipment was designed to measure very

high impedance values over a wide range of frequencies varying from 20MHz down to

0.01Hz.

The set up for impedance spectroscopy cell is schematically shown in Figure 9.

Samples were pressed in the form of pellets by applying 350MPa pressure. The di-

ameters of the pellets were 6mm and the thicknesses were in the range of 0.5mm to

1mm. Gold, platinum or silver electrodes were applied to measure ionic conductivities

of compact samples. The sample squeezed between electrodes was mounted in between
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two outer platinum electrodes, which established the connection to the impedance an-

alyzer through platinum wires. The electrodes were made tight enough with the help

of a steel spring load in order to keep the sample in contact with the electrodes. The

cell was then covered with a quartz glass in order to allow the measurements to be

performed under inert conditions [47]. Air sensitive samples were prepared in an argon

�lled glove box and transferred in argon �lled quartz glass cell. After connecting the

cell to the Schlenk line, the connection between the cell and the Schlenk line was evac-

uated three times by using a rotary vane pump (pKD 4, Saskia, Saugleistung 3.7m3/h)

and re�lled with argon (purity 5.0). Then the joint between the cell and the Schlenk

line was opened and the measurements were performed under argon atmosphere.

The cell was placed in a horizontal tube furnace, and the temperature was controlled

by a thermocouple in close vicinity to the sample as shown in the Figure 8. The

temperatures of the oven and inside the cell were measured by nickel/chromium/nickel

thermocouples and controlled by using a temperature controller (Eurotherm 26/2704,

Eurotherm, Germany). The measurements were performed with heating and cooling

cycles having rates of 1 °C min−1.

The data generated by the impedance spectroscopy measurements were analyzed

by using the WinFit program [48] and the bulk conductivities were determined by non

linear mean square deviation curve �tting of the impedance spectra.

Each semicircle in the Nyquist plot is responsible for a phenomenon in the impedance

data. Therefore, the possible interpretations were performed by extracting the capaci-

tance, C, values for the parallel RQ element in the equivalent circuit.

After obtaining resistances of the ion conducting samples by �tting the impedance

data, the ionic conductivities, σ, were calculated from the sample dimensions by ap-

plying:

σ =
1

R
.
d

A

where d is thickness in cm and A is cross sectional area in cm2.
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Figure 8: Schematic representation of the set up for impedance spectroscopy measure-
ments.
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Figure 9: Schematic drawing of the impedance spectroscopy cell.

The temperature dependence of ionic conductivity obeys often the Arrhenius rela-

tion. Hence, the activation energy, Ea, can be obtained by using the ionic conductivity

values at di�erent temperatures by using Arrhenius relation:

σ =
A

T
e
−
Ea
kT

In this manner, the activation energy is derived from the slope of the linear part of

log (σT) versus 1/T graph.

2.8 Direct Current (dc) Measurements

Anionic and cationic transference numbers were measured at di�erent temperatures

with a computer supported multipotentiostat (Model VMP, BioLogic, Claix, France),

possessing eight individual channels and four supplementary channels. The current was

measured at constant voltage with the supported software [49]. The dc current was

monitored with time after a stepwise change of the cell voltage from 0mV to 50mV.
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The aforementioned impedance cells in which samples were squeezed between block-

ing (gold, platinum or silver) or non-blocking (lithium or sodium) electrodes were used

for the measurements.

2.9 Software Programs

In addition to the special programs, which were already mentioned above to record

and analyze the measured data for the analytical mesurements, the programs utilized

in the present work are listed as:

Lxy 1.6: Document processor for writing the thesis.

Microsoft O�ce 2003: Performing casual applications like writing texts.

Corel Draw: Redacting the post script data.

MDL ISIS/Draw: Producing the chemical formula.

Diamond 3.0b: Generating the structure graphics [50].

Origin 8G: Processing the graphics like impedance and FT-IR spectra.
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3 Solid Ion Conductors

Electrical conduction is caused by the long range migration of electrons or ions. Even

though most of the conductive materials possess only one type of charge carrier, ionic

conduction can be accompanied by electronic conduction in mixed conductor materi-

als. Conductive materials can generally be classi�ed according to their charge carrier

types and conductivity values, σ (Ω−1 cm−1 or S cm−1). Figure 10 shows the typical

conductivities for a range of materials. Conductivities are usually temperature depen-

dent. The conductivity increases with increasing temperature in all materials, except

metals. Metals have higher conductivities at lower temperatures [44].

Solid materials exhibiting high ionic conductivities and negligible electronic con-

ductivities are named as solid ion conductors. Ionic conductivities of solid electrolytes

vary between 10−10 and 10−5 S cm−1. �Superionic solids� or �fast ion conductors� are

solid electrolytes exhibiting exceptionally high ionic conduction at room temperature

close to that of liquid electrolytes [51]. The conductivites span from 10−5 to 100 S cm−1

for fast ionic conductors [52]. Some of the most important requirements of a solid elec-

trolyte are a high ionic conductivity, a transference number of close to unity for the

conducting ion and ease of fabrication. There are several important advantages of

solid electrolytes compared to their liquid counterparts. These include the problems

associated with the leakage of liquids, the likelihood of minituarized structures via sim-

ple fabrication techniques or longer shelf-lives along with wide operating temperature

ranges [53].

The pioneering work of Tubandt and Lorenz in 1914 demonstrated that AgI exhibits

an unusual electrical behaviour with ionic conductivities comparable to those in liquid

electrolytes in the temperature range of 150 °C and 550 °C. They showed that the

ionic conductivity of high temperature α phase of AgI was even higher than of the

molten material and presented evidence for the �rst time that ions can carry electrical

current in solids [54]. The discovery of RbAg4I5 and Na-β-alumina solid electrolytes

in 1967 exhibiting exceptionally high Ag+ and Na+ ion conduction, respectively, at

room/moderate high temperature attracted tremendous worldwide attentions on the

solid state ionic materials [12, 55]. In the following decades, a large number of materials

having a variety of ions as mobile species have been reported.



34 3 SOLID ION CONDUCTORS

Figure 10: Classi�cation of electrical conductivities of solids by magnitude.

Research in the �eld of fast ion transport in solids continues to receive attention

owing to the many potential applications of these materials including batteries and fuel

cells [53]. Solid electrolytes usually fall into three categories: crystalline compounds,

polymers and glasses [56].

3.1 Polymer Electrolytes

The area of polymeric electrolyte materials have been developed remarkably after the

discovery of the �rst ion conducting polymer in 1973, which was poly(ethylene oxide)

(PEO) complexed with an alkali metal salt by Wright et al. [57]. Following that,

Armand and coworkers examined the ionic conductivity of poly(ethylene oxide) (PEO)

and poly(propylene oxide) (PPO) salt complexes and proposed their application as solid
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polymer electrolytes in high-energy-density batteries [58]. The important requirements

of a polymer electrolyte to be used in applications are: high ionic conductivity (σ

> 10−5 S cm−1) at room temperature, a value approaching to 1 for the transference

number of the mobile ion (tion ∼ 1), high mechanical strength, high chemical, thermal

and electrochemical stabilities [59, 60].

Using polymeric structures has attracted major attention owing to their noteworthy

advantages that stem from; i) having solid character, that eliminates the technological

problems relating to the con�nement of liquids, ii) having low densities that would lead

to considerable weight savings, iii) having processability into all shapes and sizes, iv)

having good mechanical properties like being �exible and strong, v) ease of fabrication,

and vi) relatively low cost [61, 62, 63, 64].

3.1.1 Types of Polymer Electrolytes

The area of polymer electrolytes has passed through various stages in development

[65, 66]. The main classi�cation of these promising materials can be performed in

three categories, which covers solid polymer electrolytes (SPE), polymer gel electrolytes

and polyelectrolytes. Solid polymer electrolytes are polymer salt complexes which

are obtained by dissolving a salt in the polymer matrix. Polymer-gel electrolytes are

prepared by incorporation of liquid electrolytes into a polymer matrix. Polyelectrolytes

are polymers which contain ionic centers as part of their constitutional repeating units

[8, 67].

The ionic conduction in polymer electrolytes is based on the mobility of inorganic

salts which are dissolved in a polymer matrix. Polymers with a low glass transition

temperature are needed because the mobility and ionic conduction are determined by

the �exibility of the polymer matrix. However, relatively few polymers have low glass

transition temperature with su�cient solvation properties for salts, at the same time.

The most widely investigated polymers are based on polyethylene oxide (PEO;

[�CH2CH2O�]n), where ether oxygen atoms are coordinated to the cations of the

salts, and thus e�ect the solvation [1]. However, PEO - lithium salt systems are

highly crystalline at room temperature and their conductivity values are in the range

of 10−7=10−8 S cm−1. On the other hand, the minimum conductivity needed for

an electrolyte in battery applications is 10−5 S cm−1 [68]. Conductivity of PEO-

based electrolytes increases sharply at ∼ 65 °C, which is related with the melting

of the crystalline PEO phase, and above this temperature PEO exists predominantly

in amorphous phase. However, the dimensional stability of these electrolytes is poor

at temperatures above 65 °C [69, 70]. Intensive e�orts have been conducted in order to
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obtain a higher degree of amorphous phase of polymer matrix at room temperature and

decrease the glass transition temperature in order to enhance the ionic conductivity

at ambient temperature. Some of the strategies include the addition of plasticizers or

�llers, and modifying the polymer chain such as side chains [71, 72, 73, 74].

The dependence of ionic conductivity values on the salt concentration was also in-

vestigated. It was found that initially conductivity increased as a result of addition of

the charge carriers; however, as the salt concentration increased further, the conductiv-

ity reached a maximum and then dropped [75, 76, 77]. This behavior was explained by

the ion pair formation at higher salt concentrations, along with inhibited ion transport

due to the hindered motion of the polymer chains [78]. Therefore, ionic conductivity

values in these systems can not be enhanced simply by increasing the concentration of

the salt because of the formation of ion pairing, which reduces the number of carriers.

Solid polymer electrolytes are bi-ionic conductors having relatively high values of t−
and the corresponding low values for t+. The transference number for cations in SPE

usually ranges from 0.06=0.3, showing that lithium ions are the minority charge carriers

[79]. This major obstacle in the development of a successful solid polymer electrolyte

lithium cell is ascribed to the localization of counteranions near the anode and, as a

result suppressing of the alkali metal cation supply from the anode. Hence, the cell

electrolytes will be polarized [7]. The conclusion drawn from the previous investigations

is that the salt in polymer electrolytes is not strongly dissociated and present in the

form of ion pairs or ion agglomerates [80, 81]. The conductivity appears to depend

on the dissociation of ion agglomerates in order to produce mobile cations [76]. The

strong interactions between cation and solvating chain are one of the most important

e�ects lowering the mobility and cationic transport numbers [81]. The conductivity is

dominated by anionic motion as a consequence of strong chelation of the lithium ions

by ether oxygens in the chains [6]. Angell et al developed `polymer-in-salt' materials

in order to increase the number of carrier ions, which were formed by mixing lithium

salts with small quantities of the polymers (i.e. PEO, PPO) [82]. Minority component

of these systems was the polymer, which imparted the mechanical integrity, and the

ionic conductivity was not associated with the local polymer segmental motion [79].

Polymer-gel electrolytes have usually higher ionic conductivities at room temper-

atures when compared with SPE [83]. They are polymer networks swollen in a sol-

vent which are formed by incorporation of a large amount of liquid to a polymer

matrix [59, 84, 85]. The trapped liquid solutions are lithium salt solutions in or-

ganic solvent mixtures and common polymer matrices are poly(acrylonitrile) (PAN),

poly(methyl methacrylate) (PMMA), poly(vinylidene �uoride) (PVdF) [86, 87]. To ex-

emplify, LiPF6=EC=DMC=PAN is a gel electrolyte formed by immobilizing an ethy-
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lene carbonate (EC)=dimethyl carbonate (DMC) lithium hexa�uorophosphate solution

in poly(acrylonitrile) [88]. The high ionic conductivity takes place through the mate-

rial in a gel like environment. However, gel electrolytes have generally poor mechanical

strengths and are also encountered with a number of drawbacks commonly faced in

liquid/aqueous electrolytes [79, 88].

On the other hand, polyelectrolytes having the opposite charges �xed on the poly-

mer backbone provide single ion conductive matrices [89, 90]. In such a system, either

cationic or anionic groups are chemically bonded to polymer chains, and the coun-

terions migrate [67]. Owing to their single ionic conductor behavior, they have high

transference numbers for mobile ions. For applications, like dry batteries, a single ion

conductive matrix is needed. While polyelectrolytes are �single-ion conductors� both

cations and anions contribute to conductivity in solid polymer electrolytes [68]. Ad-

ditionally, polyelectrolytes do not have leakage problems in contrast to polymer gel

electrolyte. Thus, polyelectrolytes are promising systems to cover requirements of a

battery electrolyte.

In order to prevent counterion conductivity in SPE, the anions are �xed to a

macromolecule and these macromolecular salts are alloyed with PEO. In this man-

ner, some polymeric Li salts reported are sulfonate, carboxylate and phenoxide salts,

which are covalently bonded to silicone, phosphazene, styrene or acrylic polymer back-

bones [91, 92, 93, 94, 95, 96]. Relating to the conductivity values at room temperature,

for these single ion conductors having �xed anions in the polymer, Kobayashi et al.

reported 1 × 10−7 S cm−1 with a carboxylate system [91] and Benrabah et al. proved

6 × 10−7 S cm−1 with a sulfonate system [97]. Moreover, Fujinami et al. developed

siloxy aluminate polymers having ethylene oxide side chains with bulky groups in the

vicinity of anion to protect ion pairing and obtained 2 × 10−5 S cm−1 at RT; however,

the transport number of this system was below 1 (t+ = 0.71) [98].

3.1.2 Ion Conduction in Polymer Electrolytes

Ion conduction in polymer electrolytes is a complex process, which is governed prepon-

derantly by local motion of polymer segments, long range ion motions and intra-inter-

chain transport of ions among the coordinating sites [99].

The transport of ions takes place mainly in the amorphous phase in polymer elec-

trolytes [100]. The lithium salt is electrolytically dissociated in the polymer matrix,

as it would dissolved in a polar liquid, and Li+ ions are coordinated to the polymer

through oxygen atoms in the ether chain (Figure 11) [68]. Cations are transported via

association and dissociation steps of Li�O along with the local thermal motion of the
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polymer chains. As a result of local relaxation and segmental motion of the polymer

chains, ions are transported in the polymer electrolytes, which is more favorable if the

host polymer is highly amorphous [101, 102].

Figure 11: Schematic representation of Li di�usion assisted by the segmental motion
of the PEO matrix. Ether oxygen atoms of PEO are represented with the circles.

It was previously preconceived that the amorphous phase in the polymeric host

was predominantly responsible for the fast ion transport in SPEs. In accordance to

that, the ionic conduction of polymeric electrolytes was believed to be higher when

the amorphousity of the polymer matrix was increased [100]. The main investigations,

in turn, were carried out to develop polymeric hosts having large amorphous phases

and low glass transition temperatures with the purpose to obtain faster ion transport,

supported by the good �exibility of the polymer chains. The disordered environment,

created by the polymer chain motion at temperatures higher than glass transition tem-

perature, was thought critical in ion transport. However, Bruce et al. have recently

presented that crystalline polymer hosts in SPEs could also sustain high ionic conduc-

tion [103, 104].

Two dominant conduction mechanisms have been observed for the ion transport

phenomenon in polymer electrolyte materials on the basis of the temperature dependent

conductivity studies. Thus, these materials can further be separated into two groups

depending on their conductivity variations with temperature [74].

The �rst group of polymer electrolytes obeys the Vogel-Tamman-Fulcher (VTF)

equation:

σ =
A√
T
exp[− Ea

k(T − To)
], (1)
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A = pre-exponential factor,

Ea = pseudoactivation energy,

To = equilibrium glass transition temperature, which To
is close to glass transition temperature of the polymer electrolyte.

The plot of VTF conductivity against reciprocal of temperature exhibits a typical

nonlinear behavior [58]. This indicates that the ionic hopping motion of the conduc-

tivity mechanism couples with the segmental and/or relaxation, breathing motion of

the polymeric chains [105].

On the other hand, the second group obeys the Arrhenius type equation:

σ = σo e
−
Ea
kT .

The linear Arrhenius behavior indicates that the ion transport of the material is

mediated by a simple hopping mechanism which is decoupled from the breathing of

polymer chain.

3.2 Crystalline Electrolytes

3.2.1 Ion Conduction in Crystalline Electrolytes

Ionic conduction in crystalline electrolytes takes place with the hopping of ions from

site to site in a crystal structure under the in�uence of an electric �eld. The mobile

ions can be cations or anions such as H+, Li+, Na+, Cu+, Ag+, O2− and F− [10, 106].

Vacancy and interstitial migrations are recognized as two general classes of mechanisms

for ionic conduction for isolated hopping of ions [107]. As a result of formation of a

thermally generated Schottky e�ect (a vacancy pair of a cation and anion) or existence

of charged impurities, creation of some empty sites, which should be occupied in the

ideal structure, led to the vacancy migration. In vacancy migration process, an ion can

leave its site empty by hopping into an adjacent vacancy (Figure 12-a).

In order to form a Frenkel defect, the ions are moved from their lattice sites into an

interstitial site, which are empty in an ideal structure. Following this, the ions located

in interstitial sites can hope into the neighbouring interstitial sites (Figure 12-b) [108].

Apart from these two mechanisms, cooperative movement of two or more ions are

also observed in solid electrolytes, which is named as interstitialcy mechanism. In order
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to operate this mechanism, one or more neighbouring ions are to be pushed elsewhere

in order for an ion to jump to a neighbouring or interstitial site (Figure 12-c) [109].

The immobile sublattice structure in crystalline electrolytes de�nes the sites of the

mobile ions. The conduction pathways for the mobile ions can be a one, two or three

dimensional immobile ion sublattice in crystalline electrolytes. The mobile ion sites

in crystalline electrolytes are distinctly determined by the structure of the immobile

sublattice. Therefore, a series of de�nite hops between adjacent sites in the conduction

pathways will lead

(a) (b)

(c)

Figure 12: Transport of ions by (a) vacancy mechanism, (b) interstitial mechanism and
(c) interstitialcy mechanism showing two possible locations of ions after movement.
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to the ionic conduction. This random notion of ion hops represents the basis of random

walk theory.

The ionic conductivity of a material is dependent on the concentration of the mobile

species, n, their charge, q and mobility, µ, which can be expressed by the equation:

σ = n q µ.

In order to increase the n value, aliovalent or heterovalent doping is an important

way, which includes the partial replacement of one ion type with another ion having a

di�erent formal charge. Conductivity can increase sharply, if simultaneously generated

interstitial ions or vacancies, that are formed to keep the charge balance, can migrate.

Richard et al. proposed a mechanistic classi�cation and they suggest four types of

mechanisms for ion migration, which are [110]:

1. Conventional transport of defects by uncorrelated jump processes. The trans-

port is by means of conventional hopping process, and the only di�erence is the high

concentration of defects.

2. Highly correlated mechanism, in which fast ion transport is e�ected by collective

movement of several ions. Li3N is an example of this type.

3. Liquid like di�usion mechanisms, which is observed if the mobile sublattice is

highly disordered that cations can move in a more �uent manner with �at potential

surface.

3.2.2 Random Walk Model

Ionic transport is a thermally activated di�usion process and the free energy required

for an ion to jump to an energetically equivalent neighbour lattice site is represented

by ∆Gm. To describe ion conduction, the generally used model is random walk of the

mobile species. In this model, the mobile ions move independently of one another and

di�usion is caused by the isolated jumps [10, 111, 112].

The ionic conductivity is expressed by the equation:

σ = n q µ, (2)

σ = ionic conductivity,

n = charge carrier concentration,
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q = charge of mobile ions,

µ = mobility of the charge carriers.

The concentration of charge carriers is de�ned with,

n = N c,

N = number of structural sites for the mobile ions,

c = degree of occupation of the N positions.

According to the Nernst-Einstein expression, the ionic conductivity is related to the

di�usion coe�cient of ions. Hence, this expression suggests the ionic conductivity as:

σ =
nq2

kT
D (3)

n = number of ions per unit volume

D = di�usion coe�cient

k = Boltzmann constant

T = Absolute temperature

The mobility can be derived from the equations 2 and 3 as in the form of following

expression:

µ =
q

kT
D (4)

where di�usion coe�cient is de�ned by:

D =
1

2d
z (1− c) l2 vo e

−
4Gm

kT

d = dimensionality of the conduction for the mobile ion,

z = number of nearest neighbour sites,

(1 = c) = the availability of vacant sites,

l = jump distance between two energetically equivalent

sites,

vo = attempt frequency,
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4Gm = motional free energy,

with replacement of,

e
−

∆Gm

kT = e
−

∆Hm

kT . e

Sm
k

and the geometry factor, γ, as,

γ =
1

2d
z e

∆Sm
k

the di�usion coe�cient can be found as,

D = γ (1− c) l2 vo
e
−

∆Hm

kT .

Substitution of di�usion coe�cient into equation 3 gives,

µ =
q

kT
γ (1− c) l2 vo

e
−

∆Hm

kT ,

and substitution into equation 1 gives the relation for conductivity:

σ = γ N
q2

kT
c (1− c) l2 vo e

−
∆Hm

kT . (5)

With the substitution of preexponential factor A = N c
q2

k
γ (1− c) l2 vo and 4Hm

= Ea in equation 5, the Arrhenius relationship is obtained:

σ =
A

T
e
−
Ea
kT . (6)

Arrhenius equation gives the temperature dependence of ionic conductivity. It

is valid within the temperature regime where the material does not have any phase

transformation.

The main requirements for the high di�usivity in solids are deduced as high density

of mobile ions (c), the availability of vacant sites which can be accessed by the mobile

ions (1 = c) and good connectivity among the sites with conduction channels having

low free energy barriers (Ea) between the sites. The ease of ion hopping is presented
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by the activation energy, which is related to the openness of conduction pathways in

the crystal structure [10, 113].

3.2.3 Crystalline Electrolytes

Solid electrolytes have rather special crystal structures, which can have open tunnels

or layers and through which the mobile ion can move. Their structures are gener-

ally composed of 1-, 2- or 3- dimensional network of channels and these pathways for

conduction are positioned throughout the materials immobile ion sublattice. The ions

move along rapid di�usion pathways which are de�ned by the crystal structure [114].

Sodium β−aluminas and NASICON are well studied sodium ion conductors. Sodium

β−aluminas are the archetypal 2-D conducting materials, which conduct well at room

temperature (1×10−2 S cm−1) [12, 115, 116]. The mobile Na+ ions are situated be-

tween the densely packed spinel blocks of alumina that are bridged by oxygen in these

non stoichiometric sodium aluminate compounds [117]. The crystal structure having

open conduction pathways and a large number of partially occupied sites permit a 2 -

dimensional di�usion of sodium ions and as a result a high Na+ conductivity in beta

aluminas [118].

Na3Zr2PSi2O12, which is generally referred to as NASICON (Na superionic conduct-

or), is a ceramic material similar to β−aluminas; however, possessing a higher Na+ con-

ductivity at 300 °C [119]. The crystal structure allows a relatively open 3 - dimensional

network of sites and pathways for the mobile sodium ions, and the ions can move

through channels [120]. LISICON, which is an analogous compound to NASICON,

was synthesized short after [13].

Another well known example of the layer structure is lithium nitride, Li3N, which

is a two dimensional conductor having sheets of Li2N separated by Li+ ions. It has the

highest lithium ion conductivity of all crystalline materials (1×10−3 S cm−1 in plane;

1×10−5 S cm−1 perpendicular to the layers) [121, 122, 123].

AgI is one of the �rst materials, which shows high ionic conductivities. The concepts

of average occupational of lattice sites and the �liquid sublattice� were introduced by

Strock [124]. The discovery of high conductive RbAg4I5 was stimulated during the

exploration of silver containing ternary systems [55].

The structural features required for a good ion conductor can be summarized as

follow [10, 44]:

a) The number of mobile ions and available empty sites for the mobile ions to jump

should be large.
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b) The potential energies of the empty and occupied sites should be similar with a

low activation barrier for jumping between neighbouring sites.

c) The structure should have a framework, preferably three dimensional, which has

open channels allowing the migration of ions.

d) The immobile framework should be highly polarizable.
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Part III

SPECIAL PART

4 Polyelectrolytes

4.1 State of the Arts and Concepts

The area of ion conductive solvent free polymer electrolytes has gained considerable

attention due to their conduction of electricity by the migration of ions, which have

potential applications in batteries [125]. There has been severable e�orts to develop

polymer-salt complexes which do not have leakage problems. Solid polymer electrolytes

(SPEs), in contrast, are bi-ionic electrolytes and the bulk conductivity is primarily

due to anion mobility [99, 126]. The transference number of lithium is far less than

that of the anion; therefore, migrations of both, anions and cations, result in a local

concentration of anions and signi�cant decrease in ionic conductivity [7, 81, 90, 93,

127, 128, 129, 130]. As a result of strong coordination of lithium ions with the oxygen

atoms of ether groups [131, 132], the lithium transference number in these conventional

matrices like poly(ethylene oxide) is around 0.2=0.3 [2, 3, 4, 5, 6]. Since low lithium

transference number in these systems is a major problem, the essential requirement in

providing superior solid polymeric electrolytes is to design systems that exhibit only

cation migration. In solid polyelectrolytes, anions are incorporated as part of a polymer

chain [67]. Therefore, by chemically binding the opposite charges on the polymer chain

in these single ion conductive matrices, contrary to SPEs, high lithium ion transference

numbers are achieved, which is essential for applications [129, 133].

Hitherto, a number of approaches for generating single ion conductive polyelec-

trolyte matrices have been proposed. In order to avoid anion conduction, Takeoka

proposed to resort to single ion-conductive systems, which are accessible by blending,

copolymerization and homopolymerization [127]. In this manner, the �rst proposed

route was blending polyelectrolytes with soft segments; i.e. poly(oxyethylene) [95, 134,

135]. Blends of poly(ethylene oxide) and poly(2-(4-carboxyhexa�uoro-butanoyl-oxy)

ethyl methacrylate-Li-salt) (Figure 13-a) were investigated for single ion conduction

by Bannister et al. [136]. Thereby, polyethers and polyanions were mixed to obtain
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single ion conductors; however, the di�erent polymers should be compatible in order to

avoid the gradual phase seperation problems in blend systems, which would decrease

the ionic conductivity. Therefore, a single-component system is preferable. The two

methods in order to achieve a single component system are copolymers and homopoly-

mers. Copolymers from soft segments and polyelectrolytes were further developed

[91, 93, 137, 138, 139, 140]. Room temperature conductivities of oligo(oxyethylene)

methacrylate and alkali metal methacrylate copolymers were reported in the order of

10−7 S cm−1 [91, 93] (Figure 13-b). Di�erent matrices, like siloxane copolymers hav-

ing oligo(ethylene oxide) side chains with immobilized pendant sulphonate moieties,

were also investigated and the conductivities were reported as 10−7 S cm−1 at room

temperature [137] (Figure 13-b). In order to obtain a single component cation con-

ducting polyelectrolyte, a monomer having a carrier ion source was homopolymerized

[141, 142], an example of which is presented in Figure 13-c.

Figure 13: Examples of (a) blend, (b) copolymer and (c) homopolymer matrices for
single ion conduction [127].

A number of strategies have been developed to obtain high conducting polyelec-

trolytes. However, tight ion pairing seems to occur which signi�cantly reduces the
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mobility of the charge carriers [143]. Ion pairing e�ect was reduced with bulky sub-

stituent groups which prevent close approach of the cations [126, 144, 145]. On the

other hand, bulky substituents increase the rigidity and glass transition temperature

which in turn lead to decrease the ion mobility [90]. Plasticizers, which are additives

that enhance the plasticity or �uidity of the material, were added in order to enhance

�exibility of these hard materials [90, 144, 146, 147, 148]. For example, poly(ethylene

glycol) was added as a plasticizer to sodium poly(styrene sulfonate) [146]. Another

approach was linking of short chain poly(ethylene oxide) groups covalently to the poly-

electrolytes. Self-plasticization was provided with these short chains [90]. Comb like

polyelectrolytes, bearing anionic groups and short chain polyether linkages in the back-

bone, were reported [9, 90, 149]. Therefore, incorporation of plasticizers enhance the

ionic conductivity. On the other hand, they deteriorate the mechanical properties of

the materials [147, 148].

In an alternative approach to decrease bi-ionic contribution, polymer matrices bear-

ing anion trapping Lewis acidic units were developed [81]. For this purpose, Lewis

acidic organoboron units were incorporated into the polymer chains of SPEs [150]. A

number of groups carried out research concerning polymer electrolytes bearing borate

functional groups. Kato et al. reported that increasing borate ester group concentra-

tion incorporated in polyethylene glycol polymer electrolytes increased the transference

number of lithium of the dissolved salt (Figure 14-a) [151]. Materials having boroxine

rings and pendant or network oligo(ethylene oxide) units were reported by Mehta and

Fujinami et al. (Figure 14-b) [152, 153, 154]. The transference number of lithium in

these polymer electrolytes was reported as 0.75 by using LiBF4 salt [153, 154]. Although

the transference number of lithium was higher than the convential SPEs obtained by

dissolving salts in polymers, it was far below unity.

Matsumi et al. prepared polymer electrolytes from organoboron polymers. The

authors reported that the transference number of lithium was increased over 0.5 in

a poly(propylene oxide) polymer electrolyte having alkylborane end units [3]. They

also investigated organoborate polymers bearing ethylene oxide units and generated

polymer electrolytes from these polymers by addition of lithium salts, which is shown

in Figure 14-c [155]. However, polymer electrolytes obtained from these polymers

showed the transference number of lithium around 0.35 [155, 156]. Also, electrolytes

were prepared by mixing comb like organoboron polymer bearing oligo(ethylene ox-

ide) units with lithium salts [157]. These polymer electrolytes containing borate and

oligo(ethylene oxide) units have low transference numbers for cation; i.e. t+ = 0.38

at 30 °C [157]. An important approach to attain unity in lithium transference num-

ber is to immobilize the polymer network by covalently �xing opposite anions to the
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macromolecular chain [158]. The mobility of anion is smaller than the cation as the

anion sites are �xed on the chain. Solely cations will contribute to the conduction

when the anions are chemically bound into the chain in these polyanionic species [129].

When anions are immobilized into the polymer matrix, the anions are not mobile and

the number of charge carrier ions are decreased compared to the bi-ionic polymers;

therefore, lower ionic conductivity values are obtained in single ion conductors. The

design of the chains in immobilized anion bearing polymer matrices can be tailored in

two di�erent ways. The charged groups can be covalently bound either as a pendant

group in the side chains or in the backbone of the polymer chain.

Figure 14: Examples of organoborate solid polymer electrolytes.

As a plausible model for the single ionic nature, several di�erent side-chain anionic

polymers with lithium ion counterparts were developed and some examples of charged

groups investigated in these polyelectrolytes include :

- Carboxylate; �COO− [9, 91, 93, 136, 138, 140, 141, 142, 159, 160],

- Sulfonate; �SO2O− [95, 136, 137, 139, 161, 162, 163, 164, 165, 166],

- Phenolate; �PhO− [145, 167].

For example, Florjanczyk et al. reported that the ionic conductivities for the lithium

carboxylate polymers were in the range of 10−9=10−7 S cm−1 at 30 °C [9]. Low conduc-
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tivity values were obtained for the polyelectrolytes bearing the charged groups attached

as a pendant group due to the tight ion pairing and ionic interactions.

In a further development, anions are covalently bounded in the main chain in or-

der to decrease ion pairing. Some examples of the immobilized polyelectrolytes by

anchoring the anionic groups in the main chain are:

= Tetraoxoborate; (�O)4B− [4, 131, 135, 168, 169, 170, 171, 172, 173],

= Diphenyldioxoorganoborate; (�O)2Ph2B− [5, 174],

= Tetraoxoaluminate; (�O)4Al− [128, 168, 175, 172, 173, 176, 177],

= Thioaluminate; (�S)4Al− [178],

= Siloxyaluminate; (�SiO)4Al− [98, 179, 129].

Chetri et al. prepared lithium, sodium and potassium derivatives of poly(vinyl bo-

rate) gel polyelectrolytes, which had the transport number of 0.83 for lithium [169].

These materials showed poor conductivity values (i.e. 7.3 × 10−9 S cm−1 at 25 °C

for potassium derivative) and poor mechanical properties because of the jelly nature

[170, 171] (Figure 15-a). Matsumi et al. immobilized the borate anion in the poly-

mer chain containing oligo(ethylene oxide), which showed ionic conductivity of 9.45 ×
10−7 S cm−1 at 50 °C with a lithium ion transference number of 0.82 [155, 156] (Figure

15-b). In another work, the same authors modi�ed the chains of these oligo(ethylene

oxide) containing poly(lithium organoborates), which is shown in Figure 15-c, but the

transference number of these polyelectrolytes were not reported [180].

Doan et al. reported the main chain anionic polyelectrolytes containing a network

of tetraalkoxyaluminates linked by polyethers and the ionic conductivity was about

10−7=10−8 S cm−1 at 50 °C due to the strong ion pairing (Figure 15-d) [175]. Polyelec-

trolytes from lithium siloxy aluminate polymers with oligo ethylene oxide side chains

were reported by Fujinami et al. (Figure 15-e) [98]. Although a high conductivity in

the order of 10−5 S cm−1 was reported, the transference number of lithium was found as

0.71 [98]. Aoki et al. prepared polyelectrolytes with oligo(ethylene oxide) side chains

bonded to the aluminate or borate backbones, which is shown in Figure 15-f. The

authors showed that partial negative charge was dispersed on oxygen atoms around

the boron or aluminum atoms, and ion pairing occured between lithium and these oxy-

gen atoms. Furthermore, the same authors reported that borate polymers exhibited

higher conductivities than aluminate polymers as a result of the increased mobility of

lithium ion in borate polymers, because of the weaker interaction between lithium ion

and oxygen atoms around the boron atom [173].

Single ionic conductors have one to two orders of magnitude lower ionic conduc-

tivities compared to bi-ionic conductors under the same conditions. This di�erence

is originating from the fact that in polymer-salt complexes, the anion is usually the
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predominant charge carrier with a transport number typically greater than the one of

the cation, because cation motions are inhibited by solvation from the macromolecular

chain. Thus, �xing and immobilizing the anion would result in lower conductivities be-

cause of having fewer ion carriers [167]. Ion pairing can also occur in polyelectrolytes

between lithium cations and counter ions �xed to the polymer chains, which will re-

duce the number of available conduction ions and conductivity [98, 150]. Sterically

hindered anionic centers can be employed to reduce the ion pairing [167]. However,

simulations showed that the performance in battery applications was improved even

by using polyelectrolytes with one order of lower conductivity in comparison to solid

polymer electrolytes [7].

Figure 15: Examples of polyelectrolytes

Hence, a polyelectrolyte appears to be the best system to cover the requirements

for a battery electrolyte. The research on polymer backbones has mostly been based on

oxygen-containing monomers, such as ethers in poly(ethylene oxide) and poly(propylene

oxide) and polysiloxanes [90]. Despite the fact that oxygen atoms strongly coordinate
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towards lithium ion precluding the transport of cation, oxygen atom is characteristicly

present and oligo(oxyethyleneoxide) is representatively employed in the ion conductive

polymer matrices [4, 5, 131, 132]. Coulomb trapping of the cation can easily occur,

and oxygen can coordinate to the mobile cation which creates locally �xed polymer

framework [181, 182]. These e�ects lead to reduce the conductivity [81, 95]. More-

over, binding of lithium cations by ether oxygen atoms prevents the transport of the

cation [6, 173, 132, 183] and; therefore, the transport number of cation becomes very

low (around 0.2=0.3) in these polyether electrolytes [2, 5, 4, 3, 6]. To the best of our

knowledge, all of the polyelectrolytes that were previously investigated have oxygen

atoms or Lewis base groups either in the main backbone or on the side chains.

The goal in the present work is to obtain a polyelectrolyte with a high transference

number, a high charge carrier concentration and no strong ion pairing. Our motivation

was to develop solid polyelectrolytes bearing alkylborate units, in which the anionic

groups were immobilized in the chain. Previously, a borate containing polyelectrolyte

was also synthesized in our group; however, the material could not fully characterized

[184]. Moreover, lithium conducting polyelectrolytes based on organoaminoalanates

were developed by Jansen et al. and a high lithium conductivity (σ = 0.01 S cm−1

at 297 °C) was achieved for phenyl substituted polymer [185]. Bulky alkyl groups

were incorporated around the anion in order to inhibit close approach of the lithium

cations and reduce ion pairing. Ion pairing is a signi�cantly important factor that

decreases the conductivity by reducing the cation mobility in polyelectrolytes. The

other important aspect in the design is that the polymer backbones do not bear oxygen

groups, on contrary to the traditional oxygen atom bearing polyelectrolytes, which are

known to inhibit the mobility of lithium ions by trapping them; therefore, reducing

the conductivity. Lithium was inserted into the polymer by addition of alkyl lithium

reagents or by the educt lithium tetravinylborate. The e�ect of di�erent alkyl groups

on conductivity was investigated. For this purpose, a series of lithium conducting solid

anionic polyelectrolytes with the repeating units of tetrakis(alkylboryl)borate groups

were prepared. The ionic conductivities and structures have been analyzed along with

the e�ect of annealing. In order to develop these novel polyelectrolytes, hydroboration

reactions were applied. In a further attempt, modi�cations in the main chain were

proceded by incorporation of silicon atoms in the main alkyl borate chain of the lithium

polyelectrolytes.
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4.2 Poly[lithium tetrakis(ethyleneboryl)borate] (PLEB)

4.2.1 Synthesis and Characterization of Reactants

All reactions were carried out in a puri�ed argon atmosphere using standard Schlenck

techniques in rigorously dried reaction apparatus and solvents. Diethyl ether (Merck),

n-hexane and boron tri�uoride etherate (Merck) were distilled before usage. Commer-

cially available tetravinyltin (Aldrich), n-butyl lithium (1.6 M in hexane, Acros) and

monoborane-THF (1 M, Aldrich) complex were used without further puri�cation.

The liquid NMR samples were prepared by using standard Schlenk techniques in

a puri�ed argon atmosphere. The samples were prepared in the NMR tubes at low

temperatures by using 0.5 ml deuterated THF (C4D8O, Sigma Aldrich) and the mea-

surements were carried out at =10 °C. Si(CH3)4 was used as an external standard for
1H and 13C NMR measurements. BF3. O(CH2CH3)2 and the solution of 9.7 m LiCl in

D2O was applied as an external standard for 11B NMR and 7Li NMR measurements,

respectively.

4.2.1.1 Vinyllithium (1)

Vinyllithium was synthesized according to the procedure by Seyferth et al. [186]

with the reaction:

Sn(CH=CH2)4 +x n-BuLi � n-BuxSn(CH=CH2)4−x+x LiCH=CH2

Transmetalation reaction of tetravinyltin and n-butyllithium in n-hexane was ap-

plied to synthesize vinyllithium, where x = 2.33 and n-Bu = CH2CH2CH2CH3. Vinyl-

lithium is a highly pyrophoric material when exposed to the air. The product was kept

below 0 °C and used directly after production.
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Preparation of vinyllithium

The apparatus consisted of a 250ml three-necked �ask which was equipped with a �lter

(P3 pore size) from one neck. A 100ml two-necked �ask was placed on the other side of

the �lter. 2.7ml (0.015mol) tetravinyltin was added into the three-necked �ask in the

argon �ow. Afterwards, 70ml distilled n-hexane and subsequently 22ml (0.035mol) n-

butyllithium solution (1.6M, solvent n-hexane) were added under continuous stirring.

White vinyllithium precipitates were observed in the solution after a short while. The

reaction solution was concentrated with a rapid argon �ow until approximately 30ml of

solution was left in the �ask. Approximately 1.2 g (0.035mol) precipitated vinyllithium

was �ltered and washed three times with 10ml distilled hexane. It was further dissolved

in 80 ml diethyl ether.

Characterization of vinyllithium

The identi�cation of vinyllithium, which was dissolved in diethyl ether, was achieved

with liquid NMR by measuring the signals of 13C, 1H and 7Li.

The 13C NMR of vinyllithium, which is given in Figure 16, showed the signals at

133.0 ppm assigned to the =CH2 and at 183.7 ppm assigned to =CHLi. 1H NMR

spectrum indicated three sets of doublet of doublet chemical shifts which were posi-

tioned at 7.21 ppm, 6.60 ppm and 5.85 ppm for the LiCHgemCH2, LiCHCHHtrans and

LiCHCHHcis, respectively (Figure 17). The coupling constants for geminal H were

found as 19.05 Hz for J (Hgem,Htrans) and 23.88 Hz for J (Hgem, Hcis). For the trans

H, the coupling constants had the values of 7.56 Hz for J (Htrans, Hcis) and 19.05 Hz

for J (Htrans, Hgem). Finally, the observed coupling constants for cis H were 7.56Hz for

J (Hcis, Htrans) and 23.88 Hz for J (Hcis, Hgem). The 7Li NMR spectrum of vinyllithium

was also measured and the signal was found to be centered at = 0.9 ppm as can be seen

in Figure 18. Liquid NMR of vinyllithium in tetrahydrofuran solution was investigated

by Bauer et al. The chemical shifts and the coupling constants in this study were found

to be quite consistent with the results published by Bauer et al. [187].
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Figure 16: 13C-NMR spectrum of vinyllithium solution in diethyl ether.

Figure 17: 1H-NMR spectrum of vinyllithium solution in diethyl ether.
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Figure 18: 7Li-NMR spectrum of vinyllithium solution in diethyl ether.

4.2.1.2 Boron Tri�uoride Etherate, BF3·O(CH2CH3)2

Boron tri�uoride etherate (Merck) (bpt.: 126 °C) was distilled under argon, and the

puri�ed product was kept below 0 °C. In the synthesis, freshly distilled BF3·O(CH2CH3)2
was used.

BF3·O(CH2CH3)2 serves as a calibration standard for the NMR spectrometers, and

the 11B NMR of boron tri�uoride etherate is given in the Figure 19 which shows the

typical signal at 0 ppm.

4.2.1.3 Lithium Tetravinylborate, Li[B(CH=CH2)4] (2)

Lithium tetravinylborate was synthesized by applying the route as developed by

Seyferth et al. [186], according to the following equation:
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Figure 19: 11B-NMR spectrum of boron tri�uoride etherate.

4 LiCH=CH2 +BF3·O(CH2CH3)2 � Li[B(CH=CH2)4] + 3LiF +O(CH2CH3)2

The reaction of vinyllithium in diethyl ether with the boron tri�uoride etherate was

produced the air sensitive lithium tetravinylborate in diethyl ether solution.

Preparation of lithium tetravinylborate

The apparatus consisted of a 250ml three-necked �ask which was equipped with a

re�ux column on one neck. Approximately 1.2 g (0.035mol) vinyllithium, dissolved in

80ml ether, was placed into the three-necked �ask under the argon �ow. Afterwards,

0.6ml (0.005mol) freshly distilled boron tri�uoride etherate was added dropwise into

the three-necked �ask with vigorous stirring. The mixture was re�uxed for 12 hours

and subsequently �ltered by using a �lter with P3 pore size and 100ml volume. The

obtained lithium tetravinylborate/diethyl ether solution was stored below 0 °C.
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Characterization of lithium tetravinylborate

An ether solution of lithium tetravinylborate was characterized by employing 13C,
1H, 11B and 7Li liquid NMRmeasurements. The 13C NMR signals of lithium tetravinylb-

orate were found at 113.1 ppm and 165.3 ppm that is given in Figure 20. The

signal at 113.1 ppm was assigned to LiB (CH=CH2)4 and the one at 165.3 ppm to

LiB(CH=CH2)4. The 1H NMR spectra and the chemical shift values were given in Fig-

ure 21. The hydrogen chemical shifts were observed as doublet of doublet of quartets

(ddq) for both cis (LiB(CH=CHHcis)4 ) and trans (LiB(CH=CHHtrans)4 ) hydrogen

atoms. The chemical shifts for cis and trans hydrogen atoms were centered at 4.77 ppm

and 4.96 ppm, respectively. The geminal hydrogen atoms, LiB(CHgem=CH2)4, demon-

strated a doublet of doublet which was positioned at a chemical shift of 6.30 ppm. The

coupling constants of cis hydrogen atoms were found as 6.21 Hz for J (Hcis, Htrans)

Figure 20: 13C-NMR spectrum of lithium tetravinylborate, solution in diethyl ether.



4.2 Poly[lithium tetrakis(ethyleneboryl)borate] (PLEB) 59

Figure 21: 1H-NMR spectrum of lithium tetravinylborate, solution in diethyl ether.

and 19.20 Hz for J (Hcis, Hgem). Considering the trans hydrogen atoms, the coupling

constant values were 12.71 Hz for J (Htrans, Hgem) and 6.21 Hz for J (Htrans, Hcis). The

coupling constants of geminal hydrogen atoms were deduced as 12.71 Hz for J (Hgem,

Htrans) and 19.20 Hz for J (Hgem, Hcis). The boron chemical shift of LiB(CH=CH2)4
was observed at =16.1 ppm with a sharp resonance as demonstrated in the Figure 22.

The obtained 11B signal is consisted with the one published by Thompson et al. [188].

The lithium chemical shift was measured at =2.6 ppm, which can be seen in Figure

23.
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Figure 22: 11B-NMR spectrum of lithium tetravinylborate, solution in diethyl ether.

Figure 23: 7Li-NMR spectrum of lithium tetravinylborate, solution in diethyl ether.
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4.2.2 Synthesis of PLEB (3)

Hydroboration polymerization of lithium tetravinylborate in diethyl ether was per-

formed by dropwise addition of BH3·THF at 0 °C to obtain PLEB according to the

following equation:

3n Li[B(CH=CH2)4] + 4n BH3·THF � Polymer + 4n THF

where THF is tetrahydrofuran. The synthesis route showing all the steps to obtain

as-synthesized poly[lithium tetrakis(ethyleneboryl)borate] (PLEB) is shown in Figure

24.

Preparation of PLEB

0.0067 mol (1 M solution in tetrahydrofuran) borane-tetrahydrofuran complex was

dropwise added at 0 °C into a 0.63 g (0.005 mol) lithium tetravinylborate, which

was dissolved in 80 ml diethyl ether, under vigorous stirring. The polymerization

was carried out for 24 hours at 0 °C and allowed to proceed a further 24 hours at

25 °C. Further crosslinking was achieved by subsequently re�uxing at 70 °C for 12

hours. Then, the reaction �ask was connected to a cooling trap, where the solvent was

collected. The obtained polymer was dried 24 hours at 70 °C under vacuum to obtain

as-synthesized polymer.

Figure 24: Synthesis route for PLEB polymer.
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The as-synthesized PLEB polymer was annealed at 275 °C around 1 day under

argon atmosphere to obtain the annealed PLEB polymer. Both the as-synthesized and

the annealed PLEB polymers were extensively investigated in the present work.

4.2.3 As-synthesized PLEB

4.2.3.1 X-ray Powder Di�raction

The amorphous character of the as-synthesized PLEB polymer was con�rmed by

X-ray powder di�raction, the di�ractogram is given in Figure 25.

Figure 25: XRD pattern of as-synthesized PLEB polymer.

4.2.3.2 Elemental Analysis

The elemental analysis (except hydrogen) of the PLEB polymer resulted in the

empirical formula B2C10Li1, which matches the expected composition of the polymer.

The chemical composition of the as-synthesized PLEB polymer (Table 4) gave the B:Li

ratio as 2:1, which is in agreement with neutral boron and negatively charged borate

to exist in the network in equal proportions, with lithium compensating the charge on

the borate. Protons and minor amounts of remaining THF were accounted for the rest

of the mass.
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Table 4: Chemical composition of the as-synthesized PLEB polymer.

a

Element Mass (%) Empirical Formulae

B 10.27 B1.8C9.8Li1

C 61.11 (≈ B2C10Li1)

Li 3.61

4.2.3.3 FT-IR Spectroscopy

The FT-IR spectrum of the as-synthesized PLEB polymer is displayed in Figure 26.

The bands between 2925 cm−1 and 2853 cm−1 represent the aliphatic C�H stretching

vibrations. The presence of a weak free B�H stretching band at 2292 cm−1 implies

the formation of tetrahydroborate ions by ligand exchange reactions during the poly-

merization process. The band at 1632 cm−1 is assigned to the symmetric stretching

vibrations of a B�H�B bridge structure. B�C asymmetric stretching bands are no-

ticeable between 1040 cm−1 and 1124 cm−1 [189] and the CH2 deformation vibrations

are observed in the range of 1378=1465 cm−1. The bands at 1262 cm−1, 823 cm−1 and

754 cm−1 represent CH2 wagging, CH2 rocking and B�C stretching vibrations, respec-

tively. No alkenyl C�H (3010=3095 cm−1) bands could be detected in the FT-IR

spectrum, which indicates that no residual vinyl groups are present. This also proves

that the hydroboration reaction was completed. The band positions with intensities

and interpretations are collected in Table 5.

4.2.3.4 Raman Spectroscopy

The Raman spectrum recorded for the as-synthesized PLEB polymer is given in

Figure 27. The spectrum is indicating the main building blocks of the polymer (Table

6). Hence, the results are in clear agreement with the FT-IR spectrum. Asymmetric

and symmetric vibrations of CH2 bands are detected at 2968 cm−1 and 2911 cm−1,

respectively. The band at 2303 cm−1 implies the existence of the free B�H stretching

vibrations of tetrahydroborate ions. CH2 deformation, CH2 wagging and C�C skeletal
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Table 5: FT-IR band positions and assignments of as-synthesized PLEB polymer.

Wavenumber /cm−1 Intensity Assignment

2925 s ν (C�H)

2853 s ν (C�H)

2292 m ν (B�H)

1632 w ν (B�H�B)

1465 s δ (C�H)

1378 s δ (C�H)

1262 m γ (C�H)

1124=1040 s ν (B�C)

823 m ρ (C�H)

754 w ν (B�C)

530=427 w ρ (C�H)

Figure 26: FT-IR spectrum of the as-synthesized PLEB polymer.
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Figure 27: Raman spectrum of as-synthesized PLEB polymer.

Table 6: Raman band positions and assignments for as-synthesized PLEB polymer.

Wavenumber /cm−1 Intensity Assignment

2971 m ν (C�H)

2911 s ν (C�H)

2303 w ν (B�H)

1459 m δ (C�H)

1308 w γ (C�H)

1043 w ν(C�C)

794 w ρ (C�H)

716 s ρ (C�H)

495 s ν (C�H)
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stretching vibrations appear at 1459 cm−1, 1308 cm−1, and 1043 cm−1, respectively.

The bands at 794 cm−1 and 716 cm−1 are assigned to CH2 rocking, and at 495 cm−1

for CH2 skeletal vibration bands.

4.2.3.5 Solid State NMRMeasurements

Further characterization was performed by 13C and 11B solid-state NMR spectro-

scopies. The 13C spectrum of the freshly prepared PLEB polymer (Figure 28) shows

only one broad signal in the region of the spectrum that corresponds to aliphatic car-

bon atoms; this indicates that the hydroboration reaction was e�ective in transforming

all vinyl groups, con�rming the FT-IR results. Thus, this provides proof that the

band at 1629 cm−1 in the IR spectrum is not caused by C=C stretching vibrations,

but rather by those of B�H�B bridges in the structure. The single peak, centered

around 27 ppm, is rather broad, but this is typical for amorphous samples. The chemi-

cal shift indicates that most of the carbon exists in CH2 units and that therefore most

of the addition reactions must have happened in an anti-Markovnikov fashion. The

small peak at 70 ppm may be the result of some remaining THF coordinating to the

trialkylborane units.

Figure 28: Solid state 13C-NMR of as-synthesized PLEB polymer. wr(2p)−1 = 25 kHz.

11B solid-state NMR spectra (Figure 29) were complicated by the presence of a

strong 11B background signal from the NMR probe. However, the MQMAS technique
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suppresses this background and allows the separation of the various boron signals in

the sample. After shearing transformation of the 2D MQMAS spectrum, one obtains

an isotropic spectrum in the �rst dimension, while the width in the second dimension

gives an impression of the amplitude of the quadrupolar coupling (CQCC). The axis

labeling of the isotropic dimension follows a convention in which the position of a line

becomes equal to the chemical shift in the case of vanishing quadrupolar coupling or

in�nite static �eld.

Figure 29: Solid state 11B MQMAS spectrum recorded for as-synthesized PLEB poly-
mer.

It is assumed that hydrogen-bridged boron has a larger quadrupolar coupling as

compared to four-coordinated boron. In the PLEB polymer, two di�erent boron species

are expected: four-coordinated boron that originated from the tetravinylborate and

hydrogen-bridged boron introduced with the borane. During the polymerization reac-

tion, some ligand exchange takes place, leading to the formation of tetrahydroborate

ions [190]. These ions have an almost vanishing quadrupolar coupling, leading to

a narrow peak positioned at = 42 ppm. The tetraalkylborate resonance also has a

low quadrupolar coupling and forms narrow bands at 0 ppm and +5 ppm. The re-

duced local symmetry of the hydrogen-bridged alkylborane species leads to a larger
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quadrupolar coupling, and as a consequence the peak is much broader (located at

+25 ppm and +40 ppm). Thus, three di�erent boron species can be distinguished in

the as-synthesized PLEB polymer. Di�erent types or di�erent numbers of attached

alkyl groups are probably the reason behind the presence of multiple peaks for the

latter two species.

The deconvolution of the 1H NMR spectrum of the as-synthesized PLEB polymer

into a collection of mixed Lorentzian/Gaussian peaks (Figure 30) revealed that at least

three di�erent hydrogen species are present in the polymer structure with chemical

shifts of 0.6 ppm, 1.5 ppm and 5.4 ppm. The smallest and the sharpest peak, appearing

at 0.6 ppm, represent the tetrahydroborate species [191]. The largest proportion of the

hydrogen atoms in the structure are incorporated into alkane units and are responsible

for the spectral component at 1.5 ppm. The bridging hydrogen atoms possess the

highest chemical shift and are associated with the component at 5.4 ppm [192].

Figure 30: Solid state 1H-NMR spectrum recorded for as-synthesized PLEB polymer
(red line: components of deconvolution, green line: sum of components, blue line:
experimental).
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4.2.3.6 Thermal Analysis

Thermal stability of the as-synthesized PLEB polymer was monitored simulta-

neously by di�erential thermal analysis, thermogravimetric analysis and mass spec-

troscopy (DTA/TG/MS) under argon atmosphere. As shown in Figure 31, no mass

loss was observed up to 150 °C. The volatile loss of the residual THF (m/z = 42)

solvent entrapped in the sample started at 150 °C and continued up to 225 °C. It was

followed by the loss of oligomers, which were not connected to the network or generated

by cleavage and reorganization of endgroups [H2 (m/z = 2), BC2H6 (m/z = 41), BCH4

and C2H3 (m/z = 27), C2H4 (m/z = 28), BC2H4 (m/z = 39)] between 225 °C and

300 °C. The escape of H2 in this temperature regime also indicates the dehydrogenation

reactions. Hence, the loss of chain ends with temperature activation would lead to the

rearrangement and recombination of chains giving a more crosslinked structure. The

highest mass loss observed between 300 °C and 600 °C was due to the main degrada-

Figure 31: DTA/TG/MS curves for the as-synthesized PLEB polymer in argon �ow at
10 °C min−1.
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tion of the network. The fragments of H2 (m/z = 2), CH3 (m/z = 15) and C2H4 (m/z

= 28) were evolved between 440 and 575 °C due to the atomic rearrangement involved

with the simultaneous ceramization and depolymerization processes. The ceramic yield

was about 35 % after annealing to 1000 °C. Formation of thermally weak alkyl bridges

by the hydroboration reaction might result in the formation of a high amount of volatile

species during the pyrolysis [193].

4.2.3.7 Main Features of the Structure

The combination of the �ndings from the FT-IR, solid-state NMR and TG/MS

analyses on the amorphous as-synthesized PLEB polymer are presented schematically

in Figure 32. The drawing shows the building blocks that were identi�ed. The main

structural features of this highly crosslinked polymer include hydrogen-bridged borane

units and tetraethylene borate units, with the negative charge on the borate units is

compensated by lithium cations. Moreover, the borane and borate units are connected

by ethylene linkages, formed by a hydroboration reaction that mainly followed the

anti-Markovnikov rule.

Figure 32: Schematic drawing of the structure of PLEB polymer showing the main
building blocks.
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4.2.4 Annealed PLEB

The detailed investigations for �as-synthesized� PLEB were presented in section section

4.1.2. In this section, the characterization of the poly[lithium tetrakis(ethyleneboryl)bo-

rate] (PLEB) after annealing for around 1 day at 275 °C will be discussed. The an-

nealing was performed under argon atmosphere with 1 °C min−1 heating and cooling

rates.

4.2.4.1 X-ray Powder Di�raction

The amorphous structure was preserved after annealing at 275 °C, as can be seen

in the powder X-ray di�ractogram in Figure 33.

Figure 33: XRD pattern of annealed PLEB polymer at 275 °C.
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4.2.4.2 Elemental Analysis

The annealing of the PLEB polymer resulted in a chemical composition of 1.5:4:1

for the ratio of B:C:Li (Table 7). Thus, carbon accounts for the main mass loss during

the annealing process. This was also accompanied by a small loss of boron, which is

consistent with the TG/MS results that the chain ends and oligomers were fragmenting

during annealing to form a more crosslinked structure. Thus, the annealing process

increases the concentration of charge carriers and shortens the distance between boron

atoms which should enhance the ionic conductivity.

4.2.4.3 FT-IR Spectroscopy

Similar IR peaks have been observed for the annealed PLEB polymer like in as-

synthesized PLEB polymer (Figure 34). The observed frequencies and assignments

are tabulated in Table 8. However, there is a signi�cant decrease in the intensity

of the band corresponding to the non-bridging terminal B�H groups (2312 cm−1).

Furthermore, the dehydrogenation by temperature activation, which was detected by

TG, has lead to a smaller amount of vinyl groups into the structure.

Figure 34: FT-IR spectrum of the annealed PLEB polymer.
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Table 7: Chemical composition of the annealed PLEB polymer.

Element Mass (%) Empirical Formulae

B 20.95 B1.49C3.7Li1

C 56.77 (≈ B2C5Li1.3)

Li 9.02

Table 8: FT-IR band positions and assignments of annealed PLEB polymer.

Wavenumber /cm−1 Intensity Assignment

2918 s ν (C�H)

2852 s ν (C�H)

2312 w ν (B�H)

1607 w ν (B�H�B)

1460 s δ (C�H)

1391 s δ (C�H)

1249 m γ (C�H)

1134=1043 s ν (B�C)

846 m ρ (C�H)

759 w ν (B�C)

629=563 w ρ (C�H)
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4.2.4.4 Solid State NMRMeasurements

13C and 11B MQMAS NMR measurements were also performed for the PLEB poly-

mer annealed at 275 °C under argon atmosphere. The 13C-NMR spectrum is dominated

by the signal of saturated carbon atoms at 26 ppm (Figure 35). The smaller peak at

138 ppm indicates that the annealing process results in the formation of some unsat-

urated carbon-carbon bonds in the chain. TG measurements had revealed that the

hydrogen evolution starts below the annealing temperature. Therefore, the formation

of unsaturated bonds is probably associated with this dehydrogenation process. The

unsaturated carbon-carbon bonds could also be the consequence of a reverse hydrobo-

ration in which some boron units, most probably those located at the chain ends, were

eliminated by the formation of a gaseous hydroborane species. This process would leave

unsaturated carbon-carbon bonds behind. A part of these vinyl functions subsequently

reacts with remaining hydroborane species, providing a more cross-linked network.

Figure 35: Solid state 13C-NMR spectrum of annealed PLEB polymer. wr(2p)−1 =
25 kHz.
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The 11B MQMAS spectrum of annealed PLEB polymer (Figure 36) also exhibits

di�erences in comparison to the spectrum of as-synthesized polymer. The main com-

ponents, which were presented in the spectra of the as-synthesized PLEB polymer,

are still there. However, the peaks of the hydrogen-bridged boron atoms (positioned

at +25 ppm and +40 ppm) which had small intensity in the as-synthesized PLEB

polymer become more pronounced. It is thought that as a result of the reverse hydrob-

oration, three-coordinated boron species that were previously invisible as a consequence

of the large quadrupolar coupling become visible because these are now able to form

hydrogen bridges. The peak representing tetrahydroborate species (at a chemical shift

of = 41 ppm) is lower in intensity with respect to the spectrum of the as-synthesized

PLEB polymer, which is in agreement with the FT-IR results.

Figure 36: Solid state 11B MQMAS spectrum recorded for annealed PLEB polymer.
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The 1H NMR spectrum of the annealed PLEB polymer was deconvoluted into three

peaks like in the as-synthesized form. The three components have appeared at chemical

shifts of 0.2 ppm, 1.5 ppm and 6.9 ppm (Figure 37). The smallest peak at 0.2 ppm

indicates the presence of tetrahydroborate species. The intensity of this component is

decreased with respect to the as-synthesized form by the annealing process, which is in

agreement with the 11B MQMAS results. The main peak at 1.5 ppm still shows that

the hydrogen atoms in the material are in the form of CH2 groups. The main di�erence

with the as-synthesized form is the shift of the component at low �eld from 5.4 ppm

to 6.9 ppm. However, this shift is quite reasonable as the annealed PLEB polymer

structure contains additional unsaturated carbons that were identi�ed with 13C NMR.

Hence, the NMR signals of hydrogen atoms connected to the unsaturated carbon atoms

and those of bridging hydrogen atoms overlap and form the peak at 6.9 ppm. It is also

in agreement with the 11B NMR results that annealing increases the concentration of

bridging hydrogen atoms in the structure.

Figure 37: Solid state 1H-NMR spectrum recorded for annealed PLEB polymer (red
line: components of deconvolution, green line: sum of components, blue line: experi-
mental).
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4.2.4.5 Thermal Analysis

DTA/TG/MS data indicates that the annealed PLEB polymer has a lower mass

loss as compared to the as-synthesized PLEB polymer, and 88 % ceramic yield has been

obtained at 1000 °C (Figure 38). The main mass loss processes have been observed to

occur by evolution of H2 (m/z = 2), BC2H6 (m/z = 41), BCH4 and C2H3 (m/z = 27),

C2H4 (m/z = 28), BC2H4 (m/z = 39) and CH3 (m/z = 15).

Figure 38: DTA/TG/MS curves for the annealed PLEB polymer in argon �ow at
10 °Cmin−1.

4.2.4.6 Main Features of the Structure

The results of the analyses indicate that the main features of the structure for the

polymer remained the same after annealing. It still has the same building blocks

(hydrogen bridged boranes and four coordinated borates), and, connectivities as the

as-synthesized PLEB polymer, that are schematically depicted in Figure 32. The main

di�erences in the annealed PLEB polymer are the formation of minor amounts of vinyl
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groups as a result of reverse hydroboration and an increase in the concentration of the

hydrogen bridged boron species.

4.2.5 Analysis of the Ionic Conduction

The bulk conductivity of PLEB was determined by non linear mean square deviation

curve �tting of the impedance spectrum. Anionic and cationic transference numbers

were measured at di�erent temperatures with a multipotentiostat using cells in which

polyelectrolytes were sandwiched with non-blocking (lithium) or blocking (gold) elec-

trodes. The direct current (dc) was monitored with time after a stepwise change of

the cell voltage from 0 mV to 50 mV. The motion of the cations were investigated by
7Li-NMR at di�erent temperatures.

4.2.5.1 Impedance Spectroscopy

Ionic conductivity measurements were conducted for the as-synthesized PLEB poly-

mer until 110 °C and for the annealed PLEB polymer until 275 °C under argon atmo-

sphere. The heating and cooling rates were 1 °C min−1. The temperature dependent

bulk ionic conductivities were plotted in Arrhenius type diagrams for both polymers

(Figure 39). The activation energies of the polymers were derived from the slope of

the conductivity curves, which were equal to 145 kJ mol−1 for the as-synthesized PLEB

polymer and 70 kJmol−1 for the PLEB polymer annealed at 275 °C. The conductivity

values at di�erent temperatures and activation energies for both polymers are given

in Table 9. Low frequency di�usion spikes were observed in the Nyquist plots (Figure

40), when blocking electrodes were used. This proves that the conduction is ionic in

nature.

The impedance data presented in the complex plane format exhibits only one semi-

circle until 100 °C, which can be interpreted as a parallel RQ element (Q:constant

phase element) in the equivalent circuit. An additional low-frequency spike appears,

representing the barrier to charge transfer between the sample and the ion-blocking

gold electrodes at higher temperatures (Figure 40). Hence, Qel, an additional constant

phase element, was included for the equivalent circuit in series with the RQ element.

The capacitance, C, can be determined according to C = Q1/n × R(1/n)−1. The calcu-

lated values for the semicircles at di�erent temperatures (C ≈ 4 × 10−12 F) are typical

for the bulk capacitance of a sample [45]. Therefore, the semicircle can be associated

with the lithium ion conductivity in the bulk.
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Figure 39: Temperature dependence of the ionic conductivities of the (a) as-synthesized
and (b) annealed PLEB polymers at 275 °C. Heating and cooling are represented by
�lled and open symbols, respectively.

Table 9: Activation energies and ionic conductivities (at 80 °C, 110 °C and 275 °C) for
PLEB.

sv /S cm−1

Ea /
kJ mol−1

80 °C 110 °C 275 °C

As-synthesized
PLEB polymer

145 6.5 õ 10−9 3.0 õ 10−7 =

Annealed
PLEB polymer at

275 °C

70 3.0 õ 10−10 2.5 õ 10−9 1.6 õ 10−6
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Figure 40: Nyquist plot of the PLEB polymer with blocking gold electrodes at 276 °C.
The experimental and the simulated impedance spectrum are represented with dots
and the solid line, respectively.

4.2.5.2 Direct Current Measurements

Transference numbers for cations were estimated by means of the potentiostatic po-

larization measurements on the polyelectrolyte sandwiched between two lithium elec-

trodes. Dc measurements were performed by monitoring the electrical current response

after a voltage step (Figure 41a). The e�ective lithium transference number (tLi+) was

calculated from the ratio of the steady state current (3.80(9) × 10−7 mA) to the initial

current (3.5(8) × 10−7 mA) as in the following equation (eqn (7));

tLi+=
I(t→∞)

I(t→0)

=
σLi+

σtotal
(7)

by using a cell with non-blocking lithium electrodes (Li/polymer/Li) [194]. The cationic

transference number (t+) was determined as 1.0(2) at 137 °C. The value of t+, which

approaches unity, indicates that the polymer is a virtually pure Li+ conductor.

Dc potentials were also applied to a cell with ion blocking Au electrodes to test the

contribution of the electronic component to the conductivity (Au/polymer/Au).
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Figure 41: Electrical currents versus time for the cells (a) Au/polymer/Au (at 255°C
and 277 °C) and, (b) Li/polymer/Li (at 137 °C) after switching on dc voltage at time
zero.
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As can be seen from the Figure 41b, smooth and gradual decays were observed.

The initial current with blocking electrodes can be used to check whether the dc data

is consistent with the ac data. At 277 °C, the initial resistance in the dc measurement

is 6.2 × 105 W. The ac measurement at 276 °C gave a lower resistance value (1.6 ×
105 W), but this is expected because the dc measurement has a steep negative slope

at the start of the measurement. The dc steady state conductivity was determined

as 1.2 × 10−9 S cm−1 at 277 °C, which was on the order of 1/1000 that of the ionic

conductivity determined by ac impedance (1.6 × 10−6 S cm−1 at 276 °C). The e�ective

electronic transference numbers (tel) were calculated as tel = 0.028(3) at 255 °C and

0.006(3) at 277 °C. The electronic transference numbers were almost close to 0, that

there was negligible electronic contribution to the conductivity.

4.2.5.3 Static 7Li-NMRMeasurements

7Li-NMR analyses were performed to track the motion of the cations. 7Li, being

a quadrupolar nucleus, has interaction both with the electric �eld gradient in the

sample as well as with the magnetic dipole moments of other nuclei. The central

transition is not broadened by the �rst-order quadrupolar interaction, but purely by

dipolar interactions. Proton decoupling does not in�uence the linewidth, therefore the

main line broadening mechanism must be the homonuclear dipolar interaction. When

taking the full width at half height of the entire resonance line, the actual linewidth

that one measures is that of the central transition, since the satellite transitions are

more strongly broadened and will only in�uence the shape of the foot of the line.

Static 7Li NMR was measured at di�erent temperatures for the as-synthesized

PLEB polymer (Figure 42). The static 7Li linewidth undergoes motional narrowing as

the temperature increases. Since the polymer is heavily crosslinked, the motion of the

polymer backbone is restricted. Most of the motional narrowing will be caused by the

lithium ions moving through the polymer. The linewidth as a function of temperature

is given in Figure 42a.

At low temperatures, the resonance line has a full width at half maximum (FWHM)

of 11 kHz. This value remains constant until = 25 °C, indicating that the lithium ions

are slow with respect to the NMR timescale. 11 kHz therefore represents the rigid

lattice linewidth of the material. Above = 25 °C, the NMR linewidth decreases due

to the averaging of interactions between nuclear spins with other nuclear spins and

between the spins with the environment, which is a consequence of the mobility of the
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Figure 42: Temperature dependence of 7Li-static NMR (a) line widths and (b) corre-
lation time of the as-synthesized PLEB polymer.
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cation entering the NMR timescale. Abragam gives a relation between the motional

correlation time and the dipolar line narrowing as (eqn(8));

τC =
α

∆HT

tan

[
π

2

(
∆HT

∆RL

)2
]

(8)

in which, tC is the correlation time, a is a constant of the order of unity, DHT and DRL

are the FWHHs at a given temperature and in the rigid lattice [195].

The correlation time is related by an Arrhenius rule to the activation energy of the

motional process as (eqn(9));

τC =τ0exp(Ea/kT) (9)

The activation energy can be calculated from 7Li line width measurements by �tting

the equations 4.2 and 4.3. Only the linear part of the Arrhenius plot (Figure 4.27b) was

taken into account. At temperatures above 100 °C, the plot is no longer linear because

the T2 relaxation and other interactions start to dominate the linewidth. The slope

of the linear part yields Ea= 18.10 kJmol−1. This activation energy is signi�cantly

lower than the activation energy obtained from conductivity measurements. Large

di�erences in NMR and conductivity activation energies were also observed by other

researchers; i.e., lithiumborate glasses [196] and poly(vinyl alcohol) based polymer

electrolytes [197]. The most likely reason for this is that the motion causing the NMR

line narrowing includes the local motions. The energy barriers encountered by the

ions for long range motions are much higher than for local motions, leading to higher

activation energy for the conductivity.



4.3 Poly[lithium tetrakis(triethylenephenylboryl)borate] (PLEPB) 85

4.3 Poly[lithium tetrakis(triethylenephenylboryl)borate]

(PLEPB)

4.3.1 Synthesis of PLEPB

Poly[lithium tetrakis(ethyleneboryl)borate] (PLEB) was synthesized as described in

Section 4.2.2 [198]. 0.0049 mol (2.55 ml) phenyl lithium (1.9 M solution in dibutylether,

Fluka) was added dropwise into a freshly synthesized 0.84 g (0.0077 mol tri-coordinated

borane unit) PLEB in 70 ml distilled ether under continuous stirring at 25 °C. The

reaction was carried out for 24 hours at 25 °C. Then, the polymer was dried for 24

hours at 70 °C under vacuum to obtain the �as-synthesized PLEPB polymer�.

The �annealed PLEPB polymer� was obtained by tempering the as-synthesized

PLEPB polymer at 275 °C for 24 h under argon atmosphere. In this work, the detailed

investigations were carried out for both as-synthesized and annealed PLEPB polymers.

4.3.2 Characterization of as-synthesized PLEPB

4.3.2.1 X-ray Powder Di�raction

The X-ray powder di�raction pattern of the as-synthesized PLEPB polymer is given

in Figure 43, indicating the amorphous character of the polymer.

4.3.2.2 Elemental Analysis

The elemental analysis of the PLEPB polymer was performed (except for hydrogen),

the results of which are given in Table 10, and the empirical formula was found as

B1.1C8.6Li1. The PLEPB polymer contains boron and lithium in the ratio of B:Li as

2:1.8, which demonstrates that the number of lithium atoms per boron was increased

in the PLEPB polymer by reacting as-synthesized PLEB, having the ratio of B:Li

as 2:1, with phenyl lithium. Moreover, when the ratio of B:C is compared in both

as-synthesized polymers before and after reacting with phenyl lithium, the respective

results are 2:10 and 2:16. Thus, incorporation of phenyl lithium in the PLEB polymer

increased both the carbon and lithium ratio with respect to boron in the as-synthesized
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Figure 43: XRD pattern of as-synthesized PLEPB polymer.

Table 10: Chemical composition of the as-synthesized PLEPB polymer.

Element Mass (%) Empirical Formulae

B 7.70 B1.1C8.6Li1

C 67.03 (≈ B2C16Li1.8)

Li 4.50



4.3 Poly[lithium tetrakis(triethylenephenylboryl)borate] (PLEPB) 87

polymers. The charge carrier concentration was thus increased in PLEPB, which should

increase the ionic conductivity, along with the enhancement in the concentration of

carbon atoms between boron atoms.

4.3.2.3 FT-IR Spectroscopy

In the FT-IR spectrum of the PLEPB polymer, which is presented in Figure 44, the

C�H aromatic stretching of the phenyl group is noticeable at 3055 cm−1, and the bands

appear at 775 cm−1, 704 cm−1 and 645 cm−1 stand for the monosubstituted aromatic

C�H out of plane deformations [199]. The characteristic bands of the phenyl ring

between 1593 cm−1 and 1380 cm−1 represent the aromatic C=C stretching vibrations.

In the same region, where aromatic stretching vibrations occur, B�H�B symmetric

Figure 44: FT-IR spectrum of the as-synthesized PLEPB polymer.
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Table 11: FT-IR band positions and assignments for PLPEB polymer.

Wavenumbers /cm−1 Intensity Assignment

3055 m ν (C�H) aromatic

2958 s ν (C�H)

2873 s ν (C�H)

2292 m ν (B�H)

1593 w ν (C=C) aromatic and ν (B�H�B)

1463 m ν (C=C) aromatic and δ (C�H)

1427 m ν (C=C) aromatic

1380 m ν (C=C) aromatic and δ (C�H)

1254 s γ (C�H)

1156 w δ (C�H) aromatic

1114=1073 s ν (B�C)

943 s δ (ring)

823 s ρ (C�H)

775 s δ (C�H) aromatic

741 s ν (B�C)

704 s δ (C�H) aromatic

645 w δ (C�H) aromatic

483 m=s ρ (C�H) and δ (ring)
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stretching of the hydrogen bridged boranes at 1593 cm−1, along with CH2 deforma-

tion vibrations at 1463 cm−1 and 1380 cm−1 overlap. The B�H stretching band at

2292 cm−1 is assigned to the tetrahydroborate species, similar to the PLEB polymer.

Further interpretations of assignments of wavenumbers together with intensities are

compiled in Table 11. The IR spectrum of PLPEB polymer thus clearly indicates

the incorporation of the phenyl groups in polymer, which can be �gured out from the

vibrations belonging to the phenyl group.

4.3.2.4 Raman Spectroscopy

The presence of the phenyl groups in the PLPEB polymer is identi�ed with the

characteristic aromatic C�H deformation vibrations at 1001 cm−1 and aromatic C=C

stretching vibrations at 1594 cm−1 in the Raman spectrum of PLEPB, which can be

seen in Figure 45 [200]. Other characteristic bands that represent phenyl groups are

Figure 45: Raman spectrum of as-synthesized PLEPB polymer.
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aromatic C�H stretching vibrations at 3048 cm−1, C�H deformation vibrations at

1032 cm−1 and ring vibrations at 622 cm−1. Existence of very strong band at 1001 cm−1

along with vibrations at 622 cm−1 and 1032 cm−1 are thus interpreted for mono substi-

tuted phenyl groups [200]. Moreover, the band at 1156 cm−1 is assigned to asymmetric

stretching of phenyl attached to boron [201]. An overview of the further interpretations

on the Raman bands and their assignments are summarized in Table 12.

Table 12: Raman band positions and corresponding assignments for PLEPB polymer.

Wavenumber /cm−1 Intensity Assignment

3048 m ν (C�H) aromatic

2900 s ν (C�H)

1594 m ν (C=C) aromatic

1448 m δ (C�H)

1308 w γ (C�H)

1156 w ν (B�phenyl)

1032 m δ (C�H) aromatic and ν (C�C)

1001 vs δ (C�H) aromatic

827 w ρ (C�H)

622 m δ (ring)

4.3.2.5 Solid State NMRMeasurements

The as-synthesized PLEPB polymer was further characterized by 1H, 11B and 13C

solid-state NMR spectroscopy techniques. The 1H NMR spectrum of the as-synthesized

PLEPB revealed that at least two di�erent hydrogen species exist in the structure of

polymer with chemical shifts around 1.4 ppm and 7 ppm. Similar to PLEB, the largest

proportion of the hydrogen atoms in the structure are responsible for the spectral

component at 1.4 ppm, and they represent the hydrogen atoms incorporated into alkane

units. The aromatic hydrogen atoms possess the highest chemical shift which are

associated with the component exhibiting a shoulder at 7 ppm. This represents the

incorporation of phenyl groups into the PLEB structure. Since the solid state 1H NMR

spectrum was highly unresolved, de�nite assignments of the peaks for hydrogen atoms
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in the spectrum can not be stated here. Therefore, hydroborate and bridging hydrogen

components of the polymer can not be separated from the broad peak.

Figure 46: Solid state 1H-NMR spectrum recorded for the as-synthesized PLEPB
polymer.

11B solid state NMR spectrum of the as-synthesized PLPEB polymer, which is

shown in Figure 47, was measured at room temperature by using the standard nuta-

tion pulse sequence. The lengths of nutation pulse sequence lengths were 5 µs for the

π-pulse combined with a τr of 1/25000 s. The signal from the background is broad-

ened and appeared between =60 ppm and +40 ppm in the bottom of the spectrum,

which could be separated from the polymer`s signal by using nutation spectra. In the

spectrum, the chemical shifts for three di�erent four-coordinated boron species were

identi�ed with the chemical shifts located at =15 ppm, =42 ppm and between 0 ppm

and +5ppm. Similar to the case for PLEB polymer, tetraalkylborate species form

narrow bands between 0 ppm and +5ppm with a resonance of low quadrupolar cou-

pling. Tetrahydroborate ions, which form by some ligand exchange reactions during

the polymerization reactions, exhibit a narrow peak at =42 ppm with a nearly vanish-

ing quadrupolar constant. However, the majority of the four coordinated boron species

form a narrow peak at =15 ppm. Hansen et al. reported the 11B chemical shift for

sodium tetraphenylborate as =9.2 ppm [202], and Thompson et al. determined the 11B
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chemical shift of lithium tetraethylborate as =17.5 ppm [188]. In accordance to the

available chemical shift values in literature, the chemical shift at =15 ppm is assigned

to the four-coordinated boron species substituted by three ethyl and one phenyl groups.

Hence, 11B NMR clearly depicts that phenyl lithium reacted with PLEB polymer, and

phenyl groups were substituted into this four-coordinated boron species together with

three ethyl groups forming the triethylenephenylborate groups in the structure of the

PLEPB polymer. Apart from the four-coordinated boron species, hydrogen-bridged

boron species, which were introduced via the borane species, are also expected to be

present in the PLPEB polymer structure. It is assumed that as a result of the reduced

local symmetry, hydrogen-bridged alkylborane species possess a larger quadrupolar

coupling in comparison with the four-coordinated boron species. Hence, the broad

peak located between +5 ppm and +50 ppm was assigned to the hydrogen-bridged

alkylborane species. Therefore, four di�erent boron species can be distinguished in the

as-synthesized PLEPB polymer. A di�erent aspect of this polymer is the formation of

highly intense peak at =15 ppm, which stands for a phenyl and three ethyl substituted

four-coordinated boron species.

Figure 47: Solid state 11B nutation NMR spectrum recorded for the as-synthesized
PLEPB polymer.
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The solid state 13C NMR spectrum of the PLPEB polymer, which is depicted in

Figure 48, exhibits three peaks. The broad signal centered around 26 ppm is the

dominating signal in the solid state 13C NMR spectrum. This is attributed to the

saturated carbon atoms and the chemical shift value points out that most of the carbon

atoms exist in CH2 units, similar to the PLEB polymer (without incorporation of phenyl

lithium). The peak at 70 ppm most probably occurs as a result of the coordination of

the some remaining THF to the trialkylborane units. The signal at 130 ppm, which

was not observed in PLEB polymer, is assigned to the carbon atoms in the phenyl

group, which clearly proves the incorporation of the phenyl groups into the PLPEB

polymer.

Figure 48: Solid state 13C-NMR spectrum of the as-synthesized PLEPB polymer.
ωr (2π)−1 = 25 kHz.

4.3.2.6 Thermal Analysis

In order to investigate the thermal stability and the decomposition behaviour of the

PLEPB polymer, DTA/TG/MS analyses were performed under argon �ow by heating

rate of 10 °C min−1 between room temperature and 1000 °C. The measurements, see

Figure 49, show that the PLEPB polymer is thermally stable up to 150 °C. The de-

composition proceeded up to 500 °C and the ceramic yield at 1000 °C was found as

45 %. This shows that, phenyl substitution increased the ceramic yield at 1000 °C

in comparison to the as-synthesized PLEB polymer. Most of the residual THF sol-

vent entrapped in the PLEPB polymer was evolved until 210 °C (m/z = 42). The

oligomeric groups and chain ends cleaved and reorganized at temperatures higher than
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210 °C. The polymer network degraded mainly between 300 °C and 470 °C with the

fragments of H2 (m/z = 2), BC2H6 (m/z = 41), BCH4and C2H3 (m/z = 27), C2H4

(m/z = 28), BC2H4 (m/z = 39) and CH3 (m/z = 15). The atomic rearrangement and

depolymerization of the network proceeded beyond this latter temperature range with

the evolution of C2H4 (m/z = 28) and CH3 (m/z = 15) until 750 °C, and H2 (m/z =

2) until 900 °C.

Figure 49: DTA/TG/MS thermograms for the as-synthesized PLEPB polymer in argon
�ow at 10 °C min−1 heating rate.

4.3.2.7 Main Features of the PLEPB Structure

The schematic drawing in Figure 50 shows the building blocks that we have iden-

ti�ed via the combination of �ndings from the analyses conducted on the amorphous

as-synthesized PLEPB polymer. The main features of the PLEB polymer remained

almost the same after the reaction with phenyl lithium. The same building blocks
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of hydrogen bridged boranes and four-coordinated borates as well as the connectiv-

ities were identi�ed. However, the main di�erences between these two polymers are

the incorporation of phenyl groups in the main polymer backbone of PLEB polymer,

and a new building block was identi�ed with three ethylene and a phenyl substituents

forming a four-coordinated borate unit.

Figure 50: Schematic drawing of the structure of PLEPB polymer showing the main
building blocks.
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4.3.3 Characterization of annealed PLEPB

The characterization of the poly[lithium tetrakis(triethylenephenylboryl)bo- rate] after

annealing will be discussed in this section. The annealing was performed for around

one day at 275 °C under argon atmosphere with 1 °Cmin−1 heating and cooling rates.

4.3.3.1 X-ray Powder Di�raction Analysis

The amorphous character of the PLEPB polymer was preserved after annealing and

Figure 51 shows the X-ray powder di�raction pattern of the annealed PLPEB polymer.

Figure 51: Powder XRD pattern of the annealed PLEPB polymer.
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4.3.3.2 Elemental Analysis

The results of the elemental analysis for the annealed PLEPB polymer are presented

in Table 13. According to the elemental analysis results, the ratio of B:C:Li is deter-

mined as 0.8:4.7:1. This shows that during annealing process, the major weight loss

was due to the carbon atoms accompanied by the minor weight loss of boron atoms, in

a similar manner as PLEB does. The ratio of carbon and boron atoms decreased and

a high charge carrier concentration was obtained via annealing, which results a B:Li

ratio as 2:2.4.

Table 13: Chemical composition of the annealed PLEPB.

Element Mass (%) Empirical Formulae

B 10.70 B0.8C4.7Li1

C 66.25 (≈ B2C11Li2.4)

Li 8.16

4.3.3.3 FT-IR Spectroscopy

In order to understand the e�ect of annealing on the PLEPB polymer, IR measure-

ment was performed, and the assignment of the bands together with the intensities

are given in Table 14. The similar peaks like in as-synthesized PLEPB polymer were

detected as can be seen in Figure 52. However, the main di�erence is the clearly ob-

servable loss of the band representing non-bridging terminal B�H groups at 2292 cm−1

by annealing. The same e�ect was also observed in the PLEB polymer. As mentioned

in Section 4.2.4.3, introduction of some vinylic groups into the structure via annealing

were detected from the IR spectrum in PLEB polymer. However, these groups could

not be distinguished for PLEPB polymer from the IR spectrum, since vinylic vibrations

appear in the same range of the spectrum as phenylic vibrations do.
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Table 14: FT-IR band positions and assignments of the annealed PLEPB polymer.

Wavenumbers /cm−1 Intensity Assignment

3047 m ν (C�H) aromatic

2925 s ν (C�H)

2855 s ν (C�H)

1597 m ν (C=C) aromatic and ν (B�H�B)

1439 s ν (C=C) aromatic and δ (C�H)

1408 s ν (C=C) aromatic

1298 s ν (C=C) aromatic and δ (C�H)

1263 s γ (C�H)

1071=1025 m=s ν (B�C)

964 s δ (ring)

881 s ρ (C�H)

748 m ν (B�C)

702 s δ (C�H) aromatic

504=436 m=s ρ (C�H) and δ (ring)
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Figure 52: FT-IR spectrum of the annealed PLEPB polymer.

4.3.3.4 Thermal Analysis

DTA/TG/MS analysis of the annealed PLEPB polymer was performed between

room temperature and 1000 °C under argon �ow with a heating rate of 10 °C min−1.

The obtained ceramic yield was 73 % at 1000 °C, which is higher than for the as-

synthesized PLEPB polymer, as expected. The main decomposition of the network

was observed between 300 °C and 550 °C with the evolution of H2 (m/z = 2), BC2H6

(m/z = 41), BCH4 and C2H3 (m/z = 27), C2H4 (m/z = 28), BC2H4 (m/z = 39) and

CH3 (m/z = 15). The evolution of CH3 (m/z = 15) until 700 °C, and H2 (m/z = 2)

until 900 °C were additionally observed, which indicates the atomic rearrangement and

depolymerization processes.
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Figure 53: DTA/TG/MS thermograms for the annealed PLEPB polymer in argon �ow
with a 10 °C min−1 heating rate.

4.3.4 Impedance Spectroscopy

Ionic conductivity measurements were carried out via impedance spectroscopy by ap-

plying heating and cooling rates of 1 °C min−1. The measurements were conducted

from RT to 110 °C for the as-synthesized PLEPB polymer and up to 275 °C for the

annealed PLEPB polymer, under argon atmosphere. Figure 54 shows the temperature

dependent bulk ionic conductivities for both polymers, which were plotted in Arrhe-

nius type diagrams. From the slope of the conductivity curves, activation energies were

evaluated, with the values of 146 kJ mol−1 for the as-synthesized PLEPB polymer and

78 kJ mol−1 for the annealed PLEPB polymer at 275 °C. Resulting activation energies

for both polymers are slightly higher in comparison to the PLEB polymer counterparts

before incorporation of the phenyl lithium (see Table 9). This is probably due to the
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enhancement in bulkiness of the PLEB polymer via incorporation of the phenyl groups.

Moreover, incorporation of phenyl lithium increases the charge carrier concentration

and thus enhances the ionic conductivity values for both as-synthesized and annealed

PLEPB polymers.

Figure 54: Temperature dependence of the ionic conductivities of the (a) as-synthesized
and (b) annealed PLEPB polymers at 275 °C. Heating and cooling are represented by
�lled and open symbols, respectively.

Furthermore, bulky phenyl groups in PLEPB polymer attached to borate units

are expected to prevent close approach of the lithium cations and reduce the possible

ion pairing, which should enhance the ionic conductivity for the as-synthesized PLEB

polymer. Compared to PLEB, one order of magnitude increase in the ionic conductivity

values has been observed for as-synthesized PLEPB polymer at 110 °C. The ionic

conductivities at di�erent temperatures and corresponding activation energies, for both

as-synthesized and annealed PLEPB polymers, were tabulated in Table 15. When the

measurements were performed by ion blocking gold electrodes, low frequency di�usion

spikes were observed in the Nyquist plots. Measurements were also recorded by using

ion non-bocking lithium electrodes and no low frequency spike could be observed.
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According to the these results, the nature of the conduction in PLEPB polymer is

ionic.

Figure 55: Nyquist plot of the PLEPB polymer with blocking gold electrodes at 276 °C.
The experimental and the simulated impedance spectrum are represented with dots and
the solid line, respectively.

The interpretation of the impedance data was performed by a parallel RQ element

in the equivalent circuit up to 90 °C, which possesses one semicircle in the complex

plane format, in this temperature regime. When the measurements were performed at

higher temperatures, a low frequency spike was observed in addition to the semicircle in

Nyquist plots (Figure 55), indicating the presence of a charge transfer barrier between

the sample and ion-blocking gold electrodes. Therefore, an additional constant phase

element Qel was used in series with the RQ element in the equivalent circuit. The

capacitance values for the semicircles at di�erent temperatures were determined and

the corresponding values were in the range of 10−12 F. This order of magnitude is

typically associated with the bulk capacitance of a sample, which proves that the

lithium ion conductivity in the bulk can be expressed with the semicircle [45].
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Table 15: Activation energies and ionic conductivities (at 80 °C, 110 °C and 275 °C)
for PLEPB polymers.

sv /S cm−1

Ea /
kJ mol−1

80 °C 110 °C 275 °C

As-synthesized
PLEPB polymer

146 8.0 õ 10−8 2.2 õ 10−6 =

Annealed
PLEPB polymer at

275 °C

78 3.4 õ 10−10 2.9 õ 10−9 3.9 õ 10−6
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4.4 Poly[lithium tetrakis(triethylenemethylboryl)borate]

(PLEMB)

4.4.1 Synthesis of PLEMB

Poly[lithium tetrakis(triethylenemethylboryl)borate] (PLEMB) was synthesized by us-

ing standard Schlenk techniques. The reaction was performed by dropwise addition of

0.0064 mol (4 ml) methyl lithium (1.6 M solution in diethylether, Sigma Aldrich) into

a freshly synthesized 0.6884 g PLEB polymer (0.0064 mol tri-coordinated borane unit)

in 80 ml distilled ether under continuous mixing at 25 °C. The reaction was carried out

for 72 hours at 25 °C and the product further dried for 64 hours at 70 °C.

4.4.2 X-ray Powder Di�raction

Figure 56 shows the X-ray powder di�raction pattern of the PLEMB polymer, which

indicates that incorporation of methyl lithium into the polymer did not change the

amorphous character of the PLEB polymer.

4.4.3 Elemental Analysis

According to the elemental analysis results, the empirical formulae of B:C:Li in PLEMB

polymer was determined as 2:11:2.2. The lithium ratio per boron atom, which is 1.1 Li

for each boron atom, is higher than the as-synthesized PLEB and PLEPB polymers.

The ratio of carbon per boron atom is around 5.5, which is more than the PLEB

polymer. Therefore, elemental analysis results show the expected increase in lithium

and carbon concentrations in the PLEMB polymer via incorporating methyl lithium

into the PLEB polymer.
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Figure 56: XRD pattern of PLEMB polymer.

Table 16: Chemical composition of the PLEMB polymer.

Element Mass (%) Empirical Formulae

B 10.51 B0.9C5Li1

C 62.63 (≈ B2C11Li2.2)

Li 7.60
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4.4.4 FT-IR Analysis

Figure 57 displays the FT-IR spectrum of PLEMB polymer. The incorporation of

methyl groups into the PLEMB polymer is characterized with the bands at 1392 cm−1

and 1294 cm−1 representing asymmetric and symmetric CH3 deformation vibrations, re-

spectively. CH3 rocking and B�C asymmetric stretching vibrations appear at 934 cm−1

and in the range of 1039=1119 cm−1, respectively. Similar to PLEB polymer, a free

B�H stretching band is observed at 2292 cm−1, which belongs to non-bridging B�H

species. Furthermore, the band at 1578 cm−1 is attributed to the symmetric stretching

vibration of a B�H�B bridge structure. An overview of the peak assignments along

with intensities for IR bands are tabulated in Table 17.

Figure 57: FT-IR spectrum of the PLEMB polymer.
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Table 17: FT-IR band positions and assignments of PLEMB polymer.

Wavenumber /cm−1 Intensity Assignment

2955 s ν (C�H)

2891 s ν (C�H)

2292 m ν (B�H)

1578 w ν (B�H�B)

1461 m δ (C�H)

1392 w δ (C�H)

1294 m δ (C�H)

1248 s γ (C�H)

1119=1039 w=s ν (B�C)

934 s ρ (C�H)

832 s ρ (C�H)

745 m ν (B�C)

535=437 m ρ (C�H)

4.4.5 Thermal Analysis

The thermal stability of the PLEMB polymer was analysed simultaneously by di�eren-

tial thermal analysis, thermogravimetric analysis and mass spectroscopy (DTA/TG/MS)

technique from room temperature to 1000 °C under argon �ow with a 10 °C min−1

heating rate. The mass loss for the PLEMB polymer starts at higher temperatures

compared to phenyl lithium incorporated polymer (PLEPB). No mass loss for the

PLEMB polymer was observed up to 175 °C, which can be seen in Figure 58. The

major loss of volatile residual THF (m/z = 42), that were entrapped in the sample,

was observed in the temperature range from 175 °C to 250 °C. The mass loss observed

above 250 °C was assigned to the loss of oligomers that are not connected to the main

network and the reorganization of the PLEMB network. The main decomposition of

the network was proceeded approximately between 300 °C and 500 °C, and monitored

with the evolution of the fragments such as H2 (m/z = 2), BC2H6 (m/z = 41), BCH4
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and C2H3 (m/z = 27), C2H4 (m/z = 28), BC2H4 (m/z = 39), and CH3 (m/z = 15).

In addition, the fragments of CH3 (m/z = 15) and C2H4 (m/z = 28) between 500 °C

and 700 °C, and H2 (m/z = 2) between 500 °C and 900 °C were evolved due to the

atomic rearrangement involved with the simultaneous depolymerization and ceramiza-

tion processes. The ceramic yield of the PLEMB polymer is determined as 50 % after

heating up to 1000 °C. Methyl substitution thus increased the ceramic yield at 1000 °C

compared to the both as-synthesized PLEB and PLEPB polymers.

Figure 58: DTA/TG/MS thermograms for the PLEMB polymer in argon �ow at
10 °Cmin−1.

4.4.6 Impedance Spectroscopy

Ionic conductivity measurements of the PLEMB polymer were performed up to 150 °C

and 350 °C under argon �ow with heating and cooling rates of 1 °Cmin−1. The PLEMB

polymer was annealed under argon atmosphere up to the 350 °C and the annealed

PLEMB polymer were used for ionic conductivity measurements. Figure 59 shows the
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Arrhenius plots of the temperature dependent ionic conductivities for PLEMB poly-

mers. The activation energies of PLEMB polymers were deduced from the slopes of the

Arrhenius plots, which were found as 134 kJ mol−1 and 66 kJ mol−1 for the measure-

ments performed up to 150 °C and 350 °C, respectively. The activation energies and

the ionic conductivities at di�erent temperatures for both measurements are tabulated

in Table 18.

Figure 59: Temperature dependence of the ionic conductivities of the (a) as-synthesized
and (b) annealed PLEMB polymers at 350 °C. Heating and cooling are represented by
�lled and open symbols, respectively.

Methyl lithium incorporation decreased the activation energy values of the PLEB

polymers. In addition, lower ionic conductivity values are obtained for the PLEMB

polymer measured up to 150 °C (see Figure 61); on the other hand, the ionic conduc-

tivity is enhanced in the as-synthesized PLEB polymer with incorporated bulky phenyl

groups. Ion pair formation of lithium cations with the immobilized negative charge on

the chain is more probable in methyl incorporated polymer than in phenyl counter-

part. It is also noteworthy to remember that PLEMB polymer possesses the highest

lithium ratio per boron atom in these as-synthesized polymer series (ratio of boron to

lithium is 1:1.1). Related to this, it is also plausible that a slight excess of lithium

atoms per boron atom will increase the possibility of trapping of the lithium atoms by

the small amount of THF solvent present in the polymer matrix. Obviously, 150 °C
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is not a su�ciently high temperature to remove the THF entrapped in the polymer,

which can also be seen in DTA/TG/MS thermograms. On the other hand, when the

PLEMB polymer was annealed at 350 °C, removal of THF in polymer releases lithium

atoms free from THF traps such that ionic conductivity of PLEMB polymer increases

in this stage signi�cantly, surpassing the conductivities of PLEB and PLEPB polymers.

This is consistent with the higher lithium concentration in PLEMB polymer than its

counterparts.

In the Nyquist plots, the one recorded at 350 °C is present in Figure 60, low fre-

quency di�usion spikes were observed when ion blocking gold electrodes were used.

Thus, it shows that the nature of the conduction is ionic. The impedance data pre-

sented in the complex plane format exhibit in all temperatures a semicircle and an

additional low frequency spike, which corresponds to the charge transfer barrier be-

tween ion blocking gold electrodes and the sample. In the equivalent circuit, the

semicircle was interpreted as a parallel RQ element, and an additional constant phase

element was included in series with the RQ element to interpret the low frequency spike.

The capacitance values for the semicircles were determined at di�erent temperatures

(C ≈ 7 × 10−12 F), which corresponds to the typical values for the bulk capacitance of

the samples [45]. Therefore, the lithium ion conductivity of PLEMB in the bulk can

be associated with the semicircle.

Figure 60: Nyquist plot of the PLEMB polymer with blocking gold electrodes at 350 °C.
The experimental and the simulated impedance spectrum are represented with dots and
the solid line, respectively.
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Table 18: Activation energies and ionic conductivities (at 80 °C, 150 °C and 350 °C)
for PLEMB polymers.

sv /S cm−1

Ea /
kJ mol−1

80 °C 150 °C 350 °C

As-synthesized
PLEMB polymer

134 3.4 õ 10−11 4.1 õ 10−8 =

Annealed
PLEMB polymer

at 350 °C

66 1.9 õ 10−9 1.9 õ 10−7 3.2 õ 10−5
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4.5 Conclusions

A series of novel alkylborane type solid polyelectrolytes has been investigated. PLEB

polymer was prepared by the hydroboration reaction of lithiumtetravinylborate and

borane in tetrahydrofuran. In order to reveal the e�ect of annealing, ionic conduc-

tivities and structures were analyzed for both the as-synthesized and the annealed

PLEB polymers. In order to enhance the ionic conductivity values, �rstly, phenyl

lithium was incorporated into PLEB polymer, which was investigated in detail for

both as-synthesized and annealed forms. In another experiment, methyl lithium was

incorporated into the PLEB polymer structure. The as-synthesized PLEMB polymer

possesses the highest lithium to boron ratio compared to as-synthesized PLEB and

PLEPB polymers.

The building blocks for the amorphous as-synthesized PLEB polymer, that we have

identi�ed by combination of �ndings from FT-IR, solid-state NMR and TG/MS anal-

yses, are schematically presented in Figure 32. The polymer is composed of hydrogen-

bridged borane and tetraethylene borate units as the main structural features, and

lithium atoms compensate the negative charge on the borate units. The borane and

borate units are connected by ethylene linkages. In as-synthesized polymers, which

were dried at 70 °C after synthesis, the minor amount of THF remained in the polymer

matrix. However, annealing leaves the polymer free from this residual THF accord-

ing to thermal investigations and NMR results. When PLEB polymer was annealed

at 275 °C, the main building blocks (hydrogen bridged boranes and four coordinated

borates) composing the main features of the structure along with connectivities re-

main same. Additionally, minor amounts of vinyl groups have been detected in the

annealed PLEB polymer as a structural feature. Incorporation of methyl groups into

the PLEB polymer is assigned from the IR spectrum. Apart from the main struc-

tural units (hydrogen-bridged boranes and tetraethylene borate units), a new building

block is identi�ed from the combination of �ndings and solid-state NMR results per-

formed on the as-synthesized PLEPB polymer. Appearance of this three ethylene and

one phenyl substituted four coordinated borate unit, thus, shows the incorporation of

phenyl groups into the polymer network (see Figure 50).

The comparison of temperature dependent ionic conductivities for these amorphous

PLEB, PLEPB and PLEMB polymers is presented in Figure 61. The annealed PLEB

polymer exhibits a lower activation energy for ionic conduction when compared with

the as-synthesized PLEB polymer. In this pure lithium conductive polymer, t+ value
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was determined as 1.0 (2) at 137 °C. The temperature induced crosslinking by an-

nealing modi�es and densi�es the structure along with increasing the charge carrier

concentration. Incorporation of phenyl lithium increases the ionic conductivity values

of both as-synthesized and annealed PLEB polymers, which is in accordance with the

presence of a higher charge carrier concentration in PLEPB polymer. Moreover, bulky

phenyl groups in PLEPB polymer should reduce the possible ion pairing by prevent-

ing close approach of the lithium cations and borate units immobilized on the chain.

On the other hand, incorporation of the methyl groups results in a lower conductivity

for the as-synthesized PLEMB polymer (see in Figure 61). However, when PLEMB

polymer was annealed up to 350 °C, ionic conductivities exceed those of the PLEB and

PLEPB polymers in the temperature regime between ambient temperature and 250 °C.

In addition, the lowest activation energy for ionic conduction in these polymer series

is obtained for the annealed PLEMB polymer up to 350 °C. Since PLEMB polymer

possesses the highest lithium ratio per boron atom (that is 1.1) in these as-synthesized

polymer series, it is probable that the slightly excess lithium cations will increase the

possible trapping of lithium atoms by the small amount of THF solvent that has re-

mained in the polymer matrix. DTA/TG/MS thermograms indicates that 150 °C is

not adequate temperature to remove the THF entrapped in the polymer. On the other

hand, when the PLEMB polymer is annealed at 350 °C, lithium atoms become free

from THF traps. Consequently, ionic conductivity of PLEMB polymer considerably

enhanced and exceeded the conductivities of PLEB and PLEPB polymers, consistent

with the higher lithium concentration of PLEMB polymer.
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Figure 61: A comparison of the temperature dependent ionic conductivities for the
PLEB (plotted with black symbols), PLEPB (plotted with blue symbols) and PLEMB
(plotted with red symbols) polymers. As-synthesized and annealed polymers are rep-
resented by respective closed and open symbols.
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4.6 Poly[tris(tetraethylenesilyl)borane] (PESB)

4.6.1 Reactants

The reactions were performed by utilizing standard Schlenk techniques in a puri�ed

argon atmosphere via employing rigorously dried solvents and reaction apparatus. The

solvent, diethyl ether (Merck), was distilled prior to the use. Commercially available

tetravinylsilane (97 %, Sigma Aldrich), monoborane-dimethylsul�de (2 M solution in

toluene, Sigma Aldrich), mono borane-THF (1 M, Aldrich), phenyllithium (1.9 M so-

lution in dibutylether, Fluka), n-butyllithium (1.6 M solution in hexane, Alfa Aesar),

t-butyllithium (1.7 M solution in pentane, Sigma Aldrich) were used without puri�ca-

tion.

4.6.2 Synthesis of PESB

The PESB polymer was synthesized by hydroboration polymerization at 25 °C, which

was conducted by dropwise addition of BH3·S(CH3)2 into tetravinylsilane in diethyl

ether. The PESB polymer was obtained according to the following reaction:

3n Si(CH=CH2)4 + 4n BH3·S(CH3)2 −→ PESB + 4n S(CH3)2

In further reactions, the PESB polymer was allowed to add phenyl lithium, n-butyl

lithium or t-butyl lithium, respectively, in order to obtain the PLESPB, PLESnBB

or PLEStBB polymers, which will be discussed in the following chapters. Figure 62

depicts the schematical representation of the main building blocks of the idealized

structure of the PESB polymer, and its further reaction with organyl lithium com-

pounds. Remarkably, in the Figure 62, alpha addition of borane to the vinylic units

during the formation of the PESB polymer is not included, but this possibility should

be noted as stated in the literature [203].

Preparation of PESB

0.02 mol BH3·S(CH3)2 was added dropwise into a solution of 0.015 mol tetravinyl-

silane in 100 ml diethyl ether at room temperature under vigorous stirring. The poly-

merization reaction was allowed to proceed at this temperature for 23 hours. Then,
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the temperature was increased slowly until 110 °C. Afterwards, the reaction �ask was

connected to a cooling trap in order to strip the solvent o�. After the solvent was

removed, the PESB polymer was dried for 23 hours at 110 °C under vacuum.

Figure 62: Schematic drawing of the idealized reaction of the PESB polymer with
RLi; where R is equal to phenyl, n-butyl or t-butyl groups.

4.6.3 X-ray Powder Di�raction

The X-ray powder di�raction pattern of the PESB polymer, which is given in the

Figure 63, indicates the amorphous character of the polymer.

4.6.4 Elemental Analysis

According to the elemental analysis of the PESB samples as obtained, the approxi-

mate empirical formula of the PESB polymer was determined as Si1B1.8C8 (without

hydrogen). The chemical composition is given in the Table 19 and protons account

for the rest of the mass. The calculated formula in accordance with the reactants for

the PESB polymer is Si1B1.33C8, which is in good agreement with the experimental

formula acquired as Si1B1.8C8.
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Figure 63: XRD pattern of the PESB polymer.

Table 19: Chemical composition of the PESB polymer.

Element Mass (%) Empirical Formulae

Si 18.25 Si1B1.82C7.64

B 12.76 (≈ Si1B1.8C8)

C 59.58
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4.6.5 FT-IR Spectroscopy

In the FT-IR spectrum of the PESB polymer, which is presented in the Figure 64, B�C

asymmetric stretching vibrations are observed between 1155 cm−1 and 1013 cm−1. The

band at 1262 cm−1 represents Si�C symmetric bending vibrations. Si�C rocking and

B�C stretching vibrations appear at 799 cm−1 and 726 cm−1, respectively. The bands

at 1720 cm−1 and 1631 cm−1 are attributed to the vinylic terminal groups connected to

the polymer chain. This is supported by the chemical shifts acquired between 125 ppm

and 138 ppm in the 13C NMR liquid NMR spectrum of the PESB polymer. (As a

footnote, the chemical shifts of vinylic carbon atoms connected to silicon atom are in

accordance with the available literature data; i.e., Delmulle et al. reported the assign-

ments for (CH3)3�Si�(CaH=CbH2) as Ca at 138.7 ppm and Cb at 129.6 ppm [204].)

The possible presence of hydrogen bridged boron species is not clearly distinguishable

from the FT-IR spectrum, since they appear in the same range as vinylic groups. How-

ever, in contrast to the PLEB polymer, no terminal B�H bonds, which exhibit the

stretching vibrations around 2300 cm−1, seem to be present in the PESB polymer. The

assignments together with intensities of the IR bands are given in the Table 20.

4.6.6 Thermal Analysis

The pyrolytic conversion of the PESB polymer to the ceramic was monitored by si-

multaneous thermal gravimetric analysis, di�erential thermal analysis and mass spec-

trometry (DTA/TG/MS) upon heating up to 1000 °C under argon atmosphere via a

heating rate of 10 °C min−1. The PESB polymer exhibits almost no weight loss up

to 300 °C, and it loses % 39 of its initial mass up to 1000 °C as presented in the

Figure 65. H2 (m/z = 2) and CH3 (m/z = 15) species were mainly detected during

the decompositon, evolving between 300 °C and 710 °C. The observed mass change

between 300 °C and 640 °C is attributed to the main thermal degradation of the PESB

polymer. In this temperature range, the main volatile thermolysis products detected

by mass-spectrometric investigations include H2 (m/z = 2), CH3 (m/z = 15), C2H3

and BCH4 (m/z = 27), C2H5 (m/z = 29) and BCH3 (m/z = 26) species.
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Figure 64: FT-IR spectrum of the PESB polymer.

Table 20: FT-IR band positions and assignments for the PESB polymer.

Wavenumber /cm−1 Intensity Assignment

2959 s ν (C�H)

2873 s ν (C�H)

1721=1631 w ν (C=C)

1467 m δ (C�H)

1385 s δ (C�H)

1303 s γ (C�H)

1262 m δ (Si�C)

1155=1013 m ν (B�C)

799 m ρ (Si�C) and ρ (C�H)

726 m ν (B�C)
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Figure 65: DTA/TG/MS thermograms for the PESB polymer in argon �ow with a
10 °C min−1 heating rate.
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4.7 Poly[lithium tris(tetraethylenesilyl)phenylborate]

(PLESPB)

4.7.1 Synthesis

The synthesis of the PLESPB polymer was carried out by dropwise addition of 0.02 mol

phenyl lithium into a solution of PESB polymer (0.02 mol borane unit) in 100 ml diethyl

ether under vigorous mixing at room temperature. The polymerization reaction was

allowed to proceed 24 hours at room temperature. Afterwards, the PLESPB polymer

was dried for 24 hours at 110 °C under vacuum.

4.7.2 X-ray Powder Di�raction

The amorphous character of the PESB polymer was preserved after the incorporation

of phenyl lithium, that can be seen in the powder X-ray di�ractogram of the PLESPB

polymer in the Figure 66.

4.7.3 Elemental Analysis

The results of the elemental analysis for the PLESPB polymer pointed out an approxi-

mate ratio for Si:B:C:Li as 1:1.8:12:1, which is tabulated in the Table 21. The chemical

composition of the PLESPB polymer represents a uniform Si:B ratio likewise the PESB

polymer possesses. Furthermore, incorporation of the phenyl lithium into the PESB

polymer increased the carbon ratio in the resulting polymer, as expected.



122 4 POLYELECTROLYTES

Figure 66: XRD pattern of the PLESPB polymer.

Table 21: Chemical composition of the PLESPB polymer.

Element Mass (%) Empirical Formulae

Si 13.17 Si1B1.84C12.06Li1.03

B 9.37 (≈ Si1B1.8C12Li1)

C 68.04

Li 3.40
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4.7.4 FT-IR Spectroscopy

In the Figure 67, FT-IR spectrum of the PLESPB polymer is shown. The specterum

presents the C�H aromatic stretching vibrations of the phenyl groups at 3054 cm−1

along with the aromatic C=C stretching vibrations of phenyl ring between 1594 cm−1

and 1379 cm−1. The other observable characteristic aromatic vibrations include the

ring deformation at 950 cm−1, and the aromatic C�H out of plane deformations at

703 cm−1 and 626 cm−1. The vibrations at 1687 cm−1 and 1594 cm−1 are attributed to

the C=C stretching vibrations of terminal vinyl groups in the PLESPB polymer, which

are overlapped with the aromatic C=C stretching vibrations. The observed vibrations

of the PLESPB polymer and assignments, together with intensities are given in the

Table 20.

Figure 67: FT-IR spectrum of the PLESPB polymer.
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Table 22: FT-IR band positions and assignments for the PLESPB polymer.

Wavenumber /cm−1 Intensity Assignment

3054 m ν (C�H) aromatic

2935 s ν (C�H)

2871 s ν (C�H)

1687 w ν (C=C)

1594 m ν (C=C) aromatic

1458 s ν (C=C) aromatic and δ (C�H)

1428 s ν (C=C) aromatic

1379 m ν (C=C) aromatic and δ (C�H)

1286 s γ (C�H)

1254 s δ (Si�C)

1153=1076 s ν (B�C)

950 s δ (ring)

822 m ρ (C�H)

774 s ρ (Si�C) and δ (C�H) aromatic

739 s ν (B�C)

703 s δ (C�H) aromatic

620 w δ (C�H) aromatic

503 w ρ (C�H) and δ (ring)
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4.7.5 Thermal Analysis

In order to monitor the thermal stability of the PLESPB polymer, simultaneous DTA

/TG/MS analysis was carried out. During the measurement, the sample was heated

with a rate of 10 °C min−1 in the range between room temperature and 1000 °C under

argon �ow. Incorporation of the phenyl lithium into the PESB polymer has reduced

the onset temperature of the mass loss from 300 °C to 150 °C, as seen in the Figure 68.

In parallel, the ceramic yield of PESB polymer at 1000 °C (which was equal to 60 %)

is decreased due to incorporating the phenyl groups, and consequently a ceramic yield

of only 44 % at 1000 °C is attained for the PLESPB polymer. A two step pyrolytic

conversion is observed in the PLESPB polymer. The observed mass change in the �rst

step up to 260 °C is 13 % and is attributed to the evaporation of unconnected oligomers

or the reorganization of end groups. The signi�cant mass loss of the polymeric product

is observed between 260 °C and 550 °C suggesting the decomposition of the polymer

network. In this temperature range, % 43 of the initial mass is evolved and the main

volatile thermolysis products detected by mass-spectrometric investigations include

Figure 68: DTA/TG/MS thermograms for the PLESPB polymer in argon �ow with
a 10 °C min−1 heating rate.
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H2 (m/z = 2), CH3 (m/z = 15), C2H3 or BCH4 (m/z = 27), BCH3 (m/z = 26) and C2H5

(m/z = 29) species. Then, simultaneous ceramization and depolymerization processes

are continued by the evolution of fragments of CH3 (m/z = 15) up to 700 °C and H2

(m/z = 2) up to 1000 °C.

4.7.6 Impedance Spectroscopy

The ionic conductivity measurements for PLESPB polymer were carried out via impe-

dance spectroscopy by using gold electrodes. The measurements were performed up

to 115 °C by applying heating and cooling rates as 1 °Cmin−1 under argon �ow. The

temperature dependence of bulk ionic conductivities are �gured out in Arrhenius type

diagrams, which is shown in the Figure 69. The PLESPB polymer exhibits an activation

energy of 69 kJmol−1, determined from the slope of the conductivity curve, and a bulk

ionic conductivity of 2.8 × 10−11 S cm−1 at 140 °C. The activation energy and ionic

conductivities of the PLESPB polymer at di�erent temperatures are represented in the

Table 27.

Figure 69: Temperature dependence of the ionic conductivities of the PLESPB poly-
mer. Heating and cooling cycles are represented by �lled and open symbols, respec-
tively.
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The interpretation of the impedance data was performed by a parallel RQ element in

the equivalent circuit, since the impedance data presented in the complex plane format

exhibits one semicircle. The capacitance values of the semicircles are calculated at

di�erent temperatures, and which possess values of approximately 5 × 10−12 F . These

values correspond to the typical bulk capacitance values of a sample, thus representing

that lithium ion conductivity in the bulk is associated with the semicircle.
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4.8 Poly[lithium tris(tetraethylenesilyl)t-butylborate]

(PLEStBB)

4.8.1 Synthesis

The PLEStBB polymer was synthesized by dropwise addition of 0.02 mol t-butyl

lithium into the solution of PESB polymer (0.02 mol borane unit) in 100ml diethyl

ether at room temperature under continuous mixing. The reaction was allowed to pro-

ceed for 25 hours at room temperature. After removal of the solvent, the PLEStBB

polymer was allowed to dry for 25 hours at 110 °C under vacuum. In order to compre-

hend the coordination of the boron as a consequence of the alkyl lithium addition to the

PESB polymer, an ether solution of the PLEStBB polymer in CDCl3 was analyzed as

an example within the series by employing 11B NMR analysis at room temperature. In

the light of this preliminary acquisition, two chemical shifts are discerned at 82.3 ppm

and =19.6 ppm. The chemical shift at 82.3 ppm is interpreted as the tri-coordinated

boron species and the chemical shift at =19.6 ppm is assigned to the four-coordinated

boron species [205, 206]. Accordingly the latter chemical shift implies that t-butyl

groups are incorporated into the polymer, leading to the formation of four-coordinated

boron species.

4.8.2 X-ray Powder Di�raction

Powder X-ray di�ractogram of the PLEStBB polymer, which is given in the Figure 70,

indicates the amorphous structure similar to the PESB and PLESPB polymers.

4.8.3 Elemental Analysis

An ratio of 1:1.8:11.4:0.9 was attained for the PLEStBB polymer, accounting for the

corresponding ratio of Si:B:C:Li, as provided by the elemental analysis measurements.

It is depicted in the Table 23 that the Si:B ratio matches well with that of the PESB
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polymer. Additionally, an increase in the carbon ratio of the polymer has also been

veri�ed via incorporation of the t-butyl groups.

Figure 70: XRD pattern of the PLEStBB polymer.

Table 23: Chemical composition of the PLEStBB polymer.

Element Mass (%) Empirical Formulae

Si 12.22 Si1B1.81C11.36Li0.89

B 8.52 (≈ Si1B1.8C11.4Li0.9)

C 59.38

Li 2.74
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4.8.4 FT-IR Spectroscopy

The FT-IR spectrum of the PLEStBB polymer is presented in the Figure 71. The

similar peaks as for the aforementioned PESB polymer are discerned in the PLEStBB

polymer including Si�C and B�C vibrations of the main polymer backbone. The

bands appeared at 1409 cm−1 and 971 cm−1 are assigned for the respective CH3 de-

formation and CH3 rocking vibrations along with the CH3 deformation vibration at

1377 cm−1, wherefore pointing out the presence of the t-butyl groups in the polymer.

The bands at 1693 cm−1 and 1597 cm−1 are assigned for C=C terminal groups. Ta-

ble 24 illustrates the assignments and intensities of all the corresponding vibrations

observed in the PLEStBB polymer.

Figure 71: FT-IR spectrum of the PLEStBB polymer.

4.8.5 Thermal Analysis

As plotted in the Figure 72, thermal stability of the PLEStBB polymer was investigated

by simultaneous DTA/TG/MS analysis. Therefore, a 10 °C min−1 heating rate was

utilized up to 1000 °C under argon �ow. The PLEStBB polymer is thermally stable
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up to 210 °C and 51 % ceramic yield is acquired at 1000 °C. Insertion of the t-butyl

lithium into the PESB polymer lowered the onset temperature for the mass loss from

300 °C to 210 °C, as well as decreased the ceramic yield at 1000 °C by 10 %. On

the other hand, within the series of alkyl lithium incorporated PESB polymers, the

PLEStBB polymer has the highest thermal stability and the ceramic yield at 1000 °C.

The species detected by MS during decomposition of the network up to 540 °C are H2

(m/z = 2), CH3 (m/z = 15), C2H3 or BCH4 (m/z = 27), BCH3 (m/z = 26) and C2H5

(m/z = 29). Depolymerization and simultaneous ceramization processes are attributed

to be proceeded by the evolution of H2 (m/z = 2) and CH3 (m/z = 15) fragments up

to 780 °C as designated via the mass spectroscopy.

Table 24: FT-IR band positions and assignments for the PLEStBB polymer.

Wavenumber /cm−1 Intensity Assignment

2952 s ν (C�H)

2873 s ν (C�H)

1693=1597 w ν (C=C)

1409 s δ (C�H)

1458 s δ (C�H)

1377 s δ (C�H)

1298 s γ (C�H)

1242 m δ (Si�C)

1153=1060 s ν (B�C)

971 s ρ (C�H)

832 m ρ (C�H)

783 m ρ (Si�C)

743 s ν (B�C)

518 m ρ (C�H)
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Figure 72: DTA/TG/MS thermograms for the PLEStBB polymer in argon �ow with
a 10 °C min−1 heating rate.

4.8.6 Impedance Spectroscopy

Ionic conductivity measurements for the PLEStBB polymer were conducted via impe-

dance spectroscopy up to 200 °C by using 1 °C min−1 heating and cooling rates under

argon �ow for the samples squeezed between gold electrodes. Figure 73 represents the

temperature dependent bulk ionic conductivities of the PLEStBB polymer, that is plot-

ted as an Arrhenius type diagram. The activation energy of the PLEStBB polymer was

evaluated from the slope of Arrhenius plot, which is appraised to a value of 81 kJmol−1.

The bulk ionic conductivity of this polymer is assessed as 1.1 × 10−9 S cm−1 at 200 °C.

The activation energy and conductivity values at di�erent temperatures are charted in

the Table 27.

The interpretation of the impedance data was performed by a parallel RQ element

in the equivalent circuit, since a semicircle was discerned in the complex plane format.

The capacitance values for the semicircles are calculated at di�erent temperatures,
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yielding an approximate value of ≈ 1.6 × 10−12 F and, accordingly, typical for the

bulk capacitance of a sample, prevailing upon that the semicircle ergo represents the

lithium ion conductivity in the bulk.

Figure 73: Temperature dependence of the ionic conductivities of the PLEStBB poly-
mer. Heating and cooling cycles are represented by �lled and open symbols, respec-
tively.
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4.9 Poly[lithium tris(tetraethylenesilyl)n-butylborate]

(PLESnBB)

4.9.1 Synthesis

The synthesis of the PLESnBB polymer was accomplished by dropwise addition of

0.02mol n-butyl lithium into a solution of PESB polymer (0.02 mol borane unit) in

100 ml diethyl ether at room temperature under continuous mixing. Then, the reaction

was carried out for 20 hours at room temperature. In order to obtain the PLESnBB

polymer, following on the solvents were stripped o� from the polymer under vacuum

for 24 hours at 110 °C.

4.9.2 X-ray Powder Di�raction

The powder X-ray di�ractogram of the PLESnBB polymer is given in the Figure 74,

which manifests the amorphous structure of the PLESnBB polymer similar to the

PESB, PLEStBB and PLESPB polymers.

Figure 74: XRD pattern of the PLESnBB polymer.
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4.9.3 Elemental Analysis

Incorporation of the n-butyl lithium groups into the PESB polymer demonstrates an

increase in the carbon ratio, while at the same time providing no change in the Si:B

ratio, as consequently �gured out from the investigations on elemental analysis. The

results reveal a composition for the ratio of 1:1.8:12.7:1.1 that accounts for the depicted

sequence of the Si:B:C:Li as presented in Table 25.

Table 25: Chemical composition of the PLESnBB polymer.

Element Mass (%) Empirical Formulae

Si 11.59 Si1B1.80C12.68Li1.07

B 8.04 (≈ Si1B1.8C12.7Li1.1)

C 63.00

Li 3.11

4.9.4 FT-IR Spectroscopy

In the FT-IR spectrum of the PLESnBB polymer, which is graphed in the Figure

75, similar characteristic vibrations of the PESB polymer are observed. Moreover,

the PLESnBB polymer exhibits deformation vibrations of CH3 at 1405 cm−1 and

1377 cm−1. Also, the band at 966 cm−1 represents the rocking vibration of CH3 groups.

The detailed information about the vibrations and their corresponding assignments for

the PLESnBB polymer are tabulated in Table 26.
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Figure 75: FT-IR spectrum of the PLESnBB polymer.

4.9.5 Thermal Analysis

The pyrolysis of the PLESnBB polymer was monitored by simultaneous DTA/TG/MS

analysis. The measurement was proceeded with a 10 °C min−1 heating rate from room

temperature up to 1000 °C under argon �ow. As can be revealed from the Figure 76,

the thermolytic behaviour of the n-butyl substituted polymer upon pyrolsis is in good

agreement with the t-butyl substituted PESB polymer. In a similar manner to the other

alkyl lithium incorporated PESB polymers, incorporation of n-butyl lithium decreased

the decomposition temperature of the PESB polymer. However, onset temperature for

the mass loss in the PLESnBB polymer is detected at a higher temperature than in

the PLESPB polymer. The PLESnBB polymer has a ceramic yield of 50 % at 1000 °C,

which is as similar to that monitored as for the PLEStBB polymer, and also is only

10 % less than the PESB polymer. The PLESnBB polymer demonstrates almost no

weight loss upon 190 °C.
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Following that in the subsequent temperatures, the decompositon of the PLESnBB

polymer is realized and then proceeds up to 540 °C by volatilization of H2 (m/z = 2),

CH3 (m/z = 15), C2H3 or BCH4 (m/z = 27), BCH3 (m/z = 26) and C2H5 (m/z = 29)

species. This process is thereafter followed by the evolution of H2 (m/z = 2) and CH3

(m/z = 15) species up to 1000 °C and 840 °C, respectively, in a parallel manner to its

other polymer counterparts.

Table 26: FT-IR band positions and assignments for the PLESnBB polymer.

Wavenumber /cm−1 Intensity Assignment

2955 s ν (C�H)

2871 s ν (C�H)

1692=1595 w ν (C=C)

1458 s δ (C�H)

1405 s δ (C�H)

1377 s δ (C�H)

1303 s γ (C�H)

1244 m δ (Si�C)

1130=1093 s ν (B�C)

966 s ρ (C�H)

828 m ρ (C�H)

778 s ρ (Si�C)

742 s ν (B�C)

497 m ρ (C�H)
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Figure 76: DTA/TG/MS thermograms for the PLESnBB polymer in argon �ow with
a 10 °C min−1 heating rate.

4.9.6 Impedance Spectroscopy

Ionic conductivity measurements were performed up to 180 °C under argon �ow for

the PLESnBB polymer. The heating and cooling rates were 1 °Cmin−1, and gold

electrodes were used. Arrhenius type diagrams are plotted to �gure out the temper-

ature dependent bulk ionic conductivities, as illustrated in Figure 77. The activation

energy was derived from the slope of the conductivity curve, which exhibits a value

of 183 kJmol−1. Table 27 depicts the activation energy and conductivity values at

di�erent temperatures.

A parallel RQ element was used in the equivalent circuit to interpret the semicircle

thus expressing the impedance data in the complex plane. The capacitance values are

determined for the semicircles at di�erent temperatures, which indicate an approximate

value of ≈ 3 × 10−12 F. Therefore, the semicircle can be associated with the lithium ion

conductivity in the bulk, since the attained values are typical for the bulk capacitance

of the sample.
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Figure 77: Temperature dependence of the ionic conductivities of the PLESnBB poly-
mer. Heating and cooling cycles are represented by �lled and open symbols, respec-
tively.
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4.10 Conclusions

In this chapter, a series of novel poly[lithium tris(tetraethylenesilyl)organylborate]

polymers are presented. The synthesis of PESB polymer was accomplished by the

initial hydroboration of tetravinylsilane by borane. The PESB polymer was modi-

�ed in a second step by reacting it with a variety of organyl lithium compounds; i.e.

RLi, where R denotes for phenyl, n-butyl or t-butyl. Investigations of the thermal

stabilities of these polymers via DTA/TG/MS analysis have revealed that insertion of

alkyl lithium groups decreases not only the decomposition temperature but also the

ceramic yield of the original PESB polymer. Within the series, the thermal stability

of the phenyl containing polymer is not as high as its counterpart polymers possessing

t-butyl or n-butyl groups.

In addition, the ionic conductivities of the polymers obtained by incorporating

various organyl substituent units into the PESB polymer have been analyzed. The

tabulated data of activation energies and ionic conductivities at di�erent tempera-

tures for PESB polymers are compiled in the Table 27. Resultingly, the series of

poly[lithium tris(tetraethylenesilyl)organylborate] polymers are recognized with their

lower ionic conductivities as compared those values depicted within the poly[lithium

tetrakis(triethylenealkylboryl)borate] polymer series (see Figure 61). Overall, to acco-

Table 27: Activation energies and ionic conductivities (at 140 °C, 180 °C and 200 °C)
for the PLESPB, PLEStBB and PLESnBB polymers.

sv /S cm−1

Ea /
kJ mol−1

140 °C 180 °C 200 °C

PLESPB 69 2.8 õ 10−11 = =

PLEStBB 81 4.6 õ 10−11 4.9 õ 10−10 1.1 õ 10−9

PLESnBB 183 1.9 õ 10−11 9.7 õ 10−10 =
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unt for this di�erence, the most probable interpretation is that insertion of tetraalkylsi-

lane groups between borate groups increases the hopping distance as well as decreases

the charge carrier concentration of lithium ions; therefore, reduces the ionic conductiv-

ity in the resulting polymer.
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5 Alkali �uorooxoborates

5.1 State of the Arts and Concepts

Solid alkali electrolytes, where only ionic species serve as an electric charge carrier

in solids, are one of the key functional materials in solid state batteries. Therefore,

particular attention has recently been given to discover new solid electrolytes possess-

ing high ionic conductivity. One of the materials investigated in that respect is alkali

borate systems. In the literature, alkali borate glasses have been reported to have cer-

tain ionic conductivity but those values appeared not to be su�cient to compete with

the best ion conducting materials, i.e. Na-β-Alumina [12]. An alternative approach

was considered to incorporate �uorine atoms into glass network in order to increase

the ionic conductivity in alkaline borate glasses and a signi�cant improvement in ionic

conductivity was reported [207]. Although alkali borate materials have been exten-

sively studied, there is very limited knowledge about �uorooxoborates. Moreover, no

reports have become available before this work, concerning neither the ionic conductiv-

ity in crystalline alkali �uorooxoborates nor the crystal structures of these compounds.

Potassium and sodium �uorooxoborates have been mentioned, however insu�ciently

studied and identi�ed in the literature as far as our knowledge, while no identi�cation

of lithium �uorooxoborate has been traced.

The �rst alkali �uorooxoborate was reported on the example of the sodium com-

pound by Ryss et al., which was obtained from aqueous solutions [208]. Maya et al.

performed Raman spectroscopy analysis of this compound synthesized in aqueous so-

lution and indicated the presence of boroxine ring by pointing out the similarities in

frequencies of the Raman bands to those in metaboric acid [209]. Further, the same

authors studied the phase diagram of the NaF=NaBF4=B2O3 system and reported the

formation of Na3B3O3F6, but accompanied with NaF and NaBF4 by-products [210].

Solely an attempt to determine the lattice parameters of Na3B3O3F6 from the powder

data was undertaken by Babich et al., and an orthorhombic unit cell with a = 10.245Å,

b = 14.462 Å, c = 9.46 Å and Z = 8 was contended, while no structure determination

has been reported up to now [211].

On the other hand, Ryss et al. postulated potassium derivative of �uorooxoborate

anion, and stated that it decomposed with water leading to replacement of some �u-

orines by hydroxyl groups [212]. Babich et al. reported the formation of potassium
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�uorooxoborate in K2CO3=KBF4 system [211]. Andriiko et al. communicated the for-

mation of K3B3O3F6 from mixtures in KF=KBF4=B2O3 system and further indexing

of the powder X-ray di�raction data depicted an orthorhombic crystal system with the

lattice parameters a = 10.126(4) Å, b = 14.88(2) Å and c = 9.662(3) Å [213].

Overall, the given literature data on sodium and potassim �uorooxoborates show

that a hexa�uorotriborate ring was postulated only on the basis of IR [214] and Raman

[209] spectra as a derivative of the boroxine ring, but no structural investigations of

the B3O3F6
3− anion were reported before the present work. Concerning the lithium

�uorooxoborates, no report was communicated.

Altogether, �uorooxoborate anions are unknown, or not conclusively con�rmed, in

inorganic solid state compounds. More common are �uoride oxoborates like jeremeje-

vite (Al6[BO3]5F3) [215], to examplify. A feature that received attention is that isolated

F− anions are included in all those compounds, which interact with cations without

forming any B�F bonds.

One of the basic requirements for high conductivity is high long range mobility of

charge carriers. On the other hand, the mobile cations can be trapped easily if oxy-

gen atom is in terminal positions (bearing a charge of =1) like in oxoanionic matrices.

These traps for the mobile cations alleviate the mobility of the charge carriers, and

thus the conductivity. Consequently, in order to improve conductivity of the cation,

the aim is to avoid these terminal oxygen atoms, which are possible traps comprised

of negative charges accumulated on the pathways of the mobile cations. A promis-

ing candidate to achieve this goal is thought to be alkali �uorooxoborates. In these

compounds, the addition of �uorine atom to a boron atom coordinated with oxygen

atoms reduces the e�ective negative charge of �uorine by adopting the respective adja-

cent four-coordinated boron atom with a formal charge of =1. Moreover, borate based

anionic matrices are promising to achieve good weight capacities.

With these aims, the present thesis reports for the �rst structural characterization

of alkali �uorooxoborates via the single crystal X-ray analysis, namely, lithium �uo-

rooxoborate (LiB6O9F) and sodium �uorooxoborate (Na3B3O3F6). These two com-

pounds have further been characterized by FT-IR, Raman, DTA/TG/MS, impedance

spectroscopy and direct current measurement techniques. Furthermore, the structure

of K3B3O3F6 has been manifested by comparing its vibrational spectrum with that of

its sodium analogue. Finally, the ionic conductivities of crystalline alkali �uorooxobo-

rate compounds as a foremost are evaluated and reported.
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5.2 Lithium Fluorooxoborate, LiB6O9F

LiB6O9F was synthesized from LiF and B2O3 in all-solid state reaction. However, this

synthetic approach implies a number of pitfalls: (1) the driving force for the reaction

between LiF and B2O3 is rather low because lithium �uoride is a weak �uoride base

only, (2) BF3 may form and easily escape from the reaction mixture, (3) traces of water

in the system might lead to hydrolysis, and evolution of HF, and (4) borate systems

show a strong tendency to glass formation. In order to avoid such intricacies, or to at

least minimize them, we have used thoroughly dried starting materials, have intensively

milled the starting mixtures, annealed them repeatedly, and have chosen the reaction

temperature as low as possible, but as high as necessary.

Finally, fully crystalline, single phase powders of the new �uorooxoborate LiB6O9F

have been obtained that contained single crystals of a size su�cient for a single crystal

X-ray structure determination. The colourless compound is sensitive to humid air, and

decomposes slowly at room temperature into an amorphous solid residue.

5.2.1 Synthesis of LiB6O9F

All reactions were carried out in a puri�ed argon atmosphere using standard Schlenk

techniques and glove boxes (M.Braun GmbH, Garching, Germany), and rigorously

dried reaction apparatus. Stoichiometric amounts of anhydrous B2O3 (Puratronic an-

hydrous glass disc, 99.9995 %, Alfa Aesar, Karlsruhe, Germany) and anhydrous LiF

(ultra dry, 99.99%, Alfa Aesar, Karlsruhe, Germany) were used to prepare appropriate

starting mixtures, these were wet ball milled with distilled hexane (5 ml) for 1 hour.

The mixtures were dried inside Te�on crucibles in a Schlenk system at 150 °C to remove

hexane. 6 mm pellets of reactants were placed inside gold crucibles, which were sealed

under argon atmosphere in glass ampoules. The reactions were carried out at 400 °C

following a speci�c temperature schedule: 2 hours heated until 400 °C, held 552 hours

at 400 °C, cooled 99 hours to 200 °C, held 9 hours at 200 °C and cooled 99 hours to

room temperature. The reacted samples were ground, wet ball milled and the same

process (except by holding 297 hours at 400 °C) repeated once more time in order to

increase the crystallinity of the products.
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5.2.2 Single Crystal Structure Analysis

A colourless single crystal was chosen from the product, which was suitable for single

crystal X-ray di�raction and has allowed to solve the crystal structure. The single

crystal was placed on top of a glass capillary and sealed within another glass capillary,

in a glove box.

The experimental intensity data of the single crystal were collected with a dual

wavelength di�ractometer system: Smart APEX II three circle single crystal di�rac-

tometer (Bruker AXS, Karlsruhe, Germany) equipped with a CCD-detector, a Siemens

X-ray sealed tube (MoKα radiation, l = 0.71073Å), an Incoatec (Geesthacht, Ger-

many) microfocus X-ray source IµS (CuKα radiation, l = 1.54178Å). Because of the

light elements contained in the title compound and the small crystal size (Table 28) the

copper source was used. The collection, done at 23 (2) °C, and reduction of data were

carried out with the Bruker Suite software package [216]. Intensities were corrected for

absorption e�ects applying a semi-empirical method [217].

The structure was solved by direct methods and re�ned by full-matrix least-squares

�tting with the SHELXTL software package [218]. Experimental details on crystal-

lographic data and data collection are given in the Table 28. Table 29 shows the

atomic parameters and equivalent isotropic displacement parameters, and Table 30 tab-

ulates the anisotropic displacement parameters from the single crystal data. Further

details may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-

Leopoldshafen, Germany (fax: (+49)-7247-808-666; e-mail: crysdata(at)�z-karlsruhe.de,

http:// www.�z-karlsruhe.de/request for deposited data.html) on quoting the CSD

number: 420286.

5.2.3 X-ray Powder Analysis

Powder X-ray di�raction patterns were recorded at room temperature using a high

resolution laboratory X-ray powder di�ractometer (D8 ADVANCE with CuKα1, Bruker

AXS, Karlsruhe, Germany), which was operating in Debye-Scherrer geometry. The

samples were sealed inside the glass capillary (Ø = 0.3 mm) under argon atmosphere,

and di�raction patterns were collected between 5 and 95° in 2θ during 18h. The

re�nement of lattice constants was performed by using the program TOPAS (AXS,

Bruker, Karlsruhe) [219]. Le-Bail �t [220] yielded the precise values as a = 7.6555(1)Å,

b = 8.5318(1) Å and c = 10.7894(2)Å, based on 349 re�ections. The X-ray powder

di�ractogram of the LiB6O9F and �tted pro�le are presented in Figure 78.
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Table 28: Crystallographic data for LiB6O9F.

Chemical formula LiB6O9F

Formula weight 234.80

Crystal system orthorhombic

Space group (no.), Z Pna21 (33), 4

Lattice constants /Å a = 7.6555(1)

b = 8.5318(1)

c = 10.7894(2)

Volume /Å3 V = 704.70(2)

Density (calculated) /g cm−3 ρ = 2.213

Crystal size /mm3 0.12 × 0.09×0.06

Di�ractometer Smart APEX II, Bruker AXS

X-ray source IµS microfocus, Incoatec

X-ray radiation, λ /Å CuKα, 1.54178

Monochromator Montel optic, Incoatec

Absorption coe�cient µ /mm−1 1.981

θ range /° 6.61 to 55.03

Index range =8 ≤ h ≤ 8, =9 ≤ k ≤ 8, =11 ≤ l ≤ 11

Absorption correction multi-scan, SADABS [217]

Re�ections collected 2656

Independent re�ections, Rint 853, 0.023

Transmission tmin, tmax 0.7970, 0.8904

No. of parameters 154

R1[F2 > 2σ(F2)], wR(F2) 0.0184, 0.0481

Absolute structure parameter 0.20(16)

4ρmax, 4ρmin /e Å−3 0.122, =0.105
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Table 29: Atomic coordinates and equivalent isotropic displacement parameters Ueq /Å2

for LiB6O9F. Estimated standard deviations are given in parentheses.

Atom Wycko� position x y z Ueq

F(1) 4a =0.2658(1) 0.9326(1) 0.6947(1) 0.0316(6)

O(1) 4a 0.4320(2) 0.9582(2) 0.6639(1) 0.0253(4)

O(2) 4a 0.0640(2) 0.7060(2) 0.0650(1) 0.0281(4)

O(3) 4a 0.3640(2) 0.9896(2) 0.9966(2) 0.0260(4)

O(4) 4a 0.2485(2) 0.1697(1) 0.7303(2) 0.0288(4)

O(5) 4a 0.0837(1) 0.9547(1) 0.8105(1) 0.0240(4)

O(6) 4a =0.0999(2) 0.7519(2) 0.8869(1) 0.0242(4)

O(7) 4a 0.0660(2) 0.2114(2) 0.8985(1) 0.0274(4)

O(8) 4a =0.1091(2) 0.0051(2) 0.9788(1) 0.0270(4)

O(9) 4a 0.1053(2) 0.7528(2) 0.5801(2) 0.0250(4)

B(1) 4a 0.5986(3) 0.9144(3) 0.6046(2) 0.0224(6)

B(2) 4a =0.0614(3) 0.6510(3) 0.9844(2) 0.0223(6)

B(3) 4a 0.3715(3) 0.1068(3) 0.6534(2) 0.0246(6)

B(4) 4a 0.1353(3) 0.1113(3) 0.8138(2) 0.0243(6)

B(5) 4a =0.0423(3) 0.9049(2) 0.8928(2) 0.0223(5)

B(6) 4a 0.0499(3) 0.8421(2) 0.4859(2) 0.0236(4)

Li(1) 4a 0.2647(4) 0.8023(3) 0.7265(4) 0.0309(8)
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Table 30: Anisotropic displacement parameters Uij /Å2 for LiB6O9F. Estimated stan-
dard deviations are given in parentheses.

Atom U11 U22 U33 U12 U13 U23

F(1) 0.0331(6) 0.0269(5) 0.0347(7) =0.0010(4) =0.0117(6) =0.0020(5)

O(1) 0.0279(7) 0.0230(8) 0.0249(9) 0.0023(6) 0.0031(6) 0.0031(6)

O(2) 0.0339(8) 0.0204(8) 0.0300(8) =0.0029(7) =0.0090(8) 0.0036(9)

O(3) 0.0309(7) 0.0206(7) 0.0264(7) 0.0037(5) =0.0059(8) =0.0030(6)

O(4) 0.0328(7) 0.0235(6) 0.0302(8) 0.0004(7) 0.0097(6) 0.0024(7)

O(5) 0.0283(8) 0.0201(8) 0.0236(8) 0.0000(5) 0.0018(6) =0.0016(7)

O(6) 0.0327(8) 0.0198(9) 0.020(1) =0.0014(5) =0.0035(8) 0.0009(7)

O(7) 0.0325(8) 0.0204(7) 0.0291(9) =0.0019(6) 0.0094(8) =0.0014(8)

O(8) 0.0338(7) 0.0217(8) 0.0254(9) =0.0031(5) 0.0078(7) =0.0017(6)

O(9) 0.0331(8) 0.020(1) 0.022(1) =0.0012(6) =0.0031(7) =0.0004(6)

B(1) 0.026(1) 0.016(1) 0.025(1) =0.000(1) =0.001(1) =0.000(1)

B(2) 0.026(1) 0.022(1) 0.019(1) 0.003(1) 0.000(1) =0.004(1)

B(3) 0.026(1) 0.025(1) 0.023(1) =0.001(1) 0.001(1) =0.000(1)

B(4) 0.028(1) 0.021(1) 0.024(1) 0.002(1) =0.002(1) 0.001(1)

B(5) 0.026(1) 0.021(1) 0.019(1) 0.0012(9) =0.002(1) 0.000(1)

B(6) 0.026(1) 0.020(1) 0.021(1) 0.001(1) 0.003(1) 0.001(1)

Li(1) 0.033(1) 0.028(1) 0.031(1) =0.002(1) =0.002(1) 0.000(1)
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Figure 78: Plot for LeBail re�nement of LiB6O9F at RT (l = 1.54015Å). Observed
pattern indicated by squares. (a) Best �t pro�le together with re�ection positions is
shown in upper part, and (b) di�erence curve between measured and calculated pro�les
is shown in lower part of the �gure.
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5.2.4 Structure Description

LiB6O9F crystallizes in a new type of structure with the orthorhombic space group

Pna21 (no. 33, Pearson code oP68). The structure is composed of boroxine rings

(B3O3) and �uorinated boroxine rings (B3O3F) in the ratio 1:1. A pair of boroxine

rings, one of them bearing the �uoride ion, represents the repetition unit for the poly-

meric anion (Figure 79). These two rings are connected to each other, and to next

neighbouring rings, by B�O�B linkages such that each boroxine ring connects to

three others. Figure 80 displays a perspective view of the unit cell, emphasizing the

principle of connectivity.

Figure 79: Repetition unit of the polymeric anion in LiB6O9F, showing the atom
labelling scheme. Displacement ellipsoids are drawn at the 50% probability level.
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The BO3F geometry deserves particular attention. The boron atom B(1) is the

only one in this structure, which is tetrahedrally coordinated by three oxygen and one

�uorine atom. All other boron atoms B(2)=B(6) are trigonally surrounded by three

O atoms (Table 31). The mean distances d(B�O) are 1.365Å within the BO3 units

and 1.460Å for the BO3F unit, and are in good agreement with the respective sums

of covalent radii (Table 31). They are also similar to the B�O distances in other

borates [221]. The structure re�nement, based on X-ray intensities, does not allow to

discriminate between oxygen and �uorine. However, the F(1) atom is the only atom

which is connected to one boron, exclusively. All other anions O(1)=O(9) are linking

Figure 80: Perspective representation of the crystal structure of LiB6O9F, with the
margins of the unit cell (black).
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Table 31: Selected interatomic distances /Å and bond angles /° of the B6O9F− anion
for LiB6O9F. Estimated standard deviations are given in parentheses.

Atom contact Distance Atom contact Angle

BO3F Tetrahedron

B(1)�F(1)vii 1.431(3) F(1)vii�B(1)�O(1) 107.8(2)

B(1)�O(1) 1.475(3) F(1)vii�B(1)�O(3)viii 109.9(2)

B(1)�O(3)viii 1.452(3) F(1)vii�B(1)�O(9)iv 101.8(2)

B(1)�O(9)iv 1.452(3) O(9)iv�B(1)�O(3)viii 113.7(2)

mean 1.452(3) O(9)iv�B(1)�O(1) 111.0(2)

mean B�O 1.459(3) O(3)viii�B(1)�O(1) 112.1(2)

mean 109.4(2)

BO3 triangles

B(2)�O(2) 1.377(3) O(3)ii�B(2)�O(2) 122.8(2)

B(2)�O(3)ii 1.335(3) O(3)ii�B(2)�O(6) 122.7(2)

B(2)�O(6) 1.391(3) O(2)�B(2)�O(6) 114.5(2)

mean 1.368(3) mean 120.0(2)

B(3)�O(1) 1.355(3) O(1)�B(3)�O(4) 123.6(2)

B(3)�O(2)ix 1.367(3) O(1)�B(3)�O(2)ix 120.9(2)

B(3)�O(4) 1.365(3) O(4)�B(3)�O(2)ix 115.5(2)

mean 1.362(3) mean 120.0(2)

B(4)�O(4) 1.346(3) O(4)�B(4)�O(5) 121.4(2)

B(4)�O(5) 1.393(3) O(4)�B(4)�O(7) 118.0(2)

B(4)�O(7) 1.359(3) O(7)�B(4)�O(5) 120.6(2)

mean 1.366(3) mean 120.0(2)

B(5)�O(5) 1.378(3) O(8)�B(5)�O(6) 120.4(2)

B(5)�O(6) 1.379(3) O(8)�B(5)�O(5) 120.5(2)

B(5)�O(8) 1.361(3) O(5)�B(5)�O(6) 119.1(2)

mean 1.373(3) mean 120.0(2)

B(6)�O(7)x 1.372(3) O(9)�B(6)�O(7)x 122.45(2)
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Table 31 continued

Atom contact Angle Atom contact Angle

B(6)�O(8)x 1.382(2) O(9)�B(6)�O(8)x 118.3(2)

B(6)�O(9) 1.340(3) O(7)x�B(6)�O(8)x 119.2(2)

mean 1.365(3) mean 120.0(2)

B�O�B angles

Atom contact Angle Atom contact Angle

B(1)v�O(3)�B(2)iv 120.1(2) B(4)�O(4)�B(3) 134.85(1)

B(1)�O(1)�B(3) 119.8(2) B(4)�O(5)�B(5) 118.5(2)

B(1)ii�O(9)�B(6) 133.3(2) B(4)�O(7)�B(6)vi 120.3(2)

B(2)�O(2)�B(3)iii 118.8(2) B(5)�O(8)�B(6)vi 120.5(2)

B(2)�O(6)�B(5) 118.9(2)

Symmetry transformations used to generate equivalent atoms:
[ii] x=1/2, =y+3/2, z ; [iii] =x+1/2, y=1/2, z+1/2 ; [iv]x+1/2, =y+3/2, z ;
[v] =x+1, =y+2, z+1/2 ; [vi] =x, =y+2, z+1/2 ; [vii] x+1, y, z ;
[viii] =x+1, =y+2, z=1/2 ; [ix] =x+1/2, y+1/2, z=1/2 ; [x] =x, =y+2, z=1/2

two boron atoms, forming the boroxine rings, and the bridges between them. This is

suggesting that the F(1) position is the most likely position where the �uoride ions

are placed. The distance d(B(1)�F) = 1.431Å is slightly smaller than the remaining

B(1)�O contacts. The BO3F tetrahedra are oriented approximately along the c-

direction, with a signi�cant tilt of 47.07° (Figure 80). This results in a polar structure,

in accordance with the acentric space group Pna21. The mean values of O�B�O

angles for BO3 triangles are in all cases 120°, within limits of the experimental errors.

In the BO3F tetrahedra, the mean O�B�O angle is 112.3° and the mean O�B�F

angle is 106.5°. O�B�F angle is slightly decreased from the ideal tetrahedral angle

in order to compensate the splitting of O�B�O angle due to the ring.

Interconnected boroxine rings were found previously in amorphous B2O3 [222] and

in numerous oxoborates [223]. In the case discussed here, to one boron atom in every

second ring a �uorine atom is added, thus generating the desired situation where (part

of) the negative charge is shifted to the central boron atom, and thus will be experienced

by lithium at a longer distance only.

The �uorooxoborate anion forms a two-dimensional in�nite network represented as
2
∞ [B6O9F]−. These strongly corrugated layers, oriented in the b-c-plane (Figure 81),

reveal huge meshes (∼7 Å) build from six boroxine rings. The meshes are �lled by Li+
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ions on the one hand and closed by the bumps of neighbouring layers on the other hand.

The layers are packed along the a-direction and interconnected by Li+ ions (Figure 82).

The distance between two sheets is given as a/2 = 3.8277Å. The connectivity of the

boroxine rings inside the layers, as well as the arrangement of the layers, is directly

related to the structure of black phosphorous. This topological relationship is becoming

obvious when comparing the barycenters of the boroxine rings in LiB6O9F and atom

positions in black phosphorous (Figure 83).

The lithium atoms are located inside the cavities formed by the �uorooxoborate

anion. The coordination sphere contains both �uorine and oxygen atoms. Lithium

atom is coordinated by four oxygen atoms, mean d(Li�O) = 2.046Å, and by one

�uorine atom, d(Li�F) = 2.047Å, forming a slightly distorted trigonal bipyramid,

with F− located in the basal plane (Figure 84). Although �ve-fold coordination for

lithium atom is not very common, it was suggested that the mean Li�O distances for

�ve-coordinate lithium atom should be 2.10(6)Å [224], which is in fair agreement with

the distances observed in LiB6O9F, as listed in Table 32.

Figure 81: View of a corrugated mono layer along the [100] direction.
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Figure 82: View along the [010] direction showing two layers interconnected by lithium
atoms.
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Figure 83: Topological relationship between LiB6O9F (top) and black phosphorous
(bottom): Drawn are connection lines between the centres of the B3O3 boroxine rings,
showing the analogy to the P�P bond in Pblack.
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Figure 84: Representation of the lithium coordination in LiB6O9F.

Table 32: Selected bond lengths /Å and bond angles /° of lithium coordination for
LiB6O9F. Estimated standard deviations are given in parentheses.

Atom contact Distance Atom contact Angle

Li(1)�F(1)iv 2.047(3) O(1)�Li(1)�O(9) 105.3(2)

Li(1)�O(1) 1.966(3) O(1)�Li(1)�F(1)iv 132.8(2)

Li(1)�O(5) 2.106(4) O(1)�Li(1)�O(6)iv 96.46(15)

Li(1)�O(6)iv 2.070(4) O(1)�Li(1)�O(5) 99.1(1)

Li(1)�O(9) 2.040(4) O(9)�Li(1)�F(1)iv 66.4(1)

mean 2.046(4) O(9)�Li(1)�O(6)iv 154.2(2)

Li(1)�B(1)ii 2.601(4) O(9)�Li(1)�O(5) 93.85(15)

Li(1)�B(3) 2.835(4) F(1)iv�Li(1)�O(6)iv 88.75(13)

F(1)iv�Li(1)�O(5) 127.0(2)

O(5)�Li(1)�O(6)iv 96.2(2)
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5.2.5 Thermal Analysis

Di�erential thermal analysis, thermogravimetric analysis and mass spectroscopy (DTA

/TG/MS) were applied simultaneously under argon atmosphere to investigate the ther-

mal stability of lithium �urooxoborate (Figure 85). The compound represents almost

no weight loss up to 470 °C, and then reveals a one-step weight loss up to 900 °C. The

decomposition proceeds with thermal evolution of BF3, which was detected as F (m/z

= 19) and BF2 (10BF2 m/z = 48, 11BF2 m/z = 49) species with the mass-spectroscopy.

92 % of the initial mass is remained at 1000 °C.

Figure 85: DTA/TG/MS thermograms of LiB6O9F in argon �ow with a 10 °Cmin−1

heating rate.
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5.2.6 FT-IR Spectroscopy

The FT-IR spectrum of LiB6O6F is depicted in Figure 86. Single crystal analysis

has revealed that LiB6O6F possesses a triborate unit (having a BO3F tetrahedra)

connected to a cyclic metaborate unit through a bridging oxygen. Even though the

existence of BO3F tetrahedra was claimed for BiB2O4F, no vibrational assignments

for this unit were reported [225]. It appears that LiB3O5 has the closest structural

silmilarities to LiB6O6F. Therefore, the assigments for IR absorptions of LiB6O6F are

mainly performed according to the available data for lithium triborate, LiB3O5 [226].

Moreover, literature data available for alkali borates have additionally been consid-

ered for the interpretation of IR peaks. Relatedly, early investigations in IR spectra of

various alkali borates assigned IR vibrational regions between 1450 cm−1 and 1250 cm−1

as B�O stretching vibrations of trigonal BO3 groups [227]. Analogously, the vibrations

at 1482 cm−1 and 1370 cm−1 are attributed to the asymmetric stretching vibrations of

B�O bonds in BO3 triangles. The band at 1223 cm−1 is assigned to the ring stretching

vibrations [226]. The asymmetric stretching vibrations of BO3F tetrahedra are repre-

sented with the bands at 1085 cm−1 and 1059 cm−1, while the symmetric stretching

vibrations of the corresponding group appear at 871 cm−1 and 832 cm−1 in accordance

with the typical vibrations of the BO4 tetrahedra [228, 229]. The bands appear be-

tween 971 cm−1 and 921 cm−1 are assigned to BO3 symmetric stretching vibrations.

The deformation vibrations of BO3F and BO3 groups are responsible for the respective

bands centering at 724 cm−1 and 706 cm−1. The other vibrations positioned between

Table 33: FT-IR band positions and assignments for LiB6O9F.

Wavenumber /cm−1 Intensity Assignment

1482=1370 s=vs νasym BO3

1223 vs ν (ring)

1085=1059 s νasym BO3F

971=921 s νsym BO3

871=832 s νsym BO3F

724 s δ BO3F

706 m δ BO3

600=400 w=m γ (ring) and δ (ring)
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Figure 86: FT-IR spectrum of LiB6O9F.

400 cm−1 and 600 cm−1 are associated with the bending and ring deformation vibra-

tions. An overview of the most important IR absorptions of LiB6O6F together with

the corresponding assignments are compiled in Table 33.

5.2.7 Impedance Spectroscopy

Ionic conductivity measurements were carried out for LiB6O9F from RT to 400 °C

under argon atmosphere by means of impedance spectroscopy. The measurements

were recorded at 1 °C min−1 heating and cooling rates. Arrhenius type diagrams were

used to plot the temperature dependent bulk ionic conductivities (Figure 87). The

activation energy for ionic conduction was deduced from the slope of the conductivity

curves and amounts to 160 kJmol−1.

Lithium �uorooxoborate can be regarded as a solid electrolyte (10−5 S cm−1 < sv <

10−10 S cm−1) according to the classi�cation suggested by Tuller and Moon [52]. The

bulk ionic conductivity of LiB6O9F was determined as 6.6 × 10−9 S cm−1 at 400 °C.
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Figure 87: Temperature dependence of bulk ionic conductivities for lithium �uorooxob-
orate. Heating and cooling are represented by �lled and open symbols, respectively
(two cycles are given).

Figure 88: Nyquist plot of lithium �uorooxoborate at T = 400 °C with ion-blocking gold
electrodes. The experimental and the simulated impedance spectrum are represented
with dots and the solid line, respectively.



162 5 ALKALI FLUOROOXOBORATES

However, the ionic conductivity value may be further enhanced by aliovalent doping

of the material. Low frequency di�usion spikes were observed in the Nyquist plots

(Figure 88), when blocking electrodes were used, which proves that the conduction is

ionic in nature.

Only one semicircle in the complex plane format of the impedance data occurred

in the temperature range up to 350 °C. In the equivalent circuit, it can be interpreted

as a parallel RQ element (Q:constant phase element). An additional low-frequency

�spike� appeared at higher temperatures, which indicates the barrier to charge transfer

between the sample and the ion-blocking gold electrodes (Figure 88). Thus, it can be

expressed in the equivalent circuit with an additional constant phase element, Qel, in

series with the RQ element. The capacitance C, can be determined according to C =

Q1/n Ö R(1/n)−1. The capacitance values for the semicircles at di�erent temperatures

(C ≈ 6 Ö 10−12 F) are corresponding to the typical values for the bulk capacitance of

a sample [45]. Therefore, the lithium ion conductivity in the bulk can be associated

with the semicircle.

5.2.8 Conclusions

Single phase, crystalline LiB6O9F has been synthesized from LiF and B2O3 by solid

state reaction. At this example, we present the �rst crystal structure of an alkali

�uorooxoborate. The principal building unit is a pair of boroxine rings, one bearing

a �uoride ion. This unit is connected through bridging oxygen to two dimensionally

corrugated sheets. Lithium cations are located in between the layers.

Fluorooxoborate anions are unknown, or not conclusively con�rmed, in inorganic,

solid state compounds. More common are �uoride oxoborates like jeremejevite

(Al6[B O3]5F3) [215], Ba5[B2O5]2F2 [230], or Gd3[BO3]2F3 [231], just naming a few

examples. As a distinguished feature, all those compounds contain isolated F− anions

which are interacting with cations, exclusively, and no B�F bonding is observed.

B�F bonds were supposed to exist in BaBOF3 [232], with isolated, tetrahedral

[BOF3]2− anions. But the results are highly questionable, this very compound has been

assumed later to be the sulfate, in fact [233]. BiB2O4F, containing one dimensional

in�nite 1
∞ [B2O4F]3− chains, might also be considered to be a �uorooxoborate [225].

(C2H10N2)[BPO4F2] has to be mentioned within this context [234]. It is not a real

�uorooxoborate in the strict sense, but the �rst �uoroborophosphate, where BO2F2

and PO4 tetrahedra share common corners, forming 1
∞ [BPO4F2]2− chains, separated

by the protonated organic templates. The observed bond distances, d(B�O) = 1.463Å
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and d(B�F) = 1.395 Å are in good agreement with the values speci�ed for LiB6O9F

(Table 31).

To our knowledge, LiB6O9F is the �rst lithium �uorooxoborate, unambiguously

characterized.
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5.3 Sodium Fluorooxoborate, Na3B3O3F6

5.3.1 Synthesis of Na3B3O3F6

Na3B3O3F6 was acquired by applying solid state syntheses with di�erent reactants. The

reaction mixtures of NaF=B2O3=NaBF4, NaF=H3BO3=NaBF4, NaF=

Na2B4O7·10H2O=NaBF4, H3BO3=NaBF4, B2O3=NaBF4 and NaBO2=NaBF4 were

utilized to attain Na3B3O3F6, employing appropriate amounts of the reactants. The

purest phase and the highest crystalline Na3B3O3F6 was obtained by solid state reac-

tion of a mixture formed from H3BO3 and NaBF4 at a temperature of 350 °C according

to the following reaction:

3 NaBF4 + 2 H3BO3 � Na3B3O3F6 + 2 BF3 ^ + 3 H2O^

The white colored sodium �uorooxoborate is found to be highly soluble in water.

On the contrary, it is insoluble in ethanol and methanol.

Preparation of Na3B3O3F6

Purity of the reactants was con�rmed by X-ray powder di�raction and FT-IR prior

to the reactions. In a typical reaction, 3 ml hexane (> 99 %, Merck) was added into

a 2 g mixture prepared from appropriate amounts of NaBF4 (> 98 %, Sigma Aldrich)

and H3BO3 (99.99 %, Alfa Aeasar). Then, wet ball milling of the mixture with hexane

was performed for 1 hour. Afterwards, the mixture was allowed to stay at 150 °C for

overnight in a platinum crucible in order to strip the hexane o�. The reaction was

accomplished in air in a platinum crucible at 350 °C following a speci�c temperature

schedule: 48 hours heated up to 350 °C, held 90 hours at 350 °C, cooled 24 hours to

325 °C, held 48 hours at 325 °C, cooled 24 hours to 300 °C, held 48 hours at 300 °C

and cooled 48 hours down to the room temperature.
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Preparation of Na3B3O3F6 single crystal

The single crystal of the title compound was obtained by further crystallization of

one part of the obtained compound (0.001 mol) via solvothermal reactions applying

ethanol (0.075 mol) and water (0.030 mol) as solvents. The reactions were carried out

at 170 °C for more than one month by using 10 ml autoclaves. The products were

�ltered, washed with ethanol and then dried in air. A single crystal was chosen from

the residue which was suitable for single crystal X-ray analysis, and placed on top of a

glass capillary.

5.3.2 Single Crystal Structure Analysis of Na3B3O3F6

The experimental intensity data of the single crystal were collected with a Bruker

AXS Smart APEX three circle single crystal di�ractometer (MoKα radiation, graphite

monochromator) equipped with a CCD-detector at 23 °C. Intensities were corrected for

absorption e�ects by applying a semi-empirical method using the SADABS program

[217].

The crystal structure was solved by using the program package SHELXS-97 with

direct methods [25]. The structure re�nement was carried out by using full-matrix least-

square techniques in SHELXL-97 [26], which is implemented in the WinGX Software

[27].

Further experimental details on the crystallographic data and the data collection

are listed in Table 34. The atomic parameters and the equivalent isotropic displacement

parameters are compiled in Table 35. Moreover, Table 36 displays the values for the

anisotropic displacement parameters from the single crystal data.

5.3.3 Structure Description

Na3B3O3F6 crystallizes in monoclinic space group C2/c, possessing four formula units

in the unit cell. Therefore, as claimed by Babich et al, indexing of the powder data

for Na3B3O3F6 based on a orthorhombic unit cell together with lattice parameters

a = 10.245 Å, b = 14.462 Å, c = 9.46 Å appears inappropriate [211]. Three BO2F2

tetrahedra that are connected through sharing corners from O(1) or O(2) assemble

together and compose the hexa�uorotriborate rings. The main repetition unit of the

structure is, thus consisting of a hexa�uorotriborate ring, which is displayed in Figure

89. The ring contains a two fold axis passing from B(1) through O(2) with a C2

symmetry. Based on the fact that B�F distances are not signi�cantly di�ering with-
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Table 34: Crystallographic data for Na3B3O3F6.

Chemical formula Na3B3O3F6

Crystal system monoclinic

Space group (no.), Z C2/c(15), 2

Lattice constants a = 11.866(7) Å

b = 6.901(4) Å

c = 9.367(6) Å

b = 113.724(9)°

Volume /Å3 702.32(28)

Density (calculated) /g cm−3 2.491

Temperature /°C 23 (2)

Di�ractometer Bruker AXS, Smart APEX CCD

Monochromator Graphite

Wavelength MoKα (l = 0.71073 Å)

hkl - range =14<h<14, =8<k<8, =11<l<11

Absorption correction Program SADABS

F (000) 504.0

Theta range for data collection /° 3.50 ≤ θ ≤ 26.57

Re�ections collected 2719

Independent re�ections 730 [Rint = 0.0555]

Completeness to theta = 26.57° 99.3 %

Absorption coe�cient m /mm−1 0.44

Structure re�nement WinGX 1.64.05 /SHELXL 97

Re�nement method Full-matrix least-squares on F 2

Parameters re�ned 71

R1 (F 0 > 4sv F 0 /all) 0.074, 0.094

wR2 (F 0 > 4sv F 0 /all) 0.1798, 0.1957

Goodness of �t on F 2 1.207

Dρ min, D ρ max /e Å−3 =0.43, 1.03
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Table 35: Atomic coordinates and equivalent isotropic displacement parameters,
Ueq /Å2 for Na3B3O3F6. Estimated standard deviations are given in parentheses.

Atom Wycko� position x y z Ueq

Na(1) 4d 3/4 1/4 0 0.0267(7)

Na(2) 8f 0.5933(1) 0.2247(2) 0.4982(1) 0.0259(6)

F(1) 8f 0.2876(2) 0.4135(3) 0.1192(2) 0.0276(7)

F(2) 8f 0.4541(2) 0.9181(3) 0.1163(2) 0.0272(7)

F(3) 8f 0.6256(2) 0.4088(3) 0.1135(3) 0.0314(8)

O(1) 8f 0.4004(2) 0.6807(4) 0.2555(3) 0.0241(8)

O(2) 4e 1/2 0.3782(5) 1/4 0.024(1)

B(1) 4e 1/2 0.789(1) 1/4 0.020(1)

B(2) 8f 0.3956(4) 0.4758(7) 0.2536(5) 0.022(1)

in the experimental errors (B(2)�F(1), B(2)�F(3) and B(1)�F(2) distances are

1.454(5) Å, 1.443(5) Å and 1.450(5) Å, respectively), thus these distances can be as-

sumed to be equal. Hence, it is plausible that three boron atoms are located at the

sites of C2v symmetry, whereas hexa�uorotriborate ring is of point group symmetry

D3h. The novel crystal structure is composed of layers formed by rings of hexa�uo-

rotriborate (B3O3F6
3−) anions, and sodium cations are located in between these layers.

The layer structure is illustrated in Figure 90 along the [100] direction and the distance

between layers of planar hexa�uorotriborate anions is evaluated as 4.421(3) Å.
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Table 36: Anisotropic thermal displacement parameters, Uij /Å2, for Na3B3O3F6.
Estimated standard deviations are given in parentheses.

Atom U11 U22 U33 U12 U13 U23

Na(1) 0.026(1) 0.028(1) 0.019(1) 0.003(1) 0.003(1) 0.0016(9)

Na(2) 0.032(1) 0.025(2) 0.018(1) 0.0022(7) 0.0081(8) 0.0014(6)

F(1) 0.027(1) 0.027(1) 0.022(1) =0.005(1) 0.002(1) =0.005(1)

F(2) 0.038(1) 0.021(1) 0.018(1) 0.003(1) 0.005(1) 0.0059(9)

F(3) 0.041(1) 0.033(1) 0.021(1) 0.006(1) 0.014(1) =0.004(1)

O(1) 0.024(1) 0.020(1) 0.027(1) 0.00(1) 0.009(1) =0.001(1)

O(2) 0.022(2) 0.016(2) 0.033(2) 0 0.008(1) 0

B(1) 0.024(3) 0.020(3) 0.013(3) 0 0.002(2) 0

B(2) 0.025(2) 0.023(2) 0.018(2) =0.001(2) 0.005(1) 0.001(1)

Herein, the uniqueness of the structure should be itemized, since

Na3B3O3F6 is the �rst compound that is originating solely from BO2F2 subunits.

Figure 91 illustrates the crystal structure focusing on the polyhedral representation

comprised of tetrahedral BO2F2 groups. The coordination environments of the boron

atoms are slightly distorted tetrahedra. The BO2F2 tetrahedra feature a mean tetrahe-

dral angle of 109.4(3)° and the mean value for O�B�F angles is assessed as 108.9(2)°.

It is to be discerned that the F�B�F angle is slightly smaller than the ideal tetrahe-

dral angle (104.6(4)°) in order to compensate for the widening of the O�B�O angle

(116.14(45)°) due to the hexa�uorotriborate ring. The selected bond lengths and angles

for the B3O3F6
3− anion with their standard deviations are compiled in Table 37.
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Figure 89: Representation of the hexa�uorotriborate ring along the [001] direction in
Na3B3O3F6, showing the atom labelling scheme. Displacement ellipsoids are drawn at
the 50% probability level.

The hexa�uorotriborate anion, represented in Figure 89, exhibits the planar con-

�guration of a six membered ring. The average of O�B�O angles and B�O�B

angles are recognized as 116.14(45)° and 123.8(4)°, respectively. Therefore, an overall

sum of 720° is assembled, which supports the fact that the planarity of the ring is

sustained. The overall sum of the torsion angles in the ring amounts to zero. The

almost planar six membered hexa�uoroborate ring sets only slight variations forth

concerning the torsion angles, in a speci�cally elaborated manner recites the mini-

mum as =1.7(5)° for the B(1)�O(1)�B(2)�O(2) and the maximum as 0.9(5)° for

the B(2)�O(1)�B(1)�O(1). Thus, the previous consideration reporting the non-

planarity of the B3O3F6
3− ring originating from the spectroscopic data is herein proven

to be improper [235]. Further information´s about the torsion angles of the B3O3F6
3−

ring are compiled in Table 38.
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Figure 90: Representation of the crystal structure along the [100] direction of
Na3B3O3F6 with the margins of the unit cell (black).

The mean B�F distance is found as 1.449(5) Å, and is thus slightly larger than the

corresponding distance of the BO3F tetrahedron in LiB6O9F (1.431Å) [236]. Then, the

mean distance between boron and oxygen in Na3B3O3F6 is attained as 1.418(5) Å. Simi-

lar distances in the corresponding bond have been frequently encountered [221, 236]. To

exemplify, a similar value was reported for the corresponding average B�O distances

in LiB3O5 (1.473 Å in BO4) [237], which contains triborate rings, [B3O5]−, consisting

of two BO3 units fused to a BO4 unit. Hence, the replacement of two oxygen atoms in a

BO4 unit by two �uorine atoms in the title compound creates a slight decrease (0.05 Å)

in the B�O distance. In turn, the B�O distances in the hexa�uorotriborate ring are

much larger than in the boroxine ring in sodium metaborate, [NaBO2]3, (1.38Å) which

is composed of three BO3 groups [238], showing a clear di�erence to the tetrahedral

arrangement of the BO2F2 groups in Na3B3O3F6.
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Table 37: Selected interatomic distances /Å and bond angles /° of B3O3F6
3− anion for

Na3B3O3F6. Estimated standard deviations are given in parentheses.

Atom contact Distance Atom contact Angle

B(1)�O(1) 1.419(5) F(2)vii�B(1)�F(2) 104.6(4)

B(1)�O(1)vii 1.419(5) O(1)�B(1)�F(2) 109.1(2)

B(1)�F(2) 1.450(5) O(1)�B(1)�F(2)vii 108.7(2)

B(1)�F(2)vii 1.450(5) O(1)vii�B(1)�F(2) 108.7(2)

mean 1.434(4) O(1)vii�B(1)�F(2)vii 109.1(2)

O(1)vii�B(1)�O(1) 116.0(5)

mean 109.4(3)

B(2)�O(1) 1.415(6) [2×] F(1)B�(2)�F(3)vii 104.6(3) [2×]

B(2)�O(2) 1.422(5) [2×] O(2)�B(2)�F(3)vii 109.0(3) [2×]

B(2)�F(3)vii 1.443(5) [2×] O(2)�B(2)�F(1) 108.3(3) [2×]

B(2)�F(1) 1.454(5) [2×] O(1)�B(2)�F(1) 108.9(3) [2×]

mean 1.433(5) O(1)�B(2)�F(3)vii 109.2(3) [2×]

O(1)�B(2)�O(2) 116.3(4) [2×]

mean 109.4(3)

B�O�B angles

B(2)�O(1)�B(1) 124.0(4) [2×]

B(2)vii�O(2)�B(2) 123.5(3)

Symmetry transformation used to generate equivalent atoms: [vii] =x=1, y, =z+1/2
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Figure 91: Representation of the crystal structure along the [010] direction of
Na3B3O3F6 with the margins of the unit cell (black).

Table 38: Torsion angles /° of the B3O3F6
3− ring in Na3B3O3F6.

Atom contact Angle

B(1)�O(1)�B(2)�O(2) =1.7(5)

B(2)�O(2)�B(2)vii�O(1) 0.8(5)

B(2)�O(1)�B(1)�O(1)vii 0.9(5)
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The crystal structure of Na3B3O3F6 is assembled from two kinds of sodium ions.

Na(1) atom is eightfold coordinated by six �uorine and two oxygen atoms in the form

of a distorted cubic polyhedra with an average distance of 2.458(3) Å composed of

two equidistant atoms of O(1) with 2.389(3) Å, F(3) with 2.402(3) Å, F(2) with

2.505(3) Å and F(1) with 2.538(3) Å, as illustrated in Figure 92a. The bond an-

gles for all pairs (namely, F(1)�Na(1)�F(1), F(2)�Na(1)�F(2), F(3)�Na(1)�F(3),

O(1)�Na(1)�O(1)) are equal with each other and account to 180°. Two equidistant

F(3) and O(1) compose a square planar with identical F(3)�Na(1)�O(1) angles of

90° within the distorted cubic polyhedra.

Similar to Na(1), Na(2) also presents an eightfold coordination implicated by O(1),

O(2), F(1), F(2) and F(3). Thus, a mean distance of 2.480(3) Å is attested for this

irregular polyhedra, which is �gured out in Figure 92b. It was reported that sodium

atoms in NaBF4 also form eight coordinated irregular polyhedra, akin to the Na(2)

in Na3B3O3F6. Moreover, the mean distances are evaluated as 2.376(3) Å for the

Na(2)�O and 2.514(3) Å for the Na(2)�F, while the nearest boron atom is located

at a distance of 2.972(5)Å.

The connection polyhedra of Na(1)O2F6 and Na(2)O2F6 have been denoted in Fig-

ure 93. Thus, Na(1) and Na(2) atoms are connected with the boron atom through

sharing edges constituted of oxygen and �uorine atoms. Hence, Na(1) atom is con-

nected with six Na(2) atoms through sharing edges comprised from the F(1)�F(2),

F(2)�F(1), F(1)�F(3), F(3)�F(1), F(2)�F(3) and F(3)�F(2). Furthermore, Na(2)

atoms are connected to both three of Na(2) atoms by sharing the edges composed of

F(1)�F(1), F(2)�F(2), F(3)�F(3), and also three of Na(1) atoms by sharing the

edges enclosed by F(1)�F(3), F(1)�F(2), F(2)�F(3).

Accordingly, the mean distances are evaluated as 2.39 Å for the Na(1)�O and

2.38Å for the Na(2)�O, wherefore both Na(1) and Na(2) exhibits contacts shorter than

the Na�O distances in NaBO2, for which the shortest Na�O distance was reported

as 2.46 Å [238]. The contacts of Na(1) and Na(2) with �uorine atoms are in well

agreement with the corresponding distances in NaBF4 (2.29=2.61 Å) [239]. Further

details disclosing the Na�O and Na�F distances have been represented in Table 39,

displaying the selected interatomic distances as well as the bond angles concerning the

sodium coordination for Na3B3O3F6.

The structures of almost all of the �uorine containing oxoborates thus for rep-

resented in the literature manifests isolated �uorine anions which are located at the

cation polyhedra, without formation of any B�F bonds. To illustrate, the reaction

of 2Al2O3· B2O3· 5H2O and B2O3 in the presence of a �uorine containing mineralizer
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(a)

(b)

Figure 92: Representation of the (a) Na(1) and (b) Na(2) coordinations in Na3B3O3F6.
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resulted the formation of Al6[BO3]5F3, the structure of which consists of �uorine atoms

at the vertices of aluminum octahedra without forming the B�F bonds and boron

atoms form [BO3]3− triangles [240]. As explained in Section 5.2, the crystal structure

of Na3B3O3F6 is the �rst example illustrating the BO2F2 tetrahedra. Indeed, following

to the crystal structure of LiB6O9F (see Section 5.2), Na3B3O3F6 is the second �true�

alkali �uorooxoborate known.

Figure 93: Representation of the connection of the sodium polyhedra along the [001]
direction in the Na3B3O3F6, with the margins of the unit cell (black).



176 5 ALKALI FLUOROOXOBORATES

Table 39: Selected interatomic distances /Å and bond angles /° of the sodium coordi-
nation for Na3B3O3F6 from the single crystal data. Estimated standard deviations are
given in parentheses.

Atom contact Distance Atom contact Angle

Na(1)�O(1)i 2.389(3) O(1)i�Na(1)�O(1)ii 180.0(1)

Na(1)�O(1)ii 2.389(3) O(1)i�Na(1)�F(3)iii 90.4(1)

Na(1)�F(3)iii 2.402(3) O(1)ii�Na(1)�F(3)iii 89.6(1)

Na(1)�F(3)iv 2.402(3) O(1)i�Na(1)�F(3)iv 89.6(1)

Na(1)�F(2)i 2.505(3) O(1)ii�Na(1)�F(3)iv 90.4(1)

Na(1)�F(2)ii 2.505(3) F(3)iii�Na(1)�F(3)iv 180.0(0)

Na(1)�F(1)i 2.538(3) F(1)iii�Na(1)�F(1)iv 180.0(0)

Na(1)�F(1)ii 2.538(3) F(2)iii�Na(1)�F(3)iv 180.0(0)

mean 2.458(3)

Na(1)�B(1)i 2.961(1)

Na(1)�B(1)ii 2.961(1)

Na(1)�B(2)i 2.984(5)

Na(1)�B(2)ii 2.984(5)

Na(2)�F(1)v 2.326(3) F(1)v�Na(2)�F(2)vi 82.0(1)

Na(2)�F(2)vi 2.337(3) F(1)v�Na(2)�O(1)ii 90.1(1)

Na(2)�O(1)ii 2.369(3) F(2)vi�Na(2)�O(1)ii 127.1(1)

Na(2)�O(2) 2.384(2) F(1)v�Na(2)�O(2) 129.6(9)

Na(2)�F(1)vii 2.482(3) F(2)vi�Na(2)�O(2) 91.3(1)

Na(2)�F(2)viii 2.528(3) O(1)ii�Na(2)�O(2) 130.4(1)

Na(2)�F(3)vii 2.696(3)

Na(2)�F(3)viii 2.716(3)

mean 2.480(3)

Na(2)�B(2)vii 2.972(5)

Na(2)�B(1)ii 2.983(2)

Symmetry transformations used to generate equivalent atoms:
[i] x+1/2, y=1/2, z+1 ; [ii] =x=1, =y+1, =z+1 ; [iii] =x=1/2, =y+1/2, =z+1 ;
[iv] x, y, z+1 ; [v] x+1/2, =y+1/2, z+1/2 ; [vi] =x=1, y=1, =z+1/2 ;
[vii] =x=1, y, =z+1/2 ; [viii] x, =y+1, z+1/2
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5.3.4 FT-IR Spectroscopy

Further characterization of the sodium �uorooxoborate was contrived by recording the

FT-IR spectrum between 400 cm−1 and 4000 cm−1, as demonstrated in Figure 94.

The characteristic stretching vibrations manifesting the hexa�uorotriborate ring are

the very strong vibrations centering at 918 cm−1, 1072 cm−1 and 1203 cm−1 [210]. The

other characteristic strong band is observed at 797 cm−1, which discloses the B�F

stretching vibration of BO2F2 groups [235]. Furthermore, two small shoulders appear

at 1447 cm−1 and 1374 cm−1, which are also ascribed for the ring stretching vibrations

[241]. The band at 580 cm−1 is interpreted for the ring deformation vibration. The

assignments and the corresponding intensities are tabulated in Table 40.

Figure 94: FT-IR spectrum of Na3B3O3F6.
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Table 40: FT-IR band positions and assignments of Na3B3O3F6.

Wavenumber /cm−1 Intensity Assignments

1447=1374 w ν (ring)

1203 s ν (ring)

1071 s ν (ring)

918 s ν (ring)

797 s ν (B�F)

579 m δ (ring)

511=427 w δ (B�O)

5.3.5 Raman Spectroscopy

The strongest Raman band assessed at 600 cm−1 is construed to the breathing vibration

of the B3O3F6
3− ring [235], as discerned in Figure 95. The other band belonging to

the ring is the ring deformation band attained at 304 cm−1. The band at 333 cm−1

is ascribed as the BF2 rocking and the band at 735 cm−1 is attributed to the B�F

symmetric stretching of BF2 [235]. The bands centering at 374 cm−1, 527 cm−1 and

513 cm−1 are assigned to bending modes of BO2F2 groups [235]. The circumstantial of

the band interpretations together with the intensities are gathered in Table 41.

5.3.6 Thermal Analysis

Thermal behavior of the Na3B3O3F6 was investigated via DTA/TG/MS measurements

up to 1000 °C (Figure 96). The endothermic peak observed at 400 °C in DTA is

accounted for the decomposition of Na3B3O3F6 by yielding NaF and an amorphous
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Figure 95: Raman spectrum of the Na3B3O3F6.

Table 41: Raman band positions and assignments of Na3B3O3F6.

Wavenumber /cm−1 Intensity Assignments

735 m n (B�F)

600 vs n (ring)

527 w δ (BO2F2)

513 w δ (BO2F2)

374 m δ (B�F)

333 w ρ (B�F)

304 w δ (ring)
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Figure 96: DTA/TG/MS thermograms of Na3B3O3F6 in argon �ow with a 10 °Cmin−1

heating rate.

phase. It is remarkable that no recognizable weight loss is attained accompanying the

decomposition. Therefore, it is attributed that the decomposition should probably lead

to an amorphous phase of Na2B3O3F5 in addition to NaF, con�rming the results of

Maya et al. [210].

The results reveal that no weight loss is espied up to 550 °C. Onwards to this

temperature, an amorphous phase, originated from the decomposition of Na3B3O3F6,

starts to decompose. The decomposition occurred between 550 °C and 850 °C, and

in this temperature range the evolution of F (m/z = 19) and BF2 (10BF2 m/z = 48,
11BF2 m/z = 49) species are detected by mass spectroscopy. 91 % of the initial mass

is attained at 1000 °C.

In order to grasp the thermal demeanor of the material, DSC measurements were

also conducted up to 500 °C under argon �ow, as plotted in Figure 97. Accordingly,

the consequent thermogram reveals a well-matching result with the DTA. When the

thermogram is analyzed in detail, the most prominent peak is noticed possessing the

peak maximum at 409 °C. In addition to that, the substantial change of the slope in the



5.3 Sodium Fluorooxoborate, Na3B3O3F6 181

thermogram can be recognized at 215 °C. However, this e�ect can not be as a conse-

quence of a phase transition since it is hardly discerned in the thermogram. Moreover,

X-ray powder di�raction measurements performed at high temperatures, involving this

temperature interval, have not distinguished a phase transition. The decomposition

of the material is assessed at 409 °C. In order to identify the decomposition products,

X-ray powder di�raction of the material was consummated following the DSC mea-

surements. Thus, it is �gured out the presence of NaF in the material as a single phase

without any remaining traces of the Na3B3O3F6 re�ections. Eventually, the material

decomposes into NaF and an amorphous phase (which could be Na2B3O3F5).

Figure 97: DSC thermograms of Na3B3O3F6 in argon �ow with 5 °Cmin−1 heating
and cooling rates up to 500 °C.

5.3.7 Impedance Spectroscopy

The ionic conductivity measurements were attained via the impedance spectroscopy

under argon �ow with 1 °C min−1 heating and cooling rates up to 350 °C. Prior to
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the measurements, the samples were dried in vacuum at 150 °C in a Schlenck line to

remove the e�ect of water. The Arrhenius type diagram representing the temperature

dependent bulk ionic conductivities are graphed in Figure 98. The material demon-

strates fully reversible ionic conductivity values upon heating and cooling cycles. The

activation energies were derived from the slopes of the conductivity curves. The acti-

vation energy is found as 67 kJ mol−1 between the temperatures of 25 °C and 200 °C.

The slope of the conductivity curve alters at 200 °C and the material represents an

activation energy of 107 kJ mol−1 between 200 °C and 350 °C. According to the powder

X-ray di�raction analysis conducted at higher temperatures, no change in the re�ec-

tions of the material is distinguished in the speci�ed temperature regime, explicitly

onwards to 200 °C. Thus, the nebulous change in the slope is not attributed to a phase

change in the material. On the other hand, this kind of alters in the Arrhenius plot for

ionic conduction is typical for ionic conductors and is established for a crossover from

the extrinsic to the intrinsic region. Accordingly, it is interpreted for Na3B3O3F6 that

the regime below 200 °C corresponds to the extrinsic region of the material, in which

defect motion accounts only for Ea. While, onwards to 200 °C is associated with the

energies not only for defect motion but also for defect formation, thus both sums up

for the resulting activation energy [242].

The activation energies and ionic conductivity values at di�erent temperatures are

summarized in Table 42. The ionic conductivity values of this material range from

1.1 × 10−3 S cm−1 at 310 °C to 3.6 × 10−3 S cm−1 at 350 °C. The high ionic conductivity

values of Na3B3O3F6 points out that this material is a fast ion conductor, and indeed

the ionic conductivity values are comparable with the well known ion conductors like

Li-b-alumina. The latter material was reported to possess an ionic conductivity of

9.2 × 10−3 S cm−1 at 300 °C [243].

The impedance data represented in the complex plane exhibit only one semicircle

until 67 °C, which is �tted by utilizing a R1Q1 element (Q:constant phase element) in

the equivalent circuit. At higher temperatures, the low frequency spike is discerned

which accounts for the barrier to charge transfer between the sample and the ion

blocking gold electrodes. Thus, in the equivalent circuit a supplemental constant phase

element (Qel) was used in series with the R1Q1 element. The capacitance, C, can be

determined according to the equation of C = Q1/n × R(1/n)−1. The capacitance values

of the semicircle at di�erent temperatures are derived, and an approximate value of

3 × 10−12 F is evaluated, which is typical for the bulk capacitance of a sample. Hence,

the semicircle is associated with the sodium conductivity in the bulk.
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Figure 98: Temperature dependence of the ionic conductivities of Na3B3O3F6 with
gold electrodes. (Heating and cooling cycles are represented by �lled and open symbols,
respectively.)

Table 42: Activation energies and ionic conductivity values at di�erent temperatures
for Na3B3O3F6.

sv /S cm−1 Ea /kJ mol−1

3.6 × 10−3 (350 °C) 107 (200 °C=350 °C)

8.7 × 10−5 (250 °C) 67 (25 °C=200 °C)

1.5 × 10−8 (85 °C)
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Figure 99: (a) Nyquist plot of Na3B3O3F6 with blocking gold electrodes at 350 °C,
(b) enlarged view emphasizing the part framed by the red box in the Figure 99a. The
experimental and the simulated impedance spectrum are represented with dots and the
solid line, respectively.
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At temperatures higher than 175 °C, the low frequency spike is replaced with a sec-

ond semicircle. The Nyquist plot at 350 °C in Figure 99-a depicts the bulk conductivity

along with the accompanied second semicircle. Figure 99-b also illustrates the Nyquist

plot at 350 °C, however with an elaborate on the high frequency region consorted via

the enlargement of the issued part. Hence, the interpretation is accomplished in the

equivalent circuit via replacing the constant phase element with an additional R2Q2

element. Ergo, R1Q1 element is connected in series with the R2Q2 element in the equiv-

alent circuit. The capacitance values of the second semicircle at di�erent temperatures

are C ≈ 3 × 10−7 F, which then infers that the second semicircle could be as a result

of a surface layer formed at higher temperatures or of the sample-electrode interface.

Figure 100: Temperature dependence of the ionic conductivities of Na3B3O3F6 with
sodium electrodes. (Heating and cooling cycles are represented by �lled and open
symbols, respectively)

The ionic conductivities have also been analyzed by employing a cell composed

of squeezing the sample between ion blocking sodium electrodes. The measurements

have been conducted up to 80 °C. Temperature dependence of ionic conductivities are
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sketched in an Arrhenius type of graph, which is displayed in Figure 100. The activation

energies are derived from the slope of the conductivity curve by using the Arrhenius

equation which appraises a value of 62 kJ mol−1 for both heating and cooling cycles.

The evaluated ionic conductivity at 85 °C amounts to 2.2 × 10−8 S cm−1.

The impedance data presented in the complex plane exhibits only one semicircle,

as graphed in Figure 101, for all temperatures within the measurement is performed,

and the �tting of data is performed by using a RQ element in the equivalent circuit.

No low frequency spike is detected, which in turn proves that no barrier for the charge

transfer has occured between the material and ion non-blocking sodium electrodes. The

semicircle reveals an approximate capacitance value of 2.5 × 10−12 F, which is typical

for the bulk capacitance. Hence, the semicircle is related with the sodium conductivity

in the bulk.

5.3.8 Direct Current Measurements

The potentiostatic polarization measurements have been utilized in order to estimate

the cationic and electronic transference numbers of the material. In dc measurements,

the electrical current response has been monitored following a voltage step as can be

discerned in Figure 102. The sodium transference numbers are evaluated by using a

cell, in which the material has been squeezed between non-blocking sodium electrodes.

Subsequently, the e�ective sodium transference numbers (tNa+) have been derived from

the ratio of steady state current to the initial current. The cationic transference num-

bers are inferred as 1.0 at 55 °C and 0.91 at 77 °C. The values of tNa+ , which approach

to unity, manifest that the material is almost a pure sodium conductor.

In order to delineate the contribution of the electronic component to the conductiv-

ity, dc potentials have also been applied to the cell composed of squeezing the sample

between ion blocking gold electrodes. Figure 103 depicts the results evaluated at 180 °C

and 287 °C, which discloses smooth and gradual decays in the current. The e�ective

electronic transference numbers (tel) are calculated from the ratio of steady state cur-

rent to the initial current. The tel values are attained as 0.046 at 180 °C and 0.0016

at 287 °C. Hence, the electronic contribution to the conductivity is negligible as the

electronic transference number values are very close to zero. The initial resistance in

the dc measurement performed at 287 °C amounts to 3.9 × 104 Ω . While the ac

measurements at the same temperature have been pointed out to a lower resistance

value (1.1 × 103 Ω), which is in turn expected as a consequence of the associated steep

negative slope at the onset of the dc measurement. The dc steady state conductivity
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is also assessed in order to establish a comparison between ac and dc conductivities.

The dc conductivity is deduced as 3.5 × 10−8 S cm−1 at 287 °C, which is rather on

the order of 1/10000 that of the ionic conductivity evaluated from the ac impedance

(4.2 × 10−4 S cm−1 at 287 °C).

Figure 101: Nyquist plot of Na3B3O3F6 with sodium electrodes at 79 °C. The experi-
mental and the simulated impedance spectrum are represented with dots and the solid
line, respectively.

In consequence of direct current measurements performed via ion blocking gold as

well as ion non-blocking sodium electrodes, it is attributed that Na3B3O3F6 is almost

a pure sodium conductor.
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Figure 102: Electrical currents versus time for the cells composed of Na/
Na3B3O3F6/Na after switching on dc voltage at time zero at (a) 55 °C and (b) 77 °C.
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Figure 103: Electrical currents versus time for the cells composed of Au/
Na3B3O3F6/Au after switching on dc voltage at time zero at (a) 180 °C and (b) 287 °C.
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5.3.9 Conclusions

The Na3B3O3F6 has been synthesized and characterized successfully in both structural

and electrochemical manners. Thus, it is represented here the crystal structure of the

�rst sodium �uorooxoborate, namely the Na3B3O3F6. Besides, the structure is the

unique example of an alkali �uorooxoborate within the exempt of LiB6O9F. The fun-

damental building unit of the Na3B3O3F6 comprises of unique corner sharing BO2F2

tetrahedra. Three of these tetrahedra solely then generate the hexa�uorotriborate rings

forming the repetition unit of the anion in the structure. The structure is composed of

planar hexa�uorotriborate rings forming the layers and sodium ions are located within

these layers. This material can also be classi�ed as a fast ion conductor, with an ionic

conductivity of 3.6 × 10−3 S cm−1 at 350 °C and an activation energy for ionic conduc-

tion as 107 kJ mol−1 between 200 °C and 350 °C. Furthermore, it is demonstrated via

the direct current measurements that Na3B3O3F6 exhibits a pure sodium conductivity,

with t+ = 1 at 55 °C and tel = 0.0016 at 287 °C.
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5.4 Potassium Fluorooxoborate, K3B3O3F6

5.4.1 Synthesis of K3B3O3F6

All reactions were carried out in a puri�ed argon atmosphere using standard Schlenk

techniques and glove boxes in rigorously dried reaction apparatus. The complete drying

of the reactants were accomplished prior to the reactions. For this purpose, KBO2

(purum, Fluka Analytical, UK) and KBF4 (99.99%, Sigma-Aldrich, USA) were exposed

upon vacuum for four days at 200 °C and 150 °C, respectively. Stoichiometric amounts

of anhydrous KBO2 and anhydrous KBF4 were used in order to prepare the appropriate

starting mixtures. The pellets, having 6 mm diamaters, were pressed from �nely ground

reactants, and then positioned inside gold crucibles, which in turn were sealed under

argon atmosphere in glass ampoules. The reactions were carried out at 400 °C by

following a speci�c temperature schedule composed of 48 hours heating from room

temperature to 400 °C, 120 hours dwelling at 400 °C, and cooling down to the room

temperature within 72 hours.

Resultingly, solving the structure of K3B3O3F6 from the powder data is inhibited

since the powder pattern of this compound was highly overcrowded. Moreover, an

appropriate crystal of K3B3O3F6 could not be picked up even though the product

was further subjected for annealing to enhance the crystallinity. As a consequence

possessing either bad quality or small size of crystals prevented to solve the structure

from single crystal data. On the other hand, identi�cation of the K3B3O3F6 has been

performed from spectroscopy techniques by taking into account the similarities with

the sodium analog (namely, Na3B3O3F6).

5.4.2 FT-IR Spectroscopy

FT-IR measurements were acquired in order to appoint the K3B3O3F6, as depicted

in Figure 104. It is remarkable that the FT-IR spectrum of the K3B3O3F6 possesses

the same vibrations assigned for the Na3B3O3F6 (see Figure 94), together with the

accompanied matching in the corresponding intensities. Furthermore, the centers of

all bands for K3B3O3F6 exhibit a shift to the lower wavenumbers in the spectrum if

compared to the Na3B3O3F6.
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Figure 104: FT-IR spectrum of K3B3O3F6.

Table 43: FT-IR band positions and assignments of K3B3O3F6.

Wavenumber /cm−1 Intensity Assignments

1377=1334 w ν (ring)

1210 s ν (ring)

1054 s ν (ring)

908 s ν (ring)

772 s ν (B�F)

564 m δ (ring)

500=400 w δ (B�O)
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Resultingly, the band at 772 cm−1 is assigned for the B�F stretching vibrations.

Moreover, the characteristic bands for the ring stretching vibrations of the

�uorooxoborate ring appear at 908 cm−1, 1054 cm−1 and 1197 cm−1. Further assign-

ments along with the intensities are given in Table 43.

Conclusively, the highly analogous behaviour among the IR bands in the new sin-

gle phase potasium compound and Na3B3O3F6 is attributed that this compound is

potassium analog of Na3B3O3F6, namely K3B3O3F6. This is in turn supported by the

Raman measurements as will be reported in the next section.

5.4.3 Raman Spectroscopy

Raman spectrum of the K3B3O3F6 also reveals the congeneric vibrations like evaluated

for the Na3B3O3F6 conforming the analogy in the corresponding IR spectra. The

distinguishable sharp vibration appeared at 594 cm−1 manifests the presence of the

�uorooxoborate ring also in the K3B3O3F6 compound connate to its sodium analog.

The identi�ed vibrations and assignments are given in Table 44. Consequently, the

completely kindred peculiarities in IR and Raman spectra of the entitled compound

to the Na3B3O3F6 attests that the attributed material is K3B3O3F6. Moreover, as

a remark that Raman spectrum con�rms the X-ray powder di�raction results hereof

the sample is attained in a single phase via manifesting the consumption of all the

reactants during the reaction, since neither KBF4 (exhibiting a strong band at 775 cm−1

[235, 244]) nor KBO2 (possessing the strongest vibration at 612 cm−1 [245]) is traced

in the sample.

5.4.4 Thermal Analysis

Thermal stability of the K3B3O3F6 was assessed by using di�erential thermal analysis,

thermal gravimetry and mass spectrum techniques simultaneously between ambient

temperature and 1000 °C under argon �ow and upon a 10 °C min−1 heating rate (Figure

106). The decomposition of the K3B3O3F6 is detected with an onset temperature at

421 °C and a peak maximum at 436 °C, as illustrated in the DTA thermogram. The

decomposition proceeds without the detection of any volatile products abide by the

unperceivable mass loss in the depicted TG thermogram.
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Figure 105: Raman spectrum of K3B3O3F6.

Table 44: Raman band positions and assignments of K3B3O3F6.

Wavenumber /cm−1 Intensity Assignments

741 s n (B�F)

592 vs n (ring)

524 w δ (BO2F2)

499 w δ (BO2F2)

354 w δ (B�F)

321 w ρ (B�F)

302 w δ (ring)
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Figure 106: DTA/TG/MS thermograms of K3B3O3F6 in argon �ow with a 10 °Cmin−1

heating rate.

The onset of the mass loss in the sample is discerned at 720 °C and only 3 % of

the material is evolved onwards up to 1000 °C. The material possesses a ceramic yield

of 97% at 1000 °C, in turn, when compared to its sodium analog, K3B3O3F6 is dis-

tinguished with its higher ceramic yield. On the contrary to its sodium counterpart,

neither BF2 nor F species is evolved upon thermal treatment of the sample compre-

hended by the mass spectrum. Consequently, the distinction in the decomposition

process is described for the K3B3O3F6 by contrast to its sodium analog. Rather, the

decomposition of the K3B3O3F6 is espied by the evolution of the BF species, which is

assessed by the mass spectroscopy with 10BF (m/z = 29) and 11BF (m/z = 30). More-

over, the decomposition of the potassium �uorooxoborate is originated at a higher

temperature confronting with the sodium analog as well as the onset for the mass loss

commences.

In order to investigate the thermal behaviour in detail, K3B3O3F6 was also subjected

to DSC measurements up to 500 °C by 5 °C min−1 heating and cooling rates under



196 5 ALKALI FLUOROOXOBORATES

argon �ow, as illustrated in Figure 107. A sharp endothermic peak is depicted with

a peak maximum at 440 °C along with a shoulder possessing a peak maximum at

422 °C. The peak at 422 °C denotes the melting of the K3B3O3F6, and afterwards

the decomposition is detected by conversion of the material into an amorphous phase

at 440 °C. The last mentioned process is also observable by the formation of a new

peak discerned at 125 °C in the cooling cycle. Thus, it represents a phase is formed

upon heating up to 500 °C and manifests the decomposition of the K3B3O3F6, since

this peak is not existed in the heating cycle (see Figure 107) as well as during the

cycling of the K3B3O3F6 up to 350 °C (see Figure 108); the latter will be presented in

Section 5.4.5. When a further cycle in DSC analysis has been performed after 500 °C, a

new endothermic peak appears with an onset temperature of 201 °C possesing a peak

maximum of 210 °C belonging to the decompositon product, which further a�rms the

decomposition of K3B3O3F6. The K3B3O3F6 sample has also been heat treated at

500 °C, and afterwards, analyzed via X-ray powder di�raction. KF re�ections have

been originated as a single phase, and no K3B3O3F6 re�ections has been traced. Thus,

according to these �ndings, the decomposition is proceeded by the formation of KF and

companied with an amorphous phase. Andriiko et al. claimed that the melting point

of the K3B3O3F6 is at 560 °C [213]. However, no peak could be observed at 560 °C

from the DTA as well as from the DSC analyses that have been conducted both up to

1000 °C. Moreover, the obvious decomposition of the K3B3O3F6 is further proved from

the described �ndings via the X-ray powder di�raction analysis.

5.4.5 Impedance Spectroscopy

Ionic conductivities of K3B3O3F6 were acquired by utilizing impedance spectroscopy

measurements under argon �ow within a range comprised of room temperature up to

360 °C. The heating and cooling rates were 1 °C min−1 and the sample in the form of

a pellet was squeezed between gold electrodes for measurements. The temperature de-

pendent bulk ionic conductivities are graphed in Arrhenius type diagrams as illustrated

in Figure 109. The associated activation energies (Ea) are deduced from the slope of

the conductivity curves by employing the Arrhenius equation. Both the activation en-

ergies and also the ionic conductivities at selected temperatures are assembled in Table

45.

A considerable increase in the ionic conductivity is recognized with the temperature,

and the ionic conductivity curve is compiled of two di�erent regimes which di�erenti-

ates from each other with respect to their slopes. The conductivity at 150 °C is detected
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as 4.5 × 10−10 S cm−1. However, the steep slope positioning up to 275 °C accounts for a

�ve-orders of magnitude increase in the conductivity and a value of 4.2 × 10−5 S cm−1

is retrieved at 275 °C. Then, a change in the slope of the Arrhenius plot is discerned

at 275 °C. Eventually, onwards this temperature, the material exhibits a higher ionic

conductivity and it reaches to 1.2 × 10−4 S cm−1 at 360 °C. When the comparison

is performed between sodium and potassium �uorooxoborates, it is depicted that the

potassium compound does not exhibit as high ionic conductivity as the sodium coun-

terpart represents. On the other hand, K3B3O3F6 can also be classi�ed as a fast-solid

ion conductor at temperatures higher than 275 °C, and moreover, this high conductiv-

ity is accompanied with a �atten slope of 46 kJ mol−1. In this temperature regime,

a contribution of one order of magnitude increase in the conductivity is recognized.

A highly reversible conductivity values are attained upon heating and cooling cycles.

Furthermore, when the material is analyzed with the X-ray powder di�raction follow-

ing the impedance measurements, completely same material is recovered. In order to

Figure 107: DSC thermograms of K3B3O3F6 in argon �ow with 5 °C min−1 heating
and cooling rates up to 500 °C.
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grasp whether the material reveals a phase transition during heating or not, the ma-

terial is further analyzed by DSC measurements from room temperature up to 350 °C

under argon �ow, as depicted in Figure 108. Resultingly, as already discussed in Sec-

tion 5.4.4, no noticable transition is distinguished within the temperature range that

impedance measurements are performed and thus no conclusive evidence for a phase

transition is appeared.

Figure 108: DSC thermogram of K3B3O3F6 with 5 °C min−1 heating and cooling rates
up to 350 °C.

K3B3O3F6 reveals two semicircles in the complex plane format up to 165 °C. The

interpretation of the impedance data was proceeded via utilizing a parallel R1Q1 ele-

ment representing the �rst semicircle, and this element was further connected in series

with another RQ element, namely R2Q2, to account the second semicircle in the equiv-

alent circuit. A low frequency spike was discerned at higher temperatures displaying

the barrier for the transfer of the charge between the sample and ion-blocking gold

electrodes. In order to expound the spike, a supplemental constant phase element, Qel,

was inclosed in the equivalent circuit in series with the other RQ elements. In order to

elucidate the response of the material, the capacitance values originating from both of
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Figure 109: Temperature dependence of the ionic conductivities of K3B3O3F6 with
gold electrodes. (Heating and cooling cycles are represented by �lled and open symbols,
respectively.)

Table 45: Activation energies and ionic conductivity values at di�erent temperatures
for K3B3O3F6.

sv /S cm−1 Ea /kJ mol−1

1.1 × 10−4 (350 °C) 46 (275 °C=360 °C)

4.0 × 10−6 (250 °C) 173 (25 °C=275 °C)

4.5 × 10−10 (150 °C)
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the semicircles were calculated using the relation of C = Q1/n × R(1/n)−1. According

to the ensued results of the capacitance values, the semicircle appearing at higher fre-

quencies possesses an approximate value of 5 × 10−12 F. Therefore, the high frequency

semicircle is attributed to the bulk resistance of the K3B3O3F6.

Figure 110: Nyquist plot of K3B3O3F6 with gold electrodes at 287 °C. The experimental
and the simulated impedance spectrum are represented with dots and the solid line,
respectively.

5.4.6 Direct Current Measurements

In order to estimate the contribution of the electronic component to the conductiv-

ity, K3B3O3F6 was analyzed via direct current measurements conducted by means of

monitoring the electrical current response after a voltage step, as illustrated in Figure

111. The electronic contribution to the conductivity has been evaluated via using a

cell which assembled from squeezing the sample between ion blocking gold electrodes.

The ratio of steady state current to the initial current has been used to calculate the

e�ective electronic transference number of the K3B3O3F6. Smooth and gradual decays

are recognized as depicted in Figure 111. The e�ective electronic transference number

(tel) is calculated as 0.0025 at 185 °C. Therefore, it points out that the electronic con-
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tribution to the conductivity is negligible as the electronic transference number reveals

a value that amounts almost close to zero.

Figure 111: Electrical currents versus time for the cell Au/K3B3O3F6/Au after switch-
ing on dc voltage at time zero at 185 °C.
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5.4.7 Conclusions

K3B3O3F6 has been synthesizesd from anhydrous KBO2 and KBF4 at 400 °C by solid

state reaction. The thermal investigations reveal that K3B3O3F6 decomposes at 440 °C

into an amorphous phase and KF. The complete similarities of the titled compound with

the Na3B3O3F6 have been deduced from the spectroscopical investigations, verifying

that the structure of the K3B3O3F6 also consists of hexa�uorotriborate rings connate to

its sodium analog. The material exhibits an ionic conductivity of 1.2 × 10−4 S cm−1 at

360 °C and an accompanied activation energy between 275 °C and 350 °C as 46 kJmol−1.

Moreover, negligible electronic contribution to the ionic conductivity is observed since

tel is found as 0.0025 at 185 °C. Thus, K3B3O3F6 can be classi�ed as a fast-solid

ion conductor, although the attained ionic conductivity does not reach to its sodium

analog.
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6 Summary

Polyelectrolytes

The polyelectrolytes studied in the present work are divided into two general groups,

namely poly(lithium organylborylborates) and poly[lithium tris(tetraethylenesilyl)or-

ganylborates]. The representative polymers have been synthesized for each group,

which have further been modi�ed with incorporation of various organyl lithium com-

pounds.

Such representative polymer for poly(lithium organylborylborates) is poly[lithium

tetrakis(ethyleneboryl)borate], PLEB. This polymer has been reacted with RLi reagents,

where R denotes for methyl or phenyl. All the polymers of poly(lithium organyl-

borylborates) have been further annealed and the e�ect of annealing on the struc-

ture and the ionic conductivity have additionally been investigated. Analogously,

the representative polymer for poly[lithium tris(tetraethylenesilyl)organylborates] is

poly[tris(tetraethylenesilyl)borane], PESB, which has further been reacted with RLi

reagents, where R is phenyl, n-butyl or t-butyl. The PLEB polymer has been synthe-

sized through a hydroboration reaction between lithium tetravinylborate and

BH3· THF, whereas the PESB polymer has been prepared through a hydroboration

reaction of tetravinylsilane with BH3·S(CH3)2.

Amorphous nature of all these polyelectrolytes has been deduced by powder X-ray

analysis. Structural properties have been studied via FT-IR and solid-state NMR spec-

troscopy techniques. Elemental analyses have been performed to characterize the chem-

ical compositions. Thermal properties have been investigated by DTA/TG/MS anal-

ysis. Ionic conductivities of these polyelectrolytes have been analysed by impedance

spectroscopy.

Poly(lithium organylborylborates)

Novel alkylborane-type single ionic solid polyelectrolytes have been prepared with im-

mobilized anions, reduced ion trapping and a lithium transference number close to

one in this thesis. Even though poly[lithium tetrakis(ethyleneboryl)borate] (PLEB) is
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a polyelectrolyte, it has additionally been served as a starting material for the other

poly(lithium organylborylborates). According to results from FT-IR, solid-state NMR

and DTA/TG/MS analyses, the main structural building blocks of the poly[lithium

tetrakis(ethyleneboryl)borate] (PLEB) has been determined to contain mainly tetraethy-

lene borate and hydrogen-bridged borane units, which are connected through ethylene

linkages. In these three dimensional network, lithium atoms are compensated by the

negative charge on the borate units. The ionic conductivities and structures have been

analyzed along with the e�ect of annealing, which has been performed at 275 °C. An-

nealing of the PLEB polymer reveals that the main building blocks and connectivity

of the structure for the polymer have been remained the same but minor amount of

vinyl groups have additionally been observed. The activation energy of the ionic con-

duction was lower for the annealed PLEB polymer (70 kJ mol−1) as compared to the

as-synthesized PLEB polymer (145 kJ mol−1). The temperature induced crosslinking

by annealing modi�es the structure along with increasing the charge carrier concen-

tration. Most salts and linear or crosslinked networks which were investigated in the

literature have the cationic transference number in the range of 0.3 to 0.5. In contrast,

poly[lithium tetrakis(ethyleneboryl)borate] is a pure lithium conductor having t+ value

of 1.0(2) at 137 °C.

Incorporation of phenyllithium into PLEB polymer (which is poly[lithium tetrakis-

(triethylenephenylboryl)borate], PLEPB) increases the ionic conductivity values (i.e.

3 × 10−7 S cm−1 for PLEB and 2.2 × 10−6 S cm−1 for PLEPB at 80 °C) both for

the as-synthesized and annealed PLEB polymers, while no signi�cant improvement in

activation energies (145 kJ mol−1 for PLEB and 146 kJ mol−1 for PLEPB) is emerged.

In addition to the main structural units of the PLEB polymer, a new building block

has been identi�ed from the combination of performed analyses, which is a four coor-

dinated borate unit substituted by three ethylene and one phenyl in PLEPB polymer.

Moreover, incorporation of methyllithium into PLEB polymer (which is poly[lithium

tetrakis(triethylenemethylboryl)borate], PLEMB) has also been examined, and among

these polyelectrolytes, the highest conductivity has been obtained for the annealed

PLEMB as 3.2 × 10−5 S cm−1 at 350 °C. In all cases, annealing decreases the activa-

tion energies.

Poly[lithium tris(tetraethylenesilyl)organylborates]

Analogous to polyelectrolytes based on poly[lithium tetrakis(ethyleneboryl)borates],

various lithium conducting polyelectrolytes have been synthesized by reacting poly[tris-

(tetraethylenesilyl)borane] (PESB) polymer with phenyl- , n-butyl- and t-butyllithium,
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which are poly[lithium tris(tetraethylenesilyl)phenylborate] (PLESPB), poly[lithium

tris(tetraethylenesilyl)n-butylborate] (PLESnBB) and poly[lithium tris(tetraethylenesi-

lyl)t-butylborate] (PLEStBB), respectively. Compared to the polyelectrolytes based

on poly[lithium tetrakis(ethyleneboryl)borates], all of the polyelectrolytes based on

poly[tris (tetraethylenesilyl)borane] have lower ionic conductivities, which is most prob-

ably resulted from increase in hopping distances and decrease in charge carrier concen-

tration of lithium ions due to incorporation of tetraalkylsilane groups between borate

groups in the polymer networks.

Alkali Fluorooxoborates

Lithium Fluorooxoborate, LiB6O9F

An all-solid state reaction between LiF and B2O3 at 400 °C has been applied for the

synthesis of crystalline LiB6O6F. This work presents the �rst crystal structure analysis

of an alkali �uorooxoborate. LiB6O6F crystallizes in the orthorhombic space group

Pna21 with lattice parameters a = 7.6555(1) Å, b = 8.5318(1) Å and c = 10.7894(2)Å.

The structure of LiB6O6F contains a pair of boroxine rings, which are connected via a

bridging oxygen atom constituting the basic building unit of the �uorooxoborate anion.

Moreover, �uoride ion is bonded to one of the boroxine rings. The �uorooxoborate

anions form two-dimensional corrugated sheets, whereas lithium cations are embedded

between the layers.

DTA/TG/MS analysis has shown that LiB6O6F has almost no weight loss up to

470 °C and only 8 % of the initial mass is exhausted at 1000 °C under argon at-

mosphere. The activation energy for ionic conduction amounts to 160 kJ mol−1 and

according to the ionic conductivity measurements deduced by impedance spectroscopy,

this material can be classi�ed as a solid electrolyte with a lithium ion conductivity of

6.6 × 10−9 S cm−1 at 400 °C.

Sodium Fluorooxoborate, Na3B3O3F6

Crystalline Na3B3O3F6 has been synthesized by reacting H3BO3 and NaBF4 at 350 °C.

The crystal structure of this compound is a unique example of a �uorooxoborate an-

ion with alkali ions (besides LiB6O9F). As well, it is the �rst crystal structure known
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which is composed solely from BO2F2 tetrahedra. Herein, the hexa�uoro derivation

of the boroxine ring, namely B3O3F6
3− anion, is also manifested. Na3B3O3F6 crys-

tallizes in the monoclinic space group C2/c with lattice parameters a = 11.866(7) Å,

b = 6.901(4) Å, c = 9.367(6) Å, β = 113.724(9)°. Two �uorine atoms are coordinated

with each boron atom forming BO2F2 tetrahedral units. The basic building unit of the

structure is a six-membered hexa�uorotriborate ring with constitution of B3O3F6
3−.

The B3O3F6
3− anions form a layered structure and sodium cations are located in space

between these layers.

Na3B3O3F6 has been characterized by single crystal X-ray analysis, FT-IR, Raman,

DTA/TG/MS, DSC, direct current measurements and impedance spectroscopy tech-

niques. Direct current measurements at 55 °C yield t+ as 1, and at 287 °C reveal tel as

0.0016; in turn con�rming that Na3B3O3F6 is a pure sodium conductor. The compound

has a sodium ion conductivity of 3.6 × 10−3 S cm−1 at 350 °C and an activation energy

for ion conduction as 107 kJ mol−1 between 200 °C and 350 °C. Hence, Na3B3O3F6 can

be classi�ed as a fast ion conductor.

Potassium Fluorooxoborate, K3B3O3F6

Crystalline K3B3O3F6 has been synthesized by a solid-state reaction between anhy-

drous KBO2 and KBF4 at 400 °C. Based on the full characterization of Na3B3O3F6

(which is analogous to the titled compound) in this work by single crystal analysis and

spectroscopic techniques, the complete similarity in the spectroscopic analyses between

these two analogous compounds manifests the structure of K3B3O3F6. Conclusively,

the structure of K3B3O3F6 is proven to compose of six-membered hexa�uorotriborate

rings of the B3O3F6
3− anions, in which two �uorine atoms are coordinated to each

boron atom, forming BO2F2 tetrahedral units in a similar manner to the Na3B3O3F6

analog. K3B3O3F6 can also be classi�ed as a fast ion conductor since it exhibits an ionic

conductivity of 1.2 × 10−4 S cm−1 at 350 °C, and a negligible electronic contribution

is observed.
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7 Zusammenfassung

Polyelektrolyte

Die Polyelektrolyte, die im Rahmen dieser Arbeit untersucht wurden, lassen sich in

zwei Gruppen einteilen, nämlich Poly-Lithium-organylborylborate und Poly-Lithium-

tris(tetraethylensilyl)organylborate. Repräsentatives Polymer synthetisiert, welches

durch den Einbau verschiedener Lithiumorganyle modizi�ert wurde.

Ein repräsentatives Polymer für Poly-Lithium-organylborylborate ist beispielsweise

Poly-Lithium-tetrakis(ethylenboryl)borat, PLEB. Dieses Polymer wurde mit Lithiu-

morganylen RLi, mit R = Methyl, Phenyl, umgesetzt. Alle Polymere auf Poly-Lithium-

organylborylborate Basis wurden getempert und der Ein�uÿ des Temperns auf die

Struktur und Ionenleitfähigkeit wurde untersucht. Entsprechend wurde das für Poly-

Lithium-tris(tetraethylensilyl)organylborate repräsentative Polymer Poly-tris(tetraet-

hylensilyl)boran, PESB, mit Lithiumorganylen RLi (R = Phenyl, n-Butyl oder t-Butyl)

umgesetzt. PLEB wurde durch Hydroborierung von Lithium-tetravinylborat mit BH3·

THF hergestellt, wohingegen PESB durch Hydroborierung von Tetravinylsilan mit

BH3·S(CH3)2 synthetisiert wurde.

Die amorphe Struktur all dieser Polymere wurde durch Pulverdi�raktometrie nach-

gewiesen und die strukturellen Eigenschaften dann mittels FT-IR und Festkörper-NMR

Spektroskopie näher untersucht. Die chemische Zusammensetzung der Polymere wurde

durch Elementaranalysen bestimmt. Die thermischen Eigenschaften wurden mittels

DTA/TG/MS -Analysen und die Ionenleitfähigkeit dieser Polyelektrolyte mit Hilfe der

Impedanzspektroskopie untersucht.

Poly-Lithium-organylborylborate

Im Rahmen dieser Arbeit wurden neuartige feste Polyelektrolyte auf Alkylboranbasis,

mit immobilisierten Anionen, verringertem Ioneneinfang und einer Lithiumionenüber-

führungszahl von nahe eins realisiert. Obwohl Poly-Lithium -tetrakis(ethylenboryl)bo-

rat (PLEB) selbst ein Polyelektrolyt ist, wurde es auch als Startmaterial für andere

Poly-Lithium-organylborylborate eingesetzt. Den Ergebnissen der FT-IR-, Festkörper-

NMR- und DTA/TG/MS- Analysen zufolge, enthält der wichtigste Strukturbaustein
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von PLEB hauptsächlich Tetraethylenborat und über Wassersto�brückenbindungen

verknüpfte Boraneinheiten, welche über Ethylenbrücken miteinander verbunden sind.

In diesem dreidimensionalen Netzwerk wird die positive Ladung der Lithiumionen

durch Boratanionen ausgeglichen. Die Strukturen, die Ionenleitfähigkeit dieser Verbin-

dungen, sowie der E�ekt des Temperns - in diesem Fall bei 275 °C - wurde untersucht.

Nach dem Tempern des PLEB Polymers bleiben die Hauptbausteine und deren Kon-

nektivität erhalten, wobei die Bildung einer geringen Zahl an Vinylgruppen beobachtet

wurde. Die Aktivierungsenergie der Ionenleitung war für das getemperte Polymer

(70 kJmol−1) geringer als für ungetemperte Proben (145 kJ mol−1). Die durch das

Tempern induzierte Vernetzung verändert die Struktur des Polymers was zu einer Er-

höhung der Ladungsträgerkonzentration führt. Die meisten Salze und lineare oder

vernetzte Netzwerke, die in der Literatur beschrieben werden, weisen Kationentrans-

ferzahlen zwischen 0.3 und 0.5 auf. Im Gegensatz dazu beträgt t+ von Poly-Lithium-

tetrakis(ethylenboryl)borat, einem reinen Lithiumionenleiter, 1.0(2) bei 137 °C.

Der Einbau von Phenyllithium in das PLEB Polymer zur Bildung von Poly-Lithium-

tetrakis(triethylenphenylboryl)borat (PLEPB) führt zu einer Erhöhung der Ionenleit-

fähigkeit (3 x 10−7 S cm−1 für PLEB und 2.2 x 10−6 S cm−1 für PLEPB bei 80 °C),

sowohl des unbehandelten als auch des getemperten PLEB Polymers, eine signi�kante

Verbesserung der Aktivierungs-energien (145 kJ mol−1 für PLEB und 146 kJ mol−1

für PLEPB) wird hierbei nicht beobachtet. Zusätzlich zum Hauptbaustein des PLEB

Polymers, wurde durch Kombination der Ergebnisse ein neuartiger Baustein identi-

�ziert der aus vierfach koordinerten Boratbaueinheiten bestehend aus drei Ethylen-

und einem Phenylliganden aufgebaut ist.

Darüberhinaus wurde auch der Einbau von Methyllithium in PLEB untersucht

(Poly-Lithium-tetrakis(triethylenmethylboryl)borat, PLEMB). Die gröÿte Ionenleit-

fähigkeit für diese Art von Polyelektrolyten wurde bei getempertem PLEMB erhalten,

sie beträgt 3.2 x 10−5 S cm−1. In allen Fällen verringert Tempern die Aktivierungsen-

ergie.

Poly-Lithium-tris(tetraethylensilyl)organylborate

Analog der Synthese von Polyelektrolyten auf Basis von Poly-Lithium-(tetrakisethylen-

boryl)borate wurden verschiedene lithiumionenleitende Polyelektrolyte durch Umset-

zung von Poly-tris(tetraethylensilyl)boran (PESB) Polymer mit Phenyl-, n-Butyl- und

t-Butyllithium dargestellt (Poly-Lithium-tris(tetraethylensilyl)phenylborat (PLESPB),

Poly-Lithium-tris(tetraethylensilyl)n-butylborat (PLESnBB) bzw. Poly-Lithium-tris-

(tetraethylensilyl)t-butylborat (PLEStBB)). Verglichen mit den Polyelektrolyten auf
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Basis von Poly-Lithium-tetrakis(ethylenboryl)borate weisen alle auf Poly-tris(tetraet-

hylensilyl)boran Basierenden Polyelektrolyte eine geringere Ionenleitfähigkeit auf. Dies

rührt wahrscheinlich von einer Vergröÿerung der Sprungdistanz und einer Abnahme der

Ladungsträgerkonzentration der Lithiumionen durch den Einbau von Tetraalkylsilan-

gruppen zwischen den Boratanionen innerhalb des Polymernetzwerks her.

Alkali Fluorooxoborat

Lithium Fluorooxoborat, LiB6O9F

Zur Darstellung von kristallinem LiB6O6F wurde eine Festkörperreaktion mit LiF

und B2O3 bei 400 °C durchgeführt. In dieser Arbeit ist es erstmals gelungen, eine

Einkristallstruktur eines Alkali-Fluorooxoborates erfolgreich zu lösen. LiB6O6F kristal-

lisiert in der orthorhombischen Raumgruppe Pna21 mit dem Gitterparametern

a = 7.6555(1)Å, b = 8.5318(1) Å und c = 10.7894(2) Å. Die Struktur von LiB6O6F en-

thält ein Paar von Boroxin-Ringen, die über ein Sauersto�atom miteinander verknüpft

sind. Auÿerdem ist das Fluorid-Ion an eines der beiden Boroxinringe gebunden. Die

Fluorooxoboratanionen binden zweidimensional gewölbte Schichten, in denen das Lithi-

um zwischen den einzelnen Lagen eingebettet ist.

In DTA/TG/MS Untersuchungen (Argonatmosphäre) zeigt LiB6O6F beim Aufheiz-

en bis 470 °C keinen erkennbaren Massenverlust, erst beim Erhitzen auf 1000 °C wird

ein Massenverlust von 8 % beobachtet.

Die Aktivierungenergie für die Ionenleitung beträgt 160 kJ mol−1 und wurde aus der

Impedanzspektroskopie bestimmt. Die Lithiumionen-Leitfähigkeit beträgt

6.6 × 10−9 S cm−1 bei 400 °C. Durch diese Ergebnisse kann die Verbindung in die

Klasse der Festkörperelektrolyten eingestuft werden.

Natrium Fluorooxoborat, Na3B3O3F6

Na3B3O3F6 wurde bei der Reaktion von H3BO3 and NaBF4 bei 350 °C erhalten. Die

Verbindung stellt neben LiB6O6F die einzige Struktur dar, die aus Fluorooxoboratanio-

nen und Alkaliionen gebildet wird. Auserdem ist es die erste bekannte Kristallstruktur,

deren anionische Trimere ausschlieÿlich aus BO2F2 Tetraedern aufgebaut sind. In der

Struktur sind die einzelnen Tetraeder zu B3O6F6
3−-Anionen kondensiert. Na3B3O3F6
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kristallisiert in der monoklinen Raumgruppe C2/c mit den Gitternparametern a =

11.866(7)Å, b = 6.901(4) Å, c = 9.367(6) Å, β = 113.724(9)°. Bor ist in den BO2F2

Tetraedern direkt an zwei Fluoratome koordiniert. Die grundlegende Baueinheit der

Kristallstruktur ist der oben genannte sechsgliedrige Hexa�uorotriborat-Ring mit der

Zusammensetzung B3O6F6
3−. Die B3O6F6

3−-Anionen bilden Schichten mit Natrium-

Kationen in den Zwischenräumen. Na3B3O3F6 wurde mittels Röntgenstrukturanalyse,

DTA/TG/MS-Messungen, FT-IR, Raman- und Impedanzspektroskopie untersucht und

charakterisiert. In Gleichstromleitfähigkeits messungen ergab sich bei einer Temper-

atur von 55 °C ein Wert von t+ = 1. Der Anteil der elektronischen Leitfähigkeit

wurde bei einer Temperatur von 287 °C mit tel = 0.0016 bestimmt. Hieraus ergibt

sich, das Na3B3O3F6 ein reiner Natrium-Ionenleiter ist. Die Ionenleitfähigkeit beträgt

3.6 x 10−3 S cm−1 bei 350 °C. Die Aktivierungsenergie der Ionenleitfähigkeit beträgt

107 kJ mol−1 zwischen 200 und 350 °C. Diese Ergebnisse bestätigen, dass es sich bei

Na3B3O3F6 um einen schnellen Ionenleiter handelt.

Kalium Fluorooxoborat, K3B3O3F6

Kristallines K3B3O3F6 wurde in einer Festkörperreaktion aus wasserfreiem KBO2 und

KBF4 bei 400 °C dargestellt. Basierend auf der vollständigen Charakterisierung von

Na3B3O3F6, konnte durch die Übereinstimmung der Schwingungsspektren der beiden

analogen Alkali-Fluorooxoborate die Struktur von K3B3O3F6 hergeleitet werden. An-

hand der Untersuchungen konnte eindeutig bewiesen werden, dass K3B3O3F6 eben-

falls aus sechs-gliedrigen Hexa�uorotriborat Ringen B3O3F6
3− aufgebaut wird. Wie in

der analogen Natriumverbindung ist jedes Boratom von zwei Fluor- und zwei Sauer-

sto�atomen tetraedrisch koordiniert. Ebenso kann K3B3O3F6 als schnelles Ionenleiter

klassi�ziert werden. Die Ionenleitfähigkeit beträgt 1.2 x 10−4 S cm−1 bei 350 °C und

gleichzeitig vernachlässigbarem elektronischem Beitrag.
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Part IV

Appendixes

Ionic conductivity data for as-synthesized PLEB polymer

Diameter: 0.06 cm Thickness: 0.215 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
384.15 2.32E6 6.54E-11 0.7648 4.4E-12 -3.90 -6.485

384.15 2.47E6 6.59E-11 0.7635 4.4E-12 -3.93 -6.512

382.15 2.79E6 6.11E-11 0.7671 4.4E-12 -3.98 -6.565

382.15 2.47E6 6.01E-11 0.7707 4.4E-12 -3.93 -6.512

383.15 2.44E6 6.53E-11 0.7653 4.5E-12 -3.92 -6.506

383.15 2.57E6 6.58E-11 0.7641 4.5E-12 -3.95 -6.529

382.15 2.75E6 6.61E-11 0.7628 4.5E-12 -3.98 -6.558

381.15 3.00E6 6.69E-11 0.7604 4.6E-12 -4.01 -6.596

381.15 3.30E6 6.70E-11 0.7589 4.6E-12 -4.06 -6.638

380.15 3.68E6 6.72E-11 0.7566 4.6E-12 -4.11 -6.685

379.15 4.12E6 6.60E-11 0.7561 4.7E-12 -4.16 -6.734

378.15 4.65E6 6.64E-11 0.7533 4.7E-12 -4.21 -6.787

376.15 5.25E6 6.46E-11 0.7531 4.7E-12 -4.26 -6.839

375.15 5.89E6 6.35E-11 0.7523 4.7E-12 -4.31 -6.889

374.15 6.62E6 6.33E-11 0.7502 4.8E-12 -4.37 -6.940

373.15 7.46E6 6.24E-11 0.7489 4.8E-12 -4.42 -6.992

372.15 8.45E6 6.14E-11 0.7479 4.8E-12 -4.47 -7.046

371.15 9.61E6 6.10E-11 0.7457 4.8E-12 -4.53 -7.102

370.15 1.09E7 6.03E-11 0.7437 4.8E-12 -4.59 -7.158

369.15 1.25E7 5.88E-11 0.7434 4.9E-12 -4.65 -7.214

368.15 1.45E7 5.92E-11 0.7395 4.9E-12 -4.71 -7.280

367.15 1.67E7 5.68E-11 0.7398 4.9E-12 -4.78 -7.341

366.15 1.93E7 5.54E-11 0.7387 4.9E-12 -4.84 -7.404

365.15 2.23E7 5.41E-11 0.7370 4.9E-12 -4.91 -7.468

363.15 2.59E7 5.34E-11 0.7346 5.0E-12 -4.97 -7.532

362.15 2.99E7 5.30E-11 0.7314 5.0E-12 -5.04 -7.595

361.15 3.45E7 5.02E-11 0.7332 5.0E-12 -5.10 -7.657

360.15 3.98E7 4.69E-11 0.7361 4.9E-12 -5.16 -7.719

359.15 4.61E7 4.52E-11 0.7362 4.9E-12 -5.23 -7.783

358.15 5.40E7 4.60E-11 0.7300 5.0E-12 -5.30 -7.851

357.15 6.28E7 4.23E-11 0.7341 4.9E-12 -5.36 -7.917

356.15 7.27E7 4.35E-11 0.7273 5.0E-12 -5.43 -7.981

355.15 8.57E7 4.35E-11 0.7236 5.1E-12 -5.50 -8.052

354.15 9.88E7 3.57E-11 0.7405 4.9E-12 -5.56 -8.114

353.15 1.16E8 4.07E-11 0.7205 5.1E-12 -5.64 -8.183

352.15 1.34E8 3.15E-11 0.7449 4.8E-12 -5.70 -8.245

351.15 1.56E8 3.14E-11 0.7388 4.8E-12 -5.77 -8.313

350.15 1.87E8 3.67E-11 0.7153 5.1E-12 -5.85 -8.390

349.15 2.12E8 3.18E-11 0.7300 5.0E-12 -5.90 -8.445

348.15 2.51E8 2.95E-11 0.7310 4.9E-12 -5.98 -8.519

346.15 3.41E8 2.87E-11 0.7273 5.1E-12 -6.11 -8.652

346.15 3.98E8 3.12E-11 0.7082 5.1E-12 -6.18 -8.718

345.15 4.53E8 2.45E-11 0.7346 4.8E-12 -6.24 -8.775

344.15 5.32E8 2.81E-11 0.7225 5.6E-12 -6.31 -8.845

343.15 6.11E8 2.51E-11 0.7231 5.1E-12 -6.37 -8.905

342.15 6.95E8 2.44E-11 0.7227 5.1E-12 -6.43 -8.961

340.15 1.09E9 2.24E-11 0.7233 5.4E-12 -6.62 -9.155

339.15 1.24E9 2.05E-11 0.7273 5.2E-12 -6.68 -9.212

338.15 1.61E9 1.72E-11 0.7535 5.3E-12 -6.80 -9.325

332.15 4.85E9 1.12E-11 0.7766 4.9E-12 -7.28 -9.804

331.15 6.38E9 1.05E-11 0.7733 4.8E-12 -7.40 -9.923

329.15 9.22E9 1.40E-11 0.7114 6.1E-12 -7.57 -10.084
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Ionic conductivity data for annealed PLEB polymer

Diameter: 0.6 cm Thickness: 0.075 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
551.15 1.44E5 1.48E-10 0.7902 8.5E-12 -2.99 -5.735

549.15 1.62E5 1.55E-10 0.7856 8.6E-12 -3.05 -5.787

548.15 1.55E5 1.29E-10 0.7978 8.3E-12 -3.03 -5.768

549.15 1.45E5 1.36E-10 0.7950 8.3E-12 -3.00 -5.738

551.15 1.42E5 1.43E-10 0.7917 8.4E-12 -2.99 -5.727

551.15 1.46E5 1.51E-10 0.7881 8.4E-12 -3.00 -5.739

550.15 1.54E5 1.54E-10 0.7861 8.5E-12 -3.02 -5.765

548.15 1.66E5 1.50E-10 0.7867 8.5E-12 -3.06 -5.797

547.15 1.64E5 1.37E-10 0.7929 8.3E-12 -3.05 -5.791

547.15 1.71E5 1.50E-10 0.7863 8.4E-12 -3.07 -5.808

545.15 1.84E5 1.54E-10 0.7837 8.5E-12 -3.10 -5.841

543.15 2.02E5 1.53E-10 0.7827 8.6E-12 -3.15 -5.881

540.15 2.02E5 1.34E-10 0.7911 8.4E-12 -3.15 -5.882

540.15 2.00E5 1.39E-10 0.7892 8.4E-12 -3.15 -5.878

540.15 2.06E5 1.44E-10 0.7865 8.5E-12 -3.16 -5.891

539.15 2.18E5 1.45E-10 0.7853 8.5E-12 -3.18 -5.916

538.15 2.36E5 1.45E-10 0.7843 8.6E-12 -3.22 -5.949

535.15 2.58E5 1.42E-10 0.7843 8.6E-12 -3.26 -5.988

533.15 2.64E5 1.42E-10 0.7843 8.6E-12 -3.27 -5.998

531.15 2.87E5 1.39E-10 0.7846 8.6E-12 -3.31 -6.034

529.15 3.11E5 1.38E-10 0.7842 8.6E-12 -3.35 -6.069

527.15 3.39E5 1.35E-10 0.7846 8.6E-12 -3.38 -6.106

525.15 3.39E5 1.25E-10 0.7895 8.5E-12 -3.39 -6.107

524.15 3.53E5 1.31E-10 0.7859 8.6E-12 -3.40 -6.124

523.15 3.80E5 1.32E-10 0.7847 8.7E-12 -3.44 -6.157

518.15 4.52E5 1.26E-10 0.7857 8.7E-12 -3.52 -6.231

516.15 4.52E5 1.23E-10 0.7871 8.7E-12 -3.52 -6.232

515.15 4.66E5 1.25E-10 0.7857 8.7E-12 -3.53 -6.245

514.15 4.93E5 1.26E-10 0.7844 8.8E-12 -3.56 -6.269

513.15 5.33E5 1.26E-10 0.7841 8.9E-12 -3.59 -6.303

510.15 5.87E5 1.18E-10 0.7870 8.8E-12 -3.64 -6.345

508.15 6.04E5 1.22E-10 0.7846 8.9E-12 -3.65 -6.357

507.15 6.43E5 1.24E-10 0.7830 9.0E-12 -3.68 -6.385

505.15 6.95E5 1.24E-10 0.7822 9.1E-12 -3.71 -6.418

503.15 7.58E5 1.21E-10 0.7831 9.2E-12 -3.75 -6.456

501.15 7.93E5 1.16E-10 0.7848 9.1E-12 -3.78 -6.476

500.15 7.84E5 1.17E-10 0.7846 9.1E-12 -3.77 -6.471

499.15 8.13E5 1.17E-10 0.7842 9.2E-12 -3.79 -6.486

498.15 8.85E5 1.20E-10 0.7818 9.3E-12 -3.83 -6.523

496.15 9.61E5 1.19E-10 0.7814 9.4E-12 -3.86 -6.559

491.15 1.10E6 1.14E-10 0.7829 9.4E-12 -3.93 -6.619

490.15 1.10E6 1.13E-10 0.7837 9.4E-12 -3.93 -6.618

490.15 1.12E6 1.14E-10 0.7825 9.4E-12 -3.93 -6.624

489.15 1.16E6 1.14E-10 0.7823 9.5E-12 -3.95 -6.640

488.15 1.24E6 1.14E-10 0.7823 9.7E-12 -3.98 -6.669

483.15 1.52E6 1.11E-10 0.7806 9.7E-12 -4.07 -6.759

482.15 1.52E6 1.09E-10 0.7817 9.6E-12 -4.08 -6.759

481.15 1.54E6 1.10E-10 0.7814 9.7E-12 -4.08 -6.763

481.15 1.59E6 1.11E-10 0.7801 9.7E-12 -4.10 -6.778

480.15 1.69E6 1.12E-10 0.7793 9.8E-12 -4.12 -6.804

478.15 1.82E6 1.11E-10 0.7791 9.9E-12 -4.16 -6.836

474.15 2.12E6 1.06E-10 0.7794 9.9E-12 -4.23 -6.902

473.15 2.15E6 1.05E-10 0.7798 9.9E-12 -4.23 -6.909

472.15 2.20E6 1.06E-10 0.7794 9.9E-12 -4.25 -6.920

471.15 2.31E6 1.06E-10 0.7789 1.0E-11 -4.27 -6.941

470.15 2.47E6 1.02E-10 0.7819 1.0E-11 -4.30 -6.970

467.15 2.78E6 1.04E-10 0.7777 1.0E-11 -4.35 -7.020

466.15 2.87E6 1.02E-10 0.7782 1.0E-11 -4.37 -7.034

465.15 2.95E6 1.01E-10 0.7783 1.0E-11 -4.38 -7.046

464.15 3.09E6 1.02E-10 0.7775 1.0E-11 -4.40 -7.066

462.15 3.29E6 1.02E-10 0.7766 1.0E-11 -4.43 -7.093

461.15 3.57E6 1.02E-10 0.7748 1.0E-11 -4.47 -7.130

459.15 3.69E6 9.92E-11 0.7765 1.0E-11 -4.48 -7.143

458.15 3.93E6 9.98E-11 0.7754 1.0E-11 -4.51 -7.171

456.15 4.18E6 9.95E-11 0.7748 1.0E-11 -4.54 -7.197

455.15 4.48E6 9.93E-11 0.7741 1.0E-11 -4.57 -7.228

451.15 5.25E6 9.72E-11 0.7730 1.0E-11 -4.64 -7.297

450.15 5.37E6 9.67E-11 0.7729 1.0E-11 -4.65 -7.307

449.15 5.55E6 9.63E-11 0.7729 1.1E-11 -4.67 -7.320

448.15 5.84E6 9.65E-11 0.7722 1.1E-11 -4.69 -7.343

447.15 6.27E6 9.76E-11 0.7701 1.1E-11 -4.72 -7.374

445.15 6.78E6 9.74E-11 0.7693 1.1E-11 -4.76 -7.407

444.15 7.38E6 9.60E-11 0.7691 1.1E-11 -4.80 -7.444

442.15 7.71E6 9.23E-11 0.7720 1.1E-11 -4.82 -7.463

440.15 8.18E6 9.35E-11 0.7697 1.1E-11 -4.85 -7.489



241

439.15 8.65E6 9.41E-11 0.7682 1.1E-11 -4.87 -7.513

438.15 9.23E6 9.38E-11 0.7678 1.1E-11 -4.90 -7.541

437.15 1.00E7 9.36E-11 0.7663 1.1E-11 -4.94 -7.578

435.15 1.01E7 8.88E-11 0.7711 1.1E-11 -4.94 -7.581

434.15 1.07E7 9.34E-11 0.7653 1.1E-11 -4.97 -7.607

433.15 1.14E7 9.32E-11 0.7644 1.1E-11 -5.00 -7.635

432.15 1.23E7 9.28E-11 0.7639 1.1E-11 -5.03 -7.666

430.15 1.33E7 9.11E-11 0.7644 1.2E-11 -5.07 -7.700

427.15 1.61E7 8.93E-11 0.7624 1.2E-11 -5.15 -7.782

425.15 1.67E7 8.95E-11 0.7611 1.2E-11 -5.17 -7.800

424.15 1.75E7 8.74E-11 0.7631 1.2E-11 -5.19 -7.819

423.15 1.92E7 9.00E-11 0.7580 1.2E-11 -5.23 -7.861

421.15 2.08E7 8.66E-11 0.7604 1.2E-11 -5.27 -7.893

419.15 2.27E7 8.62E-11 0.7590 1.2E-11 -5.31 -7.932

416.15 2.66E7 8.21E-11 0.7602 1.2E-11 -5.38 -8.002

415.15 2.78E7 8.21E-11 0.7595 1.2E-11 -5.40 -8.021

414.15 2.93E7 8.51E-11 0.7542 1.2E-11 -5.43 -8.042

413.15 3.07E7 7.95E-11 0.7605 1.2E-11 -5.45 -8.064

411.15 3.36E7 8.39E-11 0.7525 1.2E-11 -5.49 -8.103

410.15 3.64E7 8.39E-11 0.7513 1.2E-11 -5.52 -8.137

408.15 3.94E7 8.12E-11 0.7523 1.2E-11 -5.56 -8.172

407.15 4.38E7 8.24E-11 0.7493 1.3E-11 -5.61 -8.218

405.15 4.69E7 7.78E-11 0.7527 1.2E-11 -5.64 -8.248

403.15 4.96E7 8.00E-11 0.7491 1.3E-11 -5.67 -8.272

402.15 5.35E7 7.73E-11 0.7516 1.3E-11 -5.70 -8.305

395.15 7.73E7 7.11E-11 0.7518 1.3E-11 -5.87 -8.465

394.15 8.34E7 7.23E-11 0.7478 1.3E-11 -5.90 -8.497

391.15 9.60E7 6.73E-11 0.7516 1.3E-11 -5.97 -8.559

390.15 1.04E8 6.88E-11 0.7468 1.3E-11 -6.00 -8.593

388.15 1.14E8 6.89E-11 0.7422 1.3E-11 -6.04 -8.633

387.15 1.24E8 6.95E-11 0.7383 1.3E-11 -6.08 -8.669

384.15 1.47E8 6.81E-11 0.7427 1.4E-11 -6.16 -8.743

382.15 1.61E8 6.70E-11 0.7375 1.3E-11 -6.20 -8.782

380.15 1.79E8 6.55E-11 0.7423 1.4E-11 -6.25 -8.830

379.15 1.94E8 6.57E-11 0.7327 1.3E-11 -6.29 -8.865

377.15 2.08E8 5.95E-11 0.7504 1.4E-11 -6.32 -8.894

376.15 2.24E8 5.85E-11 0.7449 1.3E-11 -6.35 -8.927

375.15 2.43E8 6.33E-11 0.7332 1.4E-11 -6.39 -8.961

373.15 2.64E8 5.99E-11 0.7342 1.3E-11 -6.43 -8.997

372.15 2.84E8 5.80E-11 0.7364 1.3E-11 -6.46 -9.029

371.15 3.11E8 6.38E-11 0.7226 1.4E-11 -6.50 -9.069

369.15 3.39E8 5.17E-11 0.7568 1.4E-11 -6.54 -9.107

368.15 3.71E8 6.31E-11 0.7203 1.5E-11 -6.58 -9.146

367.15 3.97E8 6.08E-11 0.7250 1.5E-11 -6.61 -9.176

365.15 4.32E8 5.65E-11 0.7299 1.4E-11 -6.65 -9.212

364.15 4.63E8 5.36E-11 0.7312 1.4E-11 -6.68 -9.242

362.15 5.32E8 5.12E-11 0.7312 1.4E-11 -6.74 -9.302

360.15 5.79E8 5.38E-11 0.7284 1.5E-11 -6.78 -9.339

359.15 6.21E8 5.22E-11 0.7284 1.5E-11 -6.81 -9.370

358.15 6.79E8 5.34E-11 0.7197 1.5E-11 -6.85 -9.408

357.15 7.44E8 5.04E-11 0.7326 1.5E-11 -6.89 -9.448

353.15 8.96E8 4.40E-11 0.7431 1.4E-11 -6.98 -9.529

348.15 1.29E9 4.53E-11 0.7164 1.5E-11 -7.15 -9.688

347.15 1.41E9 4.67E-11 0.7211 1.6E-11 -7.18 -9.725

346.15 1.47E9 4.06E-11 0.7396 1.5E-11 -7.20 -9.743

345.15 1.55E9 4.31E-11 0.7239 1.5E-11 -7.23 -9.766

343.15 1.84E9 3.74E-11 0.7415 1.5E-11 -7.31 -9.842

340.15 2.23E9 3.93E-11 0.7352 1.6E-11 -7.39 -9.925

339.15 2.54E9 4.05E-11 0.7208 1.7E-11 -7.45 -9.982

336.15 3.22E9 4.11E-11 0.7081 1.8E-11 -7.56 -10.084

334.15 3.71E9 3.79E-11 0.7117 1.7E-11 -7.62 -10.145

330.15 4.56E9 3.30E-11 0.7225 1.6E-11 -7.72 -10.236

329.15 5.45E9 3.55E-11 0.7037 1.8E-11 -7.80 -10.313

327.15 6.43E9 3.23E-11 0.7097 1.7E-11 -7.87 -10.385

322.15 8.97E9 2.72E-11 0.7276 1.6E-11 -8.02 -10.529

318.15 1.21E10 2.61E-11 0.7235 1.7E-11 -8.16 -10.658

316.15 1.43E10 2.70E-11 0.6990 1.8E-11 -8.23 -10.732

314.15 1.58E10 2.07E-11 0.7665 1.5E-11 -8.28 -10.775

313.15 1.68E10 2.13E-11 0.7449 1.5E-11 -8.31 -10.802

312.15 1.99E10 2.05E-11 0.7380 1.5E-11 -8.38 -10.876

311.15 1.97E10 2.18E-11 0.7371 1.6E-11 -8.38 -10.871

308.15 2.42E10 1.90E-11 0.7569 1.5E-11 -8.47 -10.961

307.15 2.54E10 1.55E-11 0.7615 1.2E-11 -8.49 -10.981

306.15 2.87E10 1.74E-11 0.7607 1.4E-11 -8.55 -11.034

304.15 3.27E10 1.60E-11 0.7570 1.3E-11 -8.61 -11.090

303.15 4.49E10 1.73E-11 0.7463 1.6E-11 -8.75 -11.229
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Ionic conductivity data for as-synthesized PLEPB polymer

Diameter: 0.6 cm Thickness: 0.08 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
381.15 1.33E5 3.19E-10 0.8095 3.0E-11 -3.09 -5.672

382.15 1.26E5 3.33E-10 0.8070 3.0E-11 -3.07 -5.650

382.15 1.24E5 3.48E-10 0.8042 3.0E-11 -3.06 -5.640

383.15 1.24E5 3.59E-10 0.8018 3.0E-11 -3.06 -5.642

383.15 1.28E5 3.67E-10 0.7999 3.0E-11 -3.07 -5.655

382.15 1.34E5 3.72E-10 0.7983 3.0E-11 -3.09 -5.675

382.15 1.42E5 3.78E-10 0.7963 3.1E-11 -3.12 -5.702

381.15 1.66E5 3.73E-10 0.7951 3.1E-11 -3.19 -5.769

380.15 1.81E5 3.70E-10 0.7944 3.1E-11 -3.23 -5.807

379.15 1.99E5 3.66E-10 0.7938 3.1E-11 -3.27 -5.848

378.15 2.20E5 3.64E-10 0.7927 3.1E-11 -3.31 -5.891

377.15 2.44E5 3.58E-10 0.7924 3.1E-11 -3.36 -5.935

376.15 2.70E5 3.53E-10 0.7920 3.1E-11 -3.41 -5.980

374.15 3.01E5 3.47E-10 0.7914 3.1E-11 -3.45 -6.027

373.15 3.36E5 3.41E-10 0.7910 3.1E-11 -3.50 -6.074

372.15 3.75E5 3.35E-10 0.7906 3.1E-11 -3.55 -6.122

371.15 4.20E5 3.28E-10 0.7903 3.1E-11 -3.60 -6.171

370.15 4.70E5 3.22E-10 0.7897 3.1E-11 -3.65 -6.221

369.15 5.28E5 3.15E-10 0.7895 3.1E-11 -3.70 -6.271

368.15 5.93E5 3.09E-10 0.7892 3.1E-11 -3.76 -6.321

367.15 6.67E5 3.02E-10 0.7890 3.1E-11 -3.81 -6.372

366.15 7.49E5 2.94E-10 0.7889 3.1E-11 -3.86 -6.423

365.15 8.43E5 2.88E-10 0.7885 3.1E-11 -3.91 -6.474

363.15 9.49E5 2.81E-10 0.7887 3.1E-11 -3.97 -6.525

362.15 1.07E6 2.73E-10 0.7888 3.1E-11 -4.02 -6.577

361.15 1.20E6 2.67E-10 0.7885 3.1E-11 -4.07 -6.629

360.15 1.35E6 2.60E-10 0.7889 3.1E-11 -4.12 -6.680

359.15 1.52E6 2.52E-10 0.7893 3.1E-11 -4.18 -6.731

358.15 1.72E6 2.45E-10 0.7895 3.1E-11 -4.23 -6.784

357.15 1.94E6 2.39E-10 0.7896 3.1E-11 -4.28 -6.836

356.15 2.18E6 2.32E-10 0.7901 3.1E-11 -4.34 -6.888

355.15 2.47E6 2.30E-10 0.7887 3.1E-11 -4.39 -6.941

354.15 2.79E6 2.21E-10 0.7902 3.1E-11 -4.44 -6.994

353.15 3.54E6 2.09E-10 0.7905 3.1E-11 -4.55 -7.098

352.15 4.00E6 2.06E-10 0.7893 3.1E-11 -4.60 -7.151

351.15 4.51E6 2.02E-10 0.7887 3.1E-11 -4.66 -7.202

350.15 5.07E6 1.96E-10 0.7892 3.1E-11 -4.71 -7.254

349.15 5.73E6 1.94E-10 0.7877 3.1E-11 -4.76 -7.307

348.15 6.47E6 1.90E-10 0.7868 3.1E-11 -4.82 -7.359

347.15 8.25E6 1.81E-10 0.7865 3.1E-11 -4.92 -7.465

346.15 9.30E6 1.77E-10 0.7859 3.1E-11 -4.98 -7.517

345.15 1.05E7 1.73E-10 0.7855 3.1E-11 -5.03 -7.570

344.15 1.33E7 1.63E-10 0.7861 3.1E-11 -5.14 -7.673

343.15 1.51E7 1.56E-10 0.7881 3.1E-11 -5.19 -7.727

342.15 1.70E7 1.52E-10 0.7881 3.1E-11 -5.24 -7.778

341.15 1.92E7 1.46E-10 0.7902 3.1E-11 -5.30 -7.831

340.15 2.16E7 1.45E-10 0.7880 3.1E-11 -5.35 -7.883

340.15 2.44E7 1.42E-10 0.7880 3.1E-11 -5.40 -7.935

339.15 2.74E7 1.38E-10 0.7880 3.1E-11 -5.46 -7.986

338.15 3.52E7 1.35E-10 0.7827 3.1E-11 -5.57 -8.095

337.15 3.96E7 1.28E-10 0.7866 3.1E-11 -5.62 -8.146

336.15 4.46E7 1.27E-10 0.7844 3.1E-11 -5.67 -8.198

335.15 5.68E7 1.18E-10 0.7879 3.1E-11 -5.78 -8.302

334.15 6.41E7 1.17E-10 0.7860 3.1E-11 -5.83 -8.355

333.15 8.20E7 1.11E-10 0.7859 3.1E-11 -5.94 -8.462

332.15 9.21E7 9.93E-11 0.7960 3.0E-11 -5.99 -8.513

331.15 1.16E8 1.01E-10 0.7901 3.1E-11 -6.09 -8.614

330.15 1.47E8 9.35E-11 0.7895 3.0E-11 -6.20 -8.715

329.15 1.82E8 8.84E-11 0.7937 3.0E-11 -6.29 -8.809

328.15 2.05E8 8.55E-11 0.7925 3.0E-11 -6.34 -8.861

327.15 2.55E8 8.35E-11 0.7899 3.0E-11 -6.44 -8.955

326.15 3.16E8 7.70E-11 0.8008 3.1E-11 -6.53 -9.048

325.15 3.91E8 7.28E-11 0.7967 2.9E-11 -6.63 -9.141

324.15 4.35E8 6.94E-11 0.8025 2.9E-11 -6.68 -9.187

323.15 5.34E8 6.58E-11 0.8068 3.0E-11 -6.77 -9.276

322.15 8.10E8 6.17E-11 0.8089 3.0E-11 -6.95 -9.457

321.15 9.76E8 6.17E-11 0.7962 3.0E-11 -7.03 -9.538

320.15 1.18E9 5.77E-11 0.8072 3.0E-11 -7.12 -9.621

319.15 1.44E9 5.86E-11 0.7901 3.0E-11 -7.20 -9.707

318.15 1.73E9 5.34E-11 0.8069 3.0E-11 -7.28 -9.785

317.15 2.37E9 4.40E-11 0.8380 2.8E-11 -7.42 -9.923

316.15 2.76E9 4.59E-11 0.8186 2.9E-11 -7.49 -9.990

315.15 3.35E9 3.54E-11 0.8599 2.5E-11 -7.57 -10.073

314.15 4.33E9 3.42E-11 0.8611 2.5E-11 -7.69 -10.185

313.15 6.05E9 3.69E-11 0.8527 2.8E-11 -7.83 -10.330
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312.15 8.03E9 3.05E-11 0.8532 2.4E-11 -7.96 -10.453

311.15 9.01E9 3.16E-11 0.8714 2.6E-11 -8.01 -10.503

311.15 1.08E10 3.31E-11 0.8452 2.7E-11 -8.09 -10.580

310.15 1.24E10 2.85E-11 0.8964 2.5E-11 -8.15 -10.642

309.15 1.44E10 2.48E-11 0.9384 2.3E-11 -8.22 -10.706

308.15 2.04E10 2.65E-11 0.8823 2.4E-11 -8.37 -10.858

307.15 2.59E10 2.58E-11 0.8631 2.4E-11 -8.47 -10.963

Ionic conductivity data for annealed PLEPB polymer

Diameter: 0.6 cm Thickness: 0:155 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
550.15 1.33E5 1.27E-10 0.7718 4.9E-12 -2.64 -5.384

550.15 1.43E5 1.38E-10 0.7658 5.0E-12 -2.68 -5.416

548.15 1.51E5 1.23E-10 0.7725 5.0E-12 -2.70 -5.439

548.15 1.40E5 1.14E-10 0.7778 4.9E-12 -2.67 -5.407

549.15 1.32E5 1.18E-10 0.7761 4.9E-12 -2.64 -5.382

550.15 1.32E5 1.26E-10 0.7720 4.9E-12 -2.64 -5.383

550.15 1.42E5 1.33E-10 0.7682 5.0E-12 -2.67 -5.413

548.15 1.58E5 1.40E-10 0.7640 5.1E-12 -2.72 -5.459

546.15 1.58E5 1.21E-10 0.7732 5.0E-12 -2.72 -5.458

546.15 1.53E5 1.20E-10 0.7740 4.9E-12 -2.71 -5.444

546.15 1.54E5 1.25E-10 0.7710 5.0E-12 -2.71 -5.450

545.15 1.67E5 1.35E-10 0.7659 5.1E-12 -2.75 -5.483

544.15 1.86E5 1.43E-10 0.7623 5.3E-12 -2.79 -5.530

541.15 2.08E5 1.37E-10 0.7640 5.4E-12 -2.85 -5.579

539.15 2.07E5 1.18E-10 0.7738 5.3E-12 -2.85 -5.577

537.15 2.31E5 1.29E-10 0.7683 5.6E-12 -2.89 -5.625

535.15 2.58E5 1.31E-10 0.7676 5.8E-12 -2.94 -5.673

533.15 2.73E5 1.19E-10 0.7721 5.7E-12 -2.97 -5.697

532.15 2.66E5 1.17E-10 0.7738 5.6E-12 -2.96 -5.686

532.15 2.65E5 1.13E-10 0.7762 5.6E-12 -2.96 -5.685

531.15 2.81E5 1.15E-10 0.7751 5.8E-12 -2.98 -5.709

530.15 3.06E5 1.12E-10 0.7784 6.0E-12 -3.02 -5.747

527.15 3.41E5 1.09E-10 0.7806 6.2E-12 -3.07 -5.794

525.15 3.62E5 1.03E-10 0.7831 6.1E-12 -3.10 -5.820

524.15 3.56E5 9.96E-11 0.7851 6.0E-12 -3.09 -5.812

524.15 3.54E5 9.16E-11 0.7917 6.0E-12 -3.09 -5.811

523.15 3.80E5 9.06E-11 0.7937 6.3E-12 -3.12 -5.840

521.15 4.16E5 8.74E-11 0.7976 6.5E-12 -3.16 -5.880

519.15 4.61E5 8.50E-11 0.8005 6.8E-12 -3.21 -5.924

517.15 4.78E5 8.92E-11 0.7950 6.7E-12 -3.23 -5.940

516.15 4.70E5 8.26E-11 0.8007 6.6E-12 -3.22 -5.933

516.15 4.80E5 7.86E-11 0.8048 6.7E-12 -3.23 -5.942

515.15 5.04E5 7.31E-11 0.8129 7.0E-12 -3.25 -5.964

513.15 5.36E5 6.12E-11 0.8305 7.4E-12 -3.28 -5.990

511.15 6.09E5 7.21E-11 0.8157 7.5E-12 -3.34 -6.046

509.15 6.07E5 7.07E-11 0.8163 7.3E-12 -3.34 -6.045

509.15 5.99E5 6.83E-11 0.8190 7.3E-12 -3.33 -6.039

509.15 6.11E5 6.37E-11 0.8251 7.4E-12 -3.34 -6.047

507.15 6.62E5 6.86E-11 0.8206 7.7E-12 -3.38 -6.082

506.15 7.21E5 6.61E-11 0.8259 8.1E-12 -3.41 -6.119

503.15 8.08E5 6.90E-11 0.8222 8.3E-12 -3.47 -6.169

501.15 8.56E5 6.95E-11 0.8189 8.1E-12 -3.49 -6.194

500.15 8.72E5 6.31E-11 0.8273 8.1E-12 -3.50 -6.202

499.15 9.25E5 6.44E-11 0.8280 8.5E-12 -3.53 -6.227

497.15 1.00E6 6.30E-11 0.8318 8.9E-12 -3.56 -6.261

495.15 1.11E6 6.67E-11 0.8264 9.0E-12 -3.61 -6.307

493.15 1.14E6 6.54E-11 0.8266 8.9E-12 -3.63 -6.320

492.15 1.16E6 6.33E-11 0.8292 8.9E-12 -3.64 -6.327

491.15 1.22E6 6.36E-11 0.8297 9.1E-12 -3.66 -6.348

490.15 1.32E6 6.35E-11 0.8311 9.4E-12 -3.69 -6.380

488.15 1.45E6 6.73E-11 0.8245 9.4E-12 -3.73 -6.422

487.15 1.47E6 6.41E-11 0.8286 9.4E-12 -3.74 -6.427

486.15 1.47E6 6.19E-11 0.8319 9.4E-12 -3.74 -6.430

485.15 1.54E6 6.24E-11 0.8315 9.6E-12 -3.76 -6.447

484.15 1.65E6 6.28E-11 0.8318 9.8E-12 -3.79 -6.478

481.15 1.95E6 6.81E-11 0.8214 9.8E-12 -3.87 -6.551

479.15 2.04E6 6.69E-11 0.8229 9.8E-12 -3.89 -6.570



244

478.15 2.19E6 6.78E-11 0.8221 1.0E-11 -3.92 -6.601

474.15 2.69E6 7.11E-11 0.8137 1.0E-11 -4.01 -6.691

472.15 2.80E6 7.01E-11 0.8140 1.0E-11 -4.03 -6.708

471.15 2.94E6 6.90E-11 0.8154 1.0E-11 -4.06 -6.729

468.15 3.45E6 7.33E-11 0.8056 9.9E-12 -4.13 -6.798

466.15 3.56E6 7.13E-11 0.8075 9.9E-12 -4.14 -6.812

465.15 3.73E6 7.01E-11 0.8086 1.0E-11 -4.17 -6.833

464.15 3.98E6 6.91E-11 0.8095 1.0E-11 -4.19 -6.861

462.15 4.42E6 7.34E-11 0.8007 1.0E-11 -4.24 -6.907

461.15 4.61E6 7.35E-11 0.7991 9.9E-12 -4.26 -6.925

460.15 4.79E6 7.21E-11 0.8004 9.9E-12 -4.28 -6.941

459.15 5.18E6 7.83E-11 0.7918 1.0E-11 -4.31 -6.975

457.15 5.80E6 8.11E-11 0.7852 1.0E-11 -4.36 -7.025

455.15 6.06E6 7.67E-11 0.7893 9.9E-12 -4.39 -7.044

454.15 6.34E6 7.54E-11 0.7893 9.8E-12 -4.41 -7.063

453.15 6.80E6 8.07E-11 0.7817 9.9E-12 -4.44 -7.093

451.15 7.32E6 8.32E-11 0.7784 1.0E-11 -4.47 -7.126

450.15 8.10E6 8.36E-11 0.7739 9.9E-12 -4.52 -7.170

448.15 8.45E6 8.24E-11 0.7740 9.9E-12 -4.54 -7.188

447.15 8.77E6 8.13E-11 0.7747 9.9E-12 -4.55 -7.204

446.15 9.35E6 8.11E-11 0.7736 9.9E-12 -4.58 -7.232

445.15 1.03E7 7.80E-11 0.7738 9.7E-12 -4.62 -7.273

443.15 1.12E7 7.88E-11 0.7706 9.7E-12 -4.66 -7.311

441.15 1.19E7 7.60E-11 0.7727 9.7E-12 -4.69 -7.335

440.15 1.25E7 7.86E-11 0.7681 9.7E-12 -4.72 -7.359

439.15 1.35E7 7.88E-11 0.7667 9.8E-12 -4.75 -7.392

437.15 1.46E7 7.53E-11 0.7684 9.7E-12 -4.78 -7.426

436.15 1.50E7 7.97E-11 0.7611 9.6E-12 -4.80 -7.437

436.15 1.48E7 7.70E-11 0.7654 9.7E-12 -4.79 -7.432

435.15 1.53E7 7.46E-11 0.7675 9.6E-12 -4.81 -7.447

434.15 1.68E7 7.77E-11 0.7594 9.5E-12 -4.85 -7.487

433.15 1.82E7 7.88E-11 0.7573 9.7E-12 -4.88 -7.521

432.15 2.04E7 7.66E-11 0.7559 9.5E-12 -4.93 -7.570

428.15 2.36E7 6.82E-11 0.7654 9.5E-12 -5.00 -7.634

426.15 2.54E7 7.21E-11 0.7561 9.4E-12 -5.04 -7.666

425.15 2.68E7 7.33E-11 0.7539 9.6E-12 -5.06 -7.689

424.15 2.95E7 7.12E-11 0.7523 9.3E-12 -5.10 -7.731

422.15 3.25E7 6.94E-11 0.7528 9.4E-12 -5.15 -7.773

418.15 3.93E7 6.21E-11 0.7598 9.3E-12 -5.23 -7.855

416.15 4.12E7 6.05E-11 0.7619 9.3E-12 -5.26 -7.876

415.15 4.55E7 6.18E-11 0.7541 9.1E-12 -5.30 -7.919

414.15 4.95E7 6.23E-11 0.7501 9.1E-12 -5.34 -7.956

412.15 5.25E7 6.31E-11 0.7491 9.3E-12 -5.37 -7.982

408.15 6.46E7 5.79E-11 0.7511 9.1E-12 -5.46 -8.071

407.15 6.79E7 5.64E-11 0.7543 9.2E-12 -5.48 -8.093

405.15 7.22E7 5.03E-11 0.7645 8.9E-12 -5.51 -8.120

404.15 7.79E7 4.72E-11 0.7710 8.9E-12 -5.55 -8.153

402.15 9.43E7 6.30E-11 0.7292 9.4E-12 -5.63 -8.235

401.15 9.91E7 6.52E-11 0.7245 9.6E-12 -5.65 -8.257

399.15 1.20E8 6.04E-11 0.7216 9.0E-12 -5.74 -8.339

397.15 1.26E8 6.13E-11 0.7215 9.4E-12 -5.76 -8.362

395.15 1.31E8 5.55E-11 0.7268 8.7E-12 -5.78 -8.377

394.15 1.41E8 5.57E-11 0.7260 8.9E-12 -5.81 -8.409

392.15 1.43E8 3.18E-11 0.8022 8.4E-12 -5.82 -8.416

390.15 1.62E8 3.37E-11 0.7817 7.9E-12 -5.88 -8.470

389.15 2.09E8 6.42E-11 0.6917 9.4E-12 -5.99 -8.581

387.15 2.05E8 5.81E-11 0.7027 8.9E-12 -5.99 -8.573

385.15 2.27E8 5.51E-11 0.7096 9.2E-12 -6.03 -8.617

384.15 2.15E8 2.66E-11 0.8120 8.1E-12 -6.01 -8.594

383.15 2.67E8 4.88E-11 0.7114 8.4E-12 -6.10 -8.687

381.15 3.08E8 5.70E-11 0.6857 8.9E-12 -6.17 -8.749

380.15 3.33E8 5.52E-11 0.6950 9.6E-12 -6.20 -8.783

378.15 3.65E8 5.15E-11 0.6910 8.7E-12 -6.25 -8.824

377.15 4.05E8 5.59E-11 0.6771 9.2E-12 -6.29 -8.869

375.15 4.15E8 4.29E-11 0.7124 8.4E-12 -6.30 -8.879

374.15 4.92E8 4.82E-11 0.6851 8.6E-12 -6.38 -8.953

372.15 5.18E8 4.48E-11 0.6929 8.5E-12 -6.40 -8.975

371.15 5.92E8 4.41E-11 0.6912 8.7E-12 -6.46 -9.034

369.15 6.44E8 4.61E-11 0.6838 9.1E-12 -6.50 -9.070

368.15 6.46E8 3.88E-11 0.7273 9.7E-12 -6.51 -9.071

366.15 6.27E8 2.76E-11 0.7970 9.8E-12 -6.49 -9.058

365.15 9.88E8 5.79E-11 0.6365 1.1E-11 -6.69 -9.256

363.15 1.05E9 5.54E-11 0.6359 1.1E-11 -6.72 -9.281

359.15 1.35E9 4.87E-11 0.6322 1.0E-11 -6.84 -9.392

358.15 1.41E9 3.70E-11 0.6890 9.8E-12 -6.86 -9.412

355.15 1.73E9 4.58E-11 0.6261 1.0E-11 -6.95 -9.498

354.15 1.82E9 3.33E-11 0.6824 9.0E-12 -6.97 -9.520

353.15 1.98E9 3.17E-11 0.7139 1.0E-11 -7.01 -9.557

352.15 2.02E9 2.79E-11 0.7058 8.4E-12 -7.02 -9.566

351.15 2.19E9 3.36E-11 0.6819 1.0E-11 -7.06 -9.602

350.15 2.59E9 2.91E-11 0.7031 9.8E-12 -7.13 -9.674

348.15 2.86E9 3.41E-11 0.6518 9.8E-12 -7.18 -9.718

347.15 2.92E9 2.76E-11 0.7055 9.7E-12 -7.19 -9.726

346.15 3.29E9 2.40E-11 0.7277 9.3E-12 -7.24 -9.779

344.15 3.35E9 2.38E-11 0.7361 9.6E-12 -7.25 -9.786

343.15 3.39E9 1.97E-11 0.7506 8.0E-12 -7.26 -9.791

341.15 4.74E9 3.25E-11 0.6116 9.9E-12 -7.40 -9.937
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340.15 4.22E9 1.64E-11 0.7759 7.6E-12 -7.35 -9.886

339.15 4.51E9 2.03E-11 0.7308 8.4E-12 -7.39 -9.915

338.15 4.76E9 2.05E-11 0.7337 8.8E-12 -7.41 -9.938

334.15 7.45E9 2.26E-11 0.6704 9.4E-12 -7.61 -10.133

331.15 7.80E9 1.76E-11 0.7462 8.9E-12 -7.63 -10.153

331.15 1.10E10 2.07E-11 0.7099 1.1E-11 -7.78 -10.304

329.15 9.58E9 1.42E-11 0.7607 7.6E-12 -7.73 -10.243

328.15 9.84E9 1.84E-11 0.7000 8.8E-12 -7.74 -10.254

326.15 1.54E10 1.90E-11 0.7090 1.2E-11 -7.94 -10.449

325.15 1.27E10 1.68E-11 0.7245 9.3E-12 -7.85 -10.364

319.15 2.61E10 1.61E-11 0.7200 1.2E-11 -8.17 -10.677

318.15 2.74E10 1.67E-11 0.6540 1.1E-11 -8.20 -10.698

317.15 2.39E10 1.17E-11 0.8475 9.3E-12 -8.14 -10.639

315.15 2.80E10 1.15E-11 0.7252 7.5E-12 -8.21 -10.709

314.15 3.21E10 1.56E-11 0.7150 1.2E-11 -8.27 -10.767

313.15 4.87E10 1.85E-11 0.6694 1.8E-11 -8.45 -10.949

313.15 5.54E10 1.45E-11 0.6522 1.3E-11 -8.51 -11.005

312.15 2.95E10 1.19E-11 0.7585 8.6E-12 -8.24 -10.731

312.15 3.20E10 8.57E-12 0.8603 6.9E-12 -8.27 -10.767

310.15 3.36E10 9.20E-12 0.8697 7.7E-12 -8.30 -10.788

309.15 4.40E10 8.25E-12 0.7652 6.0E-12 -8.41 -10.904

308.15 3.11E10 5.09E-12 0.9634 4.7E-12 -8.27 -10.754

307.15 3.75E10 8.45E-12 0.8564 7.0E-12 -8.35 -10.835

Ionic conductivity data for as-synthesized PLEMB polymer

Diameter: 0.6 cm Thickness: 0.15 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
423.15 1.32E7 1.08E-10 0.7026 6.8E-12 -4.77 -7.397

423.15 1.40E7 1.09E-10 0.6996 6.7E-12 -4.79 -7.421

422.15 1.54E7 9.53E-11 0.7067 6.4E-12 -4.84 -7.462

422.15 1.44E7 9.22E-11 0.7107 6.2E-12 -4.81 -7.435

422.15 1.37E7 9.55E-11 0.7081 6.2E-12 -4.79 -7.413

423.15 1.35E7 9.64E-11 0.7070 6.1E-12 -4.78 -7.406

423.15 1.37E7 9.50E-11 0.7069 6.1E-12 -4.79 -7.414

423.15 1.44E7 9.31E-11 0.7065 6.0E-12 -4.81 -7.435

423.15 1.57E7 9.22E-11 0.7041 5.9E-12 -4.84 -7.470

422.15 1.72E7 8.51E-11 0.7085 5.8E-12 -4.88 -7.510

421.15 1.95E7 8.34E-11 0.7065 5.8E-12 -4.94 -7.565

420.15 2.21E7 8.16E-11 0.7042 5.7E-12 -5.00 -7.620

419.15 2.48E7 7.64E-11 0.7069 5.7E-12 -5.05 -7.669

417.15 2.82E7 6.73E-11 0.7144 5.5E-12 -5.11 -7.726

416.15 3.29E7 7.03E-11 0.7055 5.6E-12 -5.17 -7.792

414.15 3.71E7 6.09E-11 0.7158 5.4E-12 -5.23 -7.844

413.15 4.34E7 6.05E-11 0.7116 5.4E-12 -5.30 -7.913

411.15 5.00E7 5.61E-11 0.7143 5.3E-12 -5.36 -7.975

409.15 5.88E7 5.29E-11 0.7151 5.3E-12 -5.43 -8.044

408.15 6.81E7 5.33E-11 0.7099 5.4E-12 -5.50 -8.108

406.15 8.07E7 5.13E-11 0.7075 5.3E-12 -5.57 -8.182

404.15 9.19E7 4.81E-11 0.7101 5.3E-12 -5.63 -8.239

403.15 1.09E8 4.81E-11 0.7068 5.5E-12 -5.71 -8.312

401.15 1.26E8 4.30E-11 0.7134 5.3E-12 -5.77 -8.377

398.15 1.71E8 4.30E-11 0.7047 5.5E-12 -5.91 -8.509

397.15 1.95E8 4.01E-11 0.7030 5.2E-12 -5.97 -8.565

394.15 2.71E8 4.10E-11 0.6934 5.6E-12 -6.11 -8.708

392.15 3.06E8 3.15E-11 0.7160 5.0E-12 -6.17 -8.761

391.15 3.53E8 3.21E-11 0.7046 4.9E-12 -6.23 -8.823

390.15 4.07E8 2.65E-11 0.7218 4.6E-12 -6.29 -8.885

386.15 6.29E8 2.78E-11 0.7085 5.3E-12 -6.49 -9.074

383.15 8.22E8 2.48E-11 0.7053 4.9E-12 -6.61 -9.190

382.15 9.58E8 2.47E-11 0.7102 5.3E-12 -6.67 -9.257

380.15 1.07E9 1.91E-11 0.7295 4.5E-12 -6.73 -9.305

379.15 1.27E9 2.40E-11 0.7007 5.4E-12 -6.80 -9.380

378.15 1.48E9 2.40E-11 0.6769 4.9E-12 -6.87 -9.446

377.15 1.65E9 1.64E-11 0.7141 3.9E-12 -6.92 -9.492

376.15 1.82E9 1.26E-11 0.7981 4.9E-12 -6.96 -9.535

374.15 2.10E9 1.59E-11 0.7311 4.6E-12 -7.03 -9.598

367.15 5.37E9 1.16E-11 0.7480 4.6E-12 -7.44 -10.005

356.15 2.34E10 6.98E-12 0.7868 4.3E-12 -8.09 -10.644

347.15 6.31E10 4.70E-12 0.8419 3.7E-12 -8.53 -11.075

343.15 1.56E11 4.15E-12 0.7711 3.6E-12 -8.93 -11.469
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Ionic conductivity data for annealed PLEMB polymer

Diameter: 0.6 cm Thickness: 0.03 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
627.15 2.98E3 6.10E-12 0.9998 6.1E-12 -1.65 -4.449

626.15 3.17E3 7.37E-12 0.9888 6.0E-12 -1.68 -4.475

625.15 2.99E3 4.74E-12 1.0142 6.1E-12 -1.65 -4.450

626.15 3.02E3 6.53E-12 0.9958 6.1E-12 -1.66 -4.455

625.15 3.21E3 7.86E-12 0.9851 6.0E-12 -1.69 -4.481

623.15 3.30E3 6.45E-12 0.9963 6.0E-12 -1.70 -4.493

624.15 3.10E3 5.40E-12 1.0066 6.1E-12 -1.67 -4.465

626.15 2.98E3 5.82E-12 1.0024 6.1E-12 -1.65 -4.449

626.15 3.02E3 6.73E-12 0.9940 6.1E-12 -1.66 -4.454

625.15 3.18E3 7.90E-12 0.9848 6.0E-12 -1.68 -4.477

624.15 3.20E3 6.17E-12 0.9989 6.1E-12 -1.68 -4.480

625.15 3.07E3 5.94E-12 1.0012 6.1E-12 -1.66 -4.461

626.15 3.04E3 6.66E-12 0.9946 6.1E-12 -1.66 -4.457

625.15 3.16E3 7.75E-12 0.9858 6.0E-12 -1.68 -4.473

623.15 3.37E3 8.93E-12 0.9776 6.0E-12 -1.71 -4.501

621.15 3.58E3 9.07E-12 0.9764 6.0E-12 -1.73 -4.528

620.15 3.50E3 7.63E-12 0.9863 6.0E-12 -1.73 -4.519

621.15 3.48E3 8.63E-12 0.9793 6.0E-12 -1.72 -4.515

619.15 3.68E3 1.02E-11 0.9695 6.0E-12 -1.75 -4.540

617.15 3.95E3 1.20E-11 0.9602 5.9E-12 -1.78 -4.571

615.15 4.13E3 1.07E-11 0.9666 5.9E-12 -1.80 -4.591

613.15 4.41E3 1.51E-11 0.9466 5.9E-12 -1.83 -4.619

611.15 4.83E3 1.93E-11 0.9325 6.0E-12 -1.87 -4.659

609.15 4.80E3 1.45E-11 0.9488 6.0E-12 -1.87 -4.656

608.15 4.99E3 1.80E-11 0.9362 6.0E-12 -1.89 -4.672

607.15 5.42E3 2.29E-11 0.9223 6.0E-12 -1.92 -4.708

604.15 5.94E3 2.37E-11 0.9200 6.0E-12 -1.97 -4.748

603.15 6.03E3 1.71E-11 0.9388 6.0E-12 -1.97 -4.755

602.15 6.58E3 5.39E-11 0.8722 6.1E-12 -2.01 -4.793

600.15 7.06E3 5.46E-11 0.8709 6.1E-12 -2.04 -4.823

598.15 7.69E3 5.99E-11 0.8649 6.1E-12 -2.08 -4.860

596.15 7.77E3 4.36E-11 0.8830 6.1E-12 -2.09 -4.865

595.15 8.05E3 5.67E-11 0.8675 6.1E-12 -2.11 -4.880

593.15 8.67E3 6.37E-11 0.8601 6.1E-12 -2.14 -4.912

590.15 9.36E3 6.29E-11 0.8603 6.1E-12 -2.17 -4.946

589.15 9.49E3 6.17E-11 0.8613 6.1E-12 -2.18 -4.951

588.15 9.96E3 6.80E-11 0.8552 6.1E-12 -2.20 -4.973

586.15 1.07E4 7.80E-11 0.8466 6.2E-12 -2.24 -5.004

583.15 1.11E4 7.36E-11 0.8497 6.2E-12 -2.26 -5.021

582.15 1.17E4 8.13E-11 0.8434 6.2E-12 -2.28 -5.044

580.15 1.26E4 8.72E-11 0.8387 6.2E-12 -2.31 -5.073

577.15 1.35E4 8.57E-11 0.8390 6.2E-12 -2.34 -5.103

576.15 1.35E4 8.06E-11 0.8426 6.2E-12 -2.34 -5.103

575.15 1.41E4 8.83E-11 0.8368 6.2E-12 -2.36 -5.122

573.15 1.51E4 9.38E-11 0.8326 6.2E-12 -2.39 -5.152

570.15 1.64E4 8.85E-11 0.8351 6.2E-12 -2.43 -5.188

569.15 1.63E4 7.71E-11 0.8434 6.2E-12 -2.43 -5.186

568.15 1.70E4 9.16E-11 0.8328 6.2E-12 -2.45 -5.204

566.15 1.79E4 9.56E-11 0.8297 6.3E-12 -2.48 -5.228

564.15 1.93E4 1.03E-10 0.8247 6.3E-12 -2.51 -5.259

562.15 2.00E4 8.67E-11 0.8344 6.2E-12 -2.53 -5.276

561.15 2.02E4 9.22E-11 0.8306 6.3E-12 -2.53 -5.279

560.15 2.10E4 9.66E-11 0.8274 6.3E-12 -2.55 -5.296

558.15 2.23E4 9.98E-11 0.8249 6.3E-12 -2.58 -5.322

556.15 2.39E4 1.02E-10 0.8227 6.3E-12 -2.61 -5.353

554.15 2.45E4 8.53E-11 0.8333 6.2E-12 -2.62 -5.363

553.15 2.51E4 9.43E-11 0.8270 6.3E-12 -2.63 -5.373

552.15 2.61E4 9.70E-11 0.8249 6.3E-12 -2.65 -5.392

550.15 2.77E4 9.96E-11 0.8227 6.3E-12 -2.68 -5.416

548.15 2.95E4 1.00E-10 0.8216 6.3E-12 -2.70 -5.444

546.15 3.00E4 9.14E-11 0.8271 6.3E-12 -2.71 -5.451

545.15 3.09E4 9.45E-11 0.8248 6.3E-12 -2.73 -5.464

544.15 3.24E4 9.82E-11 0.8220 6.3E-12 -2.75 -5.484

542.15 3.44E4 1.01E-10 0.8197 6.4E-12 -2.78 -5.511

540.15 3.69E4 9.15E-11 0.8250 6.3E-12 -2.81 -5.541

539.15 3.66E4 9.17E-11 0.8249 6.3E-12 -2.81 -5.537

538.15 3.76E4 9.46E-11 0.8228 6.3E-12 -2.82 -5.549

537.15 3.92E4 9.66E-11 0.8210 6.4E-12 -2.84 -5.568

536.15 4.17E4 9.83E-11 0.8193 6.4E-12 -2.86 -5.594

534.15 4.44E4 9.59E-11 0.8202 6.4E-12 -2.89 -5.621

531.15 4.67E4 9.00E-11 0.8236 6.4E-12 -2.92 -5.644

530.15 4.72E4 8.95E-11 0.8238 6.4E-12 -2.92 -5.648

529.15 4.83E4 9.13E-11 0.8224 6.4E-12 -2.93 -5.658

528.15 5.04E4 9.32E-11 0.8207 6.4E-12 -2.95 -5.677

527.15 5.38E4 9.50E-11 0.8188 6.4E-12 -2.98 -5.705
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525.15 5.73E4 9.24E-11 0.8198 6.4E-12 -3.01 -5.733

523.15 5.86E4 8.40E-11 0.8256 6.4E-12 -3.02 -5.742

522.15 5.90E4 8.58E-11 0.8242 6.4E-12 -3.03 -5.745

521.15 6.08E4 8.76E-11 0.8226 6.4E-12 -3.04 -5.758

520.15 6.35E4 8.79E-11 0.8219 6.4E-12 -3.06 -5.777

519.15 6.73E4 8.81E-11 0.8212 6.4E-12 -3.09 -5.802

517.15 7.21E4 9.25E-11 0.8174 6.5E-12 -3.12 -5.832

515.15 7.41E4 8.05E-11 0.8260 6.4E-12 -3.13 -5.844

514.15 7.41E4 8.01E-11 0.8264 6.4E-12 -3.13 -5.844

513.15 7.67E4 8.27E-11 0.8239 6.4E-12 -3.15 -5.859

512.15 8.01E4 8.25E-11 0.8236 6.4E-12 -3.17 -5.878

511.15 8.47E4 8.18E-11 0.8236 6.4E-12 -3.19 -5.902

509.15 8.97E4 7.78E-11 0.8263 6.4E-12 -3.22 -5.927

507.15 9.44E4 7.56E-11 0.8276 6.4E-12 -3.24 -5.949

506.15 9.63E4 7.56E-11 0.8274 6.4E-12 -3.25 -5.958

505.15 9.97E4 7.62E-11 0.8266 6.4E-12 -3.27 -5.973

504.15 1.05E5 7.60E-11 0.8263 6.4E-12 -3.29 -5.994

502.15 1.11E5 7.50E-11 0.8266 6.4E-12 -3.32 -6.020

500.15 1.19E5 7.77E-11 0.8236 6.5E-12 -3.35 -6.050

498.15 1.25E5 6.98E-11 0.8301 6.4E-12 -3.37 -6.071

497.15 1.26E5 6.82E-11 0.8316 6.4E-12 -3.38 -6.074

496.15 1.27E5 6.87E-11 0.8311 6.4E-12 -3.38 -6.078

496.15 1.30E5 6.92E-11 0.8304 6.4E-12 -3.39 -6.088

495.15 1.35E5 6.94E-11 0.8298 6.5E-12 -3.41 -6.105

494.15 1.42E5 6.85E-11 0.8302 6.5E-12 -3.43 -6.127

492.15 1.51E5 6.76E-11 0.8306 6.5E-12 -3.46 -6.152

490.15 1.61E5 6.61E-11 0.8313 6.5E-12 -3.49 -6.180

488.15 1.66E5 6.39E-11 0.8332 6.5E-12 -3.51 -6.195

487.15 1.72E5 6.35E-11 0.8334 6.5E-12 -3.52 -6.210

486.15 1.78E5 6.34E-11 0.8332 6.5E-12 -3.54 -6.225

485.15 1.87E5 6.37E-11 0.8325 6.5E-12 -3.56 -6.247

483.15 1.97E5 6.04E-11 0.8356 6.5E-12 -3.58 -6.269

482.15 2.08E5 6.06E-11 0.8348 6.5E-12 -3.61 -6.293

480.15 2.15E5 5.98E-11 0.8354 6.5E-12 -3.63 -6.307

479.15 2.21E5 5.99E-11 0.8350 6.5E-12 -3.64 -6.319

478.15 2.31E5 5.95E-11 0.8351 6.5E-12 -3.66 -6.337

477.15 2.43E5 5.89E-11 0.8353 6.5E-12 -3.68 -6.359

475.15 2.57E5 5.83E-11 0.8355 6.5E-12 -3.71 -6.385

474.15 2.73E5 5.72E-11 0.8363 6.5E-12 -3.74 -6.411

472.15 2.82E5 5.62E-11 0.8371 6.5E-12 -3.75 -6.424

471.15 2.89E5 5.60E-11 0.8371 6.6E-12 -3.76 -6.435

470.15 2.99E5 5.58E-11 0.8371 6.6E-12 -3.78 -6.449

469.15 3.12E5 5.55E-11 0.8370 6.6E-12 -3.80 -6.469

468.15 3.29E5 5.51E-11 0.8371 6.6E-12 -3.82 -6.491

466.15 3.49E5 5.45E-11 0.8373 6.6E-12 -3.85 -6.516

465.15 3.59E5 5.37E-11 0.8380 6.6E-12 -3.86 -6.530

464.15 3.68E5 5.34E-11 0.8382 6.6E-12 -3.87 -6.540

463.15 3.79E5 5.33E-11 0.8381 6.6E-12 -3.89 -6.553

462.15 3.98E5 5.29E-11 0.8383 6.6E-12 -3.91 -6.574

461.15 4.22E5 5.19E-11 0.8391 6.6E-12 -3.94 -6.599

459.15 4.59E5 5.13E-11 0.8390 6.6E-12 -3.97 -6.636

457.15 4.79E5 5.09E-11 0.8392 6.6E-12 -3.99 -6.655

455.15 5.00E5 5.06E-11 0.8392 6.7E-12 -4.02 -6.673

454.15 5.22E5 5.00E-11 0.8396 6.7E-12 -4.03 -6.692

453.15 5.50E5 4.96E-11 0.8396 6.7E-12 -4.06 -6.715

451.15 5.82E5 4.88E-11 0.8403 6.7E-12 -4.09 -6.739

450.15 6.12E5 4.83E-11 0.8405 6.7E-12 -4.11 -6.761

449.15 6.36E5 4.78E-11 0.8410 6.7E-12 -4.13 -6.778

448.15 6.64E5 4.73E-11 0.8412 6.7E-12 -4.15 -6.797

446.15 6.99E5 4.69E-11 0.8414 6.7E-12 -4.17 -6.819

445.15 7.37E5 4.63E-11 0.8418 6.7E-12 -4.19 -6.842

444.15 7.68E5 4.58E-11 0.8421 6.7E-12 -4.21 -6.859

442.15 8.01E5 4.52E-11 0.8428 6.7E-12 -4.23 -6.878

440.15 8.64E5 2.82E-11 0.8779 6.4E-12 -4.27 -6.911

438.15 9.04E5 2.86E-11 0.8766 6.5E-12 -4.29 -6.930

437.15 9.51E5 2.91E-11 0.8747 6.5E-12 -4.31 -6.952

436.15 9.84E5 2.99E-11 0.8723 6.5E-12 -4.33 -6.967

435.15 1.03E6 3.23E-11 0.8660 6.5E-12 -4.35 -6.986

434.15 1.07E6 3.33E-11 0.8633 6.6E-12 -4.37 -7.003

433.15 1.12E6 3.52E-11 0.8582 6.6E-12 -4.39 -7.025

432.15 1.19E6 3.70E-11 0.8538 6.6E-12 -4.41 -7.050

431.15 1.28E6 4.08E-11 0.8451 6.7E-12 -4.45 -7.081

430.15 1.37E6 4.04E-11 0.8451 6.7E-12 -4.48 -7.109

428.15 1.46E6 4.55E-11 0.8349 6.8E-12 -4.51 -7.139

427.15 1.51E6 4.47E-11 0.8358 6.8E-12 -4.52 -7.154

426.15 1.58E6 4.67E-11 0.8317 6.8E-12 -4.54 -7.174

425.15 1.68E6 5.19E-11 0.8223 6.9E-12 -4.57 -7.200

424.15 1.78E6 5.33E-11 0.8193 6.9E-12 -4.60 -7.226

422.15 1.90E6 5.64E-11 0.8137 7.0E-12 -4.63 -7.254

421.15 2.05E6 6.34E-11 0.8031 7.1E-12 -4.66 -7.287

419.15 2.09E6 3.89E-11 0.8432 6.7E-12 -4.67 -7.294

418.15 2.33E6 6.20E-11 0.8028 7.1E-12 -4.72 -7.342

416.15 2.47E6 6.67E-11 0.7959 7.1E-12 -4.75 -7.367

415.15 2.60E6 6.87E-11 0.7926 7.2E-12 -4.77 -7.390

414.15 2.78E6 7.60E-11 0.7831 7.3E-12 -4.80 -7.418

413.15 2.95E6 7.58E-11 0.7823 7.3E-12 -4.83 -7.444

411.15 3.14E6 7.51E-11 0.7822 7.3E-12 -4.86 -7.471
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410.15 3.38E6 7.99E-11 0.7756 7.4E-12 -4.89 -7.503

408.15 3.52E6 5.94E-11 0.8002 7.2E-12 -4.91 -7.521

407.15 3.87E6 7.91E-11 0.7742 7.5E-12 -4.95 -7.562

405.15 4.10E6 7.89E-11 0.7735 7.5E-12 -4.98 -7.587

404.15 4.36E6 8.36E-11 0.7674 7.6E-12 -5.01 -7.614

403.15 4.61E6 8.19E-11 0.7682 7.6E-12 -5.03 -7.638

401.15 4.90E6 8.13E-11 0.7677 7.6E-12 -5.06 -7.665

400.15 5.23E6 8.19E-11 0.7658 7.6E-12 -5.09 -7.693

399.15 5.59E6 8.24E-11 0.7640 7.7E-12 -5.12 -7.721

397.15 5.95E6 8.19E-11 0.7633 7.7E-12 -5.15 -7.749

396.15 6.36E6 8.25E-11 0.7614 7.7E-12 -5.18 -7.778

394.15 6.79E6 8.40E-11 0.7584 7.8E-12 -5.21 -7.806

393.15 7.23E6 8.02E-11 0.7613 7.7E-12 -5.24 -7.834

392.15 7.78E6 8.19E-11 0.7577 7.8E-12 -5.27 -7.865

390.15 8.43E6 7.91E-11 0.7591 7.8E-12 -5.31 -7.900

388.15 9.19E6 7.84E-11 0.7580 7.8E-12 -5.35 -7.938

387.15 9.72E6 7.48E-11 0.7611 7.7E-12 -5.37 -7.962

385.15 1.03E7 7.23E-11 0.7628 7.7E-12 -5.40 -7.987

384.15 1.10E7 7.32E-11 0.7600 7.7E-12 -5.43 -8.016

384.15 1.10E7 7.32E-11 0.7600 7.7E-12 -5.43 -8.016

383.15 1.17E7 6.94E-11 0.7637 7.7E-12 -5.46 -8.041

382.15 1.23E7 6.67E-11 0.7662 7.6E-12 -5.48 -8.065

380.15 1.30E7 6.40E-11 0.7687 7.6E-12 -5.51 -8.089

379.15 1.38E7 6.27E-11 0.7691 7.5E-12 -5.54 -8.114

378.15 1.47E7 6.32E-11 0.7668 7.6E-12 -5.56 -8.141

377.15 1.55E7 5.79E-11 0.7741 7.5E-12 -5.59 -8.164

376.15 1.65E7 6.10E-11 0.7678 7.6E-12 -5.62 -8.191

375.15 1.75E7 5.92E-11 0.7692 7.5E-12 -5.64 -8.217

373.15 1.85E7 5.67E-11 0.7720 7.5E-12 -5.67 -8.241

372.15 1.98E7 5.64E-11 0.7706 7.4E-12 -5.70 -8.271

370.15 2.19E7 5.29E-11 0.7755 7.5E-12 -5.75 -8.315

369.15 2.30E7 5.13E-11 0.7768 7.4E-12 -5.77 -8.336

368.15 2.40E7 4.71E-11 0.7848 7.3E-12 -5.79 -8.354

367.15 2.57E7 5.11E-11 0.7753 7.5E-12 -5.82 -8.384

366.15 2.66E7 4.64E-11 0.7842 7.3E-12 -5.84 -8.399

365.15 2.79E7 4.40E-11 0.7891 7.3E-12 -5.86 -8.420

364.15 2.92E7 4.30E-11 0.7905 7.3E-12 -5.88 -8.440

363.15 3.07E7 4.20E-11 0.7919 7.3E-12 -5.90 -8.461

362.15 3.23E7 4.13E-11 0.7931 7.3E-12 -5.92 -8.483

361.15 3.37E7 3.82E-11 0.7995 7.2E-12 -5.94 -8.502

360.15 3.58E7 3.69E-11 0.8025 7.2E-12 -5.97 -8.528

359.15 3.72E7 3.65E-11 0.8025 7.2E-12 -5.99 -8.545

358.15 3.88E7 3.60E-11 0.8042 7.3E-12 -6.01 -8.563

357.15 4.12E7 3.50E-11 0.8047 7.2E-12 -6.04 -8.589

356.15 4.39E7 3.52E-11 0.8029 7.2E-12 -6.06 -8.616

355.15 4.58E7 3.55E-11 0.8025 7.3E-12 -6.08 -8.635

355.15 4.80E7 3.46E-11 0.8041 7.3E-12 -6.10 -8.655

354.15 4.98E7 3.12E-11 0.8141 7.1E-12 -6.12 -8.671

353.15 5.14E7 3.00E-11 0.8184 7.1E-12 -6.14 -8.685

352.15 5.66E7 3.06E-11 0.8144 7.2E-12 -6.18 -8.727

351.15 6.00E7 3.18E-11 0.8099 7.3E-12 -6.21 -8.752

350.15 6.17E7 3.28E-11 0.8057 7.4E-12 -6.22 -8.765

349.15 6.78E7 2.87E-11 0.8200 7.3E-12 -6.26 -8.806

348.15 6.97E7 2.57E-11 0.8296 7.0E-12 -6.28 -8.817

347.15 7.26E7 2.77E-11 0.8210 7.2E-12 -6.29 -8.835

346.15 7.61E7 2.79E-11 0.8198 7.2E-12 -6.32 -8.856

345.15 7.99E7 2.67E-11 0.8259 7.3E-12 -6.34 -8.877

345.15 8.22E7 2.29E-11 0.8408 7.0E-12 -6.35 -8.889

344.15 8.84E7 2.45E-11 0.8305 7.0E-12 -6.38 -8.921

343.15 9.12E7 2.29E-11 0.8408 7.1E-12 -6.40 -8.934

342.15 9.59E7 2.74E-11 0.8212 7.5E-12 -6.42 -8.956

341.15 1.01E8 2.11E-11 0.8466 6.9E-12 -6.44 -8.977

340.15 1.08E8 2.43E-11 0.8298 7.2E-12 -6.48 -9.008

339.15 1.16E8 2.43E-11 0.8294 7.3E-12 -6.51 -9.040

338.15 1.23E8 2.19E-11 0.8395 7.1E-12 -6.54 -9.066

337.15 1.26E8 2.07E-11 0.8453 7.0E-12 -6.55 -9.075

336.15 1.37E8 2.13E-11 0.8447 7.3E-12 -6.58 -9.110

335.15 1.45E8 1.71E-11 0.8695 7.0E-12 -6.61 -9.136

334.15 1.56E8 2.09E-11 0.8459 7.4E-12 -6.64 -9.168

333.15 1.64E8 1.72E-11 0.8698 7.2E-12 -6.67 -9.190

332.15 1.72E8 1.86E-11 0.8596 7.3E-12 -6.69 -9.210

331.15 1.86E8 1.91E-11 0.8534 7.2E-12 -6.72 -9.243

330.15 1.95E8 2.13E-11 0.8341 7.2E-12 -6.75 -9.265

329.15 2.14E8 1.79E-11 0.8525 6.8E-12 -6.79 -9.306

328.15 2.28E8 1.90E-11 0.8454 7.0E-12 -6.82 -9.331

327.15 2.35E8 1.81E-11 0.8573 7.3E-12 -6.83 -9.345

326.15 2.62E8 2.25E-11 0.8271 7.7E-12 -6.88 -9.392

325.15 2.69E8 1.92E-11 0.8411 7.1E-12 -6.89 -9.404

324.15 2.87E8 1.91E-11 0.8415 7.2E-12 -6.92 -9.432

323.15 2.99E8 1.89E-11 0.8436 7.2E-12 -6.94 -9.450

322.15 3.25E8 1.87E-11 0.8534 7.8E-12 -6.98 -9.486

321.15 3.40E8 1.69E-11 0.8526 6.9E-12 -7.00 -9.506

320.15 3.45E8 1.71E-11 0.8614 7.5E-12 -7.01 -9.513

319.15 3.88E8 1.64E-11 0.8607 7.2E-12 -7.06 -9.563

318.15 4.46E8 1.90E-11 0.8309 7.2E-12 -7.12 -9.623

317.15 4.62E8 1.88E-11 0.8388 7.6E-12 -7.14 -9.639

316.15 5.00E8 1.90E-11 0.8452 8.1E-12 -7.17 -9.673
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315.15 5.40E8 1.94E-11 0.8283 7.5E-12 -7.21 -9.707

314.15 5.89E8 1.61E-11 0.8467 6.9E-12 -7.25 -9.745

313.15 6.12E8 1.62E-11 0.8519 7.3E-12 -7.27 -9.761

312.15 6.48E8 1.65E-11 0.8530 7.6E-12 -7.29 -9.786

311.15 6.68E8 1.29E-11 0.8869 7.0E-12 -7.31 -9.799

310.15 7.42E8 1.57E-11 0.8504 7.2E-12 -7.35 -9.845

309.15 8.49E8 1.66E-11 0.8381 7.3E-12 -7.41 -9.903

308.15 9.65E8 1.71E-11 0.8342 7.6E-12 -7.47 -9.959

Ionic conductivity data for PLESPB polymer

Diameter: 0.6 cm Thickness: 0.09 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
372.15 1.103E11 3.03E-12 1.0052 3.0E-12 -8.97 -11.540

376.15 7.681E10 2.39E-12 1.1540 3.0E-12 -8.81 -11.383

379.15 6.368E10 2.16E-12 1.0576 2.4E-12 -8.72 -11.301

381.15 5.865E10 2.63E-12 1.0400 2.8E-12 -8.68 -11.265

384.15 6.668E10 4.75E-12 0.9215 4.3E-12 -8.74 -11.321

385.15 5.974E10 3.25E-12 1.0891 3.7E-12 -8.69 -11.273

393.15 5.903E10 6.46E-12 0.7390 4.6E-12 -8.67 -11.268

395.15 3.433E10 5.79E-12 0.8716 4.6E-12 -8.44 -11.033

395.15 2.668E10 3.12E-12 1.2393 5.0E-12 -8.33 -10.923

395.15 3.836E10 4.57E-12 0.9042 3.8E-12 -8.48 -11.081

397.15 6.857E10 2.04E-11 0.5735 2.6E-11 -8.73 -11.333

399.15 2.727E10 8.54E-12 0.7617 5.4E-12 -8.33 -10.933

404.15 2.009E10 6.97E-12 0.8118 4.4E-12 -8.19 -10.800

404.15 2.292E10 1.07E-11 0.7698 7.1E-12 -8.25 -10.857

405.15 3.335E10 1.57E-11 0.5721 9.7E-12 -8.41 -11.020

405.15 1.749E10 6.28E-12 0.8452 4.2E-12 -8.13 -10.740

407.15 1.084E10 5.32E-12 0.9367 4.4E-12 -7.92 -10.532

409.15 2.232E10 2.48E-11 0.6269 1.7E-11 -8.23 -10.846

413.15 1.132E10 1.12E-11 0.7875 6.4E-12 -7.93 -10.551

411.15 1.472E10 1.17E-11 0.7456 6.5E-12 -8.05 -10.665

411.15 1.738E10 1.20E-11 0.7441 7.0E-12 -8.12 -10.737

413.15 1.221E10 6.56E-12 0.8844 4.7E-12 -7.97 -10.584

Ionic conductivity data for PLEStBB polymer

Diameter: 0.6 cm Thickness: 0.35 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
473.15 1.10E9 5.60E-12 0.8036 1.6E-12 -6.27 -8.949

474.15 9.64E8 1.66E-12 0.9022 8.3E-13 -6.22 -8.892

473.15 1.16E9 3.23E-12 0.8798 1.5E-12 -6.30 -8.973

470.15 1.29E9 4.57E-12 0.8257 1.5E-12 -6.35 -9.018

468.15 1.40E9 7.25E-12 0.7563 1.6E-12 -6.38 -9.052

466.15 1.40E9 3.22E-12 0.8256 1.0E-12 -6.39 -9.054

465.15 1.54E9 3.37E-12 0.8530 1.4E-12 -6.43 -9.093

461.15 1.89E9 8.08E-12 0.7182 1.6E-12 -6.52 -9.183

460.15 1.78E9 2.71E-12 0.8769 1.3E-12 -6.49 -9.158

459.15 2.05E9 3.59E-12 0.8580 1.6E-12 -6.56 -9.219

456.15 2.31E9 2.31E-12 1.0272 2.7E-12 -6.61 -9.270

454.15 2.52E9 2.10E-12 0.9515 1.6E-12 -6.65 -9.309

453.15 2.62E9 4.29E-12 0.7768 1.2E-12 -6.67 -9.326

447.15 3.30E9 3.66E-12 0.8444 1.6E-12 -6.78 -9.426

434.15 6.15E9 1.85E-12 1.0364 2.2E-12 -7.06 -9.697

430.15 9.48E9 1.09E-11 0.6923 3.9E-12 -7.25 -9.884

428.15 8.28E9 2.53E-12 0.8082 1.0E-12 -7.19 -9.826

422.15 1.21E10 2.58E-12 0.9835 2.4E-12 -7.37 -9.991

415.15 1.56E10 2.27E-12 1.0032 2.3E-12 -7.48 -10.099
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Ionic conductivity data for PLESnBB polymer

Diameter: 0.6 cm Thickness: 0.26 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
456.15 8.71E8 2.25E-11 0.7494 6.0E-12 -6.19 -8.854

454.15 9.30E8 2.00E-11 0.7629 5.8E-12 -6.22 -8.882

454.15 1.10E9 2.33E-11 0.7118 5.3E-12 -6.30 -8.954

453.15 1.25E9 1.59E-11 0.7994 5.9E-12 -6.35 -9.011

451.15 1.67E9 2.23E-11 0.7144 6.0E-12 -6.48 -9.135

447.15 2.53E9 1.77E-11 0.7078 4.9E-12 -6.67 -9.317

446.15 2.51E9 1.28E-11 0.8172 6.0E-12 -6.66 -9.312

445.15 2.92E9 6.60E-12 0.9431 5.2E-12 -6.73 -9.379

444.15 3.42E9 1.31E-11 0.8063 6.2E-12 -6.80 -9.448

443.15 4.41E9 1.33E-11 0.8196 7.1E-12 -6.91 -9.558

439.15 6.10E9 6.77E-12 0.8794 4.4E-12 -7.06 -9.699

437.15 8.23E9 9.58E-12 0.8436 6.0E-12 -7.19 -9.829

435.15 1.33E10 1.01E-11 0.8428 7.0E-12 -7.40 -10.037

432.15 1.48E10 7.88E-12 0.8756 5.8E-12 -7.45 -10.084

430.15 2.12E10 8.36E-12 0.8847 6.7E-12 -7.61 -10.240

423.15 4.76E10 8.14E-12 0.8412 6.8E-12 -7.96 -10.591

420.15 7.19E10 6.52E-12 0.8839 5.9E-12 -8.15 -10.770

419.15 7.16E10 6.74E-12 0.8691 6.0E-12 -8.15 -10.768

412.15 6.55E10 3.17E-12 1.0322 3.3E-12 -8.11 -10.730

Ionic conductivity data for LiB6O9F

Diameter: 0.6 cm Thickness: 0.115 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
679.15 6.66E7 5.10E-11 0.7337 6.5E-12 -5.38 -8.214

678.15 5.10E7 5.44E-11 0.7443 7.2E-12 -5.27 -8.098

676.15 8.19E7 3.12E-11 0.7845 6.0E-12 -5.47 -8.304

674.15 6.16E7 3.49E-11 0.7912 6.9E-12 -5.35 -8.180

671.15 1.18E8 5.12E-11 0.7165 6.8E-12 -5.63 -8.461

663.15 9.34E7 3.80E-11 0.7706 7.1E-12 -5.54 -8.361

665.15 1.41E8 3.89E-11 0.7526 7.0E-12 -5.72 -8.540

656.15 1.53E8 3.01E-11 0.7782 6.5E-12 -5.76 -8.575

656.15 2.05E8 4.35E-11 0.7385 8.2E-12 -5.89 -8.703

649.15 3.05E8 4.97E-11 0.6917 7.7E-12 -6.06 -8.875

647.15 2.32E8 1.66E-11 0.8506 6.3E-12 -5.94 -8.755

634.15 4.52E8 3.72E-11 0.7456 9.2E-12 -6.24 -9.046

636.15 5.47E8 2.57E-11 0.7679 7.1E-12 -6.32 -9.128

629.15 7.59E8 3.03E-11 0.7308 7.6E-12 -6.47 -9.271

627.15 8.22E8 5.00E-11 0.6539 9.2E-12 -6.51 -9.306

625.15 1.26E9 2.69E-11 0.7652 9.5E-12 -6.69 -9.491

616.15 1.19E9 3.18E-11 0.6995 7.8E-12 -6.68 -9.468

618.15 1.47E9 2.58E-11 0.7474 8.5E-12 -6.77 -9.559

603.15 2.43E9 2.73E-11 0.7054 8.8E-12 -7.00 -9.776

596.15 3.44E9 1.55E-11 0.8230 8.3E-12 -7.15 -9.928

594.15 5.27E9 1.87E-11 0.7273 7.9E-12 -7.34 -10.112

586.15 5.95E9 1.24E-11 0.8426 7.6E-12 -7.40 -10.165

582.15 6.54E9 1.93E-11 0.7076 8.2E-12 -7.44 -10.206

575.15 1.44E10 1.44E-11 0.8140 1.0E-11 -7.79 -10.548

568.15 1.08E10 1.21E-11 0.8690 8.9E-12 -7.67 -10.425

570.15 1.65E10 1.18E-11 0.8143 8.1E-12 -7.85 -10.609

555.15 2.33E10 1.10E-11 0.8737 9.1E-12 -8.01 -10.758

554.15 3.18E10 1.26E-11 0.8064 1.0E-11 -8.15 -10.892

549.15 4.69E10 1.31E-11 0.7939 1.2E-11 -8.32 -11.062

543.15 5.02E10 1.32E-11 0.7321 1.1E-11 -8.36 -11.091
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Ionic conductivity data for Na3B3O3F6 (with gold electrodes)

Diameter: 0.6 cm Thickness: 0.2 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
624.15 1.66E2 6.23E-9 0.5901 4.3E-13 0.43 -2.369

626.15 1.62E2 6.23E-9 0.5901 4.3E-13 0.44 -2.360

624.15 1.48E2 6.23E-9 0.5901 4.0E-13 0.47 -2.322

625.15 1.62E2 6.23E-9 0.5901 4.3E-13 0.44 -2.359

624.15 1.77E2 6.23E-9 0.5901 4.5E-13 0.40 -2.397

620.15 2.00E2 6.23E-9 0.5901 4.9E-13 0.34 -2.451

620.15 1.96E2 6.23E-9 0.5901 4.9E-13 0.35 -2.442

620.15 2.06E2 6.23E-9 0.5901 5.0E-13 0.33 -2.463

613.15 2.45E2 6.23E-9 0.5901 5.7E-13 0.25 -2.539

613.15 2.48E2 6.23E-9 0.5901 5.7E-13 0.24 -2.546

610.15 2.77E2 6.23E-9 0.5901 6.2E-13 0.19 -2.592

607.15 2.87E2 6.23E-9 0.5901 6.3E-13 0.18 -2.608

607.15 2.94E2 6.23E-9 0.5901 6.4E-13 0.16 -2.619

603.15 3.55E2 6.23E-9 0.5901 7.3E-13 0.08 -2.701

602.15 3.57E2 6.23E-9 0.5901 7.4E-13 0.08 -2.703

600.15 3.81E2 6.23E-9 0.5901 7.7E-13 0.05 -2.732

597.15 4.34E2 6.23E-9 0.5901 8.4E-13 -0.01 -2.787

596.15 4.28E2 6.23E-9 0.5901 8.4E-13 -0.01 -2.782

595.15 4.77E2 6.23E-9 0.5901 9.0E-13 -0.05 -2.829

590.15 5.04E2 6.23E-9 0.5901 9.4E-13 -0.08 -2.853

588.15 5.93E2 6.23E-9 0.5901 1.0E-12 -0.15 -2.923

584.15 6.53E2 6.23E-9 0.5901 1.1E-12 -0.20 -2.965

584.15 6.56E2 6.23E-9 0.5901 1.1E-12 -0.20 -2.967

582.15 7.21E2 6.23E-9 0.5901 1.2E-12 -0.24 -3.008

578.15 8.04E2 6.23E-9 0.5901 1.3E-12 -0.29 -3.055

578.15 7.89E2 6.23E-9 0.5901 1.3E-12 -0.29 -3.048

577.15 8.04E2 6.23E-9 0.5901 1.3E-12 -0.29 -3.055

573.15 9.69E2 6.23E-9 0.5901 1.5E-12 -0.38 -3.137

571.15 1.01E3 6.23E-9 0.5901 1.5E-12 -0.40 -3.153

570.15 1.06E3 6.23E-9 0.5901 1.6E-12 -0.42 -3.177

567.15 1.23E3 6.23E-9 0.5901 1.7E-12 -0.49 -3.241

566.15 1.21E3 6.23E-9 0.5901 1.7E-12 -0.48 -3.233

565.15 1.29E3 6.23E-9 0.5901 1.8E-12 -0.51 -3.261

562.15 1.52E3 6.23E-9 0.5901 2.0E-12 -0.58 -3.333

559.15 1.56E3 1.41E-9 0.6736 2.6E-12 -0.60 -3.343

559.15 1.55E3 1.30E-9 0.6745 2.3E-12 -0.59 -3.340

556.15 1.99E3 5.30E-9 0.6012 2.6E-12 -0.70 -3.449

552.15 2.00E3 2.76E-9 0.6324 2.4E-12 -0.71 -3.452

550.15 2.27E3 3.13E-9 0.6273 2.7E-12 -0.77 -3.507

547.15 2.40E3 9.43E-10 0.6866 2.5E-12 -0.79 -3.530

546.15 2.41E3 5.64E-10 0.7180 2.8E-12 -0.79 -3.532

546.15 2.57E3 9.47E-10 0.6905 2.9E-12 -0.82 -3.560

543.15 3.28E3 3.21E-9 0.6233 3.2E-12 -0.93 -3.666

539.15 3.45E3 1.27E-9 0.6684 2.8E-12 -0.96 -3.688

538.15 3.57E3 7.82E-10 0.6966 3.0E-12 -0.97 -3.703

536.15 4.15E3 9.10E-10 0.6877 3.1E-12 -1.04 -3.768

533.15 4.66E3 5.95E-10 0.7083 3.1E-12 -1.09 -3.818

531.15 4.81E3 4.55E-10 0.7230 3.1E-12 -1.11 -3.833

529.15 5.97E3 1.17E-9 0.6688 3.3E-12 -1.20 -3.926

524.15 6.28E3 1.32E-10 0.7865 3.0E-12 -1.23 -3.948

524.15 6.68E3 4.62E-10 0.7175 3.1E-12 -1.26 -3.975

520.15 8.81E3 6.28E-10 0.6966 3.2E-12 -1.38 -4.095

516.15 9.81E3 1.01E-10 0.7957 2.9E-12 -1.43 -4.142

514.15 1.10E4 3.08E-10 0.7323 3.1E-12 -1.48 -4.190

511.15 1.46E4 6.80E-10 0.6839 3.3E-12 -1.61 -4.315

504.15 1.92E4 1.78E-10 0.7543 2.9E-12 -1.73 -4.434

500.15 2.12E4 6.44E-11 0.8102 2.7E-12 -1.78 -4.478

499.15 2.51E4 1.48E-10 0.7608 2.9E-12 -1.85 -4.551

495.15 2.84E4 5.75E-11 0.8128 2.7E-12 -1.91 -4.604

494.15 2.94E4 7.13E-11 0.7999 2.7E-12 -1.92 -4.619

493.15 3.30E4 1.16E-10 0.7700 2.8E-12 -1.98 -4.669

491.15 3.80E4 1.18E-10 0.7670 2.8E-12 -2.04 -4.730

489.15 4.18E4 6.17E-11 0.8036 2.7E-12 -2.08 -4.772

488.15 4.42E4 9.54E-11 0.7773 2.8E-12 -2.11 -4.796

487.15 5.19E4 1.43E-10 0.7515 2.9E-12 -2.18 -4.866

484.15 6.28E4 1.48E-10 0.7464 2.9E-12 -2.26 -4.948

481.15 7.21E4 9.07E-11 0.7733 2.7E-12 -2.33 -5.008

479.15 8.37E4 1.50E-10 0.7412 2.9E-12 -2.39 -5.073

476.15 1.04E5 1.56E-10 0.7351 2.9E-12 -2.49 -5.169

473.15 1.14E5 8.46E-11 0.7709 2.7E-12 -2.53 -5.207

471.15 1.25E5 1.03E-10 0.7577 2.8E-12 -2.57 -5.246

470.15 1.38E5 1.03E-10 0.7558 2.8E-12 -2.62 -5.291

468.15 1.61E5 9.03E-11 0.7618 2.8E-12 -2.69 -5.358

466.15 1.82E5 1.10E-10 0.7477 2.9E-12 -2.74 -5.411

463.15 2.11E5 1.10E-10 0.7455 2.9E-12 -2.81 -5.474
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461.15 2.30E5 7.06E-11 0.7721 2.7E-12 -2.85 -5.513

460.15 2.52E5 9.72E-11 0.7504 2.8E-12 -2.89 -5.552

457.15 3.10E5 1.03E-10 0.7434 2.9E-12 -2.98 -5.641

453.15 3.65E5 8.29E-11 0.7548 2.8E-12 -3.06 -5.713

450.15 4.30E5 7.14E-11 0.7622 2.8E-12 -3.13 -5.784

447.15 4.82E5 6.23E-11 0.7694 2.7E-12 -3.18 -5.834

445.15 5.30E5 6.71E-11 0.7632 2.8E-12 -3.23 -5.875

443.15 5.88E5 5.54E-11 0.7745 2.7E-12 -3.27 -5.920

442.15 6.67E5 7.84E-11 0.7492 2.9E-12 -3.33 -5.975

438.15 7.48E5 5.62E-11 0.7697 2.8E-12 -3.38 -6.024

437.15 8.24E5 5.42E-11 0.7711 2.8E-12 -3.43 -6.066

435.15 8.97E5 5.05E-11 0.7748 2.8E-12 -3.46 -6.103

433.15 9.49E5 4.86E-11 0.7767 2.8E-12 -3.49 -6.128

432.15 1.07E6 7.03E-11 0.7495 2.9E-12 -3.55 -6.181

429.15 1.22E6 5.24E-11 0.7679 2.8E-12 -3.60 -6.236

427.15 1.31E6 4.92E-11 0.7714 2.8E-12 -3.64 -6.267

425.15 1.42E6 5.11E-11 0.7675 2.8E-12 -3.67 -6.302

423.15 1.61E6 5.76E-11 0.7572 2.9E-12 -3.73 -6.358

422.15 1.77E6 5.40E-11 0.7603 2.9E-12 -3.77 -6.398

419.15 1.99E6 5.40E-11 0.7584 2.9E-12 -3.83 -6.449

416.15 2.23E6 5.11E-11 0.7604 2.9E-12 -3.88 -6.498

414.15 2.46E6 4.38E-11 0.7701 2.9E-12 -3.92 -6.542

412.15 2.70E6 5.13E-11 0.7565 2.9E-12 -3.97 -6.582

410.15 3.18E6 5.06E-11 0.7544 2.9E-12 -4.04 -6.652

407.15 3.63E6 4.02E-11 0.7694 2.8E-12 -4.10 -6.710

405.15 3.89E6 4.02E-11 0.7679 2.8E-12 -4.13 -6.740

403.15 4.19E6 3.89E-11 0.7689 2.8E-12 -4.17 -6.772

401.15 5.00E6 4.25E-11 0.7585 2.9E-12 -4.25 -6.850

398.15 5.84E6 4.02E-11 0.7595 2.9E-12 -4.32 -6.917

394.15 6.80E6 3.75E-11 0.7620 2.8E-12 -4.39 -6.983

391.15 7.81E6 3.89E-11 0.7562 2.9E-12 -4.45 -7.043

389.15 8.69E6 3.67E-11 0.7590 2.8E-12 -4.50 -7.089

387.15 9.77E6 3.40E-11 0.7629 2.8E-12 -4.55 -7.140

385.15 1.15E7 3.96E-11 0.7473 2.9E-12 -4.63 -7.211

381.15 1.33E7 3.48E-11 0.7556 2.9E-12 -4.69 -7.276

379.15 1.50E7 3.05E-11 0.7647 2.9E-12 -4.75 -7.326

377.15 1.67E7 3.19E-11 0.7588 2.9E-12 -4.80 -7.373

375.15 1.89E7 3.17E-11 0.7571 2.9E-12 -4.85 -7.427

372.15 2.06E7 2.79E-11 0.7671 2.9E-12 -4.89 -7.465

370.15 2.51E7 2.88E-11 0.7605 3.0E-12 -4.98 -7.551

367.15 2.91E7 2.66E-11 0.7640 2.9E-12 -5.05 -7.614

365.15 3.18E7 2.77E-11 0.7604 3.0E-12 -5.09 -7.652

362.15 3.89E7 2.61E-11 0.7601 3.0E-12 -5.18 -7.740

359.15 4.65E7 2.71E-11 0.7512 3.0E-12 -5.26 -7.818

357.15 5.16E7 2.71E-11 0.7491 3.0E-12 -5.31 -7.863

355.15 5.67E7 2.48E-11 0.7535 2.9E-12 -5.35 -7.904

354.15 6.66E7 2.29E-11 0.7573 2.9E-12 -5.42 -7.974

351.15 7.53E7 2.26E-11 0.7546 2.8E-12 -5.48 -8.027

349.15 8.21E7 1.79E-11 0.7771 2.8E-12 -5.52 -8.065

347.15 9.10E7 1.91E-11 0.7691 2.8E-12 -5.57 -8.109

346.15 1.02E8 2.22E-11 0.7536 3.0E-12 -5.62 -8.158

344.15 1.15E8 1.80E-11 0.7679 2.8E-12 -5.67 -8.210

342.15 1.31E8 2.64E-11 0.7275 3.2E-12 -5.73 -8.267

341.15 1.52E8 2.23E-11 0.7439 3.1E-12 -5.80 -8.332

339.15 1.62E8 1.62E-11 0.7737 2.9E-12 -5.83 -8.360

338.15 1.89E8 2.58E-11 0.7179 3.2E-12 -5.90 -8.426

336.15 2.01E8 2.78E-11 0.7050 3.2E-12 -5.93 -8.453

335.15 2.04E8 1.18E-11 0.8087 2.8E-12 -5.93 -8.460

333.15 2.46E8 1.68E-11 0.7550 2.8E-12 -6.02 -8.542

331.15 3.04E8 2.64E-11 0.7095 3.7E-12 -6.11 -8.634

329.15 3.18E8 2.76E-11 0.6976 3.5E-12 -6.13 -8.652

328.15 2.86E8 6.05E-12 0.8811 2.6E-12 -6.09 -8.606

327.15 3.85E8 3.80E-11 0.6502 3.9E-12 -6.22 -8.735

326.15 4.17E8 1.88E-11 0.7398 3.4E-12 -6.26 -8.770

325.15 4.68E8 1.68E-11 0.7541 3.5E-12 -6.31 -8.820

323.15 5.00E8 2.42E-11 0.6861 3.2E-12 -6.34 -8.849

322.15 5.57E8 2.16E-11 0.7177 3.8E-12 -6.39 -8.897

321.15 6.00E8 2.58E-11 0.6593 3.0E-12 -6.42 -8.929

320.15 6.25E8 1.28E-11 0.7514 2.6E-12 -6.44 -8.946

319.15 7.00E8 1.41E-11 0.7853 4.0E-12 -6.49 -8.995

318.15 7.49E8 1.46E-11 0.7324 2.8E-12 -6.52 -9.025

317.15 8.36E8 2.04E-11 0.7071 3.8E-12 -6.57 -9.073

316.15 8.19E8 4.91E-12 0.8323 1.6E-12 -6.56 -9.064

315.15 8.95E8 1.52E-11 0.7569 3.8E-12 -6.60 -9.102

315.15 9.88E8 2.15E-11 0.6798 3.5E-12 -6.65 -9.145

314.15 1.03E9 2.11E-11 0.6869 3.7E-12 -6.67 -9.165

313.15 1.14E9 2.44E-11 0.6464 3.4E-12 -6.71 -9.208

312.15 1.17E9 2.45E-11 0.6430 3.4E-12 -6.72 -9.219

311.15 1.32E9 2.60E-11 0.6676 4.8E-12 -6.78 -9.270

310.15 1.38E9 1.33E-11 0.7984 4.9E-12 -6.80 -9.291

309.15 1.53E9 2.25E-11 0.6590 3.9E-12 -6.85 -9.336

308.15 1.58E9 1.23E-11 0.7963 4.5E-12 -6.86 -9.350

307.15 1.85E9 2.65E-11 0.6218 4.2E-12 -6.93 -9.418

306.15 1.90E9 2.49E-11 0.6011 3.3E-12 -6.94 -9.429

305.15 1.96E9 1.36E-11 0.7514 4.1E-12 -6.96 -9.442

305.15 2.27E9 2.74E-11 0.6114 4.7E-12 -7.02 -9.507

305.15 2.13E9 1.86E-11 0.6980 4.6E-12 -6.99 -9.479
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304.15 2.12E9 1.15E-11 0.7578 3.5E-12 -6.99 -9.477

303.15 1.77E9 1.15E-11 0.7373 2.9E-12 -6.92 -9.398

Ionic conductivity data for Na3B3O3F6 (with sodium electrodes)

Diameter: 0.6 cm Thickness: 0.2 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
351.15 4.53E7 1.80E-11 0.7852 2.6E-12 -5.26 -7.806

351.15 4.64E7 1.99E-11 0.7752 2.6E-12 -5.27 -7.816

351.15 4.78E7 2.12E-11 0.7691 2.7E-12 -5.28 -7.830

350.15 5.02E7 2.11E-11 0.7689 2.7E-12 -5.31 -7.851

350.15 5.26E7 2.24E-11 0.7623 2.7E-12 -5.33 -7.871

349.15 5.52E7 2.28E-11 0.7579 2.7E-12 -5.35 -7.892

348.15 5.82E7 1.93E-11 0.7735 2.6E-12 -5.37 -7.916

347.15 6.20E7 2.00E-11 0.7676 2.6E-12 -5.40 -7.943

346.15 6.55E7 2.46E-11 0.7461 2.8E-12 -5.43 -7.966

345.15 6.86E7 2.16E-11 0.7567 2.7E-12 -5.45 -7.987

344.15 7.24E7 1.88E-11 0.7688 2.6E-12 -5.47 -8.010

343.15 7.68E7 2.39E-11 0.7443 2.8E-12 -5.50 -8.036

342.15 8.20E7 2.54E-11 0.7386 2.9E-12 -5.53 -8.064

341.15 8.55E7 1.74E-11 0.7727 2.6E-12 -5.55 -8.082

341.15 9.04E7 2.55E-11 0.7336 2.8E-12 -5.57 -8.106

340.15 9.72E7 2.24E-11 0.7476 2.8E-12 -5.61 -8.138

339.15 1.01E8 2.04E-11 0.7551 2.7E-12 -5.62 -8.155

338.15 1.05E8 1.62E-11 0.7749 2.5E-12 -5.64 -8.173

337.15 1.12E8 2.26E-11 0.7387 2.7E-12 -5.67 -8.200

336.15 1.17E8 1.56E-11 0.7771 2.5E-12 -5.69 -8.220

336.15 1.25E8 1.79E-11 0.7662 2.8E-12 -5.72 -8.247

335.15 1.31E8 1.62E-11 0.7717 2.6E-12 -5.74 -8.266

334.15 1.36E8 2.02E-11 0.7493 2.8E-12 -5.76 -8.285

333.15 1.43E8 1.72E-11 0.7596 2.6E-12 -5.78 -8.305

332.15 1.57E8 1.84E-11 0.7557 2.8E-12 -5.83 -8.347

331.15 1.67E8 2.11E-11 0.7386 2.9E-12 -5.85 -8.372

330.15 1.77E8 1.77E-11 0.7605 2.9E-12 -5.88 -8.398

330.15 1.83E8 3.11E-11 0.6978 3.3E-12 -5.89 -8.412

329.15 1.86E8 1.99E-11 0.7359 2.7E-12 -5.90 -8.420

328.15 2.07E8 2.38E-11 0.7145 2.8E-12 -5.95 -8.465

327.15 2.25E8 1.57E-11 0.7637 2.7E-12 -5.99 -8.502

326.15 2.30E8 2.64E-11 0.6977 2.9E-12 -6.00 -8.513

325.15 2.48E8 1.93E-11 0.7339 2.8E-12 -6.03 -8.545

324.15 2.65E8 2.24E-11 0.7074 2.7E-12 -6.06 -8.574

323.15 2.84E8 1.94E-11 0.7252 2.7E-12 -6.09 -8.603

322.15 3.07E8 2.58E-11 0.6978 3.2E-12 -6.13 -8.637

321.15 3.27E8 2.20E-11 0.7192 3.2E-12 -6.16 -8.665

320.15 3.47E8 2.79E-11 0.6893 3.5E-12 -6.19 -8.691

319.15 3.72E8 2.66E-11 0.6948 3.5E-12 -6.22 -8.721

318.15 4.13E8 2.58E-11 0.7051 3.9E-12 -6.26 -8.766

317.15 4.40E8 6.82E-12 0.8700 2.9E-12 -6.29 -8.794

316.15 4.48E8 2.62E-11 0.6802 3.2E-12 -6.30 -8.801

315.15 4.81E8 2.00E-11 0.7214 3.3E-12 -6.33 -8.833

314.15 5.14E8 1.84E-11 0.7270 3.2E-12 -6.36 -8.861

313.15 5.66E8 1.85E-11 0.7262 3.3E-12 -6.41 -8.903

312.15 6.05E8 1.65E-11 0.7416 3.3E-12 -6.44 -8.932

311.15 6.51E8 2.09E-11 0.7125 3.7E-12 -6.47 -8.964

310.15 6.98E8 2.09E-11 0.7025 3.5E-12 -6.50 -8.994

309.15 7.44E8 2.10E-11 0.6809 3.0E-12 -6.53 -9.022

309.15 7.61E8 2.39E-11 0.6672 3.2E-12 -6.54 -9.032

308.15 8.31E8 2.05E-11 0.6930 3.4E-12 -6.58 -9.070

307.15 9.02E8 1.01E-11 0.8102 3.4E-12 -6.62 -9.106

306.15 9.91E8 1.59E-11 0.7391 3.7E-12 -6.66 -9.147

305.15 1.03E9 2.75E-11 0.6482 4.0E-12 -6.68 -9.164

305.15 1.08E9 2.23E-11 0.6823 3.9E-12 -6.70 -9.183

304.15 1.11E9 1.38E-11 0.7714 4.0E-12 -6.71 -9.195
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Ionic conductivity data for K3B3O3F6

Diameter: 0.6 cm Thickness: 0.09 cm

(2nd cycle)

T /K R1/Ω Q1 n1 C1 /F log (σT) log (σ)
632.15 2.51E3 1.32E-11 0.9437 4.7E-12 -1.10 -3.897

631.15 2.61E3 1.32E-11 0.9437 4.8E-12 -1.11 -3.914

628.15 2.86E3 1.32E-11 0.9437 4.8E-12 -1.16 -3.953

624.15 2.83E3 1.32E-11 0.9437 4.8E-12 -1.15 -3.949

628.15 2.61E3 1.32E-11 0.9437 4.8E-12 -1.12 -3.913

631.15 2.66E3 1.32E-11 0.9437 4.8E-12 -1.12 -3.922

628.15 2.86E3 1.32E-11 0.9437 4.8E-12 -1.16 -3.953

625.15 2.81E3 1.32E-11 0.9437 4.8E-12 -1.15 -3.946

629.15 2.71E3 1.32E-11 0.9437 4.8E-12 -1.13 -3.930

626.15 2.94E3 1.32E-11 0.9437 4.8E-12 -1.17 -3.965

622.15 3.10E3 1.32E-11 0.9437 4.8E-12 -1.20 -3.989

618.15 3.12E3 1.32E-11 0.9437 4.8E-12 -1.20 -3.992

619.15 2.97E3 1.32E-11 0.9437 4.8E-12 -1.18 -3.971

620.15 3.11E3 1.32E-11 0.9437 4.8E-12 -1.20 -3.989

617.15 3.26E3 1.32E-11 0.9437 4.8E-12 -1.22 -4.011

613.15 3.47E3 1.32E-11 0.9437 4.8E-12 -1.25 -4.037

609.15 3.63E3 1.32E-11 0.9437 4.8E-12 -1.27 -4.057

608.15 3.49E3 1.32E-11 0.9437 4.8E-12 -1.26 -4.039

611.15 3.35E3 1.32E-11 0.9437 4.8E-12 -1.24 -4.022

610.15 3.61E3 1.32E-11 0.9437 4.8E-12 -1.27 -4.055

606.15 3.84E3 1.32E-11 0.9437 4.9E-12 -1.30 -4.081

601.15 4.11E3 1.32E-11 0.9437 4.9E-12 -1.33 -4.111

596.15 4.17E3 1.32E-11 0.9437 4.9E-12 -1.34 -4.117

598.15 3.93E3 1.32E-11 0.9437 4.9E-12 -1.31 -4.092

599.15 3.97E3 1.32E-11 0.9437 4.9E-12 -1.32 -4.095

598.15 4.11E3 1.32E-11 0.9437 4.9E-12 -1.33 -4.111

595.15 4.37E3 1.32E-11 0.9437 4.9E-12 -1.36 -4.137

590.15 4.73E3 1.32E-11 0.9437 4.9E-12 -1.40 -4.172

586.15 4.60E3 1.32E-11 0.9437 4.9E-12 -1.39 -4.160

588.15 4.62E3 1.32E-11 0.9437 4.9E-12 -1.39 -4.162

588.15 4.73E3 1.32E-11 0.9437 4.9E-12 -1.40 -4.172

586.15 4.93E3 1.32E-11 0.9437 4.9E-12 -1.42 -4.190

583.15 5.23E3 1.32E-11 0.9437 5.0E-12 -1.45 -4.215

579.15 5.66E3 1.32E-11 0.9437 5.0E-12 -1.49 -4.250

575.15 5.93E3 1.32E-11 0.9437 5.0E-12 -1.51 -4.270

574.15 5.73E3 1.32E-11 0.9437 5.0E-12 -1.50 -4.255

576.15 5.49E3 1.32E-11 0.9437 5.0E-12 -1.48 -4.237

577.15 5.51E3 1.32E-11 0.9437 5.0E-12 -1.48 -4.238

576.15 5.67E3 1.32E-11 0.9437 5.0E-12 -1.49 -4.251

574.15 5.97E3 1.32E-11 0.9437 5.0E-12 -1.51 -4.273

571.15 6.25E3 1.32E-11 0.9437 5.0E-12 -1.54 -4.293

568.15 6.66E3 1.32E-11 0.9437 5.0E-12 -1.57 -4.321

564.15 7.16E3 1.32E-11 0.9437 5.0E-12 -1.60 -4.352

560.15 7.37E3 1.32E-11 0.9437 5.1E-12 -1.62 -4.365

561.15 7.03E3 1.32E-11 0.9437 5.0E-12 -1.60 -4.344

563.15 6.91E3 1.32E-11 0.9437 5.0E-12 -1.59 -4.337

562.15 7.04E3 1.32E-11 0.9437 5.0E-12 -1.59 -4.344

561.15 7.34E3 1.32E-11 0.9437 5.1E-12 -1.61 -4.363

558.15 7.76E3 1.32E-11 0.9437 5.1E-12 -1.64 -4.387

555.15 8.30E3 1.32E-11 0.9437 5.1E-12 -1.67 -4.416

551.15 7.44E3 1.20E-12 1.0807 4.8E-12 -1.63 -4.369

547.15 8.97E3 1.64E-12 1.0569 4.3E-12 -1.71 -4.450

549.15 7.71E3 1.32E-12 1.0720 4.6E-12 -1.64 -4.384

552.15 7.14E3 1.23E-12 1.0787 4.8E-12 -1.61 -4.351

550.15 7.36E3 9.56E-13 1.0961 5.0E-12 -1.62 -4.364

548.15 7.40E3 7.35E-13 1.1148 5.2E-12 -1.63 -4.366

545.15 1.12E4 2.33E-12 1.0390 4.5E-12 -1.81 -4.545

536.15 1.98E4 4.67E-12 0.9995 4.6E-12 -2.07 -4.795

529.15 4.37E4 9.73E-12 0.9474 4.3E-12 -2.41 -5.137

532.15 4.25E4 8.74E-12 0.9541 4.3E-12 -2.40 -5.126

533.15 4.53E4 8.19E-12 0.9592 4.4E-12 -2.43 -5.153

532.15 5.08E4 6.95E-12 0.9719 4.5E-12 -2.48 -5.203

530.15 6.11E4 7.03E-12 0.9729 4.7E-12 -2.56 -5.283

527.15 8.28E4 7.18E-12 0.9705 4.6E-12 -2.69 -5.415

524.15 1.27E5 1.03E-11 0.9437 4.6E-12 -2.88 -5.603

520.15 1.83E5 1.07E-11 0.9341 4.2E-12 -3.04 -5.760

516.15 1.98E5 5.30E-12 0.9904 4.6E-12 -3.08 -5.795

513.15 2.16E5 3.92E-12 1.0184 5.1E-12 -3.12 -5.831

511.15 3.47E5 9.29E-12 0.9416 4.2E-12 -3.33 -6.037

512.15 2.92E5 5.70E-12 0.9822 4.5E-12 -3.25 -5.962

510.15 3.63E5 4.13E-12 1.0160 5.1E-12 -3.35 -6.057

508.15 4.88E5 4.07E-12 1.0128 4.8E-12 -3.48 -6.185

506.15 5.01E5 2.64E-12 1.0530 5.2E-12 -3.49 -6.197

503.15 6.99E5 3.01E-12 1.0330 4.6E-12 -3.64 -6.342

501.15 7.61E5 2.04E-12 1.0663 4.7E-12 -3.68 -6.379
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499.15 9.75E5 3.09E-12 1.0350 4.8E-12 -3.79 -6.486

494.15 1.82E6 6.33E-12 0.9610 4.0E-12 -4.06 -6.757

495.15 1.67E6 6.20E-12 0.9767 4.7E-12 -4.03 -6.721

494.15 1.93E6 5.13E-12 0.9933 4.7E-12 -4.09 -6.783

493.15 2.11E6 5.78E-12 0.9838 4.8E-12 -4.13 -6.821

490.15 2.45E6 3.65E-12 1.0246 4.8E-12 -4.20 -6.886

488.15 3.05E6 5.77E-12 0.9793 4.6E-12 -4.29 -6.982

486.15 2.89E6 3.45E-12 1.0344 5.1E-12 -4.27 -6.957

483.15 4.64E6 5.89E-12 0.9773 4.6E-12 -4.48 -7.164

481.15 6.42E6 7.55E-12 0.9496 4.5E-12 -4.62 -7.305

478.15 8.19E6 6.69E-12 0.9695 4.9E-12 -4.73 -7.410

476.15 8.60E6 6.69E-12 0.9695 4.9E-12 -4.75 -7.432

474.15 1.62E7 3.11E-11 0.8087 5.2E-12 -5.03 -7.707

471.15 1.64E7 9.90E-12 0.9123 4.3E-12 -5.04 -7.711

469.15 2.28E7 8.17E-12 0.9534 5.4E-12 -5.18 -7.856

466.15 1.90E7 1.16E-11 0.9025 4.7E-12 -5.11 -7.777

464.15 2.10E7 1.16E-11 0.9025 4.7E-12 -5.15 -7.818

462.15 3.93E7 5.21E-12 0.9573 3.6E-12 -5.43 -8.092

457.15 4.51E7 4.16E-12 1.0330 5.5E-12 -5.49 -8.151

453.15 5.82E7 4.16E-12 1.0330 5.4E-12 -5.61 -8.262

451.15 5.33E7 4.16E-12 1.0330 5.4E-12 -5.57 -8.224

449.15 6.79E7 4.16E-12 1.0330 5.4E-12 -5.68 -8.329

447.15 9.31E7 4.16E-12 1.0330 5.3E-12 -5.82 -8.466

445.15 1.49E8 4.16E-12 1.0330 5.3E-12 -6.02 -8.671

440.15 1.33E8 4.16E-12 1.0330 5.3E-12 -5.98 -8.620

437.15 2.11E8 2.90E-12 1.0162 3.3E-12 -6.18 -8.822

436.15 1.49E8 4.17E-12 1.0324 5.3E-12 -6.03 -8.671

442.15 1.75E8 1.88E-11 0.7993 4.5E-12 -6.09 -8.740

440.15 2.94E8 1.88E-11 0.7993 5.1E-12 -6.32 -8.966

438.15 3.86E8 2.11E-11 0.8595 9.6E-12 -6.44 -9.084

431.15 4.10E8 1.01E-11 0.8601 4.1E-12 -6.48 -9.110

429.15 5.02E8 2.11E-11 0.8595 1.0E-11 -6.57 -9.198

427.15 7.23E8 3.76E-12 1.3690 1.8E-11 -6.73 -9.356

425.15 8.74E8 7.79E-12 0.9967 7.7E-12 -6.81 -9.439

423.15 7.11E8 1.93E-12 1.2460 7.1E-12 -6.72 -9.349

421.15 8.29E8 5.44E-12 1.1110 9.3E-12 -6.79 -9.416

419.15 1.18E9 1.85E-11 0.8289 8.4E-12 -6.95 -9.570

415.15 1.12E9 4.13E-11 0.6484 7.8E-12 -6.93 -9.546

397.15 3.54E10 1.54E-11 0.7128 1.2E-11 -8.45 -11.047

394.15 5.71E10 1.61E-11 0.7169 1.6E-11 -8.66 -11.254

393.15 4.65E10 1.36E-11 0.7036 1.1E-11 -8.57 -11.165

391.15 3.02E10 1.22E-11 0.7109 8.1E-12 -8.39 -10.977

385.15 6.10E10 9.25E-12 0.7393 7.6E-12 -8.70 -11.283

385.15 1.21E11 1.26E-11 0.6316 1.6E-11 -8.99 -11.579

384.15 5.22E10 8.66E-12 0.7858 7.0E-12 -8.63 -11.215

382.15 3.72E10 3.48E-12 1.1078 4.3E-12 -8.49 -11.067

380.15 3.26E11 7.87E-12 0.7698 1.0E-11 -9.43 -12.010

376.15 8.14E10 6.82E-12 0.8265 6.0E-12 -8.83 -11.408

375.15 6.78E10 5.97E-12 0.8907 5.3E-12 -8.75 -11.328



256 8 LIST OF ABBREVIATION

8 List of Abbreviation

ac: Alternating Current

C: Capacitance

CPE: Constant Phase Element

DSC: Di�erential Scanning Calorimetry

DTA: Di�erential Thermal Calorimetry

dc: Direct Current

E: Potential

Ea: Activation Energy

IR: Infrared Spectroscopy

I: current

MS: Mass Sspectroscopy

NMR: Nuclear Magnetic Resonance

PSD: Position Sensitive Detector

R: Resistance

RF: Radio Frequency

RT: Room Temperature

t: Time

tel: Electonic transport number

t+: Cationic transport number

T: Temperature

THF: Tetrahydrofuran
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TG: Thermal Gravimetry

Q: Constant phase element

Z: Impedance

|Z|: Impedance modulus

Zim and Z �: Imaginary impedance

Zre and Z': Real impedance

Ω: Ohm

S: Siemens

σ : Conductivity

ω : Radial frequency

θ : Phase shift

Å: Angstrom

K: Kelvin

ν: stretching vibration

δ: deformation vibration

ρ: rocking vibration

γ: wagging vibration

w: weak

m: medium

s: strong

vs: very strong

PLEB: poly[lithium tetrakis(ethyleneboryl)borate]

PLEPB: poly[lithium tetrakis(triethylenephenylborylborate)]

PLEMB: poly[lithium tetrakis(triethylenemethylborylborate)]
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PESB: poly[tris(tetraethylenesilyl)borane]

PLESPB: poly[lithium tris(tetraethylenesilyl)phenylborate]

PLESnBB: poly[lithium tris(tetraethylenesilyl)n-butylborate]

PLEStBB: poly[lithium tris(tetraethylenesilyl)t-butylborate]
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