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work in his research group. His knowledge, expertise, and profound understanding in my area of 

research greatly aided my research, and he was always encouraging and supportive. I am extremely 

grateful to him for transforming me into a skilled and confident scientist. 

I cannot forget my colleagues for being a great bunch of people. Due to the constant 

assistance, I received from Dr. Agnieszka Bodzioch and Dr. Rafał Jakubowski in and out of the 

laboratory, I never encountered the difficulties associated with being a foreigner in Poland. I 

sincerely value their assistance and thank them for being such a tremendous help. I also thank Dr.  

Shivakumar I. Kilingaru, Dr. Martin Cigl, Dr. Maria Koyioni, Dr. Georgia Zissimou, Dr. Hemant 
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INTRODUCTION 

The technological advancements of the 21st century had a profound impact on all aspects 

of human life on Earth. The modern world has been shaped by technological innovations in 

transportation, communication, health care, security, the energy sector, and space exploration. This 

has made life on Earth easier, and at the moment, everyone enjoys the benefits of these 

technologies. In today's world, which is all about speed and efficiency, there is always a quest for 

novel technologies. As a consequence, it is important to develop new materials that can be used in 

both current and future technologies. 

1. Batteries, energy storage, and space exploration 

Innovative energy technologies that provide reliable and sustainable energy storage and 

conversion play a significant role in current technological advancements. Uninterrupted power 

supply is necessary for the proper operation of many modern devices, and it is critically important 

in achieving the goals of space missions of the European Space Agency (ESA). To ensure a 

continuous power supply, the basic energy technology used in space exploration combines a 

primary energy source (photovoltaics or radioisotope-based electric generator) and an energy 

storage system (batteries) [1].  

Several types of batteries, including primary, secondary, and nuclear batteries, are utilized 

in space exploration, and their use varies depending on the mission requirements [2]. For instance, 

nuclear batteries are used in interplanetary missions, where the availability of sunlight is limited. 

Commonly used rechargeable batteries in space exploration include Ag-Zn batteries 

(characteristics: high specific energy, compact size, super discharge performance, and stable 

voltage), Ni-Cd batteries (characteristics:  require low maintenance and are suitable for short-
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duration missions), and Ni-H2 systems (characteristics: long cycle life and a calendar life >15 years 

in GEO operation) [2-4]. The operation of these batteries in space frequently faces challenges, such 

as temperature and gravity fluctuations, the presence of high-energy particles, radiation 

environments, and hard ultraviolet light [5]. Despite the fact that some of these batteries have been 

successfully employed in numerous missions, such as earth observation missions, 

telecommunication satellite missions, astronomy missions, interplanetary missions, etc., the 

majority of conventional batteries suffer from their large size, low energy density, poor 

performance at extreme temperatures, electrolyte leakage, capacity loss, corrosion of the battery 

components, and short lifespan [4-8]. A study on the satellite failures between 2000 and 2016 

carried out in 2019 revealed that battery defects caused more failures than thrusters [9]. 

With the increasing demand for a reliable energy technology in space research, Li-ion 

batteries (LIBs) have received considerable interest due to their high energy density, lightweight, 

and increased life span [10-11]. In 2001, Li-ion batteries were used for the first time in ESA’s 

Proba-1 [12], a technology demonstration satellite and currently, they are emerging as the primary 

energy source for spacecrafts, launch vehicles, interplanetary missions, and the space station [13-

15]. LIBs have several advantages over the conventional batteries in space applications due to their 

developed technology, lightweight (a 50% weight reduction over Ni–H2 is possible with less 

volume required), and much lower thermal dissipation. Most of the currently available LIBs 

operate in the temperature range of 25 to 60 °C.  Therefore, they are not suitable for the outer space 

missions that require battery operation at extreme temperature ranges (such as in Mercury, Mars 

or Venus missions). Most LIBs are susceptible to irreversible electrode/electrolyte reactions and a 

variety of electrolyte-related safety issues (including leakage, volatility, flammability, and 

decomposition) above 80 °C, which eventually lead to battery failure [16]. The stability and 
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performance of the LIBs under extreme temperatures largely depend on the type of electrolyte 

employed. To overcome the current technical challenges, it is critical to develop new materials for 

use in advanced energy storage and conversion systems.  

This Dissertation focuses on addressing some of these issues by using anionic boron 

clusters as the key structural element for photoactive and ion conductive ionic liquid crystals 

(ILCs). The Dissertation comprised of two parts. The first part of the Dissertation (Part A) is 

concerned with the [closo-B10H10]
2- anion and photoactive ILCs derived from it. Part B is focused 

on the [closo-1-CB11H12]
- anion as the key structural element of Li-ion conductive ILCs for battery 

applications. Boron clusters and their applications are reviewed in the sections below.  

2. Boron clusters 

The capacity of boron to create bonds and structures has resulted in an intriguing class of 

compounds known as boron hydrides. Boron has a ground state valence shell electronic 

configuration 2s22p1. Unlike carbon, which forms chains and rings through covalent bonds with 

other atoms, boron having only three electrons in its valance shell chooses to form a cluster pattern 

by covalently bonding to itself. The most ubiquitous structure is the icosahedral B12 unit present in 

all three polymorphs of elemental boron, which demonstrates the unique bonding characteristics 

of the boron atom [17]. 

closo-Boranes, such as [closo-B6H6]
2-, [closo-B10H10]

2-, [closo-B12H12]
2- etc., are 

fascinating class of compounds that are tri-dimensional frameworks of covalently bonded boron 

hydrides with characteristic non-classical bonding [18]. Its distinctive properties include the 

skeleton structure with three-center two-electron bonds, electron delocalization in the σ-

framework, and excellent chemical, electrochemical, and thermal stability [19]. Huckel's 

aromaticity rules are used to explain the stability of these compounds. Therefore, boron clusters 
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are excellent prospects for the development of a variety of cutting-edge functional materials with 

unique properties. 

 In 1912, Alfred Stock and his co-workers successfully synthesized and characterized the 

first boron hydrides [20]. Subsequently, this research helped to comprehend a revolutionary 

bonding principle and herald a new era of structural chemistry. The simplest boron hydride is 

borane BH3. The boron center in this derivative has only six valence electrons, which violates the 

octet rule. The diborane B2H6 is yet another derivative that does not satisfy the octet rule. A total 

of 12 valence electrons are involved in bonding in this derivative: six from the two boron atoms 

and six from the hydrogen atoms. Only four hydrogen atoms make typical covalent bonds with the 

boron atoms in this derivative, while the remaining two hydrogen atoms are shared by the two 

boron atoms through B–H–B bridges (Figure 1) [21]. Later, Lipscomb and co-workers described 

this B–H–B bridge (B–B–B bridge in the case of closo-boranes) as a three-center two-electron 

(3c2e) bond, which connects three atoms through a pair of delocalized electrons [22]. This 

represents the basic concept of bonding in all polyhedral boron hydrides, including the 10- and 12-

vertex boron clusters (structures A-E and F-J, respectively) shown in Figure 2. 

 

Figure 1. The structure of B2H6 with bridging B–H–B bonds and terminal B–H bonds. 

Allard's (1932) and also Pauling and Weinbaum's (1934) research on metal hexaborides 

unveiled the first closed boron polyhedra with the generic formula MB6 [23-24]. Longuet-Higgins 

and Roberts used the MO theory to investigate the existence of this closed network of highly stable 
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electronic arrangements in hexaborides [25]. In addition, their research on the B12 icosahedron 

revealed that the prototypical borane [closo-B12H12]
2- (F, Figure 2) and other boranes with the 

general structural formula (BH)n would only be stable as dianions (BH)n
2-. Hawthorne and 

Pitochelli subsequently synthesized the closo-dodecaborate anion F and analyzed it using X-ray 

diffraction, which reaffirmed the earlier conclusion regarding its structure [26]. Further research 

revealed the [closo-B10H10]
2- anion (A, Figure 2) as well as other deltahedral boranes, [closo-

B11H11]
2-, [closo-B9H9]

2-, [closo-B8H8]
2-, [closo-B7H7]

2-, and [closo-B6H6]
2- [27]. 

 

Figure 2. Structures of 10- and 12-vertex closo-boranes. The circles in the structure represent a 

CH vertex, and all other vertices are BH groups. 

Prefixes, including closo-, nido-, and arachno- are used to describe the structural motifs of 

stable boranes [27]. The closo- represents the covalent network of polyhedral boranes that is closed. 

Nido- and arachno- boron clusters have one and two missing vertices of the closed network, 

respectively, and therefore have an additional pair of bridging hydrogen atoms (in the former) or 

two pairs (in the latter) [28]. Later on, Wade's rule established a common relationship between the 



6 
 

members of these three types of boron clusters and their number of skeleton electrons. According 

to this rule, there should be n+1 MOs in closo-borane, n+2 MOs in nido-borane, and n+3 MOs in 

arachno-borane [29]. 

Current research focuses primarily on boron clusters with 10 or 12 vertices, which are also 

of interest to investigation in this Dissertation. In addition to [closo-B10H10]
2- (A) and [closo-

B12H12]
2- (F), several 10- and 12-vertex boron clusters exist with heteroatoms present in their 

closed skeletal structure (Figure 2). Carboranes and metallaboranes are only two such subclasses, 

although there are many others [30]. The 12-vertex carborane [closo-1-CB11H12]
- (G) is 

obtained by replacing a “BH” vertex in the prototypical borane F with a “CH+” group. Similarly, 

other neutral carborane derivatives are known, such as [closo-C2B10H12], in which two “BH” 

vertices in F are replaced by two “CH+” groups. This derivate exists in three distinct isomeric 

forms: 1,2-carborane (H), 1,7-carborane (I), and 1,12-carborane (J). Commonly encountered 10-

vertex carborane derivatives include [closo-1-CB9H10]
- (B) and the three isomers of [closo-

C2B8H10] (C, D, and E).  

3. Application of boron clusters in contemporary technologies 

Due to the unique properties of the closo-boron clusters, their chemistry is notably distinct 

from that of their organic counterparts. Boron clusters did not receive the attention they deserved 

as true building blocks for functional materials for a long time due to the lack of understanding of 

their chemistry and encountered functionalization challenges. Over the last few decades, scientists 

have made significant advances in understanding the fundamental chemistry of boron clusters and 

in synthesis of their derivatives. Consequently, this paved the way for the development of a number 

of fascinating new materials with properties that can be tuned for specific applications. Some of 

the applications of boron clusters in contemporary technologies are discussed below. 
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3.1 Biomedical application of boron clusters 

Boron neutron capture therapy (BNCT) for the treatment of tumors is one of the most 

significant applications of boron clusters in the medical field [31]. In this technique, the 10B isotope 

of boron with a high neutron cross section of 3840 barns (it is a measure of the ability to absorb 

thermal neutrons) uptaken by the neoplastic cell captures a thermal neutron and undergoes 

radioactive decay to produce an alpha particle, 7Li nucleus and a gamma photon, thereby providing 

a localized lethal dose for selective destruction of the malignant cells. For successful BNCT 

applications, there must be high selectivity and sufficient concentration of boron in the targeted 

cell, which continues to remain a challenge. The introduction of boron clusters with a high 

concentration of the 10B isotope as a boron carrier compound significantly improved BNCT. In a 

recent study, magnetic nanocomposites containing carborane cages were found to provide a high 

10B isotope concentration in tumor cells [31b]. Carbohydrates, nucleic acids, proteins and amino 

acids conjugated with boron clusters are among new boron carrier molecules investigated for 

BNCT treatment [32].  

Recently, boron clusters were utilized in developing of carrier molecules for transport of 

hydrophilic cargo molecules, such as cationic and neutral peptides, amino acids, neurotransmitters, 

vitamins, antibiotics, and drugs across liposomal membranes [33]. Boron clusters have additional 

medical applications in biosensors, targeted drug delivery, the treatment of cancer and HIV, and 

the investigation of protein-biomolecular interactions [34]. The amphiphilicity, lipophilicity, or 

hydrophilicity of different boron clusters, as well as their capacity for non-covalent interactions, 

such as ionic interactions and dihydrogen bond formation, made it possible to design drugs with 

tunable interactions with biological targets. Additionally, the chemical stability of the boron 
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clusters makes them biologically stable and minimizes the toxicity. Their resistance to high 

ionizing radiation is important for the development of radiopharmaceutical agents [35]. 

3.2 Significance of boron clusters in material science 

Boron clusters are being explored in several areas of material science. They are 

characterized by aromaticity of their three-dimensional σ-framework and this property is being 

explored, for example, in the development of luminescent materials with tunable photophysical 

properties [36]. Multiple studies demonstrated that the incorporation of 12-vertex neutral 

carboranes into π-conjugated systems significantly increased emission intensity and its quantum 

yield. Such derivatives, particularly meta- and para-carborane were found to be suitable for the use 

in organic light-emitting diodes [37] and light-emitting polymeric materials [38]. Due to its shape, 

ortho-carborane hinders π-staking which limit aggregation-induced quenching [39]. By 

incorporation of a sterically bulky monocarborate anion [closo-1-CB11H12]
- onto a bidentate ligand 

platform, high-performance phosphorescent materials have been synthesized recently [40]. The 

availability of various carborane clusters enables the emission properties to be tailored to meet 

specific requirements. 

Carboranes have been used in the development of polymers with improved thermal and 

electrochemical stability. Carborane-based polymers, such as phenylene ether carboranylene 

ketone (PECK), have demonstrated high thermal stability with minimal mass loss even at 

temperatures as high as 1000 °C [41]. Also, incorporation of carborane into the structure of 

conducting organic polymers (COPs) enhanced their thermal stability and resistance to 

overoxidation [42-43]. Such materials are potential substitutes for conventional metal and 

inorganic semiconductors. 
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Boron clusters, particularly 12-vertex carboranes, are used in the development of thermally 

stable coordination polymers and metal-organic frameworks (MOFs). The empty space within 

MOFs can accommodate guest molecules and counterions. Zn(II) and Co(II)-based MOFs 

containing the para-carborane derivative have demonstrated gas-absorption properties [44-45], and 

such molecules are important in zeolite applications. 

Nanoscience is another significant field of study involving boron clusters. Nanoparticles 

composed of boron clusters have been found to have a wide range of applications, including those 

in the medical field. When used in BNTC, magnetic nanocomposites containing carborane cages 

were found to provide high boron concentration in tumor cells, which is key for a successful BNTC 

[33b]. Carboranes are also used to develop molecular architectures, such as rods [46] and boxes 

[47] for nanomachines and molecular electronics. The development of nanomachines is of high 

interest because they could perform tasks at the molecular level in a similar manner as conventional 

machines in the macro scale. Several nano vehicles, such as nonocars, nanoinchworms, and 

nanocaterpillars have been demonstrated, in which para-carborane serves as the wheels [48-49]. 

These nanovehicles are propelled by a photochemical process at 365 nm wavelength. In this 

spectral region, para-carborane does not absorb light and has no quenching effect on the 

photochemical process. Consequently, para-carborane replaced fullerenes previously used in 

nanovehicles, which operate on the same principle. 

Boron clusters and their derivatives are promising candidates for nonlinear optical 

applications (NLOs). When interacting with an external electromagnetic field, NLO-active 

materials generate a field with a modified pulse and frequency. These materials are crucial for 

contemporary technological applications involving data storage and retrieval, optical switching and 

limiting, image processing, and optical communication. Theoretical investigations on several 
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derivatives of boron clusters revealed large nonlinear optical responses, with hyperpolarizabilities 

ranging from 8.6 to 1226 × 10-30 cm5 esu-1 [50]. Their high hyperpolarizability tends to be 

associated with the degree to which the HOMO of the polyhedral boron hydrides mixes with the π 

system of the substituent. 

Other applications of boron clusters involve advanced catalysts, coordination chemistry for 

the development of dianionic ligands and ligand substituents by the utilization of a σ-bound cluster 

via its C vertex, and covalently bound spectator substituents to enhance the stability of radicals 

[51]. 

3.3 Boron clusters in liquid crystals 

Boron clusters are of particular interest for the synthesis of liquid crystals due to their three-

dimensional geometry, effective charge delocalization, high polarizability, and chemical and 

thermal stabilities. Several boron clusters, such as [closo-B10H10]
2-, [closo-1-CB9H10]

-, and [closo-

C2B10H12], were substituted with organic groups in such a way to form rod-like molecules 

exhibiting liquid crystal-like behavior. Such a combination resulted in several classes of unique 

quadrupolar and ionic liquid crystals that are suitable for application in NLO materials, molecular 

electronics, and photovoltaics.  

3.3.1 Liquid crystals 

An intriguing observation made by the Austrian botanist Friedrich Reinitzer in 1888 

regarding the melting of cholesteryl benzoate led to Otto Lehmann's investigation of this 

phenomenon and the discovery of liquid crystallinity [52-54]. Liquid crystals (LCs) are soft, 

functional materials that exist in a distinct phase of matter between the solid and liquid states 

(Figure 3). This thermodynamically stable intermediate phase, also known as the "fourth state of 

matter", possesses anisotropy of its properties found in the solid, and fluidity characteristic of a 
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liquid [52-57]. Due to these reasons, a LC phase is commonly referred to as a mesophase and the 

molecules capable of forming a mesophase are known as mesogens.  

The most fascinating aspect of LCs is their ability to form self-organized anisotropic 

structures that combine order and mobility. Because of the ability of LCs to align in different 

directions, to switch orientations, and to change properties in response to external stimuli, such as 

an electric field, heat, mechanical force, and so on, they are appealing components of modern 

technologies [58-62]. 

 

Figure 3. Schematic diagrams of molecular order present in different states of matter. 

Depending on how the mesophases are obtained, LCs are typically classified as either 

thermotropic or lyotropic [52-54]. The thermotropic liquid crystalline phase is formed by heating 

of a mesogen to a specific temperature. Thermotropic LCs are further classified as disc-like, rod-

like, and bent-core based on the geometry of the LC molecule. The formation of lyotropic liquid-

crystalline phases is attained by preparing solutions of LCs in solvents of appropriate concentration. 

On the basis of their constituents, LCs may be organic, ionic, or organometallic. Thermotropic 

ionic LCs necessitate special consideration in the context of my research on anionic boron clusters 

[63-64]. Ionic liquid crystals (ILC) are ion pairs composed of an anion and a cation, and they 
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combine the properties of both ionic liquids (ionic conductivity, wide electrochemical window, 

high thermal stability, low vapor pressure, etc.) and liquid crystals (dynamic molecular order, self-

assembling ability, birefringence, anisotropic physical properties, etc.). 

Thermotropic LC phases are referred to as enantiotropic, when they show a LC phase on 

both heating and cooling temperature scans. Liquid crystals (LCs) with a monotropic phase, on the 

other hand, exhibit the liquid crystal phase only when cooled from the isotropic liquid phase [53]. 

The general molecular design of a thermotropic liquid crystal consist of a central rigid core and at 

least one flexible chain surrounding the rigid core [54]. Formation of the mesophase is also 

influenced by the shape, geometry, the extent of non-covalent interactions, nano-segregation, self-

assembly, and self-organization. 

 

Figure 4. Schematic diagrams of commonly observed phases in road like liquid crystals. 

LC phases are designated as nematic (N), smectic (Sm), columnar (Col), B phase (B stands 

for a banana phase formed by a bow-shaped or bent-core mesogen), etc. based on the type of 

arrangement of molecules in the mesophase [52-54]. Based on the strength of non-covalent 

interactions, such as van der Waals forces, hydrogen bonding, hydrophobic interactions, dipolar 

interactions, and charge transfer interactions, liquid crystals are able to self-organize and self-

assemble into different phases. Typically, molecules with a rod-like shape and a bent core 
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molecular architecture exhibit smectic and nematic phases (Figure 4). In addition, bent-core 

molecules display columnar phases, which are characteristic of disc-shaped molecules. Disc-

shaped molecules rarely exhibit nematic phases (discotic nematic, ND). 

In this research, the rod-like LCs are of particular interest. As the name suggests, they have 

the shape of a rod and are composed of one or two aromatic rings connected directly or via a linker, 

and alkyl chains at the terminal positions of the rigid core (Figure 5). The properties of LC are 

determined by the number of rings, the presence of lateral substituents in the rings, the type and 

nature of linking groups, the length and nature of alkyl chains, the presence of polar groups, etc. 

 

Figure 5. General schematic of rod-like liquid crystal molecules. 

The nematic phase is the least ordered mesophase, as only orientational order without 

positional order is present. In the smectic phase, in addition to the long-range orientational order, 

molecules also possess some short-range positional order. In this phase, molecules self-organize to 

form a layered structure with well-defined boundaries between them. Based on the molecular 

arrangement within the layers of the smectic phase, they are further classified as SmA, SmC, SmF, 

SmI, SmBhex, etc. SmA and SmC are the least ordered smectic phases and there is no positional 

correlation between the molecules within the layer or between the layers. Molecules, when 

arranged in layers with their long molecular axis perpendicular to the layer plane, form the 

orthogonal SmA phase. The SmC phase is a tilted analogue of the SmA phase, with a similar 
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arrangement of molecules and a tilt of their long molecular axis with respect to the layer plane. 

Similarly, molecules in the SmF and SmI phases also have a tilted orientation, but in addition they 

have a hexagonal arrangement within the layers. SmBhex has an orthogonal orientation similar to 

that of the SmA phase, but with an additional hexagonal order within the layers [52-53, 56]. 

3.3.2 Liquid crystals derived from boron clusters 

The availability of several boron clusters, such as [closo-B10H10]
2- (A), [closo-1-CB9H10]

- 

(B), [closo-1,10-C2B8H10] (E), [closo-1-CB11H12]
- (G), and [closo-1,12-C2B10H12] (J, Figure 2) 

with varying electronic properties enabled the development of liquid crystals with intriguing 

properties (Figure 6) [65].  

 

Figure 6. Representation of general structures of classes of liquid crystals derived from boron 

closo-clusters. Q+ represents an onium fragment, such as quinuclidinium, pyridinium, or 

sulphonium, and R represents any suitable organic fragment. 

When neutral para-carboranes, [closo-1,12-C2B10H12] (J) and [closo-1,10-C2B8H10] (E) 

were used as structural elements in liquid crystalline materials (type I and II), they were found to 

have a detrimental effect on the smectic phase stability in favor of the nematic phase, when 
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compared to their organic analogues benzene, cyclohexane, and bicyclo[2.2.2]octane [66]. 1,12-

Disubstituted derivatives of ortho-carborane also formed liquid crystalline materials (type III) with 

a moderate dipole moment [67]. meta-Carborane (I) was used in the synthesis of liquid crystalline 

molecules with bent-core molecular architecture (type IV) [68].   

closo-Decaborate anion [closo-B10H10]
2- (A) was investigated in the context of the 

formation of highly quadrupolar zwitterionic liquid crystals (type V). Several 1,10-disubstituted 

pyridinium and sulfonium derivatives were synthesized, and the effect of lateral polar interactions 

between the negatively charged boron cluster and the positively charged pyridinium groups on their 

LC phase stability was investigated [69]. Also, a study conducted on a homologous series of 1,10-

disubstituted 4-alkoxypyridinium zwitterions of the anion A demonstrated the effect of this strong 

lateral polar interaction in the formation of a new type of lamellar phases, which are not typical for 

calamitic molecules [70]. These quadrupolar materials are of particular interest as NLO materials. 

Carboranes [closo-1-CB9H10]
- (B) and [closo-1-CB11H12]

- (G) have been extensively 

studied in the context of the development of polar and ionic liquid crystals. Several zwitterionic 

liquid crystals (type VI and VIII) were prepared by proper disubstitution of the monocarboranes 

with an onium fragment (quinuclidinium, pyridinium or sulphonium) in the antipodal boron atom 

and an organic fragment linked to the apical carbon atom through –COO– or –CH2CH2– groups 

[71-75]. These derivatives are suitable for use in the electro-optics and liquid crystal display 

industries due to their high longitudinal dipole moments. Some of these compounds were 

discovered to be efficient positive Δε additives to nematic hosts. Appropriately disubstituted 

monocarborane derivatives with at least three rings in their structure and a positive counter ion (N-

alkyl-4-alkoxypyridinium) resulted in ionic liquid crystals (type VII and IX) [72,76-78]. Such 

derivatives are examples of materials with anion-driven mesogenicity. Li+ salts of these 
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monocarborane derivatives are being studied in the context of electrolytes for Li-ion battery 

applications, and this will be discussed in detail in Part B of this Dissertation. 

Despite possessing a variety of attractive characteristics, including the D4d molecular 

symmetry and a high-lying HOMO [72], the [closo-B10H10]
2- anion (A) did not receive enough 

attention as a component in functional materials because of the challenges with its 

functionalization. Several 1,10-disubstituted dinitrogen, pyridinyl, and acetonitrile derivatives of 

the cluster have already demonstrated its capacity for efficient interaction with π-substituents [79-

81]. Due to this feature, it is possible to adjust the electronic properties of the cluster derivatives so 

that they conform to the requirements of specific applications. It is expected that 1,10-difunctional 

derivatives of the [closo-B10H10]
2- anion will find numerous fascinating applications in areas, such 

as molecular electronics, semiconductors, NLO materials, and photovoltaics. As a result, it is 

essential to further develop the chemistry of the [closo-B10H10]
2- anion, and the first part of this 

Dissertation (Part A) is devoted entirely to the functionalization of the [closo-B10H10]
2- anion in 

order to facilitate the development of novel ionic functional materials. 
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Grantz Šašková, I. Sieglová, J. Plesek, Design of HIV protease inhibitors based on inorganic 

polyhedral metallacarboranes, J. Med. Chem., 2009, 52, 7132–7141; (c) N. S. Hosmane, Boron 

science: new technologies and applications, CRC Press, 2011. 

35. Z. J. Lesnikowski, Challenges and opportunities for the application of boron clusters in drug 

design, J. Med. Chem., 2016, 59, 7738–7758.  

36. (a) S. Mukherjee, P. Thilagar, Boron clusters in luminescent materials, Chem. Commun., 2016, 

52, 1070–1093; (b) B. P. Dash, R. Satapathy, J. A. Maguire, N. S. Hosmane, Polyhedral boron 

clusters in materials science, New J. Chem., 2011, 35, 1955–1972; (c) R. Núñez, M. Tarrés, A. 

Ferrer-Ugalde, F. Fabrizi de Biani, F. Teixidor, Electrochemistry and photoluminescence of 

icosahedral carboranes, boranes, metallacarboranes, and their derivatives, Chem. Rev., 2016, 

116, 14307–14378. 

37. B. P. Dash, R. Satapathy, E. R. Gaillard, K. M. Norton, J. A. Maguire, N. Chug, N. S. Hosmane, 

Enhanced π-conjugation and emission via icosahedral carboranes: Synthetic and spectroscopic 

investigation, Inorg. Chem., 2011, 50, 5485–5493. 



22 
 

38. K. Kokado, Y. Tokoro, Y. Chujo, Luminescent m-carborane-based π-conjugated polymer, 

Macromolecules, 2009, 42, 2925–2930.  

39. B. P. Dash, R. Satapathy, E. R. Gaillard, J. A. Maguire, N. S. Hosmane, Synthesis and 

properties of carborane-appended C3-symmetrical extended π systems, J. Am. Chem. Soc., 

2010, 132, 6578–6587. 

40. Y. Shen, X. Kong, F. Yang, H. D. Bian, G. Cheng, T. R. Cook, Y. Zhang, Deep blue 

phosphorescence from platinum complexes featuring cyclometalated N-pyridyl carbazole 

ligands with monocarborane clusters (CB11H12
–), Inorg. Chem., 2022, 61, 16707–16717. 

41. A. M. Fox, K, Wade, Model compounds and monomers for phenylene ether carboranylene 

ketone (PECK) polymer synthesis: Preparation and characterization of boron-arylated ortho-

carboranes bearing carboxyphenyl, phenoxyphenyl or benzoylphenyl substituents, J. Mater, 

Chem., 2002, 12, 1301–1306. 

42. C. Masalles, S. Borros, C. Viñas, F. Teixidor, Are low‐coordinating anions of interest as doping 

agents in organic conducting polymers?,  Adv. Mater., 2000, 12, 1199–1202. 

43. (a) C. Masalles, J. Llop, C. Viñas, F. Teixidor, Extraordinary overoxidation resistance increase 

in self‐doped polypyrroles by using non‐conventional low charge‐density anions, Adv. Mater., 

2002, 14, 826–829. 

44. O. K. Farha, A. M. Spokoyny, K. L. Mulfort, M. F. Hawthorne, C. A. Mirkin, J. T. Hupp, 

Synthesis and hydrogen sorption properties of carborane based metal-organic framework 

materials, J. Am. Chem. Soc., 2007, 129, 12680–12681. 

45. Y. S. Bae, A. M. Spokoyny, O. K. Farha, R. Q. Snurr, J. T. Hupp, C. A. Mirkin, Carborane-

based metal-organic frameworks as highly selective sorbents for CO2 over methane, Chem. 

Commun., 2008, 35, 4135–4137. 



23 
 

46. J. Muller, K. Base, T. F. Magnera, J. Michl, Rigid-rod oligo-p-carboranes for molecular 

tinkertoys. An inorganic Langmuir-Blodgett film with a functionalized outer surface, J. Am. 

Chem. Soc., 1992, 114, 9721–9722. 

47. W. Jiang, D. E. Harwell, M. D. Mortimer, C. B. Knobler, M. F. Hawthorne, Palladium-

catalyzed coupling of ethynylated p-carborane derivatives: Synthesis and structural 

characterization of modular ethynylated p-carborane molecules, Inorg. Chem., 1996, 35, 4355–

4389. 

48. T. Sasaki, J. M. Tour, Synthesis of a new photoactive nanovehicle: A nanoworm, Org. Lett., 

2008, 10, 897–900. 

49. J. F. Morin, T. Sasaki, Y. Shirai, J. M. Guerrero, J. M. Tour, Synthetic routes toward carborane-

wheeled nanocars, J. Org. Chem., 2007, 72, 9481–9490. 

50. D. G. Allis, J. T. Spencer, Polyhedral-based nonlinear optical materials: part 1. Theoretical 

investigation of some new high nonlinear optical response compounds involving carboranes 

and charged aromatic donors and acceptors, J. Organomet. Chem., 2000, 614, 309–313. 

51. S. P. Fisher, A. W. Tomich, S. O. Lovera, J. F. Kleinsasser, J. Guo, M. J. Asay, H. M. Nelson, 

V. Lavallo, Nonclassical applications of closo-carborane anions: From main group chemistry 

and catalysis to energy storage, Chem. Rev., 2019, 119, 8262–8290. 

52. (a) P. J. Collings, J. S. Patel, Handbook of liquid crystal research, 1997; (b) J. W. Goodby, P. 

J. Collings, T. Kato, C. Tschierske, H. Gleeson, P. Raynes, V. Vill, Chemical structure and 

mesogenic properties, Handbook of liquid crystals, John Wiley & Sons, 2014.  

53. E. Priestly, Introduction to liquid crystals, Springer Science & Business Media, 2012.  

54. S. Kumar, Chemistry of discotic liquid crystals: From monomers to polymers, CRC press, 

2016. 



24 
 

55. H. K. Bisoyi, Q. Li, Liquid crystals: versatile self-organized smart soft materials, Chem. Rev., 

2021, 122, 4887–4926. 

56. I. C. Khoo, Liquid crystals, John Wiley & Sons, 2022.  

57. P. G. De Gennes, J. Prost, The physics of liquid crystals, (No.83), Oxford University Press, 

1993. 

58. (a) M. Schadt, Liquid crystal materials and liquid crystal displays, Annu. rev. mater. sci., 

1997, 27, 305–379; (b) B. Bahadur, Liquid crystal displays, Mol. Cryst., 1984, 109, 3–93; (c) 

E. Lueder, P. Knoll, S. H. Lee, Liquid crystal displays: Addressing schemes and electro-optical 

effects, John Wiley & Sons, 2022.  

59. (a) G. Meier, E. Sackmann, J. G. Grabmaier, Applications of liquid crystals, Springer Science 

& Business Media, 2012; (b) J. P. Lagerwall, G. Scalia, A new era for liquid crystal research: 

Applications of liquid crystals in soft matter nano-, bio-, and microtechnology, Curr. Appl. 

Phys., 2012, 12, 1387–1412.  

60. T. Kato, J. Uchida, T. Ichikawa, T. Sakamoto, Functional liquid crystals towards the next 

generation of materials, Angew. Chem. Int. Ed., 2018, 57, 4355–4371. 

61. S. J. Woltman, G. D. Jay, G. P. Crawford, Liquid-crystal materials find a new order in 

biomedical applications, Nat. mater., 2007, 6, 929–938. 

62. M. Kumar, S. Kumar, Liquid crystals in photovoltaics: A new generation of organic 

photovoltaics, Polym. J., 2017, 49, 85–111. 

63. (a) K. Binnemans, Ionic liquid crystals, Chem. Rev. 2005, 105, 4148–4204; (b) K. V. Axenov, 

S. Laschat, Thermotropic ionic liquid crystals, Materials, 2011, 4, 206–259. 

64. (a) N. Kapernaum, A. Lange, M. Ebert, M. A. Grunwald, C. Haege, S. Marino, A. Zens, A. 

Taubert, F. Giesselmann, S. Laschat, Current topics in ionic liquid crystals, ChemPlusChem, 



25 
 

2022, 87, 202100397, (b) K. Goossens, K. Lava, C. W. Bielawski, K. Binnemans, Ionic liquid 

crystals: Versatile materials, Chem. Rev., 2016, 116, 4643–4807. 

65. P. Kaszyński, closo-Boranes as structural elements for liquid crystals, Boron Science: New 

Technologies and Applications, 2016, 319–353. 

66. B. Ringstrand, J. Vroman, D. Jensen, A. Januszko, P. Kaszyński, J. Dziaduszek, W. 

Drzewinski, Comparative studies of three- and four-ring mesogenic esters containing p-

carborane, bicyclo[2.2.2]octane, cyclohexane, and benzene, Liq. Cryst., 2005, 32, 1061–1070. 

67. A. Jankowiak, P. Kaszyński, Practical synthesis of 1,12-difunctionalized o-carborane for the 

investigation of polar liquid crystals, Inorg. Chem., 2014, 53, 8762–8769. 

68. D. Pociecha, K. Ohta, A. Januszko, P. Kaszyński, Y. Endo, Symmetric bent-core mesogens 

with m-carborane and adamantane as the central units, J. Mater. Chem., 2008, 18, 2978–2982. 

69. A. Jankowiak, A. Baliński, J. E. Harvey, K. Mason, A. Januszko, P. Kaszyński, V. G. Young, 

A. Persoons, [closo-B10H10]
2− as a structural element for quadrupolar liquid crystals: A new 

class of liquid crystalline NLO chromophores, J. Mater. Chem. C, 2013, 1, 1144–1159. 

70. M. O. Ali, D. Pociecha, J. Wojciechowski, I. Novozhilova, A. C. Friedli, P. Kaszyński, Highly 

quadrupolar derivatives of the [closo-B10H10]
2- anion: investigation of liquid crystalline 

polymorphism in an homologous series of 1,10-bis(4-alkoxypyridinium) zwitterions, J. 

Organomet. Chem., 2018, 865, 226–233. 

71. R. Jakubowski, J. Pecyna, M. O. Ali, A. Pietrzak, A. C. Friedli, P. Kaszyński, Polar derivatives 

of [closo-1-CB9H10]
− and [closo-1-CB11H12]

− anions as high Δε additives to a nematic host: A 

comparison of the CH2CH2 and COO linking groups, Dalton Trans., 2021, 50, 3671–3681. 

72. B. Ringstrand, P. Kaszyński, Functionalization of the [closo-1-CB9H10]
− anion for the 

construction of new classes of liquid crystals, Acc. Chem. Res., 2013, 46, 214–225. 



26 
 

73. B. Ringstrand, P. Kaszyński, High Δε nematic liquid crystals: Fluxional zwitterions of the 

[closo-1-CB9H10]
− cluster, J. Mater. Chem., 2011, 21, 90–95. 

74. J. Pecyna, P. Kaszyński, B. Ringstrand, M. Bremer, Investigation of high Δε derivatives of the 

[closo-1-CB9H10]
− anion for liquid crystal display applications, J. Mater. Chem. C, 2014, 2, 

2956–2964. 

75. J. Pecyna, R. Żurawiński, P. Kaszyński, D. Pociecha, P. Zagórski, S. Pakhomov, Polar liquid 

crystals derived from sulfonium zwitterions of the [closo-1-CB11H12]
− anion, Eur. J. Inorg. 

Chem., 2016, 18, 2923–2931. 

76. B. Ringstrand, H. Monobe, P. Kaszyński, Anion-driven mesogenicity: Ionic liquid crystals 

based on the [closo-1-CB9H10]
− cluster, J. Mater. Chem., 2009, 19, 4805–4812. 

77. B. Ringstrand, A. Jankowiak, L. E. Johnson, P. Kaszyński, D. Pociecha, E. Gorecka, Anion-

driven mesogenicity: A comparative study of ionic liquid crystals based on the [closo-1-

CB9H10]
− and [closo-1-CB11H12]

− clusters, J. Mater. Chem., 2012, 22, 4874–4880. 

78. R. Jakubowski, A. Pietrzak, A. C. Friedli, P. Kaszyński, C(1)-Phenethyl derivatives of [closo-

1-CB11H12]
− and [closo-1-CB9H10]

− anions: Difunctional building blocks for molecular 

materials, Eur.  J. Chem., 2020, 26, 17481–17494. 

79. P. Kaszyński, closo-Boranes as π structural elements for advanced anisotropic materials, Vol. 

798, ACS symposium series, Washington, D. C. 2001. 

80. S. Pakhomov, P. Kaszyński, V. G. Young Jr., 10-Vertex closo-boranes as potential π linkers 

for electronic materials, Inorg. Chem., 2000, 39, 2243–2245. 

81. P. Kaszyński, S. Pakhomov, V. G. Young Jr., Investigation of electronic interaction between 

closo-boranes and triple-bonded substituents, Collect. Czech. Chem. Commun., 2002, 67, 

1061–1083. 



27 
 

GOALS AND OBJECTIVES 

The overall goal of this PhD Dissertation was to develop self-organizing molecular 

materials based on boron clusters specifically designed for modern technological needs in energy 

storage and conversion. This Dissertation is divided into two parts, namely Part A and Part B, each 

focusing on separate aspects of this program. 

The 1,10-difunctional derivatives of the [closo-B10H10]
2- anion are attractive for the 

synthesis of self-organizing rod-like materials with controlled electronic properties, photophysical 

behavior, and the degree of intramolecular electronic interactions. Part A of the Dissertation 

investigated the fundamental chemistry of the 1,10-difunctionalized derivatives of the closo-

decaborate anion [closo-B10H10]
2- in order to facilitate the development of new ionic functional 

materials. The main objective was to investigate the bis-phenyliodonium zwitterion [closo-B10H8-

1,10-(IPh)2] as a convenient precursor for the efficient synthesis of the known dicarboxylic acid 

derivative [closo-B10H8-1,10-(COOH)2]
2- and the unknown dihydroxy derivative [closo-B10H8-

1,10-(OH)2]
2- and their utilization as building blocks for the design of novel ionic liquid crystal 

materials with tunable intermolecular charge transfer. Tunability of the intermolecular charge in 

ILCs was achieved by modifying the energies of the HOMO of the anion and the LUMO of the 

cation by judicious choice of the substituents. Nanosegregation of the charged and aliphatic apolar 

regions in the ordered phase of ILCs can facilitate charge transport, and they are suitable for use in 

photovoltaics. 

Boron clusters are advantageous for use as lithium salts in electrolytes due to their improved 

performance. Part B of the Dissertation focused on a project funded by the European Space Agency 

(ESA) for the development of electrolytes for use in lithium-ion battery applications in space 
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exploration. The main goal of the project was to obtain a parallelly aligned liquid crystalline solid 

polymer electrolyte based on a [closo-1-CB11H12]
- anion derivative with enhanced ion mobility 

through the formation of ion conducting channels and planes and to test its performance in a 

CR2032 type coin cell battery. In order to achieve this, a new LC electrolyte system was 

investigated, in which the anion of the Li+ salt is a 1,12-disubstituted [closo-CB11H12]
- derivative 

that is structurally similar to the molecules of the LC host, exhibiting smectic C and nematic phases. 

This project involved several stages of development, including extensive synthesis and 

characterization of the liquid crystalline electrolyte samples, parallel alignment of the electrolyte 

samples using different surface treatment methods, photopolymerization of the parallelly aligned 

liquid crystalline electrolytes to generate the solid polymer electrolyte films, and finally cell 

assembly and battery testing. 
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PART A 

 

Development of novel functional materials based on 1,10-

disubstituted [closo-B10H10]2- anion derivatives 

Part A of the Dissertation is dedicated to the fundamental chemistry of the closo-decaborate 

anion ([closo-B10H10]
2-) and its utilization in the design of novel ionic functional materials with 

tunable photophysical behavior. Since the [closo-B10H10]
2- anion is the main focus of this part of 

the Dissertation, it begins with a review (Chapter A1) which discusses recent developments in the 

synthesis of 1,10-disubstituted derivates of the anion in the context of application in material 

science. Chapter A2 deals with the synthesis, structural analysis, and functional group 

interconversions of [closo-B10H10]
2- derivatives. The synthesis and photophysical properties of a 

series of photoactive ionic liquid crystalline derivatives based on the [closo-B10H10]
2- anion are 

described in Chapter A3.  
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CHAPTER A1 

Chemistry of the 1,10-disubstituted derivatives of the closo-

decaborate anion ([closo-B10H10]2-) 

1.1 Introduction 

The unique properties of the boron clusters [1-4] make them attractive structural elements for 

the development of functional materials with properties that could be used in modern technological 

applications, such as NLO materials [5-9], π linkers in molecular electronics [10], and 

photovoltaics [11]. Among them, the closo-decaborate anion, [closo-B10H10]
2- (A, Figure 1) is 

exceptional [1,2] and over the last six decades since its first synthesis [12] by Hawthrone and 

Pitochelli in 1959, derivatives of the anion A have been the subject of many investigations and 

revealed many unique properties of the cluster. It has the D4d molecular symmetry and exhibits 3D 

σ-aromaticity [2-4,13,14]. The structure of the bicapped square antiprism with 5-coordinated apical 

and 6-coordinated equatorial boron atoms contains three-center two-electron bonds [15]. The two 

negative charges in the cluster are fully delocalized through its three-dimensional σ framework, 

which makes the cluster nucleophilic. As a consequence, the exo-polyhedral hydrogen atoms can 

be replaced by various electrophilic substituents. The high laying HOMO (Figure 1) [5], orbital 

symmetry, and its energy level make the anion A interactive with the apical π-substituents 

[5,10,16]. Therefore, the 1,10-disubstituted derivatives of the anion A are attractive for the 

synthesis of functional materials with controlled electronic properties, photophysical behavior, the 

degree of intramolecular electronic interactions, and charge transfer.  
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Figure 1. Structure of the closo-decaborate anion with selected MO contours and energies obtained 

at the CAM-B3LYP/def2TZVP//B3LYP/def2TZVP level of theory in CH2Cl2 dielectric medium. 

Until recently, 1,10-difunctionalization of anion A was poorly developed, while materials 

containing this structural element potentially offer several new properties. Access to derivatives of 

the [closo-B10H10]
2- anion (A) with apical substituents is difficult because most substitution 

reactions take place almost exclusively at the equatorial position leading to [closo-B10H9-2-X]2– 

derivatives [1,2,17]. The mechanism of the substitution reaction (electrophilic, radical, or 

electrophile-induced nucleophilic substitution) and electron density distribution within the cluster 

determine the formation of the substitution product, whether it is equatorially or apically 

substituted. Due to this reason, the introduction of the first substituent can lead to a mixture of 

isomeric products. 

During the 1960s, work by Knoth gave access to the dinitrogen derivative [closo-B10H8-

1,10-(N2)2] (I), which was the first practical precursor to 1,10-difunctional derivatives of the [closo-

B10H10]
2- cluster (Scheme 1) [18,19]. This dinitrogen derivative I was prepared in 15-25% yield by 

treating anion A with excess of nitrous acid followed by the reduction of the resulting intermediate 

with NaBH4 in methanol or with zinc and hydrochloric acid. This method has the drawback of 

forming an explosive intermediate and a low overall yield of 15-25% due to the formation of 

undesired and unstable equatorial isomers. Similar to other derivatives of the anion A, derivative I 

was also found to exhibit hydrolytic and oxidative stability unusual for a boron hydride derivative. 
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It is a colorless, crystalline solid, stable towards air, water, dilute acid and base, and is not oxidized 

by alcoholic silver nitrate. It sublimes readily at 100 °C in vacuo and is soluble in common organic 

solvents, including benzene. It begins to decompose at about 125 °C in a sealed tube [18]. N2 

groups in I were efficiently replaced by variety of nucleophiles, such as NH3, pyridines, and CO to 

yield the corresponding 1,10-disubstituted products with the general structure 1 [9,18,19]. 

 

 

Scheme 1. General methods for the synthesis of 1,10-disubstituted derivatives of the [closo-

B10H10]
2– anion. 

In 1965, Hawthorne et al. reported a facile azo coupling reaction between anion A and aryl 

diazonium cation to form the apically substituted azo-dye [closo-B10H9-1-NH=N-Ar]- (2, Scheme 

1) [20,21]. Thus, a reaction of aryldiazonium tetrafluoroborates or hexafluorophosphates 

with anion A in acetonitrile solutions gave the corresponding apically substituted azobenzene 

derivatives 2 up to 92% yield (Scheme 1). These derivatives were found to be highly colored dyes. 
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Intramolecular charge transfer in azobenzene dyes was investigated and solvent and substituent 

effects were determined. Azo-dye 2 was easily converted to the monodinitrogen derivative [closo-

B10H9-1-N2]
- (II) by treating it with sodium propionate in acetonitrile, which served as a general 

intermediate for the mono- and heterodisubstituted derivatives (general structures 3 and 5 

respectively, in Scheme 1) of anion A by sequential introduction of the substituents at the apical 

positions.  

For the next few decades, not much progress has been made in the chemistry of the apically 

substituted derivatives of the anion A and it has remained unexplored, mainly due to the difficulties 

with introducing of functional groups at the apical positions, demanding reaction conditions, and 

low yields. 

A recent discovery by Kaszyński et al. has solved this long-standing problem and provided 

a convenient and general method for the regioselective functionalization of the anion A exclusively 

at the apical position through the bis-phenyliodonium zwitterion [closo-B10H8-1,10-(IPh)2] (III, 

Scheme 1) [22]. The zwitterion III was synthesized by reacting a solution of [closo-B10H10]
2- 

2[NH4]
+ (A[NH4]) with solid PhI(OAc)2 in 70% aqueous acetic acid. Analysis of the reaction 

mixture revealed that [PhI]+ electrophile is fully selective for the apical position of the anion A and 

III was obtained in 82-90% yield as the sole product. Derivative III appeared to be stable and did 

not show any decomposition under ambient conditions over several months. Similarly, mono-

phenyliodonium derivative IV was obtained in 60-65% yield by reacting PhI(OAc)2 with a solution 

of A[NH4]  in 30% aqueous acetic acid [23]. Here, the selectivity for the mono-phenyliodination 

of A was achieved by controlling the concentration of acetic acid, which in turn affected the 

solubility of the derivative IV formed in the reaction medium: it precipitates before being reacted 

with another equivalent of [PhI]+. 
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In contrast to the formation of monodinitrogen intermediate II, the electrophilic 

phenyliodine species, such as PhI(OAc)2, was found to be the most selective electrophile 

exclusively giving the apically substituted product, and consequently, high yields of III. The main 

difference between the two methods lies in selectivity of the electrophilic substitution of the anion 

and also in the mechanism of the replacement of the leaving group in the intermediate. Thus, the 

substitution of the N2 group in I involves heterolysis of the N–B bond and formation of highly 

reactive boronium ylide 6, which is trapped with a nucleophile. Consequently, this mechanism is 

an analogous to that of SN1 reaction. In contrast, the substitution of the nucleophile in 

phenyliodonium zwitterion IV proceeds through the heterolysis of the I–B bond and formation of 

boronium ylide 6, formation of the 10-I-3 intermediate 7, or by the formation of 9-I-2 intermediate 

8. depending on the reaction conditions and nature of the nucleophile (Figure 2) [22]. Charge 

nucleophiles, such as CN- and AcO-, and weak nucleophiles, such as MeCN and thiane, react with 

IV, the reactions proceed through the formation of 10-I-3 intermediate and boronium ylide, 

respectively, to yield the corresponding substituted product 3. Phenyliodonium zwitterion IV 

efficiently undergoes SET from the Grignard reagent, resulting in the iodo derivative 9. 

 

Figure 2. Possible pathways for phenyliodonium group replacement with nucleophiles in IV. 
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The reactions of zwitterions I and III with various nucleophiles provided pyridinium [9,24], 

sulfonium [24], carbonyl [18,25], nitrile [26], and other derivatives [21,23,27,28]. These 

derivatives gave unprecedented access to functionalized closo-borate and new classes of materials, 

such as liquid crystals [9,24,27], photonic materials [28], and metal complexes [29]. 

So far, reviews on the chemistry of anion A summarized various synthetic methods for 

obtaining the parent anion, its properties, salts and complexes, and the exo-polyhedral substitution 

of various atoms and groups on the boron cluster [1,30,31]. This review exclusively concentrates 

on the progress made in the chemistry of the 1,10-disubstituted derivatives of the anion A and their 

properties. 

1.2 Preparation and reactivity of 1,10-disubstituted functional group 

derivatives 

1.2.1 Derivatives with the Boron-Carbon bond 

Until now, several derivatives of the anion A with a carbon atom substituted at the apical 

positions have been prepared and 1,10-dicarbonyl derivative [closo-B10H8-l,10-(CO)2] (10) is 

among the first such derivatives. Initially, this derivative was obtained in 55-75% yield by the SN-

1-type displacement of the N2 groups in [closo-B10H8-1,10-(N2)2] (I) by carbon monoxide under 

140 °C and 1000 atm pressure (Scheme 2) [18,19]. This derivative is a formal anhydride of the 

diacid [closo-B10H8-1,10-(COOH)2]
2- (11), a potentially useful building block for a variety of 

materials. In water, the carbonyls in 10 are found to be in equilibrium with the carboxyl group. 

Also, reactions of 10 with amines and alcohols gave the corresponding amides (12) and esters (13) 

respectively (Scheme 2) [18]. 
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Scheme 2. Synthesis of [closo-B10H8-l,10-(CO)2] (10) from [closo-B10H8-1,10-(N2)2] (I) and its 

reactions [18]. 

 Interestingly, reduction of 10 using LiAlH4 resulted in the 1,10-dimethyl derivative 14 

(Scheme 2). Isocyanate derivative 15 was obtained by treating derivative 10 with NaN3. 

Unfortunately, accessibility of the 1,10-dicarbonyl derivative 10 using this method is limited by 

high-pressure conditions (1000 atm) for its synthesis and low overall yields of 10-15%. 
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2- (16, Scheme 3) [25]. An initial attempt to prepare the diacid 

11 through the hydrolysis of dinitrile 16 was not successful due to the high electron density on the 
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occurred smoothly and the resulting bis-zwitterion [closo-B10H8-1,10-(CNMe)2] (17) was easily 
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dryness. The resulting acid anhydride 10 in a reaction with NaOEt in EtOH gave the known diethyl 

ester 13b in 62% overall yield. However, this ester was found to be hydrolytically unstable.  

 

Scheme 3. Synthesis of acid 11 and carbonyl derivative 10 from [closo-B10H8-1,10-(CN)2]
2- (16) 

[25]. 

Furthermore, the addition of methylamine to zwitterion 17 cleanly gave the bis-ylide 19 in 

76% yield (Scheme 4). Crystal structures for several of these derivatives were obtained using 

single-crystal XRD [25]. 

 

Scheme 4. Reaction of [closo-B10H8-1,10-(CNMe)2] (17) with methylamine [25]. 
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organic solvents was improved by exchanging the [NEt4]
+ cation for [NBu4]

+ using Dowex 

exchange resin.  

 

Scheme 5. Synthesis of the [closo-B10H8-1,10-(CN)2]
2-

 derivative (16) [26]. 

Dinitrile 16 was surprisingly resistant to hydrolysis and found to be unaffected on most 

classical reaction conditions.  Stronger reducing reagents such as LiAlH4, NaBH4-BF3
.Et2O, and 

LiAlH4–BF3
.Et2O gave partial conversion of the dinitrile to a complex mixture of products. The 

inertness of the C≡N groups in 16 was ascribed to the extensive delocalization of the negative 

charge from the {closo-B10}
2- cluster. The availability of high negative charge density on the C≡N 

bond has been explored in the context of metal complexes (see section 1.6: Metal complexes based 

on [closo-B10H10]
2- anion).  Single-crystal XRD analysis of [closo-B10H8-1,10-(CN)2]

2– 2[NPr4]
+ 

(16[NPr4]) provided more insight into the molecular structure of this derivative [26].  

Derivatives of the anion A with aryl substituents at the apical positions were obtained by 
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2− (20) and [closo-B10H9-1-

I]2− (9). Thus, a reaction of 20 with 4-MeOC6H4MgBr in the presence of 2 mol% PEPPSI-IPr 

catalyst gave the 1,10-diaryl derivatives [closo-B10H8-1,10-(C6H4OR)2]
2− (21) in 60-75% yield 

(Scheme 6) [26]. Similarly, monoaryl derivative 22 was also synthesized in 75-88% yield from the 
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2- 

anion).  
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Scheme 6. Synthesis of the aryl derivatives of anion A [27]. 

1.2.2 Derivatives with the Boron-Oxygen bond 

Monosubstituted hydroxy derivative [closo-B10H9-1-OH]2- (23) was obtained by heating an 
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- (II) and NaOH. However, some amounts of [B(OH)4]

- 

were also formed as a product of cage degradation. This was overcome by carrying out the reaction 

in a mild alkaline aqueous solution of NaF, and triphenylbenzylphosphonium salt of the hydroxy 

derivative 23 was isolated in 83% yield (Scheme 7) [32]. 

 

Scheme 7. Synthesis of the monohydroxy derivative [closo-B10H9-1-OH]2- (23) [32]. 
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of 25a with diluted HCl in MeOH gave the dihydroxy derivative obtained in the protonated form 

[closo-B10H8-1,10-(OH2)2] (26-2H) in 68–72% yield (Scheme 8). The solid-state structure of 

derivatives 24a, 25a, and 26-2H were determined by single-crystal X-ray analysis. Analysis of the 

experimental C=O vibrational frequencies showed a markedly lower force constant in 25a than in 

the hydrocarbon analogs, which was well reproduced with DFT calculations [26]. This indicates 

an effective electronic interaction between the cluster and the substituents, which in turn lowers 

the bond order. 

 

Scheme 8.  Synthesis of the bis-oxonium derivative [closo-B10H8-1,10-(OH2)2] (26-2H) [26]. 

Similarly, [closo-B10H8-1,10-(OH2)2] (26-2H) was synthesized in comparable yields from 

the DMA adduct [closo-B10H8-1,10-(OCMeNMe2)2] (24b), which was obtained by the thermolysis 
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oxidation and was unstable in most organic solvents. Only the solid-state of the protonated form 

26-2H was found to be stable. Its synthetic utility was demonstrated by a successful acylation 

reaction with C6H5COCl in THF in the presence of excess NaH under argon atmosphere (Scheme 

9). Despite sensitivity of esters to acid, the [NBu4]
+

 cation in [closo-B10H8-1,10-(OCOC6H5)2]
2- 

2[NBu4]
+ (27a[NBu4]) was successfully exchanged for [NEt4]

+ cation using Dowex exchange resin 

[26]. 

2

IPhPhI

2

OCRNMe2Me2NRCO a, R = H

b, R = CH3

DMF or DMA
90 °C, 12 h

2

OO CC RR

OOHCl, MeOH,
0.5 h.

[NBu4]+[OH]-

MeCN, 80 °C

2

OH2H2O

72-80%

84-90%

68-72%

24

2526-2H

a, R = H

b, R = CH3

III

2[NBu4]+



13 
 

Ester derivatives [closo-B10H8-1,10-(OCOC11H23)2]
2- (27b) and [closo-B10H8-1,10-

(OCOC6H4OC12H25)2]
2- (27c) were also synthesized using the same esterification method 

described above (Scheme 9) [27]. All ester derivatives were found to be unstable towards acidic 

conditions including silica gel. Therefore, pure derivatives were obtained in about 70% and 60% 

yields respectively using column chromatography on basic alumina. Derivatives 27b and 27c were 

investigated as ionic liquid crystals (see section 1.4.2: Ionic liquid crystals of [closo-B10H10]
2-). 

 

Scheme 9. Synthesis of ester derivatives from bis-oxonium derivative 26-2H [26,27]. 

1.2.3 Derivatives with the Boron-Nitrogen bond 

Several new compounds with the boron-nitrogen bond were synthesized from the 

dinitrogen derivative I. A variety of nucleophiles, such as ammonia, pyridine, acetonitrile, and 4-

alkoxypyridine, readily displaced the dinitrogen groups in I to give the corresponding [closo-

B10H8-l,10-(Nu)2] species (structures 28, 29, 30, and 31, respectively, in Scheme 10) [18,19]. 

Derivative 28 on alkylative cyclization with tribromide C5H11C(C2H4Br)3 resulted in the 

diquinuclidinium derivative 32 obtained in 25% yield. N_protonated diacetamide 33 was obtained 

by evaporating a solution of 30 in aqueous acetonitrile. Dinitrogen derivative I, when treated with 

NaN3, gave the monosubstituted product 34. Hydrazinium derivative 35 was obtained by refluxing 

a solution of I in 98% hydrazine.  

1,10-Disubstituted 4-alkoxypyridinium (31) and pentylquinuclidinium (32) derivatives 

(Scheme 10) were explored in the context of liquid crystals and their thermal and physical 

2

OH2H2O

2

OO CC RR

OO
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b, R = C11H23,

c, R = C6H4OC12H25

RCOCl, NaH, THF,
Ar, rt, 2 h

2726-2H
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properties were investigated (see section 1.4.1: Zwitterionic quadrupolar liquid crystals of [closo-

B10H10]
2-) [9]. Hydrolytic and thermal instability have been observed for these bis-onium 

derivatives. Also, these 1,10-disubstituted bis-onium derivatives were found to be 

configurationally unstable above 200 °C, and they rearrange into other isomers [9]. 

 

Scheme 10. Synthesis of derivatives with the boron-nitrogen bond from the dinitrogen derivative 

[closo-B10H8-1,10-(N2)2] (I) [9,18,19]. 

Azobenzene [closo-B10H9-1-NH=N-Ar]- (2) on reduction with basic zinc dust, basic 

hydrosulfite, or tin in acidic methanol gave the corresponding ammonium derivative [closo-B10H9-

1-NH3]
- (36). Alkylative cyclization of 36 with tribromide C5H11C(C2H4Br)3 provided the 

quinuclidinium derivative 37 in 90% yield [9]. Further reactions of the ammonium derivative 36 

with a second equivalent of aryldiazonium ion resulted in the azo-dye [closo-B10H9-1-(NH3)-10-

N=NAr]- (38) isolated in 32% yield (Scheme 11) [20]. However, this reaction was slower compared 
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to the reaction of aryldiazonium ion with anion A, because the ammonium group in 36 renders the 

anion less reactive towards the electrophilic attack. Derivative 38 was isolated as an ether-soluble 

solid protonated both on the azo and amino groups, or as a mono anion, with only the azo group 

being protonated. 1,10-Diammonium derivative [closo-B10H8-1,10-(NH3)2] (28) was obtained in 

48% yield by reduction of 38 with tin in 30:70 hydrochloric acid-methanol solvent (Scheme 11). 

 

Scheme 11. Synthesis of new derivatives from azobenzene derivative [closo-B10H9-1-NH=N-Ar]- 

(2) [9,20,33]. 

Also, ammonium derivative 36, on reaction with benzaldehydes ArCHO (Ar = Ph, 2-

C6H4OMe, 4-C6H4NHCOMe), gave the corresponding Schiff bases (39) in 67-88% yield. 

Reduction of 39 with NaBH4 resulted in the corresponding benzylamino derivatives (40) in 

quantitative yields (Scheme11) [33]. Derivatives 39 and 40 are important for the use in medicine 

[33]. 
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A recent work demonstrated a new potential and efficient method for the synthesis of 

ammonium derivative 28 by basic hydrolysis of the acetamidinium zwitterion [closo-B10H8-1,10-

(acetamidinium)2] (41, Scheme 12) [34]. Acetamidinium zwitterion was obtained in 61% yield by 

treating [closo-B10H8-1,10-(IPh)2] (III) with acetamidine in MeCN at 80 oC. 

 

Scheme 12. Synthesis of the [closo-B10H8-1,10-(NH3)2] (28) [34]. 

Mongeot and co-workers synthesized several bulky tertiary amine derivatives from [closo-

B10H9-1-N2]
- (II) in a two-step process (Scheme 13) [35]. Initially, derivative II on reaction with 

primary and secondary ammines resulted in the corresponding ammonium derivatives 42 and 43, 

respectively. The subsequent reactions of 42 and 43 with alkyl halides resulted in the tertiary 

ammine derivatives 44 and 45. 

  

Scheme 13. Synthesis of the hydrophobic monoanions of [closo-B10H10]
2- (A) from [closo-B10H9-

1-N2]
- (II) [35]. 
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found to be thermally stable, however they easily hydrolyzed to [closo-B10H9-1-NH2COR]- (47) in 

hot water (Scheme 13). 

When a solution of [closo-B10H10]
2- anion (A) in aqueous MeCN was treated with aliphatic 

and aromatic nitro compounds (RNO2, where R = Et, n-Pr, i-Pr, t-Bu, Ph), a mixture of nitration 

products was formed (Scheme 14) [36]. The 1,10-disubstituted nitro derivative [closo-В10Н8-1,10-

(NO2)2]
2– (48) was successfully isolated from the crude mixture in yields up to 7% by ion exchange 

chromatography on diethylaminoethyl (DEAE) cellulose support. The NMR spectrum for this 

derivative exhibits the characteristic pattern for 1,10-disubstituted closo-decaborane cluster with a 

strong downfield shift of the apical boron atoms at +17.3 ppm. The X-ray crystal structure was 

determined for this molecule. The IR and Raman spectra showed strong NO stretching vibration at 

1384 and 1425 cm-1. 

 

Scheme 14. Synthesis of nitro derivatives of the anion A [36,37]. 

A more selective way was found to obtain the nitro derivative of the anion A, which 

involved a radical mechanism [37]. In this method, irradiation of a solution of the [closo-B10H10]
2- 

2[PPh4]
+ (A[PPh4]) salt in nitroalkane (RNO2, where R = Et, n-Pr, i-Pr, t-Bu) led to the formation 

of substituted derivatives and the degree of substitution depended on the radiation energy (Scheme 

14). Thus, under irradiation with the visible light, the reaction gave mainly the monosubstituted 

product [closo-В10Н9-1-NO2]
2– (49), while under irradiation with UV light, the reaction gave the 
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disubstituted derivative 48 isolated in approximately 50% yield. The structures of these anions 

were determined by X-ray crystallography [37]. 

1.2.4 Derivatives with the Boron-Sulfur bond 

Several derivatives of the anion A with the boron-sulfur bonds are also known. 

Dimethylsulfonium derivatives [closo-B10H9-1-SMe2]
- (50) and [closo-B10H8-1,10-(SMe2)2] (51) 

were obtained in good yields, when hydrogen chloride was passed through a solution of anion A 

in dimethyl sulfoxide at 40-60 °C (Scheme 15) [38]. Pure dimethylsulfonium derivative 50 was 

isolated in 77% by separation from its equatorial isomer by recrystallization from water. Although 

apical substitution predominates during the synthesis of the derivative 51, its pure form was 

isolated only in 56% yield by column chromatography of a crude mixture containing its 1,6-isomer. 

When excess dimethyl sulfoxide was used as a solvent, the ratio of these products varied with 

reaction time. The preferential formation of 51 in 65% yield occurs when acetic acid was used as 

the solvent regardless of stoichiometry or reaction time. Both derivatives 50 and 51 were found to 

be chemically stable towards moderate acidic and basic conditions, and neither of the zwitterions 

was oxidized by silver nitrate. Heating 51 at 230 °C for 45 minutes resulted in its partial 

rearrangement to [closo-B10H8-2,7(8)-(SMe2)2] (2.8% yield). 

 

Scheme 15. Synthesis of dimethylsulfonium derivatives of the anion A [38]. 

When anion A was treated with equimolar amounts of Pb(SCN)2 in CH2Cl2, a mixture of 

equatorially and apically monosubstituted thiocyanate (52) derivatives in the ratio 60:40 was 

obtained. Separation of the pure isomers was accomplished using an ion-exchange chromatography 
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on diethylaminoethyl cellulose support. The almost exclusive formation of apically disubstituted 

thiocyanate derivative (53) was observed with two equivalents of Pb(SCN)2 (Scheme 16) [39]. 

 

Scheme 16. Synthesis of the thiocyanate derivatives of anion A [39]. 

Another derivative to be mentioned in this section is the thiol derivative [closo-B10H9-1-

SH]2- (55), which was obtained by basic hydrolysis of [closo-B10H9-1-SCH=NMe2]
- (54) formed 

by heating of [closo-B10H9-1-N2]
- (II) with N,N-dimethylthioformamide (Scheme 17) [40]. Thus, 

refluxing of a solution of derivative 54 in aqueous acetone with excess [NMe4]
+[OH]- or aqueous 

CsOH for several hours gave 55 in 15% yield after fractional crystallization from hot water. S-

alkylation of 55 using Me3SI under hydrolytic condition resulted in S-methylated derivative [closo-

B10H9-1-S(CH3)2]
- (50) in 32% yield. Alkylative cyclization of 54 with dibromide derivative 

C5H11CH(C2H4Br)2 under hydrolytic conditions in the presence of [NMe4]
+[OH]- .5H2O gave the 

thianium derivative 56 in 53% yield. 

 

Scheme 17. Synthesis of derivatives with the boron-sulfur bond from [closo-B10H9-1-N2]
- (II) [9, 

40]. 
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 Bis-thianium derivative [closo-B10H8-1,10-(SC5H4-C5H11)2] (57) was obtained in 18% 

yield by the thermolysis of [closo-B10H8-1,10-(N2)2] (I) in 4-pentylthiane (Scheme 18) [9]. 

 

Scheme 18. Synthesis of bis-thianium derivative 57 from [closo-B10H8-1,10-(N2)2] (I) [9]. 

1.2.5 Derivatives with Boron-Halogen bond 

Halogenation was one of the first attempted reactions of the [closo-B10H10]
2- anion (A) and 

several halogenated derivatives have been synthesized and investigated.  Most of the halogenation 

reactions resulted in a mixture of derivatives with different substitution levels preferably at the 

equatorial positions, which was separated fully or partially by tedious electrophoresis or ion-

exchange chromatography [41].  

Isomerically pure apically substituted iodo derivatives [closo-B10H9-1-I]2- (9) and [closo-

B10H8-1,10-I2]
2− (20) were obtained in 90-95% yield by treating the corresponding phenyliodonium 

zwitterions [closo-B10H9-1-IPh]− (IV) and [closo-B10H8-1,10-(IPh)2] (III) with n-BuLi in THF 

(Scheme 19) [23]. The solid-state structure for the [closo-B10H8-1,10-I2]
2− 2[NPr4]

+ (20[NPr4]) 

was determined by X-ray diffraction analysis. Iodo derivatives 9 and 20 were found to be useful 

synthetic precursors and they were used in Pd(0)-catalyzed cross-coupling reactions [23,27] to 

make new functional materials of the anion A (see Scheme 6). 

Although iodo derivatives appear to be the only useful halogenated precursors for the 1,10-

disubstituted derivatives of the anion A through the Pd(0)-catalyzed cross-coupling reactions, 

derivatives of the anion A substituted with fluorine, chlorine, and bromine are also known [41]. 

Fluorination of anion A resulted in a mixture of products and 1,10-disubstituted fluoro derivative 
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[closo-B10H8-1,10-F2]
2- was isolated in a low yield (3% yield). The crystal structure of [closo-

B10H8-1,10-F2]
2- 2[Ph4P]+.3CH2Cl2 was determined [41a]. Chlorination and bromination of the 

[closo-B10H10]
2- gave a complex mixture of products with different substitution level [closo-B10H10-

xClx]
2- (x = 1-10) and [closo-B10H10-xBrx]

2- (x = 1-6). Iodination of the anion A resulted in a 

complex mixture of iodo derivatives due to the inability to control the degree of cage iodination 

combined with the stereochemistry of the anion [41b-41c]. 

 

Scheme 19. Synthesis and reactions of iodo derviavtives of [closo-B10H10]
2- anion [23]. 

1.3 Preparation of 1,10-heterodisubstituted derivatives 

Heterodisubstitution at the apical positions of the [closo-B10H10]
2– anion (A) provides more 

options to effectively tune the electronic properties of its derivatives. Such derivatives are expected 

to exhibit photophysical properties that are relevant to modern technological applications.  Recent 

development in the closo-decaborate anion chemistry has provided access to a variety of such 

derivatives, which are unsymmetrically substituted at the apical positions via a multistep synthesis 

process. 

Dinitrogen derivative [closo-B10H8-1-SMe2-10-N2] (58) was one of the first such 

derivatives synthesized. It was obtained in 30% yield by reaction of [closo-B10H9-1-SMe2]
– (50) 

with nitrous acid, followed by the reduction of the precipitated explosive intermediate with NaBH4 
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in methanol [38]. An improved yield of 64% for the dinitrogen derivative 58 was obtained by 

replacing HCl with AcOH in the reaction (Scheme 20).  

 

Scheme 20. Synthesis of heterodisubstituted derivatives of the [closo-B10H10]
2– anion from [closo-

B10H9-1-SMe2]
– (50) [38] 

Derivative 58 was also obtained by treating [closo-B10H9-1-SMe2]
- with aryldiazonium 

salts in acetonitrile followed by treatment with sodium propionate in acetonitrile [38]. The 

dinitrogen in 58 was subjected to a displacement reaction to obtain derivatives such as [closo-

B10H8-1-SMe2-10-NC5H5] (59) in good yields [38]. Another derivative to be mentioned here is the 

ammonium derivative [closo-B10H8-1-SMe2-10-NH3] (60), which was obtained by the reduction 

of [closo-B10H8-1-SMe2-10-NO] with Zn and HCl [38]. Derivative 60 on refluxing with dimethyl 

sulfate in the presence of 10% NaOH solution resulted in [closo-B10H8-1-SMe2-10-NMe3] (61, 

Scheme 20) [38]. 

The above two strategies for the selective preparation of apically substituted dinitrogen 

derivative were used for making other heterodisubstituted derivatives of the anion A by a sequential 

introduction of the substituents. In such an approach, thianium derivative 56 was diazotized to 

provide [closo-B10H8-1-(SC5H4-C5H11)-10-N2] (62) in 40-55% yield, which was thermolyzed with 
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4-alkoxypyridines at 120 °C giving heterodisubstituted derivatives [closo-B10H8-1-(SC5H4-C5H11)-

10-(NC5H4OR)] (63a-63e, Scheme 21) [9]. 

 

Scheme 21. Synthesis of the heterodisubstituted derivative [closo-B10H8-1-(SC5H4-C5H11)-10-

(NC5H4OR)] (63) [9] 

In a similar way, quinuclidinium derivative 37 was diazotized to give the corresponding 

dinitrogen derivative 64 in 40% yield. Thermolysis of 64 with 4-alkoxypyridines at 120 °C resulted 

in pyridinium derivatives 65a-65e (Scheme 22) [9]. 

 

Scheme 22. Synthesis of heterodisubstituted derivatives from quinuclidine ring derivative 37 [9]. 
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(C6H4OC12H25)-10-(OCOC11H23)]
2- (70) was achieved in a multistep sequence of reactions starting 

from [closo-B10H9-1-IPh]- (IV) [27]. Derivative 22b (synthesis in Scheme 6) was selectively 

substituted at the B(10) position using PhI(OAc)2 and the resulting unstable iodonium intermediate 

[closo-B10H8-1-(C6H4OC12H25)-10-IPh]- (66) was thermolyzed in dry DMF to obtain adduct 

[closo-B10H8-1-(C6H4OC12H25)-10-(OCHNMe2)]
- (67). The latter was isolated by column 

chromatography in 35-43% yield based on the derivative 22b. Subsequent treatment of the DMF 

adduct 67 with [Bu4N]+[OH]- gave [closo-B10H8-1-(C6H4OC12H25)-10-OCHO]2- (68) in 93% yield, 

which upon treatment with aqueous HCl provided an unstable oxonium intermediate [closo-B10H8-

1-(C6H4OC12H25)-10-OH2]
2- (69). Acylation of 69 with C11H23COCl in the presence of NaH in 

THF resulted in the ester 70 in 34-40% yield. Compound 70 was investigated as ionic liquid 

crystalline derivatives (see section 1.4.2: Ionic liquid crystals of [closo-B10H10]
2-). 

 

Scheme 23. Synthesis of heterodisubstituted derivative [closo-B10H8-1-(C6H4OC12H25)-10-

(OCOC11H23)]
2- (70) [27]. 

Synthetic utility of the phenyliodonium derivatives of the anion A has also been explored 

in preparation of several new heterodisubstituted photonic materials (Scheme 24) [28]. Thus, 
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the mono substituted derivative  [closo-B10H9-1-CN]2- 2[NBu4]
+ (71a) in 60–55% yield. The 

subsequent reaction of this derivative with PhI(OAc)2 in a MeCN solution resulted in [closo-B10H8-

1-CN-10-IPh]- [NBu4]
+  (72a) and this derivative was reacted with excess pyridine to provide the 

expected pyridinium derivative [closo-B10H8-1-CN-10-NC5H5]
- [NBu4]

+ (73a). In a similar way, 

IV[NBu4] was reacted with [NBu4]
+N3

- and the azide [closo-B10H9-1-N3]
2- 2[NBu4]

+ (71b) was 

isolated by column chromatography in 95% yield. Azide 71b was subsequently converted to 

phenyliodonium [closo-B10H8-1-N3-10-IPh]- [NBu4]
+ (72b) and reacted with pyridine to obtain 

[closo-B10H8-1-N3-10-NC5H5]
- [NBu4]

+ (73b) in 55% yield for the two-step process. Iodo 

derivative [closo-B10H8-1-I-10-NC5H5]
- [NBu4]

+ (73c) was obtained in 49% overall yield by 

reacting [closo-B10H8-1-I-10-IPh]- [NBu4]
+  (72c) with pyridine. Derivative 72c was conveniently 

synthesized by treating [closo-B10H9-1-IPh]- [NBu4]
+ (IV[NBu4]) with n-BuLi followed by treating 

the resulting [closo-B10H9-1-I]2- 2[NBu4]
+ (9[NBu4]) with PhI(OAc)2. 

 

Scheme 24. Synthesis of the heterodisubstituted photonic materials of the [closo-B10H10]
2- anion 

from phenyliodonium zwitterions [28]. 
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Alternatively, heterodisubstituted derivatives were synthesized efficiently from the 

phenyliodonium zwitterion III (Scheme 24) [28]. Reaction of the zwitterion III with [AcO]- gave 

monosubstituted product [closo-B10H8-1-OAc-10-IPh]- [NEt4]
+ (72d) with high selectivity, which 

was reacted with excess pyridine to yield the desired product [closo-B10H8-1-OAc-10-NC5H5]
- 

[NEt4]
+ (73d) in 74% yield. A similar reaction of III with 1.5 equivalents of [NEt4]

+ [SCN]- in 

MeCN at 60 °C resulted in a mixture of products, from which [closo-B10H8-1-SCN-10-IPh]- 

[NEt4]
+ (72e) was isolated by column chromatography in 16% yield. Subsequent thermolysis of 

72e in pyridine solution gave [closo-B10H8-1-SCN-10-NC5H5]
- [NEt4]

+ (73e) in 78% yield. Bromo 

derivative [closo-B10H8-1-Br-10-NC5H5]
- (73f) was obtained in 56% overall yield from derivative 

III in the same two-step sequence reaction with 75% yield for each [closo-B10H8-1-Br-10-IPh]- 

(72f) and [closo-B10H8-1-Br-10-NC5H5]
- (73f). Derivatives [closo-B10H8-1-N3-10-NC5H5]

- 

[NBu4]
+ (73b) and [closo-B10H8-1-Br-10-NC5H5]

- [NEt4]
+ (73f) were also obtained through a one-

pot preparation method without purification of the intermediate monoiodonium derivatives [closo-

B10H8-1-N3-10-IPh]- [NEt4]
+ (72b) and [closo-B10H8-1-Br-10-IPh]- [NEt4]

+ (72f). The final 

products 73b and 73f were obtained in 64% and 68% overall yields respectively based on III. 

Derivative [closo-B10H8-1-CN-10-NC5H5]
- [NBu4]

+ (73a) was also obtained in this method and the 

product was isolated by column chromatography in 53% yield. 

Reaction of IV[NBu4] with neat morpholine at 85 °C followed by treating the resulted 

complex mixture of products with PhI(OAc)2 in AcOH gave the bis-zwitterion [closo-B10H8-1-

morpholinium-10-IPh] (75) in a 30% overall yield, after column chromatography (Scheme 24) 

[28]. The subsequent reaction of this derivative with neat pyridine gave the pyridinium derivative 

[closo-B10H8-1-morpholinium-10-NC5H5] (76) in the protonated form in 76% yield. The 

deprotonated form of the derivative was found to be unstable.  
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It was found that the presence of an onium substituent in the antipodal position facilitates 

substitution of the [PhI]+ group in the derivatives of the anion A, and thiocyanate derivative [closo-

B10H8-1-SCN-10-NC5H5]
- [Et4N]+ (73e) was alternatively obtained in an improved yield of 

55%  by the reaction of [closo-B10H8-1-IPh-10-NC5H5] (77) with [NEt4]
+[SCN]− in MeCN 

(Scheme 25) [28].  

 

Scheme 25. Synthesis of hetero substituted derivative from [closo-B10H8-1-(IPh)-10-(NC5H5)] (77) 

[28]. 

Refluxing of derivative 77 in a solution of EtOH for several days progressed slowly towards 

a single product. But when the reaction mixture was heated to 110 °C in a pressure tube for 2 days, 

77 was completely converted into the protonated product [closo-B10H8-1-OHEt-10-NC5H5] (78-H) 

isolated in 69% yield. Treatment of the product with [NMe4]
+ [OH]−.5H2O in MeCN resulted in the 

non-protonated derivative [closo-B10H8-1-OEt-10-NC5H5]
- (78) isolated in a 53% yield [28]. 

Selective nucleophilic substitution of derivative III with one equivalent of [NBu4]
+ 

[CN]– in MeCN gave the mononitrile derivative [closo-B10H8-1-CN-10-IPh]- (72a) in 50-55% 

yield after column chromatography.  72a when treated with 5.0 equivalents of an azine in minimum 

volume of MeCN at 80 °C gave the corresponding azine substituted derivatives (79a-79g) in 50-

78% yield (Scheme 26) [42]. 
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Scheme 26. Synthesis of azine substituted derivatives from [closo-B10H8-1-CN-10-IPh]-
 (72a) 

[42]. 

Mono substituted pyridazine, pyrazine, and 2,6-dimethylpyridine derivatives were also 

obtained in 25-60% yield by treating 5.0 equivalents of the corresponding azines with [closo-

B10H9-1-IPh]- (IV) in MeCN at 80 oC (Scheme 27) [42]. 

 

Scheme 27. Synthesis of azine substituted derivatives from [closo-B10H9-1-IPh]- (IV) [42]. 

The nitrilium zwitterion [closo-B10H8-1-CNMe-10-IPh] (81, Scheme 28) [24], was 

synthesized in 50-78% yield by the reaction of mononitrile 72a with CF3SO3Me. This zwitterion 

was treated with aqueous NaOH in MeCN, followed by concentrated HCl, providing a mixture of 

monoacid derivative [closo-B10H8-1-COOH-10-IPh]- (82) and its formal anhydride [closo-B10H8-

1-CO-10-IPh] (83). The crude reaction mixture was then treated with NaHCO3 and passed through 

Dowex exchange resin, giving a 59% yield of pure 82 after precipitation with [NEt4]
+[OH]-. After 

collecting the pure 82, a mixture of 82 and 83 was also obtained by extracting the filtrate. Derivative 
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82, when treated with dry pyridine resulted in a mixture of products from which 68% yield of pure 

84 was collected after precipitation in CH2Cl2/Hexane, followed by recrystallization from 

MeCN/H2O. Sodium salt 85 was obtained by passing a solution of 84 in MeCN through Dowex 

ion exchange resin and then treating it with aqueous NaOH [43]. 

 

Scheme 28. Synthesis and reactivity of the [closo-B10H8-1-COOH-10-IPh]- (82) derivative [43]. 

Reaction of dicarbonyl derivative 10 with ethylene diamine NH2CH2CH2NH2 resulted in 

the corresponding zwitterionic diamide 86 in a quantitative yield (Scheme 29) [25]. Subsequent 

treatment of 86 with TMS polyphosphate resulted in the dehydrative cyclization of one of the amide 

groups and loss of amino group from the second amide to give the corresponding monocarbonyl 

derivatives 87 in 63% yield. Derivative 87 was smoothly converted to the corresponding monoacid 

derivative 88 in 75% yield, when treated with [NBu4]
+ [OH]-. Crystallization of 88 in ethanol gave 

the corresponding ethyl ester as the only product. Reaction of 10 with other ethylene diamine 

derivatives, such as MeNHCH2CH2NHMe gave similar results.  
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Scheme 29. Reaction of dicarbonyl derivative 10 with ethylenediamine [25]. 

1.4 Self-organizing materials based on the [closo-B10H10]2- anion 

Liquid crystals (LC) are functional materials forming dynamic self-organized structures 

with anisotropy of their properties (see section 2.4.1 of the Introduction). Ionic liquid crystals (ILC) 

exhibit a combination of properties of ionic liquids and LC. One such property of interest in ILC 

is ion conduction, which is attractive for technological applications, for instance in electrolytes for 

batteries and photovoltaic cells [44,45]. Chemistry of the [closo-B10H10]
2- anion (A), relevant to 

liquid crystals has developed significantly in the last couple of decades and several zwitterionic 

quadrupolar and ILC were synthesized [9,24,27]. The characteristic high thermal and oxidative 

stability of the ILC based on anion A have vast potential for applications. 

1.4.1 Zwitterionic quadrupolar liquid crystals 

Several zwitterionic quadrupolar liquid crystal derivatives of the closo-decaborate anion A 

substituted at the apical positions have been synthesized by the nucleophilic substitution either on 

the dinitrogen derivative I or phenyliodonium zwitterion III by onium fragments, such as 4-

alkoxypyridinium (31) and 4-pentylthianium (63), (Figure 3) [9,24]. Investigation of the thermal 

behavior of the homologous series of pyridinium zwitterion 31[n] revealed liquid crystalline and 

crystalline lamellar phases with increasing lamellar behavior for longer alkyl chains. [24]. 
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Derivative 31[8] exhibited only nematic (N) behavior. In addition to the N phase, crystalline 

lamellar phases (Lamcr) were observed in higher homologs 31[10] and 31[12], and the N phase was 

totally replaced by the Lamcr phases in 31[16] and 31[18]. The stability of the crystalline and N 

phases for these compounds has been found to be largely dependent on the polar intermolecular 

interactions in the phase.  Powder XRD investigation suggested sequential melting of the 

crystalline phase and revealed more about the interlayer spacing and its temperature dependency. 

 

Figure 3. Zwitterionic quadrupolar liquid crystals based on [closo-B10H10]
2- anion [9,24]. 

Heterodisubstituted liquid crystalline derivatives were also prepared by a sequential introduction 

of the onium fragments at the apical positions of the [closo-B10H10]
2- cluster (Figure 3) [9]. In the 

heptyloxypyridinium substituted derivative 63b, a broad-range enantiotropic nematic phase with a 

clearing temperature of 160 °C was observed. When the heptyloxy unit in derivative 63b was 

extended by two carbon atoms to form 63c, the phase transition temperature dropped by 6 K. The 

melting point of derivative 63a with the pentyloxypyridinium moiety was 42 K higher compared 

to derivative 63b with a negligible effect on the N-I transition. 

1.4.2 Ionic liquid crystals 

Recent advancements in the boron cluster chemistry led to the development of the first ILC 

derivatives of anion A with tunable intermolecular charge transfer (CT) absorption bands in the 
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UV-visible range (Figure 4) [27]. In the general molecular design for ILC (Figure 4), ions have 

mesogenicity inducing groups, which affect the level of the HOMO of the anion and the LUMO of 

the pyridinium cations. In total four different anions (21b, 27b, 27c, 70) and five different 

pyridinium cations were investigated as liquid crystalline ion pairs obtained by [Bu4N]+ cation 

exchange.  

 

Figure 4. ILC derivatives based on [closo-B10H10]
2- with tunable intermolecular charge transfer 

[27]. 

Investigations revealed a broad range smectic A (SmA) phase with high clearing 

temperatures (most of the compounds start decomposing above 200 °C) for all ion pairs. The 

melting temperature of the ion pairs in series 27b was determined to be relatively low, increasing 

in the order 27b[b] < 27b[e] < 27b[c] < 27b[f] < 27b[d] within the series. Ion pair 27b[b] has been 

found to exist in a smectic phase at room temperature. Ion pairs of series 21b, 27c, and 70 with one 

or two benzene rings in the anion’s core exhibited higher melting points, with the highest melting 

temperatures to the smectic phase observed in ion pairs of series 21[b]. 
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Powder XRD and DSC analyses indicated that many ion pairs undergo a stepwise melting 

to the SmA phase, with the initial melting of the alkyl chains and then the ionic cores as two 

independent thermodynamic events. Analysis of the transition enthalpy to the SmA phases 

suggested that ion pairs, such as 27b[e], 70[d], and 21b[f], may exist as solids with molten alkyl 

chains at ambient temperature. The sheets of rigid arrangements of electroactive ions (due to the 

charge transfer between donor anion and acceptor cation) observed in the intermediate phase with 

melted alkyl chains are of general interest for organic semiconductors.  

1.5 Photo active materials derived from [closo-B10H10]2- anion 

Photonic materials and devices play a critically important role in modern technological 

applications. The unique properties of boron cluster derivatives make them excellent candidates 

for such applications and many cluster derivatives were synthesized and explored. Among them, 

anion A is exceptional and a recent work has demonstrated two series of heterodisubstituted photo 

active derivatives (73a-73k and 89a-89d) based on the pyridinium derivative of anion A [closo-

B10H9-1-NC5H5]
-, substituted either at the antipodal B(10) position with CN, OAc, N3, I, Br, SCN, 

pyridine, OEt, and morpholine, or at the C(4) position of the pyridine ring with CN, COOEt, Me, 

and OMe groups (Figure 5) [28].  

 

Figure 5. Photoactive materials based on [closo-B10H10]
2- anion [28]. 
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Spectroscopic investigation supported with TD-DFT calculations revealed the tunability of 

the intramolecular (π, π*) CT absorption band for these derivatives in the UV-visible region, which 

results from the significant substituent and solvent effects. The substituents on the pyridine ring 

were found to affect the LUMO 2.4 times more strongly than substituents on the anion A impact 

the HOMO. Several derivatives were found to fluoresce weakly in MeCN solutions at substantially 

lower energies. Further studies revealed that most derivatives fluoresce in the solid state. 

Aggregation-induced emission was also investigated for two representative derivatives [28].  

1.6 Metal complexes based on the [closo-B10H10]2- anion 

The double negative charge associated with the [closo-B10H10]
2- anion (A) make its 

derivatives suitable candidates for the preparation of metal complexes with low overall electric 

charge, and hence greater stability of the oxidized species. One such a derivative is the [closo-

B10H8-1,10-(CN)2]
2− (16) with high electron density transferred from the cluster to the CN group 

as a result of the effective electronic communication between them [26]. Recently, a diiron complex 

[{(η5-Cp)(dppe)Fe}2{μ2-(NC-B10H8-CN)}] (91) was prepared in 76% yield by reacting [closo-

B10H8-1,10-(CN)2]
2- 2[Et4N]+ (16[Et4N]) with 2 equivalents of (η5-Cp)(dppe)FeCl (90) in CH2Cl2 

(Scheme 30) [29].  

 

Scheme 30. Synthesis of the diiron complex of [closo-B10H8-1,10-(CN)2]
2− (16) [29]. 
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electronic structures, the [closo-B10H10]
2- anion (A) and benzene derivatives demonstrated a 

remarkable similarity in their ability to mediate electronic communication between two terminal 

metal centers. This study also revealed that the anion A can more effectively communicate with 

the π-substituents than the analogous carboranes. The observed particularly high effectiveness of 

complex 91 was found to be associated with the strong electron-donating ability, effective metal-

bridge MO mixing, and extensive delocalization of the charge within the borane cluster, but not all 

the way through to the other Fe center [29]. The σ-aromatic [closo-B10H8-1,10-diyl]2− bridge was 

also found to be a reasonably efficient transmitter of electron spin information between the Fe 

centers, although it is not as good as the 1,4-phenylene. All these studies showed the potential for 

applications of derivatives of anion A in metal complexes and opened the door for future 

applications, such as in the construction of molecular electronic systems and in the assembly of 

multifunctional MOFs. 

1.7 Summary and outlook 

In the recent decade, significant progress has been achieved in the chemistry of the [closo-

B10H10]
2- anion (A), providing easy access to new functional materials. Among all the available 

methods for apical functionalization of the anion A, the phenyliodonium zwitterion method was 

found to be the most efficient and versatile. The synthetic utility of several derivatives was explored 

in the context of developing photoactive materials, liquid crystals, and metal complexes, 

demonstrating a vast potential for such derivatives. Extensive studies on derivatives of 

anion A revealed several interesting properties that may find application, for instance, in solar cells, 

NLO materials, photovoltaics, and electrolytes. Therefore, the development of such functional 

materials is important and this offers a wide scope for future research. 

 



36 
 

1.8 References 

1. B. Sivaev, A. V. Prikaznov, D. Naoufal, Fifty years of the closo-decaborate anion 

chemistry, Collect. Czech. Chem. Commun., 2010, 75, 1149–1199. 

2. K. Y. Zhizhin, A. P. Zhdanov, N. T. Kuznetsov, Derivatives of closo-decaborate anion 

[B10H10]
2− with exo-polyhedral substituents, Russ. J. Inorg. Chem., 2010, 55, 2089–2127. 

3. J. Aihara, Three-dimensional aromaticity of polyhedral boranes, J. Am. Chem. Soc., 1978, 

100, 3339–3342. 

4. R. B. King, Three-dimensional aromaticity in polyhedral boranes and related molecules, 

Chem. Rev., 2001, 101, 1119–1152. 

5. P. Kaszyński, closo-Boranes as π structural elements for advanced anisotropic materials, 

Vol. 798, ACS symposium series, Washington, D. C. 2001. 

6. A. Miniewicz, A. Samoc, M. Samoc, P. Kaszyński, Observation of second-harmonic 

generation in an oriented glassy nematic phase of a closo-decaborane derivative, J. Appl. 

Phys., 2007, 102, 033108. 

7. D. G. Allis, J. T. Spencer, Polyhedral-based nonlinear optical materials. 2.1 Theoretical 

investigation of some new high nonlinear optical response compounds involving 

polyhedral bridges with charged aromatic donors and acceptors, Inorg. Chem., 2001, 40, 

3373–3380. 

8. A. Voge, D. Gabel, Boron derivatives for application in nonlinear optics in Boron Science: 

New Technologies and Applications (Ed.: N. S. Hosmane); CRS Press, New York, 2012, 

295–317. 

9. A. Jankowiak, A. Baliński, J. E. Harvey, K. Mason, A. Januszko, P. Kaszyński, V. G. 

Young Jr., A. Persoons, [closo-B10H10]
2− as a structural element for quadrupolar liquid 



37 
 

crystals: A new class of liquid crystalline NLO chromophores, J. Mater. Chem. C, 2013, 

1, 1144–1159. 

10. S. Pakhomov, P. Kaszyński, V. G. Young Jr., 10-vertex closo-boranes as potential π 

linkers for electronic materials, Inorg. Chem., 2000, 39, 2243–2245. 

11. R. Núñez, M. Tarrés, A. Ferrer-Ugalde, F. Fabrizi de Biani, F. Teixidor, Electrochemistry 

and photoluminescence of icosahedral carboranes, boranes, metallacarboranes, and their 

derivatives, Chem. Rev., 2016, 116, 14307–14378. 

12. M. F. Hawthorne, A. R. Pitochelli, The reactions of bis-acetonitrile decaborane with 

amines, J. Am. Chem. Soc., 1959, 81, 5519–5519. 

13. J. Poater, M. Sola, C. Viñas, F. Teixidor, π Aromaticity and three-dimensional aromaticity: 

Two sides of the same coin? Angew. Chem. Int. Ed. 2014, 53, 12191–12195; Angew. 

Chem., 2014, 126, 12387–12391. 

14. J. Poater, C. Viñas, I. Bennour, S. Escayola, M. Sola, F. Teixidor, Too persistent to give 

up: Aromaticity in boron clusters survives radical structural changes, J. Am. Chem. Soc., 

2020, 142, 9396–9407. 

15. W. N. Lipscomb, Boron hydrides. New York: Benjamin; 1963. 

16. P. Kaszyński, S. Pakhomov, V. G. Young Jr., Investigations of electronic interactions 

between closo-boranes and triple-bonded substituents, Collect. Czech. Chem. Commun., 

2002, 67, 1061–1083. 

17. K. Y. Zhizhin, V. N. Mustyatsa, E. A. Malinina, L. V. Goeva, N. T. Kuznetsov, The 

mechanism of acid-catalyzed nucleophilic substitution in decahydro-closo-decaborate (2–) 

anions, Russ. J. Coord. Chem., 2001, 27, 619–621. 



38 
 

18. W. H. Knoth, J. C. Sauer, H. C. Miller, E. L. Muetterties, Diazonium and carbonyl 

derivatives of polyhedral boranes, J. Am. Chem. Soc., 1964, 86, 115–116. 

19. W. H. Knoth, Chemistry of boranes. XXVI. Inner diazonium salts 1,10-B10H8(N2)2, 

B10Cl8(N2)2, and B10I8(N2)2, J. Am. Chem. Soc., 1966, 88, 935–939.  

20. M.F. Hawthorne, F. P. Olsen, Reaction of [B10H10]
2- with aryldiazonium salts, J. Am. 

Chem. Soc., 1965, 87, 2366-2372. 

21. R. N. Leyden, M. F. Hawthorne, Synthesis of diazonium derivatives of [closo-B10H10]
2- 

from arylazo intermediates, Inorg. Chem., 1975, 14, 2444–2446. 

22. P. Kaszyński, B. Ringstrand, Functionalization of closo-borates via iodonium zwitterions, 

Angew. Chem. Int. Ed. 2015, 54, 6576–6581; Angew. Chem., 2015, 127, 6676–6681. 

23. E. Rzeszotarska, I. Novozhilova, P. Kaszyński, Convenient synthesis of [closo-B10H9-1-

I]2– and [closo-B10H8-1,10-I2]
2– anions, Inorg. Chem., 2017, 56, 14351–14356. 

24. M. O. Ali, D. Pociecha, J. Wojciechowski, I. Novozhilova, A. C. Friedli, P. Kaszyński, 

Highly quadrupolar derivatives of the [closo-B10H10]
2- anion: Investigation of liquid 

crystalline polymorphism in an homologous series of 1,10-bis(4-alkoxypyridinium) 

zwitterions, J. Organomet. Chem., 2018, 865, 226–233. 

25. S. Kapuściński, O. Hietsoi, A. Pietrzak, A. C. Friedli, P. Kaszyński, [closo-B10H8-1,10-

(COOH)2]
2−: A building block for functional materials?, Chem. Commun., 2022, 58, 851–

854. 

26. L. Jacob, E. Rzeszotarska, A. Pietrzak, P. Kaszyński, Synthesis, structural analysis, and 

functional group interconversion in the [closo-B10H8-1,10-X2]
2–

 (X= CN, [OCRNMe2]
+, 

OCOR, and [OH2]
+) derivatives, Eur. J. Inorg. Chem., 2020, 32, 3083–3093. 



39 
 

27. L. Jacob, E. Rzeszotarska, M. Koyioni, R. Jakubowski, D. Pociecha, A. Pietrzak, and P. 

Kaszyński, Tunable intermolecular charge transfer in ionic liquid crystalline derivatives 

of the [closo-B10H10]
2– anion, Chem. Mater., 2022, 34, 14307–14378. 

28. S. Kapuściński, M. B. Abdulmojeed, T. E. Schafer, A. Pietrzak, O. Hietsoi, A. C. Friedli, 

P. Kaszyński, Photonic materials derived from the [closo-B10H10]
2− anion: Tuning 

photophysical properties in [closo-B10H8-1-X-10-(4-Y-NC5H5]
−, Inorg. Chem. Front., 

2021, 8, 1066–1082. 

29. J. Guschlbauer, K. H. Shaughnessy, A. Pietrzak, M. C. Chung, M. B. Sponsler, P. 

Kaszyński, [closo-B10H8-1,10-(CN)2]
2– as a conduit of electronic effects: Comparative 

studies of Fe···Fe communication in [{(η5-Cp)(dppe)Fe}2{μ2-(NC-X-CN)}]n+ (n = 0, 

2), Organometallics, 2021, 40, 2504–2515. 

30. N. Mahfouz, F. A. Ghaida, Z. El Hajj, M. Diab, S. Floquet, A. Mehdi, D. Naoufal, Recent 

achievements on functionalization within closo‐decahydrodecaborate [B10H10]
2− 

clusters, ChemistrySelect, 2022, 7, 202200770. 

31. K. Y. Zhizhin, A. P. Zhdanov, N. T. Kuznetsov, Derivatives of closo-decaborate anion 

[B10H10]
2− with exo-polyhedral substituents, Russ. J. Inorg. Chem., 2010, 55, 2089–2127. 

32. V. I. Bragin, I. B. Sivaev, V. I Bregadze, Synthesis of the 1-hydroxy-closo-decaborate 

anion [1-B10H9OH]2−, J. Organomet. Chem., 2005, 690, 2847–2849. 

33. B. Sivaev, V. I. Bragin, V. I. Bregadze, N. A. Votinova, S. Sjöberg, Synthesis of Schiff 

bases and benzylamino derivatives containing [1-B10H9NH3]
− anion, Russ. Chem. Bull., 

2004, 53, 2092–2095. 

34. O. Hietsoi, S. Kapuściński, A. C. Friedli, P. Kaszyński, [closo-B10H8-1,10-(NHC(= 

NH2)Me)2]: A rare zwitterionic amidinium derivative, J. Mol. Struct., 2023, 135324. 



40 
 

35. D. Naoufal, B. Gruner, B. Bennetot, H. Mongeot, Replacement of the nitrogen of [1-

N2B10H9]
− by amines or nitriles, a route to hydrophobic monoanions, Polyhedron, 1999, 

18, 931–939. 

36. C. Nachtigal, W. Preetz, Preparation, "B NMR, vibrational spectra, and crystal structure 

of [P(C6H5)4]2 [1,10‐(O2N)2B10H8], Z. Anorg. Allg. Chem., 1997, 623, 683–686.  

37. A. S. Kubasov, E. Y. Matveev, E. S. Turyshev, I. N. Polyakova, K. Y. Zhizhin, N.T. 

Kuznetsov, Interaction of [В10H10]
2– and [В12H12]

2– with nitro compounds, Dokl. Chem., 

2017, 477, 257–260. 

38. W. H. Knoth, W. R. Hertler, E. L. Muetterties, Chemistry of boranes. XXIII. [B10H9S 

(CH3)2]
- and B10H8[S(CH3)2]2, Inorg. Chem., 1965. 4, 280–287. 

39. H. G. Srebny, W. Preetz, Preparation and characterization of thiocyanate derivatives of the 

hydroborate anions B10H10
2- and B12H12

2-, Z. Anorg. Allg. Chem., 1984, 513. 1950. 

40. M. Komura, H. Nakai, M. Shiro, Regioselective synthesis of [1-B10H9(SH)]2– and [2-

B10H9(SH)]2– potential agents for boron–neutron capture therapy of brain tumours, J. Am. 

Chem. Soc., Dalton Trans., 1987, 8, 1953–1956. 

41. (a) S. V. Ivanov, S. M. Ivanova, S. M. Miller, O. P. Anderson, N. T. Kuznetsov, K. A. 

Solntsev, S. H. Strauss, Synthesis, spectroscopic characterization, and structure of [closo-

1,10-B10H8F2]
2- and related fluorinated derivatives of [B10H10]

2-, Collect. Czech. Chem. 

Commun., 1997, 62, 1310–1324; (b) K.G. Bührens, W. Preetz, Isolation of 

halohydroborates of type [B10H10-nXn]2−, Angew. Chem., Int. Ed. Engl., 1977, 16, 173–

174; (c) W.H. Knoth, H. C. Miller, J. C. Sauer, J. H. Balthis, Y. T. Chia, E. L. Muetterties, 

Chemistry of boranes. IX. Halogenation of B10H10
-2 and B12H12

-2, Inorg. Chem., 

1964, 3,159-167. 



41 
 

42. M. B. Abdulmojeed, S. Kapuściński, O. Hietsoi, A. C. Friedli, P. Kaszyński, [closo-B10H8-

1-CN-10-Azinium]- anions as photoactive ligands for metal complexes, unpublished 

results. 

43. R. Jakubowski, S. Kapuściński, O. Hietsoi, A. C. Friedli, P. Kaszyński, [closo-B10H8-1-

COOH-10-IPh]-: A versatile intermediate for functional materials, unpublished results. 

44. (a) N. Kapernaum, A. Lange, M. Ebert, M. A. Grunwald, C. Haege, S. Marino, A. Zens, 

A. Taubert, F. Giesselmann, S. Laschat, Current topics in ionic liquid crystals, 

ChemPlusChem, 2022, 87, 202100397; (b) K. Goossens, K. Lava, C. W. Bielawski, K. 

Binnemans, Ionic liquid crystals: Versatile materials, Chem. Rev., 2016, 116, 4643–4807. 

45. K. V. Axenov, S. Laschat, Thermotropic ionic liquid crystals, Materials, 2011, 4, 206–

259. 

 

 

 

 

 

 

 



42 
 

CHAPTER A2 

Synthesis, structural analysis, and functional group interconversion 

in the [closo-B10H8-1,10-X2]2– (X = CN, [OCRNMe2]+, OCOR, and 

[OH2]+) derivatives. 

 (L. Jacob, E. Rzeszotarska, A. Pietrzak, V. G. Young Jr., P. Kaszyński, Eur. J. 

Inorg. Chem., 2020, 32, 3083-3093, DOI: 10.1002/ejic.202000456) 

 

2.1 Introduction 

For making ionic liquid crystals, typical connections are –OCO– and –O– groups. 

Therefore, the investigations in this work primarily focused on the dinitrile derivative [closo-

B10H8-1,10-(CN)2]
2– and DMF adduct [closo-B10H8-1,10-(OCHNMe2)2] as precursors to diacid 

[closo-B10H8-1,10-(COOH)2]
2– and dihydroxy derivative [closo-B10H8-1,10-(OH)2]

2–. The dinitrile 

and DMF adduct were obtained by the nucleophilic substitution on [closo-B10H8-1,10-(IPh)2] with 

CN– and DMF, respectively. The dihydroxy derivative (in the protonated form) was obtained in a 

good yield through a series of functional group transformation of the DMF adduct. The diacid 

derivative could not be obtained due to the inertness of the CN groups in [closo-B10H8-1,10-

(CN)2]
2– towards classical reaction conditions.  

This work demonstrated the usefulness of [closo-B10H8-1,10-(IPh)2], for the synthesis of 

1,10-disubstituted derivatives such as [closo-B10H8-1,10-(CN)2]
2- and [closo-B10H8-1,10-(OH)2]

2-. 

This work also involved a detailed structural and computational analyses of these newly 

synthesized derivatives. These studies revealed a significant delocalization of the negative charge 

density from the cluster to the substituents as a result of the high effectiveness of electronic 

interactions between them. This was evident from the lower bond order in [closo-B10H8-1,10-

https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Jacob%2C+Litwin
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Rzeszotarska%2C+Edyta
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Pietrzak%2C+Anna
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Young%2C+Victor+G
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Kaszy%C5%84ski%2C+Piotr
https://doi.org/10.1002/ejic.202000456
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(CN)2]
2- compared to the hydrocarbon analogues. The resistance to hydrolysis and reduction of the 

dinitrile derivative is associated with its low electrophilicity. The high electron density available in 

the dinitrile derivative makes it particularly interesting for the development of metal complexes. 

The synthetic utility of [closo-B10H8-1,10-(OH)2]
2- as a building block for the construction of self-

organizing materials was demonstrated by the preparation of [closo-B10H8-1,10-(OCOC6H5)2]
2-. 

My role in this project was to synthesize and characterize all compounds and conduct 

hydrolysis studies. Ms. Edyta Rzeszotarska contributed to the project by synthesizing the dinitrile 

derivative. Dr. Anna Pietrzak and Dr. Victor G. Young Jr. conducted the single crystal X-ray 

analysis of the compounds. Prof. Piotr Kaszyński performed quantum mechanical calculations to 

validate experimental findings.  
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2.2 Published text 
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Boron Cluster Functionalization | Very Important Paper |

Synthesis, Structural Analysis, and Functional Group
Interconversion in the [closo-B10H8-1,10-X2]

2– (X = CN,
[OCRNMe2]

+, OCOR, and [OH2]
+) Derivatives

Litwin Jacob,[a] EdytaRzeszotarska,[a] AnnaPietrzak,[b,c] Victor G. Young Jr. ,[d] and
Piotr Kaszyński*[a,c,e]

Abstract: Derivatives [closo-B10H8-1,10-(CN)2]
2– and [closo-

B10H8-1,10-(OCHNMe2)2], efficiently obtained from [closo-B10H8-

1,10-(IPh)2] by nucleophilic substitution with CN– and DMF,

were envisioned as precursors to diacid [closo-B10H8-1,10-

(COOH)2]
2– and to dihydroxy derivative [closo-B10H8-1,10-

(OH)2]
2–, respectively.Attemptsat hydrolysisor reduction of the

dinitrile gave no reaction or complex mixtures of products. In

contrast, the DMFadduct wascleanly hydrolyzed to diformate

[closo-B10H8-1,10-(OCHO)2]
2– and subsequently to protonated

Introduction

The [closo-B10H10]
2– cluster[1] (A, Figure 1) is a 3D σ aromatic

anion[2] with high lying HOMOand symmetry and energy level

appropriate to interact with π substituents.[3] Thereforeits1,10-

difunctional derivatives have been considered as NLO materi-

als[3a,4] and π linkers[3b] in molecular electronics. With respect

to its shape, the [closo-B10H10]
2– anion and its diapical deriva-

tives are attractive structural elements for designing self-orga-

nizing rod-like materials (liquid crystals) with controlled elec-

tronic and photophysical properties.[4b,5]

Accessto derivativesof the[closo-B10H10]
2–anion with apical

substituents is difficult; most substitution reactions (electro-

philic of dianion A and nucleophilic[6] of its protonated form,
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dihydroxy [closo-B10H8-1,10-(OH2)2]. The latter was O-acylated

withPhCOCl.Crystal and molecular structuresof fivederivatives

wereestablished by single crystal XRDmethodsand compared

to those for other [closo-B10H8-1,10-X2]
2– derivatives. Trends in

molecular geometry in the series and also reactivity of the di-

nitrileand intermediateswerecorroborated and correlated with

DFTresults (B3LYP/TZVP) by analysisof bonding, charge distri-

bution and vibrational frequencies.

Figure1. Structuresof the [closo-B10H10]
2–anion and somesymmetrical 1,10-

disubstituted derivatives.

[closo-B10H11]
–) take place almost exclusively at the equatorial

position leading to [closo-B10H9-2-X]2–derivatives.[1b] Bisdinitro-

gen derivative [closo-B10H8-1,10-(N2)2] (1a, Figure 1), albeit ob-

tained in low yields,[7] was the first convenient precursor to

other diapical derivatives.Through aformal displacement of N2,

1a reacts with a range of nucleophiles, such as NH3,
[7b] pyr-

idines,[4b,5b,7b] CO[7b] and Me2NCHS[5b] giving riseto1,10-difunc-

tional derivatives, which include protonated diamine 1b, pro-

tected dimercaptan 1c, and 1,10-dicarbonyl derivative 1d. The

latter is of particular interest, since it is a formal anhydride of

1,10-dicarboxylic acid 1e,[7a] apotentially useful building block

for a variety of materials. Unfortunately, accessibility of 1d is

limited by high-pressure conditions (1000 atm) for its synthe-

sis.[7b] It should be mentioned, that a highly selective monodi-

azocouplingof anionAwithArN2
+ gaveaccesstomonodinitro-

gen derivative [closo-B10H9-1-(N2)]
–,[8] which undergoes similar

reactionsasthe bisdinitrogen analogue 1a.[4b,9]

Recently,wediscovered ahighly selectiveand high yield for-

mation of the bis-phenyliodonium derivative [closo-B10H8-1,10-
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CHAPTER A3 

Tunable intermolecular charge transfer in ionic liquid crystalline 

derivatives of the [closo-B10H10]2- anion. 

(L. Jacob, E. Rzeszotarska, M. Koyioni, R. Jakubowski, D. Pociecha, A. Pietrzak, 

P. Kaszyński, Chem. Mater., 2022, 34, 6476–6491, DOI: 

10.1021/acs.chemmater.2c01-165) 

 

3.1 Introduction 

Liquid crystallinity is a feasible method to impose self-organization of molecules in fluid 

materials to achieve the anisotropy of the desired property. One such property of interest in ionic 

liquid crystals (ILC) is charge transport, which is attractive for technological applications such as 

photovoltaic cells, and electrochromic materials. ILC materials in which both ions are active and 

exhibit intermolecular charge transfer (CT) have been rarely studied. Typically, the focus is on one 

of the ions possessing the property of interest (e.g., photophysical or redox activity), while the 

counterion is a spectator necessary for charge balance. 

The primary objective of this research project was to develop ionic liquid crystal (ILC) 

derivatives based on the [closo-B10H10]
2- anion with controlled intermolecular charge transfer. By 

combining 1,10-disubstituted [closo-B10H10]
2- anion derivatives with N-alkyl pyridinium cations 

as charge compensators, four series of liquid crystalline ion pairs were prepared, and their thermal 

and photophysical properties were investigated. Tunability of the intermolecular charge transfer in 

these two-component ILC derivatives was achieved by modifying FMO levels in the cation and 

the anion with appropriate substituents. This work demonstrated the first ionic liquid crystals based 

https://doi.org/10.1002/ejic.202000456
https://doi.org/10.1002/ejic.202000456
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on [closo-B10H10]
2- anion and a new paradigm of ionic liquid crystals exhibiting tunable low energy 

intermolecular charge transfer bands. In addition, these derivatives are examples of molecules with 

anion-driven mesogenicity. 

Broad-range smectic A phase with a high clearing temperature and tunable intermolecular 

charge transfer bands in the visible region was observed in all the ion pairs with substituted 

pyridinium cations. XRD and DSC analysis revealed that many ion pairs undergo a stepwise 

melting to the smectic A phase, with the initial melting of the alkyl chains and then the ionic cores 

as two independent thermodynamic events. Analysis of the electronic structure revealed effective 

electronic communication between the [closo-B10H10]
2- anion with Ph and OR substituents. Also, 

the position of CT bands correlates well with the calculated energy difference between relevant 

FMOs and the σp parameters of the substituent on the pyridine ring for individual series. 

Ms. Edyta Rzeszotarska, a former student, initiated this project. Although she succeeded in 

synthesizing derivatives of series 4[12], there were difficulties in the synthesis of series 3[11,12]. 

Later on, Dr. Maria Koyioni took on this synthetic challenge and made progress in the synthesis. 

Due to problems associated with the low overall yields and difficulties in purification and 

optimization of the reaction conditions, further development of this project was hindered. Boron 

cluster chemistry is often tough due to the difficulties in functionalization, unusual reactions, 

involvement of the charged species, difficulties in purification, and lack of established reaction 

conditions. In addition, extraction and purification of these inorganic-organic hybrid ionic 

compounds require specialized knowledge and skills. 

Dr. Mariya Koyioni entrusted me with this challenge, and I was able to successfully 

synthesize and characterize all of the target compounds in series 3[11,12], 2[12], and 1[11]. I also 
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resynthesized and characterized all derivatives in series 4[12]. Dr. Rafał Jakubowski contributed 

to the project by synthesizing some of the intermediate compounds. I performed all UV-vis 

spectroscopy (solution state and solid state) and polarized optical microscopy (POM) analyses. In 

addition, Dr. Damian Pociecha instructed me on how to conduct powder XRD measurements, 

which I performed on all liquid crystalline derivatives at Warsaw University. Dr. Anna Pietrzak 

obtained single crystal XRD structures. Prof. Piotr Kaszyński performed quantum mechanical 

calculations and validated the experimental findings. 
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3.2 Published text 

 

Tunable Intermolecular Charge Transfer in Ionic Liquid Crystalline
Derivatives of the [closo-B10H10]

2− Anion

Litwin Jacob, Edyta Rzeszotarska, Maria Koyioni, Rafał Jakubowski, Damian Pociecha, Anna Pietrzak,
and Piotr Kaszyński*

Cite This: Chem. Mater. 2022, 34, 6476−6491 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A new paradigm of ionic liquid crystals exhibiting
low-energy charge transfer bands is demonstrated. Thus, four series
of ion pairs of 1,10-disubstituted derivatives of the [closo-B10H10]

2−

anion and substituted pyridinium cations were prepared and their
thermal and photophysical properties were investigated. All
pyridinium ion pairs form a smectic A (SmA) phase with clearing
temperatures above 200 °C and intermolecular charge transfer
(CT ) band in the solid and f uid states and in CH2Cl2 solutions.
The CT band maximum is in the range of 320−510 nm and its
position correlates with the dif erence in frontier molecular orbital
(FMO) energies of the ions (highest occupied molecular orbital
(HOMO) of theanions and the lowest unoccupiedmolecular orbital (LUMO) of thecations) , which, in turn, correlatewell with the
substituent σp parameters. Experimental results are augmented with extensive density functional theory (DFT) calculations and X-
ray dif raction (XRD) analyses.

■INTRODUCTION

Organic compounds exhibiting intermolecular charge transfer
(CT ) phenomena1−3 constitute an important class of materials

investigated in the context of organic solar cells, photo-

detectors, two-photon absorbers, and nonlinear optical

systems.4−9 One attractive approach to such materials involves

self-organizing behavior of two-component liquid crystals
(LCs) , in which one constituent acts as an electron donor

and the other as an electron acceptor.10,11 Such materials of er
advantages over other CT binary systems by more facile and

reproducible preparation, predictable molecular organization,

and modular approach. For these reasons, binary donor−
acceptor (D−A) discotic LCs,12−14 forming alternating

columns, have been investigated as organic semiconductors,
relatively ef cient anisotropic charge conductors,15,16 and laser

addressable dichroics.17 These materials typically involve
electron-rich π systems, such as derivatives of tripheny-
lene,13,18,19 hexabenzocoronene,12,15 and truxene,20 and

electron acceptors, for example, trinitrof uorenone,14,16,18,21,22

naphthalenediimide,23 perylenediimide,12,15 mellitictrii-

mide,19,24 and tetracyanoquinodimethane (TCNQ).25 It has
been demonstrated that the energy of the CT interactions in

alternatingD−A discotic LCs can be adjusted usinga series of

electron donors and acceptors.24,26 While most ef ort in self-

organizing materials exhibiting low-energy CT behavior has

been dedicated to discotic LCs, other types of such LCs, e.g.
calamitic and ionic, received little to no attention.

Functional ionic liquid crystals27 ( ILCs) are of increasing
importance for contemporary technologies mainly in the
context of ion transport in electrolytes, dye-sensitized solar
cells, and electrochromic materials.28−30 Typically, the focus is
on one of the ions possessing the property of interest (e.g.,
photophysical or redox activity) , while the counterion is a
spectator necessary for the charge balance. Consequently,
materials in which both ions are active are rare and those
exhibiting intermolecular CT are essentially neglected.31 We
report here the f rst, to our knowledge, ionic liquid crystals
with tunable intermolecular CT bands based on the [closo-
B10H10]

2− anion.
The [closo-B10H10]

2− anion32 ( Figure 1) is a three-
dimensional (3-D) sigma aromatic system33 with the D4d

molecular symmetry, a large highest occupied molecular
orbital− lowest unoccupied molecular orbital (HOMO−
LUMO) gap rendering practical transparency above 200 nm,
and a high-lying doubly degenerate HOMO.34 The orbital
symmetry allows for ef cient electronic interactions between
the anion and π substituents,35 and intense intramolecular
cluster-to-πsubstituent CT bands have been observed in some
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3.3 Additional information 

3.3.1 Additional synthetic details 

Hexyl isonicotinate (12e). To isonicotinic acid (200 mg, 1.62 mmol), SOCl2 (471 µL, 6.49 mmol) 

was added and the reaction mixture was stirred for 3 h at 40 °C. Excess of SOCl2 was removed 

by distillation. To the obtained solid, a solution of 1-hexanol (224 µL, 1.78 mmol) in dry CH2Cl2 

(5 mL) was added and the mixture was refluxed for 12 h. The reaction mixture was cooled to rt 

and washed with saturated solution of Na2CO3 (2 × 8 mL) and distilled water (2 × 8 mL). The 

organic layer was dried over Na2SO4, filtered and the solvent was evaporated in vacuo to give a 

colorless liquid, which was passed through a pad of silica gel using CH2Cl2/MeCN (5:1) as eluent 

to give 285 mg (85% yield) of hexyl isonicotinate as a colorless oil: 1H NMR (CDCl3, 500 MHz): 

δ 8.76 (d, J = 6.0 Hz, 2H), 7.83 (d, J = 6.1 Hz, 2H), 4.33 (t, J = 6.7 Hz, 2H), 1.75 (quint, J = 

7.1 Hz, 2H), 1.42 (quint, J = 7.5 Hz, 2H), 1.33–1.30 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H). 13C{1H} 

NMR (CDCl3, 125 MHz): δ 165.2, 150.6, 137.6, 123.0, 66.1, 31.5, 28.6, 25.7, 22.6, 14.1. 

Preparation of N-butyl-4-(hexyloxycarbonyl)pyridinium bromide (e[Br]). A solution of 

hexyl isonicotinate (12e, 200 mg, 0.96 mmol) and 1-bromobutane (350 µL, 1.44 mmol) in dry 

MeCN (5 mL) was refluxed for 24 h. The solvent was evaporated and the obtained crude product 

was dissolved in EtOAc and hexane was added to precipitate 240 mg (72% yield) of pure 

compound as a yellow sticky material: 1H NMR (CDCl3, 500 MHz) δ 9.94 (d, J = 5.5 Hz, 2H), 

8.37 (d, J = 6.5 Hz, 2H), 4.98 (t, J = 7.9 Hz, 2H), 4.25 (t, J = 6.6 Hz, 2H), 1.95 (t, J = 7.4 Hz, 2H), 

1.62 (t, J = 7.3 Hz, 2H), 1.30–1.15 (m, 8H), 0.82–0.71 (m, 6H). 13C{1H} NMR (CDCl3, 125 

MHz): 161.3, 146.7, 144.1, 127.3, 67.4, 61.7, 33.7, 31.0, 28.1, 25.2, 22.2, 19.1, 13.7, 13.3. 

HRMS (ESI-TOF) m/z: [M]- calcd for C16H26NO2 264.1964; found 264.1955. 
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Preparation of N-decyl-4-cyanopyridinium bromide (f[Br]). A solution of 4-cyanopyridine 

(12f, 500 mg, 4.80 mmol) and 1-bromodecane (1.1 mL, 5.28 mmol) in dry MeCN (5 mL) was 

refluxed for 12 h. The solvent was evaporated and the obtained crude product was dissolved in 

EtOAc (5 mL) and hexane was added to precipitate the pure compound. The formed precipitate 

was filtered off and washed with hexane giving 1.10 g (71% yield) of pure compound as a yellow 

powder: mp 196–200 °C. 1H NMR (CDCl3, 500 MHz): δ 9.93 (d, J = 6.3 Hz, 2H), 8.53 (d, J = 6.3 

Hz, 2H), 5.04 (t, J = 7.4 Hz, 2H), 2.03 (quint, J = 7.6 Hz, 2H), 1.36–1.27 (m, 4H), 1.21–1.16 (m, 

10H), 0.79 (t, J = 6.9 Hz, 3H). 13C{1H} NMR (CDCl3, 125 MHz): δ 147.0, 131.1, 127.8, 113.8, 

63.2, 32.0, 31.7, 29.4, 29.3, 29.2, 29.0, 26.1, 22.6, 14.1. HRMS (ESI-TOF) m/z: [M]- calcd for 

C16H25N2 245.2018; found 245.2013. Anal. Calcd for C16H25N2Br: C, 59.08; H, 7.75; N, 8.61. 

Found: C, 59.11; H, 7.49; N, 8.58. 

Preparation of hydroquinone dibutyrate H[3]. To a suspension of hydroquinone (100 mg, 0.91 

mmol) in dry CH2Cl2 (10 mL) was added butyric acid (0.167 mL, 1.82 mmol), DCC (413 mg, 

2.00 mmol), DMAP (44 mg, 0.36 mmol) and the resulting mixture was stirred for 8 h at room 

temperature under Ar atmosphere. Water was added into the reaction mixture and extraction was 

done in CH2Cl2/water. The organic layer was dried over Na2SO4 and evaporated. The resulting 

crude product was purified by column chromatography (SiO2, petroleum ether/EtOAc, 4:1). 

Further purification was done by precipitation from cold ethanol to give 205 mg (90% yield) of 

pure dibutyrate H[3] as a white crystalline powder: mp 40−42 oC. 1H NMR (CDCl3, 400 MHz): 

δ 7.08 (s, 4H), 2.53 (t, J = 7.4 Hz, 4H), 1.78 (sext, J = 7.4 Hz, 4H), 1.04 (t, J = 7.4 Hz, 6H). 

13C{1H} NMR (CDCl3, 100 MHz): δ 172.1, 148.2, 122.5, 36.3, 18.5, 13.7. HRMS (ESI-TOF) 

m/z: [M]+ calcd for C14H19O4 251.1284; found 251.1284. Anal. Calcd for C14H18O4: C, 67.18; H, 

7.25. Found: C, 67.12; H, 7.21. 
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Preparation of hydroquinone didodecanoate H[11]. To a solution of hydroquinone (100 mg, 

0.91 mmol) and KOH (101 mg, 1.82 mmol) in dry CH2Cl2 (5 mL) was added C11H23COCl (0.420 

mL, 1.82 mmol) and the reaction mixture was stirred for 2 h at room temperature under Ar 

atmosphere. The reaction was quenched by adding water and extraction was done in CH2Cl2/water. 

The organic layer was dried over Na2SO4 and evaporated. The resulting crude product was purified 

by precipitating from ethanol at ambient temperature to give 380 mg (88% yield) of pure product 

H[11] as a white powder: mp 83−85 oC. 1H NMR (CDCl3, 400 MHz): δ 7.08 (s, 4H), 2.54 (t, J = 

7.5 Hz, 4H), 1.74 (quint, J = 7.5 Hz, 4H), 1.42–1.19 (m, 32H), 0.88 (t, J = 6.8 Hz, 6H). 13C{1H} 

NMR (CDCl3, 100 MHz): δ 172.3, 148.2, 122.5, 34.5, 32.0, 29.7 (2C), 29.6, 29.5, 29.4, 29.2, 

25.1, 22.8, 14.3.  HRMS (ESI-TOF) m/z: [M]+ calcd for C30H51O4 475.3787; found 475.3777. 

Anal. Calcd for C30H50O4: C, 75.90; H, 10.62. Found: C, 75.91; H, 10.63 

3.3.2 DSC measurements 

DSC data were obtained with a DSC-2500 instrument and are shown in Figures 1-17.  

Heating and cooling rates were 10 K min-1. 

 

                 

Figure 1. DSC trace of 1[11]c.                                    Figure 2. DSC trace of 1[11]d.       
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Figure 3. DSC trace of 1[11]e.                                    Figure 4. DSC trace of 1[11]f.      

                

    

Figure 5. DSC trace of 2[12]d.                                   Figure 6. DSC trace of 2[12]e.    

                              

 

Figure 7. DSC trace of 2[12]f. 
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Figure 8. DSC trace of 3[11,12]d.                            Figure 9. DSC trace of 3[11,12]e. 

 

   

Figure 10. DSC trace of 4[12]b.                               Figure 11. DSC trace of 4[12]e. 
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3.3.3 Powder XRD data 

Wide-angle diffractogram for the compounds obtained by integration of 2D pattern taken at 

suitable temperature. 

 

 

 
Figure 12. Powder X-ray diffractogram for ion pair 1[11]b at 80 °C 

 

 

 
 

Figure 13. Powder X-ray diffractogram for ion pair 1[11]c at 180 °C  
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Figure 14. Powder X-ray diffractogram for ion pair 1[11]d at 120 °C 

 

 

                                           
 
Figure 15. Powder X-ray diffractogram for ion pair 1[11]e at 120 °C 

 

 

 
 

Figure 16. Powder X-ray diffractogram for ion pair 1[11]f at 120 °C 
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Figure 17. Powder X-ray diffractogram for ion pair 2[12]b at 80 °C 

 

 

  
 
Figure 18. Powder X-ray diffractogram for ion pair 2[12]d at 180 °C  

 
 

 
Figure 19. Powder X-ray diffractogram for ion pair 2[12]e at 180°C 
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Figure 20. Powder X-ray diffractogram for ion pair 2[12]f at 160 °C  

 
 

 
  
Figure 21. Powder X-ray diffractogram for ion pair 3[11,12]d  at 180 °C 

 

 
 

  
Figure 22. Powder X-ray diffractogram for ion pair 3[11,12]e  at 80 °C  
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Figure 23. Powder X-ray diffractogram for ion pair 3[11,12]f  at 130 °C 

 

  
 

 
 

Figure 24. Powder X-ray diffractogram for ion pair 4[12]b at 160 °C   

 
  

 
                                   
Figure 25. Powder X-ray diffractogram for ion pair 4[12]d at 180 °C 
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Figure 26. Powder X-ray diffractogram for ion pair 4[12]e at 130 °C 

 

 

 
  

Figure 27. Powder X-ray diffractogram for ion pair 4[12]f at 130 °C  

 

 

Figure 28. Powder X-ray diffractogram for 50 mol% mixture of ion pair 1[11]c with 

hydroquinone dibutyrate H[3] at 120 °C. 
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PART B 

Development of new efficient electrolytes based on [closo-1-

CB11H12]
- for Li-ion battery applications 

As stated in the beginning of the main introduction, efficient energy storage and conversion 

technologies are crucial for space exploration, whereas current Li-ion batteries have numerous 

limitations for such applications. Part B of the thesis focuses on addressing some of these issues 

by developing anisotropic ion-conductive materials based on the [closo-1-CB11H12]
- anion (G). In 

this approach we combine anisotropic ion transport of a liquid crystal (LC) with boron clusters as 

anions for Li-ion electrolytes.  Here, the goal is to obtain a parallelly aligned polymeric host 

containing an oligoethylene fragment (for Li-ion coordination and solubility reasons) and a Li+ salt 

with anion structurally similar/compatible with the host. The resulting thin polymeric film will be 

tested as a solid-state electrolyte for a CR2032 type battery. The key challenges in this project 

involves extensive synthesis and characterization of the liquid crystalline electrolyte sample, 

parallel alignment of the electrolyte sample using different surface treatment methods, 

photopolymerization of the parallel aligned liquid crystalline electrolytes, and finally cell assembly 

and battery test. 

Part B of the thesis begins with a general overview (Chapter B1) of battery requirements 

for space exploration and electrolytes for Li-ion batteries. Initial investigations of liquid crystalline 

electrolytes derived from the 1,12-disubstituted [closo-1-CB11H12]
- anion are described in Chapter 

B2. Unpublished results are reported in Chapters B3 and B4, which deal with anisotropy in Li-ion 

transport and polymer electrolytes, respectively, based on a liquid crystalline electrolyte containing 

Li+ salt of the anionic [closo-1-CB11H12]
- derivative. 
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CHAPTER B1 

Electrolytes for Li-ion batteries 

1.1 Introduction 

The development of Li-ion batteries (LIBs) has received extraordinary significance 

worldwide in the last three decades due to the increasing demand for safe, reliable, and high energy-

density storage and conversion [1-2]. Significant progress has been made in LIB technologies ever 

since their first commercial application in 1991 [3-4]. Due to their high energy density, light 

weight, and increased lifespan [5-6], they are currently utilized in numerous modern technologies, 

including portable electronic devices such as computers, smartphones, etc., and electric vehicles 

[7-12]. In addition, LIBs play a significant role in decarbonization via the electrification of 

transportation and their application in contemporary high-tech electronic products [13-14]. 

LIBs play a significant role in space missions, and they are emerging as the primary energy 

source for spacecraft, launch vehicles, interplanetary missions, the space station, etc. As of now, 

almost 107 space agencies are currently engaged in a variety of space-related endeavors, including 

meteorology, navigation, telecommunications, exploration of other planets, etc. [15]. In all this, 

rechargeable batteries with a primary energy source (solar cells) are essential to store energy and 

provide an uninterrupted power supply, especially in long-duration missions and satellites [16]. 

In order to ensure smooth battery operation in space, they have to overcome several 

challenges, including temperature and gravitational fluctuations, high-energy particles, radiation 

environments, hard ultraviolet light, etc. [17]. In addition, LIBs are susceptible to aging and 

degradation. Typically, the battery requirements for a space application vary based on the mission 

type and duration. Ag-Zn batteries, Ni-Cd batteries, and Ni-H2 batteries are rechargeable batteries 
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that are commonly used in space applications [16]. Although some of these batteries, such as Ni-

H2, have a number of benefits, such as a long cycle life (>50,000 cycles) and reliable and consistent 

battery performance, their large size and poor performance at low temperatures remain obstacles 

[18-19]. The majority of conventional batteries have low energy density, poor performance at 

extreme temperatures, electrolyte leakage, capacity loss, and a short lifespan [18-22]. Other 

limitations include battery failure due to an internal short circuit, degradation of the separator, and 

electrode corrosion [23-24]. 

Li-ion batteries (LiBs) have several advantages over conventional batteries because of their 

high energy density, long cycle life, and light weight (a 50% weight reduction over Ni–H2 is 

possible) [2]. Li-ion batteries are currently used in geostationary earth orbit (GEO) and low earth 

orbit (LEO) spacecraft, planetary missions, and also landers and rovers [16]. However, when 

operating at elevated temperatures, LIBs are susceptible to numerous electrolyte-related safety 

issues, including leakage, volatility, flammability, and decomposition [2]. For instance, the toxic 

and non-toxic gases released during the decomposition of the electrolyte material and Li-salt can 

lead to the expansion and explosion of a battery. Therefore, the development of an effective 

electrolyte system is crucial to the realization of safer LIBs with a high energy density. Extensive 

studies are in search of an efficient and reliable solid-state ion-transport material for the application 

in LIBs due to its easy processability and application in portable and flexible electronics. 

1.2 Li-ion batteries 

The primary components in the general design of a Li-ion battery include two electrodes (a 

positive cathode and a negative anode), an electrolyte, separators, and current collectors (Cu foil at 

the anode and Al foil at the cathode) [25-27]. Cathode materials are typically metal oxides or 

phosphates with varying electrochemical potentials, such as LiCoO2 [28], LiMn2O4 [29-30], and 
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LiFePO4 [31-32]. Commonly used anode material is either graphite [33-34] or lithium titanium 

oxide (Li4Ti5O12) [35]. Throughout the charge-discharge cycle, electrolytes serve as the medium 

through which Li-ion is transported between the two electrodes. They consist of electronically 

insulating solutions, polymers, or inorganic solids containing lithium salts. LiPF6, LiAsF6, 

LiCF3SO3, LiBF4, LiClO4, and LiN(CF3SO2)2 [36] are some of the commonly used lithium salts in 

electrolytes. The separators prevent direct contact between the electrodes while permitting the Li-

ion to pass through them. A schematic description of LIB is shown in Figure 1. 

 

Figure 1. Schematic representation of a Li-ion battery 

LIBs operate on the basis of electrochemical oxidation and reduction reactions (redox 

reactions) occurring in the cell during the charge and discharge processes [37-39]. Cells convert 

electrical energy to chemical energy through redox reactions. When the battery is being charged, 

electrons migrate from the cathode (oxidation) to the anode (reduction) through an external circuit, 

and Li-ions migrate from the cathode to the anode through the electrolyte in order to balance the 

charge. Additionally, electrolyte materials provide enough concentrations of lithium ions to 

facilitate ion transport. During the discharge of a battery, the movement of Li-ions from the anode 
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(oxidation) to the cathode (reduction) generates an electron flow from one electrode to the other, 

thereby generating an electric current in the external circuit. Depending on their reusability, Li-ion 

batteries are classified as either non-rechargeable (primary) or rechargeable (secondary). 

1.3 Electrolytes for Li-ion batteries 

The battery's ionic conductivity, charge-discharge cycles, coulombic efficiency, and safety 

depend mostly on the electrolyte. Consequently, electrolytes are as important as cathode and anode 

active materials for the development of an efficient LIB. The electrolyte in LIBs is desired to have 

high ionic conductivity, stability at high oxidation potential and low reduction potential, and safe 

operation under extreme conditions. 

Conventionally used liquid organic electrolytes raise numerous safety concerns due to their 

high volatility, flammability, possibility of electrolyte leakage, high potential for toxic gas 

production, and poor resistance to impact (which is an important criterion for LIB application in 

space) [40-42]. Despite numerous attempts to improve the safety of liquid electrolytes, the 

flammability of these substances remained a concern. Therefore, it was necessary to develop a 

superior electrolyte system with high ionic conductivity to overcome these limitations [43]. 

Recently, solid-state electrolytes (SSEs) have received a lot of interest as a promising 

alternative to liquid electrolytes due to their thermal stability, high energy density, and broad 

operating temperature range [44-45]. SSEs are divided into organic solid electrolytes (OSEs) and 

inorganic solid electrolytes (ISEs) based on their chemical composition [46]. Although some 

inorganic solid electrolytes (ISEs), such as Li10GeP2S12 and 70Li2S-30P2S5, exhibit promising room 

temperature ionic conductivities of 1.2 × 10−2 and 3.2 ×10−3 S cm−1, respectively [47a-47b], the 

majority of ISEs suffer from poor interfacial compatibility with electrode material, processing 

difficulties, and generally low ionic conductivity [47]. Compared to inorganic solid electrolytes, 



6 
 

organic solid electrolytes are typically more flexible and compatible with electrode interfaces. For 

this reason, current research focuses primarily on the development of organic solid electrolytes 

(OSEs). OSEs are further classified as solid polymer electrolytes (SPEs) [48-51], plastic crystal 

electrolytes (PCEs) [52-54], metal organic framework-based electrolytes (MOFEs) [55], and 

covalent organic framework-based electrolytes (COFEs) [56].   Among them, solid polymer 

electrolytes (SPEs) are of great interest due to their easy processability, low cost, and excellent 

film forming ability. 

Recently, nanostructured liquid crystals (LC) have received attention for the development 

of electrolytes due to their ability to form nano-channels for efficient Li-ion transport [57-68]. LC 

polymer electrolytes were also obtained by the polymerization of LC electrolytes. In the context of 

this research, polymer electrolytes, LC electrolytes (LCEs), and LC polymer electrolytes (LCPEs) 

are of significance; this will be elaborated in the subsequent sections. 

1.3.1 Solid polymer electrolytes 

Solid polymer electrolytes (SPEs) are promising solid-state electrolytes that can satisfy the 

requirements of high voltage device applications. Compared to inorganic solid polymer 

electrolytes, they have enhanced electrochemical and thermal stability, interfacial compatibility, 

mechanical properties, easy processability, low cost, and improved safety [69-70]. SPEs can 

function as ionic conductors and an electronically insulating separator. SPEs are prepared by 

dissolving Li-salts, such as LiTFSI, LiFSI, LiN(FSO2)2, LiCF3SO3, and LiClO4, in an appropriate 

polymer matrix [71-74]. In the polymer electrolyte system, Li+ salts form a complex with polar 

groups such as _C_O_C_, _N_, and _S_ present in the polymer matrix. Solid polymer electrolytes 

with high ionic conductivity and good mechanical properties are desirable for device applications 

[75]. The ionic conductivity of the polymer electrolyte is determined primarily by the dissolution 
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of the Li+ salt and the dissociation energy of the Li-ion in the complex [76]. Polyethylene oxide-

based (PEO) polymer electrolytes are the most commonly used among the various types of polymer 

electrolytes (polyethylene oxide, polyacrylonitrile, polyvinylidene fluoride, etc.) due to their ability 

to dissolve a variety of Li+ salts, efficient coordination of the Li-ion, mechanical stability, good 

interfacial properties, and ability to facilitate ion transport [77-78]. 

Li-ion transport in polymer electrolytes is complex due to the presence of multiphase 

structures and distinct ion transport pathways [79]. Several ion transport mechanisms, including 

the cation hopping mechanism and the free ion transport mechanism have been proposed to explain 

the Li-ion transport in polymer electrolytes based on PEO [80-81]. In the cation-hopping 

mechanism, the Li-ion coordinates with the oxygens in the PEO and diffuses through the 

electrolytes in conjunction with the segmental motion of the polymer backbone. In general, Li-ion 

transport in polymer electrolytes made from PEO depends on Li-ion hopping between and within 

chains and relaxation of polymer segments [82]. 

Meziane and co-workers developed a solvent-free polymer electrolyte in an earlier attempt, 

but it exhibited a low ionic conductivity in the range of 10-6 to 10-7 S cm-1 [83]. A hybrid solid 

polymer electrolyte composed of PEO polymer and ZnO nanoparticles exhibited a high ionic 

conductivity of 4.2 × 10-4 S cm-1 at room temperature and excellent lithium plating and stripping 

performance at 40 °C [84]. Recent study demonstrated an improved ionic conductivity of 1.7 × 10-

4 S cm-1 in a PEO-based polymer electrolyte containing Li2S6 salt [85]. This electrolyte system was 

found to inhibit dendrite growth, and its electrochemical performance in cells was remarkable. 

The poor ionic conductivity at room temperature (10-6 to 10-7 S cm-1) is the major hurdle in 

the application of solid polymer electrolytes in LIBs. This is mainly attributable to the sluggish Li-

ion diffusion through its crystalline phase [70b, 86-87]. In addition, the formation of dendrites is a 

serious problem in batteries that use solid polymer electrolytes. 
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1.3.2 Liquid crystalline electrolytes 

The ability of liquid crystalline (LC) electrolytes to self-organize and to provide 1D [61-

62], 2D [63-65], and 3D [66-68] ion-conductive pathways for the efficient transport of Li-ions has 

received significant attention. The nanostructured smectic LC forms highly ion-conductive 2D 

pathways [88], which are thought to be free of order defects compared to 1D and 3D pathways. For 

this reason, it is anticipated that 2D pathways will increase ionic conductivity by providing 

appropriate molecular orientation for ion transport [89]. Despite the fact that LC has lower order 

and density than solids, it can be easily aligned to achieve the desired properties. Its light weight, 

ability to nanosegregate immiscible components spontaneously, rapid self-assembly, film-forming 

capability, and simple processability [90] make it a promising alternative to conventional 

electrolytes. The liquid-like mobility of ordered structures in the liquid crystalline phase is also 

advantageous for ion diffusion and the formation of the robust solid electrolyte interface (SEI). Yet 

another advantage of using LC in electrolytes is its ability to inhibit the formation of dendrites 

during the charge-discharge process [91]. In addition, it is possible to obtain solid-polymer 

electrolytes by immobilizing the ion conducting channels in the aligned LC phase by 

polymerization. These electrolytes ought to be nonvolatile, thermally stable, and flexible [92-94].  

In general, LC-based electrolytes are generated by combining metal ion salts with LC 

matrices at a predetermined concentration. Polar LC containing carbonates or PEO chains [63] and 

ionic LC containing imidazolium [62,65], phosphonium, or ammonium [66] groups are primarily 

used in electrolyte applications due to their miscibility with ionic salts. Carbonate-base LC 

derivatives are suitable for use as electrolytes due to their high electrochemical stability and 

dielectric constant for the dissociation of Li+ salts [40]. PEO in the LC structure has several 

advantages due to its ability to solvate a wide variety of Li+ salts and its easy processability [95]. 

In addition, the incorporation of PEO into the LC structure can improve nanosegregation in the LC 
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phase and ion transport via the segmental motion of PEO. Figure 2 shows several examples of 

electrolytes that are derived from liquid crystals. 

 

Figure 2. Examples of liquid crystalline electrolytes based on (a) carbonate-based LC [100], (b) 

dimeric LC containing oxyethylene moieties [63], (c) zwitterionic LC [67], and (d) ionic LC [62] 

containing Li+ salts. 

LC electrolytes showed remarkable thermal stability and are nonvolatile over a wide range 

of temperature and those utilized in dye-sensitized solar cells (DSSCs) were discovered to be 

functional even at elevated temperatures [96-98]. Such electrolytes offering greater ionic 

conductivities over a broad temperature range will be advantageous for use in Li-ion batteries for 

space exploration. 

For the first time in 2015, Kato and co-workers showed that LC electrolytes could be used 

in Li-ion batteries [99]. In this study, the electrolyte was generated through a combination of a 

cyclic carbonate-based LC molecule and LiTFSI salt. These materials showed 2D ion-conductive 
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pathways in the smectic A (SmA) phase with moderate ionic conductivities [10-6 to 10-5 S cm-1]. 

They showed excellent electrochemical stability and reversible charge-discharge characteristics in 

the LiFe4PO4/LiTi5O12 electrode system [99]. 

In a new approach to improve ionic conductivity in LC electrolytes through weak 

noncovalent interactions, low molecular weight carbonates (ethylene or propylene) were 

incorporated into the 2D structure of a liquid crystalline electrolyte derived from lithium 

bis(trifluoromethylsulfonyl)imide (LiTFSI) salt and carbonate-based LC. The newly obtained 

electrolyte system exhibited high ionic conductivity (10-4 to 10-5 S cm-1), while preserving its 2D 

nanostructure. Good ionic conductivity was observed even at room temperature and its use was 

demonstrated in the first LC electrolyte-based LIBs operating at room temperature [100]. 

Studies on an electrolyte system composed of zwitterionic liquid crystals, LiTFSI salt, and 

propylene carbonate revealed excellent ionic conductivities of up to 10-4 S cm-1 [67]. Ober and co-

workers demonstrated an electrolyte system based on LiTFSI salt and oligothiophene based LC 

containing oxyethylene units, showing a high ionic conductivity of 5.2 × 10-4 S cm-1 at 70 °C [101]. 

A detailed study on this electrolyte system revealed that the high ionic conductivity in the smectic 

phase is associated with the formation of 2D ion transport channels due to nanosegregation of the 

oligothiophene and oxyethylene moieties and π-stacking of the thiophene rings. 

Wang and co-workers demonstrated a solvent-free electrolyte system based on ILCs that 

combined the properties of Li+ salt and an organic solvent or plasticizer. It showed good room-

temperature ionic conductivity (3 × 10-3 S cm-1) and electrochemical stability. Here also, detailed 

studies revealed that the observed high ionic conductivity was associated with the formation of 

efficient ion-conductive channels in the LC phase [102]. 

Electrochemical stability of the electrolytes at high voltages is critical for the application 

of advanced LIBs, which work in the voltage range of 0 to 5.0 V. LC electrolytes have shown good 
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electrochemical stability up to 4.3 V versus the Li/Li+ reference electrode. Furthermore, LC 

electrolytes having high oxidative resistance have been found to suppress the electrolysis of active 

electrode materials during the charge-discharge process [103]. 

Lithium metal is a natural choice for use in rechargeable Li-ion batteries as an anode 

material due to its high negative electrochemical potential (−3.040 V vs the standard hydrogen 

electrode), high theoretical specific capacity (3860 mAh g−1), and low density (0.534 g cm−3) [8, 

104-106]. However, their use in high performance LIBs is limited because of the Li-dendrite 

formation during the continued lithium deposition and stripping process and poor cycle life. This 

leads to the disruption of the electrochemical reactions due to the unavailability of enough Li-ions, 

increased resistance, and poor coulombic efficiency. Eventually, this leads to battery failure and 

short-circuiting which could result in an explosion. Recent studies have shown that the use of LC 

electrolytes with high ionic conductivity can suppress dendrite formation by forming a robust solid 

electrolyte interface (SEI) over a wide temperature range [91b]. This was demonstrated in a recent 

study that shows only a negligible change in the polarization of the cell, even after 850 hours of 

continues lithium plating and stripping, which indicates smooth cycling with minimal dendrite 

formation [91b]. 

1.3.3 Liquid crystalline polymer electrolytes 

LCs are also utilized in the synthesis of anisotropic polymer electrolytes, which combine 

the properties of liquid crystal electrolytes and polymer electrolytes [107-108]. This is obtained by 

the polymerization of the liquid crystalline electrolyte material in a LC phase. The introduction of 

the LC property allows tuning the size and orientation of the ion-conducting channels in the 

polymer for efficient Li-ion transport [108]. In addition, liquid-crystalline polymer electrolytes 
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(LCPEs) provide high mechanical stability, a broad operating temperature range, reduced 

electrolyte leakage, and low flammability [109]. 

 

Figure 3. Examples of typical examples of polymer electrolyte systems based on liquid crystals 

[110]. 

Kato and co-workers prepared such a liquid crystalline polymer electrolyte in 2005 by 

photopolymerizing a PEO-based LC monomer containing a polymerizable methacrylate unit. It 

exhibited ionic conductivity in the range of 10-3 S cm-1 at room temperature (Figure 3). Even after 

polymerization, the ethylene oxide moiety retained its mobility [110]. Zhang and co-workers 

recently created a solid polymer electrolyte by combining a nematic LC and an ionic liquid; it 

exhibited high ionic conductivity at room temperature of 2.14 × 10-3 S cm-1, a wide electrochemical 

window of 4.8 V, and excellent compatibility with lithium metal [111]. 

1.4 Boron clusters in solid-state electrolytes 

Anionic boron clusters have attracted significant interest as components of new solid-state 

electrolytes due to their highly delocalized negative charge in their 3-dimensional sigma 

framework (weakly coordinating anions) as well as their high electrochemical and thermal stability. 

In addition, it was observed that the large size of polyhedral boron clusters has an advantage over 

the simple metal borohydride M[BH4] by providing interstitial channels for facile ion diffusion 
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with low activation energy. In general, the disordered high-temperature phase exhibits up to three 

orders of magnitude greater ionic conductivity than the ordered low-temperature phase. Metal salts 

of boron clusters, including [closo-B10H10]
2- (A), [closo-1-CB9H10]

- (B), and [closo-1-CB11H12]
- 

(G), have been extensively studied as halogen-free electrolyte materials for all-solid-state battery 

applications. Solid-state electrolytes have several advantages over liquid electrolytes, including 

high oxidative stability, high energy density, and lower risk of flammability [112-116]. 

1.4.1 Electrolytes based on boron clusters 

In the disordered high-temperature phase of metal salts of the boron clusters, there are more 

interstitial voids in the crystal lattice, resulting in increased metal ion mobility through it. As a 

consequence, Na+ salts of the dianions [closo-B10H10]
2- (A) and [closo-B12H12]

2- (F) (Structures in 

Figure 2 of the main Introduction) exhibit superionic conductivity (0.01 to 0.1 S cm-1) above their 

respective order-disorder phase transition temperatures of 373 K and 573 K [117-119]. Li+ salts of 

these dianions exhibit high ionic conductivity with a transition temperature greater than 600 K 

[120]. The phase transition temperatures of the Li+ and Na+ salts of [closo-1-CB11H12]
- (G) were 

determined to be 400 K and 380 K, respectively, which is significantly lower than the transition 

temperature for the salts of the anion A. In their disordered cubic phases, Li+ and Na+ salts of the 

anion G exhibit superionic conductivities of 0.15 S cm-1 and 0.12 S cm-1, respectively [121]. Due 

to its low phase transition temperature of 363 K, [closo-1-CB9H10]
- Li+ has been intensively studied 

and they have demonstrated ionic conductivity of 8.1 × 10-2 S cm-1 in their high temperature phase 

[122]. As an alternative to Li-ion batteries, other metal ions such as Mg2+ and Ca2+ are being 

extensively studied [123-126].  

Compared to metal salts of dianionic closo-borates, salts of monoanionic carboranes are 

indeed superior electrolyte components due to the lower cation to anion ratio in their lattices, which 
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allows for greater cation diffusion. In addition, it has been observed that the carbon atoms in 

carborane decrease the order-disorder phase transition temperature by increasing the intrinsic 

disorder. In addition to the increased anion orientational mobility, the weak coulombic attraction 

also facilitates cation diffusion in carbaborate salts [127-128]. However, from the standpoint of 

using these electrolytes in ion batteries, a high ionic conductivity at low temperature is desired. 

One of the ways in which high ionic conductivity at a lower temperature was achieved is 

by mixing different boron cluster salts. A study of a solid solution of 0.7Li[CB9H10]-

0.3Li[CB11H12] revealed a low transition temperature to a chemically and electrochemically stable 

phase with an ionic conductivity of 6.7 × 10-3 S cm-1 at 25 °C [129]. Similarly, ionic conductivities 

of a solid solution of 0.6Li[CB9H10]-0.4Li2[B12H12] at 25 °C were 1.7 × 10-3 S cm-1 [130]. Also, 

an electrolyte system of 0.5Na[B12H12]-0.5Na[B10H10] was utilized to create a stable 3 V solid-

state battery [131]. 

Although anionic boron clusters as structural elements for solid-state electrolytes are 

extremely promising, achieving ionic conductivities comparable to those of liquids (10-2 to 10 S 

cm-1) remains difficult. This is primarily due to steric interactions and coulombic forces, which 

make diffusion of metal ions through the crystal lattice difficult [116]. One approach to achieve 

good ionic conductivity is by developing a new electrolyte system by incorporating closo-borate 

metal salts as additives to a suitable organic matrix. This approach was primarily constrained by 

the incompatibility and poor solubility of the salts in organic matrices. Currently, several 

functionalized carbaborates suitable for electrolyte applications are available. Part B of this thesis 

is focused solely on this new area of electrolyte research, in which functionalized [closo-1-

CB11H12]
- derivatives are used as Li+ salt additives to liquid crystalline matrices to generate liquid 

crystalline electrolytes. The final goal of the project is to obtain a free standing and flexible solid 

polymer electrolyte and to test its performance in a Li-ion battery. 
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1.5 Principles of electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is a widely used technique for 

understanding the characteristics of electrolytes, the mobility of ions, interfacial reactions between 

electrodes and electrolytes, as well as the physical and chemical phenomena occurring within 

lithium-ion batteries (LIBs) [132]. Monitoring the battery's performance in real time is crucial for 

ensuring its safety, quality, and efficiency. As a non-destructive technique, EIS can be used as a 

diagnostic tool in various battery stages and over a broad frequency range without compromising 

the battery's integrity [133-135]. EIS is also used to characterize energy storage and conversion 

devices such as fuel cells [136] and capacitors [137]. 

Impedance, Z, is the resistance to current flow through a battery when an AC voltage is 

applied. It has a direct effect on the battery's efficiency, operating voltage, rate capability, and 

capacity. Due to this, measuring impedance is helpful for estimating the operational limits, 

performance, and internal aging state of batteries [138-139]. The internal impedance of a battery is 

complex due to contributions (resistive, capacitive, and inductive impedance) from its many 

individual components, such as electrodes, electrolyte, current collectors, and separators [140]. EIS 

is conducted over a broad frequency range under varying temperature and state of charge (SOC) 

conditions to gather impedance information (real part, imaginary part, phase). EIS is faster and 

more accurate than traditional methods based on voltage and current alone [141-142]. 

EIS measurements, either in a potentiostatic mode (constant voltage) or in a galavanostatic 

mode (constant current), can be used to obtain the characteristic impedance spectrum [143]. In the 

potentiostatic mode, a sinusoidal voltage of a certain amplitude and frequency is applied to the 

battery over a specific frequency range (typically kHz to MHz), and the output current and phase 

are analyzed with a frequency response analyzer (FRA). Typically, the measurements provide 
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information regarding the various elementary reactions occurring in the cell, including electron 

transfer from the current collector to the electrode, electron migration and Li-ion migration through 

the electrode thickness, double layer charging at the interfaces, coupled diffusion of active and 

non-active ions in porous electrodes, and diffusion of ions in the separator [144]. This technique 

allows for the investigation of these distinct processes with distinct time constants. 

Typically, Nyquist or Bode plots are employed to analyze the results of impedance 

measurements (the output signal and the current response of the system). Using a Nyquist or Bode 

plot, the resistance, capacitance, and inductance contributions of various cell components and 

processes can be determined. The Nyquist plot is generated by plotting the imaginary part (Z′′) of 

the impedance against the real part (Z′). In a Bode plot, Z′′ and Z′, or magnitude and phase, are 

plotted as functions of frequency [145]. One can determine resistance from the X-axis and 

reactance from the Y-axis using the Nyquist plot. 

Although EIS is an easy-to-use technique, deconvolution and interpretation of the massive 

amount of data from the poorly resolved arcs in the impedance spectrum are frequently challenging 

[146]. Through a series of studies evaluating the changes in the measured EIS spectra in relation 

to the changes in the cell components, scientists were able to connect particular electrochemical 

processes to particular regions of the spectra [147-148]. By constructing equivalent circuits, it is 

also possible to assign each region of the plot to a distinct physical process and component of the 

battery. Using various electric field elements, the basic shape of measured spectra can be easily 

matched in equivalent circuit analysis. Figure 4 depicts a schematic example of a typical Nyquist 

plot. 
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Figure 4. A typical Nyquist plot of a symmetrical lithium battery. The meaning of labels is 

discussed in the text. 

In Figure 4, Re in the highest frequency region represents the electrode resistance between 

the current collector and the electrode [149]. The next region of the spectrum corresponds to the 

electrolyte resistance, Rb, and it is the resistance for the movement of active Li-ions and counterions 

in the electrolyte. Impedance arcs in the next region, resulting from the passive layer resistance, 

Rp, and charge transfer resistance, Rt, are overlapped. This is due to their similar time constants, 

and this region of the spectrum is often called interfacial layer impedance due to the practical 

meaning it has. This region combines resistive and capacitive effects [150]. The lowest frequency 

region of the spectrum corresponds to the Warburg impedance Zd. This is the resistance related to 

the ambipolar diffusion in the solid-state crystallites of the insertion material.  
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CHAPTER B2 

Liquid crystalline electrolytes derived from the 1,12-

disubstituted [closo-CB11H12]
– anion.  

(J. Guschlbauer, L. Niedzicki, L. Jacob, E. Rzeszotarska, D. Pociecha, P. 

Kaszyński, J. Mol. Liq. 2023, 377, 121525, DOI: 10.1016/j.molliq.2023.121525) 

2.1 Introduction 

This research investigated a novel paradigm for anisotropic electrolytes. A new LC 

electrolyte system was investigated in which the anion of the Li-salt is a 1,12-disubstituted [closo-

CB11H12]
- derivative that is structurally similar to the molecules of the LC host exhibiting smectic 

C and nematic phases. The significance of this electrolyte design was that the anion behaves, in 

principle, like the host molecule, and this may permit to avoid using extraneous anions 

accumulating in the conductive layer, which could be beneficial for the liquid crystalline phase 

stability and Li+ ion transport properties. Electrolytes with different concentrations of salts (5, 10, 

and 15 mol%) were studied, and the results showed that the ionic conductivity in the LC phase 

monotonically increased from 10-8 to 10-4 S cm-1, with increasing concentration of Li-ion and 

temperature (20 to 120 oC). The electrochemical stability window of the 15 mol% electrolyte was 

determined to be between 1.3 and 4.6 volts relative to the Li metal anode. This suggests the 

compatibility of the electrolyte system with most Li+ ion electrodes.  

This project was started by Ms. Edyta Rzeszotarska, a former student, who initially worked 

on the synthesis of the LC host. Dr. Jannick Guschlbauer was subsequently able to synthesize and 

characterize the LC host and lithium salt based on a 1,12-disubstituted [closo-CB11H12]
- derivative. 

He also prepared the electrolyte samples. I contributed to the project by providing the [closo-1-

CB11H12]
- cluster and by resynthesizing the LC host and lithium salt to obtain larger amounts for 

https://doi.org/10.1016/j.molliq.2023.121525
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studies. I also contributed to the thermal behavior analysis and powder XRD measurements of the 

samples.  Dr. Damian Pociecha performed the temperature dependent powder XRD measurements. 

Dr. Leszek Niedzicki performed the electrochemical impedance spectroscopy (EIS) and linear 

sweep voltammetry (LSV). Prof. Piotr Kaszyński validated all experimental results. 
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CHAPTER B3 

Liquid crystalline electrolytes containing Li+ salt of a [closo-

CB11H12]
- derivative: Synthesis, characterization, and 

anisotropic Li-ion transport 

1. INTRODUCTION 

Liquid crystals (LCs) [1] have gained considerable interest as electrolyte materials in the 

recent years due to their ability to form self-organized structures with ion conductive channels [2-

3]. More specifically, the inherent partial organization of the LC electrolyte endow them with 

macroscopic ordering and the macroscopically aligned nonsegregated structures can be considered 

as 1D [4,5], 2D [6-9] or 3D [10-12] pathways suitable for the anisotropic ion transport. This 

property of LC electrolytes is advantageous over the conventional organic electrolytes [13-15], 

which have random molecular orientation (isotropic). Additionally, LC electrolytes can be aligned 

in specific directions and studies have shown increased ionic conductivity (up to three times) in the 

aligned monodomain smectic phase of the electrolyte compared to the unaligned electrolyte sample 

[16,17]. Consequently, LC electrolytes are expected to suppress the undesired side reactions, such 

as dissolution of electrodes and current collectors, dendrite growth formation, etc., that are 

commonly observed in the conventional electrolytes [18].  

Although Li-ion transport in LCs have been known for the last few decades, Kato and 

coworkers in 2015 developed the first thermotropic LC electrolytes for the application in lithium-

ion batteries [2]. It showed moderate ionic conductivity in the range of 10-6 to 10-5 S cm-1 and the 

Li-ion battery developed using such a LC electrolyte showed a reversable charge-discharge for 

both positive and negative electrodes. Kato and coworkers also studied the anisotropy in Li-ion 

transport in a parallelly aligned LC electrolyte system in which ionic conductivity in perpendicular 



48 
 

and parallel directions were found to be 3.1 × 10-6 S cm-1 and 3.9 × 10-7 S cm-1 respectively [19]. 

Recent studies of LC electrolytes revealed their ability to effectively suppress the Li dendrite 

growth during the charge discharge cycles without the aid of any external forces [20]. 

Vishwanathan and coworkers in 2020, theoretically demonstrated that the LC molecules can 

suppress dendrite growth and proposed molecular level design rules for LC electrolytes for dendrite 

free lithium metal batteries [20a]. LC electrolytes have also showed good electrochemical stability 

(up to 4.3 V versus the Li/Li+ reference electrode) and high oxidative resistance, which are 

important for high voltage battery applications [3].  

Typically, LC-based electrolytes are obtained by combining metal ion salts such as, LiBF4, 

LiAsF6, LiPF6, LiClO4, LiN(SO2CF3)2, with LC matrices at a predetermined concentration. Due to 

their miscibility with ionic salts, polar LC containing organic carbonates or PEO chains [21.22] 

and ionic LC containing imidazolium [5,9], phosphonium, or ammonium [23] groups are 

predominantly used in electrolyte applications. Despite the availability of these halogenated 

lithium salts, there are still concerns related to their stability, environmental compatibility and 

accumulation of the anions in ion conductive layers. In order to address these intrinsic drawbacks, 

a new design of a stable and halogen-free lithium salt is important. Particularly interesting in this 

context are anionic boron clusters [24], which are weakly-nucleophilic, inorganic, three-

dimensional, and σ-aromatic boron hydrides [25-26]. closo-Borate anions have recently received 

significant attention as new solid electrolyte systems, owing to their high ionic conductivity, high 

deformability, and superior chemical/electrochemical stability [27-30].  

A combination of Li-salt of weakly coordinating anionic boron cluster derivatives, as a 

source of Li-ion, and anisotropic liquid crystals as matrix constitutes an intriguing system to 

investigate in the context of high-performance electrolytes for Li-ion batteries. Recently, we 

demonstrated the first such LC electrolytes based on anionic boron clusters in which the anion of 
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the Li-salt was a 1,12-disubstituted [closo-1-CB11H12]
- derivative and structurally similar to the 

host LC matrix [32]. The ionic conductivity for the unaligned electrolyte sample was found to 

monotonically increase from 10-8 to 10-4 S cm-1 with increase in temperature and Li-ion 

concentration. The study of anisotropic Li-ion transport in an aligned electrolyte sample is also of 

interest. This chapter focuses exclusively on the progress made in the investigation of anisotropic 

Li-ion transport in a parallelly aligned LC electrolyte sample containing Li+ salt of the structurally 

similar anionic [closo-1-CB11H12]
- derivative. 

2. RESULS AND DISCUSSION 

2.1 Synthesis 

 

Scheme 1. Preparation of LC matrix 1a[3]. Reagents and conditions: (i) t-BuOK, EtOH, 

Me(OCH2CH2)3OTs, reflux, 18 h, 70–75% yield; (ii)  4-hydroxyphenylboronic acid, Pd2(dba)3, 

[HPCy4][BF4], t-BuOK, THF/water, reflux, 48 h, 66–70% yield; (iii) 4-hexylbenzoic acid, DCC, 

DMAP, CH2Cl2, rt, 18 h,  84–89% yield. 

Preparation of LC host matrix 1a[3]. 4-Bromo-2,3-difluorophenol (1b) on reaction with 

Me(OCH2CH2)3OTs [25] in the presence of t-BuOK gave 1c[3] in 70–75% yield (Scheme 1). A 
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subsequent reaction of 1c[3] with 4-hydroxyphenylboronic acid in the presence of 

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) catalyst and [HPCy4][BF4] ligand resulted in 

derivative 1d[3] obtained in 66–70% yield. Steglich type esterification of 1d[3] with 4-

hexylbenzoic acid in the presence of dicyclohexylcarbodiimide (DCC) and catalytic amounts of 4-

dimethylaminopyridine (DMAP) gave the LC matrix 1a[3] in 84–89% yield. 

 

Scheme 2. Preparation of the dimeric LC matrix 2a[n]. Reagents and conditions: i) Synthesis of 

dimeric LC matrix. Reagents and conditions: i) t-BuOK, EtOH, Ts(OCH2CH2)nOTs, reflux, 18 h, 

69–90% yield; ii) 4-hydroxyphenylboronic acid, Pd2(dba)3, [HPCy4][BF4], t-BuOK, THF/water, 

reflux, 48 h, 61–74% yield; iii) 4-hexylbenzoic acid, EDC.HCl or DCC, DMAP, CH2Cl2, rt, 18 h, 

60–78% yield. 

Preparation of LC host matrix 2a[4], 2a[6], and 2a[9]. Thus, 4-bromo-2,3-difluorophenol 

(1b) was reacted with Ts(OCH2CH2)nOTs (n = 4, 6, 9) in the presence of t-BuOK to give 2c[n] 

isolated in 69–90% yield after column chromatography (Scheme 2). Subsequent reaction of 2c[n] 

with 4-hydroxyphenylboronic acid in the presence of Pd2(dba)3 catalyst and [HPCy4][BF4] ligand 
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resulted in the derivative 2d[n] obtained in 61–74% yield. Synthesis of the dimeric LC matrix 2a[4] 

was achieved through the Steglich-type esterification of 2d[4] with 4-hexylbenzoic acid in the 

presence of DCC and catalytic amounts of 4-dimethylaminopyridine (DMAP). Derivatives 2a[6] 

and 2a[9] were also obtained from 2d[6] and 2d[9], respectively, through the same esterification 

reaction; however, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl) 

was used instead of DCC in order to avoid contamination of the pure product with urea byproducts. 

 

Scheme 3. Preparation of the lithium salt based on [closo-1-CB11H12]
- derivative. Reagents and 

conditions: (i) 1). n-BuLi, THF, −78 →0 °C, 2). CuI, rt, 30 min., 3). BnOC6H4CHCH-Hal, 

Pd(OAc)2, (2-OMeC6H4)3P, rt, 12 h, 4). [Me4N]+Cl−, 81% yield; (ii)  H2, Pd/C, EtOH/EtOAc, rt, 

12 h; (iii) 4-(4-pentylcyclohexyl)benzoyl chloride, NaOH, THF, rt, 12 h, 61−69% yield; (iv) 1). 

20% HCl, 2). LiOH.  

Preparation of the Li+ salt 3a[Li]. The phenolic derivative 3d[NMe4] was prepared from 

the derivative 3b[Cs] according to a previously demonstrated procedure [31]. Subsequent 

esterification of 3d[NMe4] using freshly prepared 4-(4-pentylcyclohexyl)benzoyl chloride gave 
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3e[NMe4] in a 61–69% yield (Scheme 3). Attempts at synthesis of 3e[NMe4] through Steglich-

type esterification of 3d[NMe4] in the presence of DCC or EDC.HCl was not efficient due to the 

difficulty in removing the urea byproduct formed during the reaction. Li+ salt 3a[Li] was obtained 

by exchanging the [NMe4]
+ cation in 3e[NMe4] with the Li+ cation in a water/CH2Cl2 system [32].  

Electrolyte samples under investigation were prepared by dissolving 10 mol% of Li+ salt 

3a[Li] in appropriate LC matrix. 

2.2 Liquid crystalline behavior 

The investigation of the liquid crystalline behavior revealed smectic (Sm) and nematic (N) 

phases in the dimeric matrices and electrolyte samples. Optical textures observed for the dimeric 

LC matrix 2a[6] are shown in Figure 1. Shearing of the smectic phase texture leads to a 

homeotropic alignment consistent with the SmA phase. Matrix 1a[3] showed only a nematic phase. 

  

Figure 1. Optical textures for the dimeric matrix 2a[6] observed in the same region on cooling: 

nematic phase at 90 °C (left), smectic phase just below N-Sm transition at 58 °C (right).  

Depending on the length of the oligoethylene moiety present, the liquid crystalline 

properties of these matrices differed. Thermal behavior of the LC matrices is shown in Table 1.  
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Table 1. Thermotropic properties of the LC matrices recorded at 10 K min-1. 

Compound Transition temperature (°C) 

1a[3] 

2a[4] 

2a[6] 

2a[9] 

10 mol% Li+ salt 3a[Li] in 

2a[6] 

10 mol% Li+ salt 3a[Li] in 

2a[9] 

Cr 36 N 69 I 

Cr 108 (SmA 84)a N 162 I 

Cr1 37 Cr2 70 (SmA 58)a N 119 I 

Cr 67 (SmA 62)a N 75 I 

Cr 63 (N 132) a SmA 134 I 

Cr 48 SmA 89 I  

a monotropic transition.  Notation: Cr, crystalline; SmA, smectic A; I, isotropic phases. 

In general, the longer the oligoethylene chain, the lower the clearing temperature. For 

instance, the dimeric LC molecule 2a[4] clears at 162 °C, whereas the higher homologues 2a[6] 

and 2a[9] clear at 119 °C and 75 °C, respectively. Derivative 1a[3] cleared at 69 °C. Also, longer 

ethylene glycol units stabilize the N phase in favour of the Sm phase. Thus, compared to the 

derivatives 2a[4] and 2a[6], which have only a narrow window of the smectic phase region (2 K 

and 6 K, respectively), derivative 2a[9] has a wide window of the smectic phase region (30 K). 

Addition of the Li-salt 3a[Li] to the LC matrix 2a[6] raised the phase transition temperature 

(approximately 15 K increase in clearing temperature compared to pure host matrices) and 

stabilized the N phase in favour of the Sm phase. A representative DSC trace for matrix 2a[6] and 

10 mol% solution of 3a[Li] in 2a[6] are shown in Figure 2. 
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Figure 2. DSC trace for matrix 2a[6] (left) and 10 mol% solution of 3a[Li] in 2a[6] (right). The 

heating and cooling rates are 10 K min-1.  

2.3 Powder XRD analysis 

Powder XRD measurements (PXRD) confirmed the formation of a Sm phase in the dimeric 

LC matrices. The observed sharp signal in the small angle region and a broad diffused signal in the 

wide-angle region are typical for a fluid smectic phase, such as SmA.  A representative powder 

XRD pattern observed for the derivatives 2a[6] and 2a[9] is shown in Figure 3. 

 

Figure 3. Powder XRD pattern for the derivative 2a[6] and 2a[9] in the smectic phase measured 

at 60 °C and 50 °C, respectively. 
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2.4 Impedance spectroscopy  

Li-ion conduction in the parallelly aligned electrolyte sample (10 mol% solution of 3a[Li] 

in 2d[6]) in the smectic phase was investigated using electrochemical impedance spectroscopy 

(EIS) measurements. An interdigitated gold electrode with gap size 10 μm and an ITO cell with a 

thickness of 10 μm were used for measuring the parallel (σ∥) and perpendicular (σ⊥) ionic 

conductivity, respectively (Figure 4).  

 

Figure 4. Schematic representation of the electrodes and electrolyte. A) Interdigitated gold 

electrode, B) ITO cell, C) parallelly aligned electrolyte sample inside the cell with oligoethylene 

channels for Li-ion transport.  

Results of the measurements are shown in Figure 5. The Li-ion transport in the Sm phase 

of the electrolyte was found to increase with increasing temperature in both parallel and 

perpendicular directions. Although the ionic conductivity at 90 °C was the same (0.02 mS cm-1) in 

both directions, further increase in temperature showed better ionic conductivity in the 

perpendicular direction, and it reached 0.09 mS cm-1 at 120 °C. This could be associated with the 

existance of a soft crystalline phase at lower temperature. The ionic conductivity at 120 °C 

measured in the parallel direction was 0.04 mS cm-1.  This value of ionic conductivity is comparable 

to that observed for amorphous polyethylene materials and liquid crystals containing oxyethylene 
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moieties [16]. Therefore, LC electrolytes containing Li+ salts of a boron cluster derivative could be 

a potential candidate to replace the widely used organic electrolytes.  

 

Figure 5. Temperature dependent anisotropic Li-ion transport in 10 mol% solution of 3a[Li] in 

2a[6]. 

3. SUMMARY AND CONCLUSIONS 

Four liquid crystalline host matrices with varying oligoethylene chain lengths and a Li+ salt 

3a[Li] containing anionic [closo-1-CH11H12]
- derivative, structurally similar to the LC matrix were 

synthesized and characterized. Thermal properties of LC matrices were investigated, and it was 

found that the phase stability and transition temperature depend on the length of the oligoethylene 

moiety present in them. Longer oligoethylene units in the matrix have been found to decrease the 

clearing temperature and stabilize the N phase in favor of the Sm phase. The anisotropic Li+ ion 

conductivity was measured for one of the electrolyte systems (10 mol% solution of 3a[Li] in 2a[6]). 

Preliminary results showed that the ionic conductivity in the perpendicular direction is up to 0.09 

mS cm-1 at 120 °C, while it is only 0.04 mS cm-1 at the same temperature in the parallel direction. 



57 
 

These results are consistent with the previous studies, and investigations of the ionic conductivity 

in the remaining electrolyte systems are in progress.  

4. EXPERIMENTAL SECTION 

General procedure 

Reagents and solvents were obtained commercially. Derivative 3d[NMe4] was obtained 

according to a literature procedure [31]. NMR spectra were obtained at 400 MHz (1H), 100 MHz 

(13C), 128 MHz (11B), 376 MHz (19F), in CDCl3 and referenced to the solvent (δ = 7.26 ppm for 1H 

and δ = 77.16 ppm for 13C) or in CD3CN and referenced to the solvent (δ = 1.94 ppm for 1H and δ 

= 118.26 ppm for 13C) or in DMSO-d6 and referenced to the solvent (δ = 2.50 ppm for 1H and δ = 

39.52 ppm for 13C) [33] or to an external sample of neat BF3·Et2O in CDCl3 and CD3CN (11B 

NMR, δ = 0.0 ppm) or to an external sample of neat CF3COOH in CDCl3 and DMSO-d6 (
19F NMR 

δ = 76.55 ppm). 11B and 19F NMR chemical shifts were taken from the H–decoupled spectra.  

A polarized optical microscope with a hot stage was used to identify the liquid crystalline 

phase. TA Discovery DSC 2500 instrument was used for thermal analysis of the samples.  Samples 

of about 1.0 mg under a flow of nitrogen gas was used for the thermal analysis and the heating and 

cooling rates were 10 K min−1. Melting points were determined on a Melt-Temp II apparatus in 

capillaries. High-resolution mass spectrometry was conducted with the TOF-MS ES method. Broad 

angle X-ray diffraction studies were performed for unaligned samples using a Bruker D8 GADDS 

instrument (Cu Kα radiation, λ=1.54 Å, incident beam formed by Göbel mirror monochromator 

and point collimator 0.5 mm, two-dimensional detector Vantec 2000). 

Impedance spectroscopy 

Electrochemical impedance spectroscopy measurements were performed in the range of 80 

to 120 °C. Two types of cells were used for measuring the ionic conductivity in the parallel and 
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perpendicular directions (interdigitated gold electrode and ITO cell, respectively). Electrolyte 

samples were filled into the cells by melting the sample at 140 °C. Before the measurement at each 

temperature, the cells were thermostated for a minimum of one hour in a cryostat-thermostat system 

(Haake K75 with a DC50 temperature controller). A computer-interfaced multichannel potentiostat 

with a frequency range of 500 kHz to 1 Hz and a 5 mV AC signal amplitude was used for the 

measurement. At each temperature point, the measurements were repeated for consistency. 

Preparation of the binary mixture 

Electrolyte samples under investigation were prepared by dissolving 10 mol% of Li+ salt 

3a[Li] in appropriate LC matrix. Thus, a solution of the matrix 1a[3] or 2a[n] with 10 mol% of Li+ 

salt 3a[Li] in CH2Cl2 was evaporated to dryness in a rotary evaporator and dried under high vacuum 

to obtain the electrolyte samples. 

Preparation of 1c[3] 

A mixture of 4-bromo-2,3-difluorophenol (1b, 2.00 g, 9.57 mmol, 1.0 eq.) and t-BuOK 

(1.18 g, 10.53 mmol, 1.1 eq.) in EtOH (35 mL) was refluxed for 30 minutes until a green solution 

is obtained. To this solution MeO(CH2CH2O)3Ts (3.35 g, 10.53 mmol, 1.1 eq.) was added and the 

mixture was refluxed for another 18 h during which the green colour fades. EtOH was removed in 

a rotary evaporator and extraction was performed in CH2Cl2 (3 × 20 mL). The target compound 

was isolated by column chromatography (SiO2, CH2Cl2/EtOAc, 2:1) to get 2.40 g (70% yield) of 

1c[3] as a colorless oil. 1H{19F} NMR (400 MHz, CDCl3): δ 7.22–7.17 (m, 1H), 6.73–6.68 (m, 

1H), 4.19 (t, J = 4.8 Hz, 2H), 3.87 (t, J = 4.8 Hz, 2H), 3.76–3.72 (m, 2H), 3.68–3.63 (m, 4H), 3.56–

3.53 (m, 2H), 3.38 (s, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ -127.8 (d, J = 22.6 Hz), -152.9 (d, 

J = 22.6 Hz). 13C{1H} NMR (100 MHz, CDCl3): δ 148.9 (d, JF-C = 244.1 Hz), 148.0 (d, JF-C = 11.4 

Hz), 143.5 (d, JF-C = 15.4 Hz), 141.1, 126.4 (d, JF-C = 4.6 Hz), 111.0 (d, JF-C = 3.2 Hz), 101.2 (d, 
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JF-C = 18.2 Hz), 72.0, 71.1, 70.8, 70.7, 70.7, 69.8, 69.6, 59.2. HRMS (ESI-TOF) m/z: [M + H]+ 

calcd for C13H18BrF2O4: 355.0357, found: 355.0342. Anal. Calcd for C13H17BrF2O4: C 43.96, H 

4.82. Found: C 43.97, H 4.77. 

Preparation of 1d[3] 

To a mixture of 1c[3] (2.21 g, 6.19 mmol, 1.0 eq.), Pd2dba3 (113 mg, 0.12 mmol, 2 mol%), 

[HPCy3][BF4] (91 mg, 0.25 mmol, 4 mol%), t-BuOK (28 mg, 0.25 mmol, 4 mol%), (4-

hydroxyphenyl)boronic acid (854 mg, 6.19 mmol, 1.0 eq.) in THF (25 mL), a solution of K2CO3 

(856 mg, 6.19  mmol, 1.0 eq.) in H2O (25 mL) was added at room temperature. After refluxing the 

reaction mixture for 48 h, the reaction mixture was made acidic by adding 10% HCl at room 

temperature. The volatiles were removed in vacuo and the aqueous layer was extracted three times 

with 20 mL CH2Cl2. The target compound was isolated by column chromatography (SiO2, 

CH2Cl2/EtOAc, 2:1) to get 1.63 g (70% yield) of 1d[3] as a colorless, highly viscous oil that 

solidifies upon drying in vacuo to yield a colorless solid. 1H{19F} NMR (400 MHz, CDCl3): δ 7.33 

(d, J = 8.6 Hz, 2H), 6.96 (td, J = 8.5, 2.4 Hz, 1H), 6.89 (d, J = 8.7 Hz, 2H), 6.74–6.68 (m, 1H), 

4.17 (t, J = 4.8 Hz, 2H), 3.89 (t, J = 4.9 Hz, 2H), 3.78–3.75 (m, 2H), 3.72–3.67 (m, 4H), 3.58–3.56 

(m, 2H), 3.38 (s, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ -140.2 (d, J = 18.8 Hz), -156.5 (d, J = 

18.8 Hz). 13C{1H} NMR (100 MHz, CDCl3): δ 155.5, 147.0 (d, JF-C = 8.9 Hz), 141.9 (d, JF-C = 

250.5 Hz), 130.0 (d, JF-C = 3.0 Hz), 127.1, 123.3 (q, JF-C = 12.2 Hz), 123.1, 115.5, 109.9, 71.9, 

70.9, 70.7, 70.6, 69.6, 69.3, 59.0. HRMS (ESI-TOF) m/z: [M + H]+ calcd for C19H22F2O5: 369.1514, 

found: 369.1496. Anal. Calcd for C19H22F2O5: C, 61.95; H, 6.02. Found: C, 62.00; H, 5.96. 

Preparation of 1a[3] 

To a suspension of 1d[3] (1.43 g, 3.79 mmol, 1.0 eq.) and 4-hexylbenzoic acid (860 mg, 

4.17 mmol, 1.1 eq.) in CH2Cl2 (20 mL), were added dicyclohexylmethanediimine (DCC, 939 mg, 
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4.55 mmol, 1.2 eq.) and 4-dimethylaminopyridine (DMAP, 93 mg, 0.76 mmol, 0.2 eq.). The 

reaction mixture was stirred overnight at room temperature. Progress in the reaction was monitored 

using TLC (SiO2, EtOAc/Pet. ether, 3:2). After the reaction was complete, it was filtered and the 

collected filtrate was concentrated using a rotary evaporator to obtain the crude product. The target 

compound was isolated by column chromatography (SiO2, EtOAc/Pet. Ether, 3:2) to give 1.95 g 

(92% yield) of 1a[3] as a white solid. 1H NMR (400 MHz, CDCl3): δ 8.13 (d, J = 8.0 Hz, 2H), 7.55 

(d, J = 6.8 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 7.13–7.08 (m, 1H), 6.86–

6.82 (m, 1H), 4.26 (t, J = 4.8 Hz, 2H), 3.91 (t, J = 4.8 Hz, 2H), 3.78–3.76 (m, 2H), 3.70–3.66 (m, 

4H), 3.57–3.55 (m, 2H), 3.38 (s, 3H), 2.70 (t, J = 7.7 Hz, 2H), 1.66 (quint, J = 7.3 Hz, 2H), 1.37–

1.29 (q, J = 6.5 Hz, 6H), 0.89 (t, J = 7.7 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ -140.6 (d, J 

= 18.8 Hz), -156.9 (d, J = 18.8 Hz).13C{1H} NMR (100 MHz, CDCl3): δ 165.3, 150.7, 149.6, 149.0 

(d, JF-C = 244.7 Hz), 147.7 (q, JF-C = 3.5 Hz), 142.1 (d, JF-C = 246.0 Hz), 132.5, 130.4, 130.0, 129.9 

(d, JF-C = 3.0 Hz), 128.8, 126.9, 123.7, 122.8 (d, JF-C = 11.0 Hz), 122.0, 110.19, 110.16, 72.0, 71.1, 

70.8, 70.7, 69.65, 69.59, 59.2, 36.2, 31.8, 31.2, 29.0, 22.7, 14.2. HRMS (ESI-TOF) m/z: [M + H]+ 

calcd for C32H38F2O6: 557.2715, found: 557.2701. Anal. Calcd for C32H38F2O6: C, 69.05; H, 6.88. 

Found: C, 69.13; H, 6.84. 

Preparation of 2a[4] 

To a suspension of 2d[4] (250 mg, 0.42 mmol, 1.0 eq.) and 4-hexylbenzoic acid (188 mg, 

0.91 mmol, 2.2 eq.) in CH2Cl2 (10 mL), were added dicyclohexylmethanediimine (DCC, 205 mg, 

0.99 mmol, 2.4 eq.) and 4-dimethylaminopyridine (DMAP, 20 mg, 0.17 mmol, 0.4 eq.). The 

reaction mixture was stirred overnight at room temperature. Progress in the reaction was monitored 

using TLC (SiO2, CH2Cl2/EtOAc, 9:1). After the reaction was complete, it was filtered and the 

collected filtrate was concentrated using a rotary evaporator to obtain the crude product. The target 
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compound was isolated by column chromatography (SiO2, CH2Cl2/EtOAc, 9:1) to give 319 mg 

(79% yield) of 2a[4] as a white solid. 1H{19F} NMR (400 MHz, CDCl3): δ 8.12 (d, J = 8.2 Hz, 

4H), 7.54 (d, J = 7.0 Hz, 4H), 7.32 (d, J = 8.1 Hz, 4H), 7.27 (d, J = 8.9 Hz, 4H), 7.10 (td, J = 8.4, 

2.2 Hz, 2H), 6.85–6.81 (m, 2H), 4.25 (t, J = 4.8 Hz, 4H), 3.92 (t, J = 4.8 Hz, 4H), 3.78–3.76 (m, 

8H), 2.70 (t, J = 7.7 Hz, 4H), 1.69–1.59 (m, 4H), 1.38–1.28 (m, J = 4.9, 3.7 Hz, 12H), 0.89 (t, J = 

6.7 Hz, 6H). 19F{1H} NMR (376 MHz, CDCl3): δ -139.8 (d, J = 19.6 Hz), -156.1 (d, J = 19.4 

Hz).13C{1H} NMR (100 MHz, CDCl3): δ 165.4, 150.7, 149.6, 149.0 (d, JF-C = 241.7 Hz), 147.7 (q, 

JF-C = 4.5 Hz), 142.1 (d, JF-C = 248.0 Hz), 132.5, 130.4, 129.9 (d, JF-C = 2.9 Hz), 128.8, 126.9, 

123.8, 123.8, 122.8 (d, JF-C = 10.9 Hz), 122.1, 110.2, 110.1, 71.1, 70.8, 69.7, 69.6, 36.2, 31.8, 31.3, 

29.1, 22.7, 14.2. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C58H62F4O9: 1001.4228, found: 

1001.4188. Anal. Calcd for C58H62F4O9: C, 71.15; H, 6.38. Found: C, 71.09; H, 6.22. 

General procedure for the synthesis of 2a[n] (n = 6, 9) 

To a suspension of 2d[n] (1.0 eq.) and 4-hexylbenzoic acid (2.2 eq.) in CH2Cl2 (15 mL), 

were added 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC.HCl, 3.2 eq.) 

and 4-dimethylaminopyridine (DMAP, 1 eq.). The reaction mixture was stirred overnight at room 

temperature. Progress in the reaction was monitored using TLC (SiO2, CH3CN/CH2Cl2, 1:4). After 

the reaction was complete, water (20 mL) was added in to the reaction mixture and CH2Cl2 layer 

was extracted (3 x 15 mL). The combined organic layer was dried over Na2SO4 and concentrated 

using a rotary evaporator to obtain the crude product. The target compound was isolated by column 

chromatography (SiO2, CH3CN/CH2Cl2, 1:4) to obtain the pure product 2a[n]. The product was 

further purified by precipitation from a solution of ethyl acetate and hexane. 
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Preparation of 2a[6] 

A suspension of 2d[6] (351 mg, 0.51 mmol, 1.0 eq.) and 4-hexylbenzoic acid (231 mg, 

1.12 mmol, 2.2 eq.) in CH2Cl2 (15 mL), when reacted in the presence of 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC.HCl, 311 mg, 1.63 mmol, 3.2 eq.) and 4-

dimethylaminopyridine (DMAP, 62 mg, 0.51 mmol, 1 eq.) resulted in 360 mg (64% yield) of 2a[6] 

as a white solid. 1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 8.3 Hz, 4H), 7.55 (d, J = 7.6 Hz, 4H), 

7.38–7.26 (m, 8H), 7.12–7.08 (m, 2H), 6.86–6.81 (m, 2H), 4.25 (t, J = 4.8 Hz, 4H), 3.90 (t, J = 4.7 

Hz, 4H), 3.81–3.73 (m, 4H), 3.72–3.61 (m, 12H), 2.70 (t, J = 7.7 Hz, 4H), 1.68–1.63 (m, 4H), 

1.39–1.26 (m, 12H), 0.88 (t, J = 6.4 Hz, 6H). 19F{1H} NMR (376 MHz, CDCl3): δ -139.7 (d, J = 

19.9 Hz), -156.1 (d, J = 19.7 Hz). 13C{1H} NMR (100 MHz, CDCl3): δ 165.4, 150.7, 149.7, 149.1 

(d, JF-C = 237.3 Hz), 147.7 (q, JF-C = 7.0 Hz), 142.0 (d, JF-C = 262.7 Hz), 132.6, 130.4, 130.0 (d, JF-

C = 3.0 Hz), 128.8, 126.9, 123.8, 122.8 (d, JF-C = 11.2 Hz), 122.1, 110.2, 71.1, 70.8, 70.7, 69.7, 

69.6, 36.2, 31.8, 31.3, 29.1, 22.7, 14.2. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C62H70F4O11: 

1089.4752, found: 1089.4716. Anal. Calcd for C62H70F4O11: C, 69.78; H, 6.61. Found: C, 69.56; 

H, 6.55. 

Preparation of 2a[9] 

A suspension of 2d[9] (319 mg, 0.39 mmol, 1.0 eq.) and 4-hexylbenzoic acid (175 mg, 

0.85 mmol, 2.2 eq.) in CH2Cl2 (15 mL), when reacted in the presence of 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC.HCl, 178 mg, 0.93 mmol, 2.4 eq.) and 4-

dimethylaminopyridine (DMAP, 20 mg, 0.16 mmol, 0.4 eq.) resulted in 297 mg (64% yield) of 

2a[9] as a white solid. 1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 8.3 Hz, 4H), 7.55 (d, J = 7.0 Hz, 

4H), 7.32 (d, J = 8.3 Hz, 4H), 7.28 (d, J = 8.7 Hz, 4H), 7.10 (td, J = 8.5, 2.3 Hz, 2H), 6.86–6.81 

(m, 2H), 4.25 (t, J = 4.8 Hz, 4H), 3.90 (t, J = 4.8 Hz, 4H), 2.70 (t, J = 7.7 Hz, 4H), 2.01 (s, 4H), 

1.69–1.62 (m, 4H), 1.37–1.28 m, 12H), 0.91–0.87 (m, 6H). 19F{1H} NMR (376 MHz, CDCl3): δ -
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139.7 (d, J = 19.4 Hz), -156.1 (d, J = 19.8 Hz). 13C{1H} NMR (100 MHz, CDCl3): δ 165.4, 150.7, 

149.0 (d, JF-C = 242.3 Hz), 147.7 (q, JF-C = 5.0 Hz), 142.1 (d, JF-C = 264.1 Hz), 140.9, 132.6, 130.4, 

130.00 (d, JF-C = 3.0 Hz), 128.8, 127.0, 123.8, 122.8 (d, JF-C = 10.8 Hz), 122.1, 110.2, 71.1, 70.8, 

70.7, 69.7, 69.6, 36.2, 31.8, 31.3, 29.1, 22.7, 14.2, 2.0. HRMS (ESI-TOF) m/z: [M + H]+ calcd for 

C68H82F4O14: 1199.5719, found: 1199.5742. Anal. Calcd for C68H82F4O14: C, 68.10; H, 6.89. 

Found: C, 68.03; H, 6.72. 

General procedure for the synthesis of 2c[n] 

To a solution of 4-bromo-2,3-difluorophenol (1b, 2.1 eq.) and t-BuOK (2.2 eq.) in EtOH 

(35 mL), Ts(OCH2CH2)nOTs (1.0 eq.) was added. The resulting solution was refluxed overnight, 

and EtOH was removed in a rotary evaporator upon completion of the reaction. Water was added 

to the resulting crude mixture and extraction was done in CH2Cl2 (3 × 25 mL). The combined 

organic layer was dried over Na2SO4 and the solvent was removed in a rotary evaporator to get the 

crude product. The target compound was isolated by column chromatography (SiO2, 

CH2Cl2/EtOAc, 9:1). 

Preparation of 2c[4] 

Reaction of Ts(OCH2CH2)4OTs (3.98 g, 7.93 mmol, 1.0 eq.) with 4-bromo-2,3-

difluorophenol (1b, 3.47 g, 16.64 mmol, 2.1 eq.) in EtOH (35 mL) in the presence of t-BuOK 

(1.96 g, 17.44 mmol, 2.2 eq.) gave 4.18 g (92% yield) of 2c[4] as a colorless oily liquid. 1H NMR 

(400 MHz, CDCl3): δ 7.26–7.16 (m, 2H), 6.71–6.67 (m, 2H), 4.18 (t, J = 4.7 Hz, 4H), 3.92–3.86 

(t, J = 4.7 Hz, 4H), 3.73–3.65 (m, 8H). 19F{1H} NMR (376 MHz, CDCl3): δ -127.8 (d, J = 18.8 

Hz), -152.9 (d, J = 18.8 Hz). 13C{1H} NMR (100 MHz, CDCl3): δ 148.8 (d, JF-C = 260.1 Hz), 148.0 

(q, JF-C = 3.8 Hz), 142.2 (d, JF-C = 262.7 Hz), 126.5(d, JF-C = 3.5 Hz), 110.9 (d, JF-C = 2.6 Hz), 101.2 

(d, JF-C = 19.7 Hz), 71.1, 70.8, 69.8, 69.6. HRMS (ESI-TOF) m/z: [M + H]+ calcd for 
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C20H20Br2F4O5: 574.9692, found: 574.9713. Anal. Calcd for C20H20Br2F4O5: C, 41.69; H, 3.50. 

Found: C, 41.70; H, 3.45. 

Preparation of 2c[6] 

Reaction of Ts(OCH2CH2)6OTs (4.40 g, 7.45 mmol, 1.0 eq.) with 4-bromo-2,3-

difluorophenol (1b, 3.27 g, 15.65 mmol, 2.1 eq.) in EtOH (40 mL) in the presence of t-BuOK 

(1.84 g, 16.40 mmol, 2.2 eq.) resulted in 3.53 g (73% yield) of 2c[6] as a colorless oily liquid. 1H 

NMR (400 MHz, CDCl3): δ 7.22–7.17 (m, 2H), 6.72–6.67 (m, 2H), 4.18 (t, J = 4.8 Hz, 4H), 3.86 

(t, J = 4.8 Hz, 4H), 3.72–3.70 (m, 4H), 3.67–3.63 (m, 12H). 19F{1H} NMR (376 MHz, CDCl3): δ 

-127.8 (d, J = 22.2 Hz), -152.9 (d, J = 18.8 Hz). 13C NMR (100 MHz, CDCl3): δ 148.8 (d, JF-C = 

257.4 Hz), 148.0 (q, JF-C = 3.5 Hz), 142.2 (d, JF-C = 265.2 Hz), 126.5 (d, JF-C = 4.0 Hz), 111.0 (d, 

JF-C = 2.9 Hz), 101.1 (d, JF-C = 17.9 Hz), 71.1, 70.74, 70.70, 69.8, 69.6. HRMS (ESI-TOF) m/z: [M 

+ H]+ calcd for C24H28Br2F4O7: 663.0216, found: 663.0223. Anal. Calcd for C24H28Br2F4O7: C, 

43.39; H, 4.29. Found: C, 43.60; H, 4.15. 

Preparation of 2c[9]  

Reaction of Ts(OCH2CH2)9OTs  (3.03 g, 4.19 mmol, 1.0 eq.) and 4-bromo-2,3-

difluorophenol (1b, 1.93 g, 9.22 mmol, 2.2 eq.) in EtOH (20 mL) in the presence of t-BuOK 

(1.22 g, 10.89 mmol, 2.6 eq.) gave 2.21 g (67% yield) of 2[9] as a colorless oily liquid. Typical 

yield of the reaction is in the range 64-67%. 1H NMR (400 MHz, CDCl3): δ 7.21–7.17 (m, 2H), 

6.72–6.68 (m, 2H), 4.18 (t, J = 4.8 Hz, 4H), 3.86 (t, J = 4.8 Hz, 4H), 3.75–3.68 (m, 4H), 3.67–3.61 

(m, 24H). 19F{1H} NMR (376 MHz, CDCl3): δ -127.1 (d, J = 18.8 Hz), -152.3 (d, J = 18.8 Hz). 

13C NMR (100 MHz, CDCl3): δ 148.8 (d, JF-C = 257.8 Hz), 148.0 (q, JF-C = 3.5 Hz), 142.2 (d, JF-C 

= 265.5 Hz), 126.5 (d, JF-C = 4.3 Hz), 111.0 (d, JF-C = 3.7 Hz), 101.1 (d, JF-C = 17.8 Hz), 71.1, 
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70.74, 70.70, 69.8, 69.6. HRMS (ESI-TOF) m/z: [M + H]+ calcd for C30H40Br2F4O10: 795.1003, 

found: 795.0989. Anal. Calcd for C30H40Br2F4O10: C, 45.24; H, 5.06. Found: C, 45.20; H, 5.01. 

General procedure for the synthesis of 2d[n] 

To a mixture of 2c[n] (1.0 eq.), Pd2(dba)3 (4 mol%), [HPCy3][BF4] (8 mol%), t-BuOK 

(8 mol%), and (4-hydroxyphenyl)boronic acid (2.0 eq.) in THF (25 mL), a solution of K2CO3 

(2.1 eq.) in H2O (25 mL) was added at room temperature. After refluxing the reaction mixture for 

42 h, 10% HCl was added at room temperature until the solution becomes acidic. All the volatiles 

were removed in vacuo and the aqueous layer obtained was extracted in CH2Cl2 (3 × 20 mL). The 

target compound was isolated by column chromatography (SiO2, CH2Cl2/EtOAc, 3:2). 

Preparation of 2d[4] 

Reaction of 2c[4] (2.00 g, 3.47 mmol, 1.0 eq.) with 4-hydroxyphenylboronic acid (957 mg, 

6.94 mmol, 2.0 eq.) in THF (25 mL) in the presence of Pd2dba3 (127 mg, 0.14 mmol, 4 mol%), 

[HPCy3][BF4] (102 mg, 0.28 mmol, 8 mol%), t-BuOK (32 mg, 0.28 mmol, 8 mol%), and K2CO3 

(1.01 g, 7.29  mmol, 2.1 eq.) dissolved in H2O (25 mL) gave 1.51 g (72% yield) of 2d[4] as a 

colourless, highly viscous oil. 1H NMR (400 MHz, DMSO-d6): δ 9.65 (s, 2H), 7.31 (d, J = 6.8 Hz, 

4H), 7.16 (td, J = 8.7, 2.2 Hz, 2H), 7.04 (ddd, J = 9.2, 7.8, 1.8 Hz, 2H), 6.84 (d, J = 8.7 Hz, 4H), 

4.21 (t, J = 4.4 Hz, 4H), 3.77 ((t, J = 4.5 Hz, 4H), 3.61–3.54 (m, 8H). 19F{1H} NMR (376 MHz, 

DMSO-d6): δ -140.8 (d, J = 18.8 Hz), -157.1 (d, J = 18.8 Hz).  13C{1H} NMR (100 MHz, DMSO-

d6): δ 157.3, 147.8 (d, JF-C = 244.3 Hz), 146.4 (q, JF-C = 3.6 Hz), 140.7 (d, JF-C = 259.5 Hz), 129.7 

(d, JF-C = 2.5 Hz), 124.7, 123.73, 123.68, 123.6, 122.3 (d, JF-C = 10.7 Hz), 115.5, 110.3, 110.2, 

70.0, 69.9, 68.9, 68.8. HRMS (ESI-TOF) m/z: [M + H]+ calcd for C32H30F4O7: 601.1849, found: 

601.1866. Anal. Calcd for C32H30F4O7: C, 63.78; H, 5.02. Found: C, 63.84; H, 4.87. 
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Preparation of 2d[6] 

Reaction of 2c[6] (2.38 g, 3.58 mmol, 1.0 eq.) with (4-hydroxyphenyl)boronic acid (1.04 g, 

7.67 mmol, 2.0 eq.) in THF (25 mL) in the presence of Pd2(dba)3 (132 mg, 0.14 mmol, 4 mol%), 

[HPCy3][BF4] (106 mg, 0.28 mmol, 8 mol%), t-BuOK (32 mg, 0.28 mmol, 8 mol%), and K2CO3 

(1.04 g, 7.52  mmol, 2.1 eq.) dissolved in H2O (25 mL) gave 1.71 g (69% yield) of 2d[6] as a 

yellow-orange colored, highly viscous oil. 1H{19F} NMR (400 MHz, DMSO-d6): δ 9.68 (s, 2H), 

7.32 (d, J = 8.1 Hz, 4H), 7.17 (d, J = 9.0 Hz, 2H), 7.04 (dd, J = 9.3, 4.6 Hz, 2H), 6.84 (d, J = 8.1 

Hz, 4H), 4.21 (t, J = 4.4 Hz, 4H), 3.76 (t, J = 4.3 Hz, 4H), 3.63–3.49 (m, 16H). 19F{1H} NMR (376 

MHz, DMSO-d6): δ -141.5 (d, J = 21.0 Hz), -157.8 (d, J = 20.9 Hz). 13C{1H} NMR (100 MHz, 

DMSO-d6): δ 170.4, 157.3, 147.8 (d, JF-C = 253.7 Hz), 146.4 (q, JF-C = 3.6 Hz), 140.7 (d, JF-C = 

258.0 Hz), 129.7 (d, JF-C = 2.6 Hz), 124.71, 123.72, 123.68, 123.6, 122.3 (d, JF-C = 10.5 Hz), 115.5, 

110.3, 110.2, 70.0, 69.82, 69.79, 68.9, 68.7, 59.8, 20.8, 14.1. HRMS (ESI-TOF) m/z: [M + H]+ 

calcd for C36H38F4O9: 691.2530, found: 691.2540. Anal. Calcd for C36H38F4O9: C, 62.90; H, 5.55. 

Found: C, 62.84; H, 5.28. 

Preparation of 2d[9] 

Reaction of 2c[9] (1.44 g, 1.99 mmol, 1 eq.) with 4-hydroxyphenylboronic acid (715 mg, 

5.17 mmol, 2.6 eq.) in THF (25 mL) in the presence of Pd2dba3 (182 mg, 0.20 mmol, 10 mol%), 

[HPCy3][BF4] (117 mg, 0.32 mmol, 16 mol%), t-BuOK (35 mg, 0.32 mmol, 8 mol%) and K2CO3 

(715 mg, 5.17  mmol, 2.6 eq.) dissolved in H2O (25 mL) gave 1.09 g (67% yield) of 2d[9] as a 

yellow-orange colored waxy oil. 1H{19F} NMR (400 MHz, DMSO-d6): δ 9.65 (s, 2H), 7.32 (d, J = 

8.6 Hz, 4H), 7.16 (dd, J = 8.8, 2.8 Hz, 2H), 7.08–7.01 (m, 2H), 6.86 (d, J = 8.6 Hz, 4H), 4.24–4.19 

(m, 4H), 3.79–3.74 (m, 4H), 3.62–3.58 (m, 4H), 3.55–3.48 (m, 24H). 19F{1H} NMR (376 MHz, 

CDCl3): δ -140.3 (d, J = 18.8 Hz), -156.6 (d, J = 18.8 Hz). 13C{1H} NMR (100 MHz, CDCl3): δ 
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156.2, 148.7 (d, J = 258.3 Hz), 147.0 (q, JF-C = 3.6 Hz) 141.9 (d, JF-C = 260.2 Hz), 129.9 (d, JF-C = 

2.4 Hz), 126.6, 123.4, 123.3, 123.2, 115.8, 110.0 (d, JF-C = 2.7 Hz), 70.9, 70.7, 70.6, 70.5, 70.5, 

69.7, 69.4. HRMS (ESI-TOF) m/z: [M + H]+ calcd for C42H50F4O12: 823.3317, found: 823.3284. 

Anal. Calcd for C42H50F4O12: C, 61.31; H, 6.13. Found: C, 61.36; H, 6.08. 

Preparation of 3e[NMe4]:  

To a solution of 3d[NMe4] (100 mg, 0.29 mmol, 1 eq.) and NaH (10 mg, 0.44 mmol, 1.5 

eq.) in THF (5 mL), was added freshly prepared 4-(4-pentylcyclohexyl)benzoyl chloride (104 mg, 

0.35 mmol, 1 eq.). The reaction mixture was stirred overnight and THF was removed in rotary 

evaporator. Water was added (5 mL) to the crude mixture and the white precipitate formed was 

collected by filtration. This was recrystallized from MeCN at ambient temperature gave 98 mg 

(56% yield) of pure 3e[NMe4] as a white microcrystalline powder. 1H{11B} NMR (400 MHz, 

CD3CN): δ 8.05 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 7.07 (d, J 

= 8.5 Hz, 2H), 3.06 (d, J = 1.0 Hz, 12H), 2.64–2.58 (m, 3H), 2.12–2.02 (m, 3H), 1.88 (d, J = 11.6 

Hz, 5H), 1.55–1.46 (m, 4H), 1.36–1.21 (m, 12H), 1.12–1.03 (m, 3H), 0.90 (t, J = 6.9 Hz, 3H). 11B 

NMR (128 MHz, CD3CN): δ -1.5 (s, 1B), -9.7 (s, 1B), -12.8 – -13.9 (m, 8B). 13C NMR (100 MHz, 

CD3CN): δ 166.1, 155.3, 150.1, 140.8, 130.9, 130.1, 130.1, 128.2, 128.18, 122.6, 118.3, 70.8, 56.2, 

56.13, 56.09, 45.4, 42.2, 38.0, 37.9, 36.6, 34.7, 34.1, 32.9, 27.3, 23.4, 14.3. HRMS (ESI-TOF) m/z: 

[M]- calcd for C27H44B11O2: 522.4443, found: 522.4420. Anal. Calcd for C31H56B11NO2: C, 62.71; 

H, 9.51; N, 2.36. Found: C, 62.15; H, 9.78; N, 2.47. 

Preparation of 3a[Li]: 

Li+ salt 3a[Li] was obtained by exchanging the [NMe4]
+ cation in 3e[NMe4] with the Li+ cation in 

a water/CH2Cl2 system, according to a known procedure [32]. 

1H{11B} NMR (400 MHz, CD3CN): δ 8.05 (d, J = 8.5 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.18 (d, J 

= 8.4 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 2.65–2.57 (m, 3H), 2.26–2.20 (m, 6H), 2.13–2.04 (m, 3H), 
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1.88 (d, J = 12.0 Hz, 4H), 1.51 (q, J = 12.3 Hz, 3H), 1.39–1.25 (m, 10H), 1.10 (q, J = 12.2 Hz, 2H), 

0.90 (t, J = 6.9 Hz, 3H). 11B NMR (128 MHz, CD3CN): δ -1.5 (s, 1B), -9.7 (s, 1B), -12.8 – -13.9 

(m, 8B). HRMS (ESI-TOF) m/z: [M]- calcd for C27H44B11O2: 522.4443, found: 522.4420. Anal. 

Calcd for C27H44B11O2Li.3H2O: C, 55.86; H, 8.68. Found: C, 55.85; H, 9.02.  
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CHAPTER B4 

Liquid crystalline polymer electrolytes based on [closo-

CB11H12]
- for Li-ion battery application 

1. INTRODUCTION 

The desire for a renewable energy source is at an all-time high, and Li-ion batteries (LIBs) 

are playing a significant role in the energy transition by providing emission-free energy. LIBs were 

commercially used for the first time in 1991, by a Japanese company SONY [1,2]. Currently, they 

are employed in many modern technologies including electric vehicles and portable electronic 

devices such as computers, smartphones etc. due to their high energy density, light weight, and 

improved lifespan [3-8]. 

Li-ion batteries based on conventional liquid electrolytes provides efficient room 

temperature ionic conductivity, decent capacity, and good charge-discharge property [9]. However, 

the decomposition products of thermally unstable Li+ salts and volatility of the organic solvents 

and plasticizers used in these electrolytes rises many safety challenges in its commercial 

applications [10], especially during the battery operation that requires high voltage and temperature 

conditions. As a consequence, a new concept of whole solid-state batteries (SSEs) having high 

electrochemical stability, wide temperature range operation, high energy density, excellent safety, 

and easy processability has emerged. 

Solid polymer electrolytes (SPE) are particularly interesting sub-class of SSEs because the 

additional flexibility they offer can leads to improved electrode/electrolyte contact [11-12]. In 

addition, they can function as both ion-conductor and electronically insulating separator in LIBs. 

An ideal SPE should have high mechanical strength, electrochemical stability, and high ionic 
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conductivity while maintaining the ion transference number close to unity [13]. Although several 

SPEs showed good mechanical properties and improved safety [14], their poor room temperature 

ionic conductivity and low transference number remains a challenge [12b, 15-16].  

Liquid crystals (LCs) as an electrolyte material have gained significant attention in recent 

years due to their ability to self-organize and formation of channels for efficient Li-ion transport 

[17a-17d]. They are also found to have several advantages, such as improved electrochemical 

stability [18], ability to suppress the Li dendrite growth [19a], and high Li-ion transference number 

[19b]. Kato and co-workers in 2015 demonstrated the first Li-ion battery based on LC electrolytes 

[20]. Polymerization of LC electrolyte in its ordered LC phase results in nanostructured ion-

conductive polymeric electrolyte films [21-24] with immobilized ion conducting channels. These 

LC polymer electrolytes offer good mechanical stability, a broad operating temperature range, and 

excellent electrode/electrolyte contact. Recently, Zhang and co-workers demonstrated a liquid 

crystalline solid polymer electrolyte film with a high ionic conductivity at room temperature (2.14 

× 10-2 S cm-1). This material was utilized in a LiFePO4/Li cell which showed a discharge capacity 

of 150 mAhg-1 [25].  

The poor stability and environmental compatibility of conventionally used halogenated Li+ 

salts are also a problem that must be resolved in order to improve the high temperature performance 

of the LIB. Utilizing Li+ salts composed of anionic boron clusters is one way to accomplish this. 

Boron clusters are advantageous for use as lithium salts in electrolytes due to their excellent thermal 

and electrochemical stability and weekly coordinating nature [26-27]. Li+ salts of boron clusters 

have already demonstrated high ionic conductivity and improved electrochemical stability [28-31]. 

Herein we present a new paradigm in solid polymer electrolytes by combining anisotropic 

ion transport of LC with derivatives of [closo-1-CB11H12]
- as anions for Li-ions. The electrolyte 

system under investigation is a 10 mol% solution of Li+ salt with anion which is a [closo-1-
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CB11H12]
- derivative structurally similar to or compatible with the liquid crystalline monomeric 

host containing an oligoethylene fragment. The polymeric electrolyte films obtained by the 

polymerization of the parallelly aligned LC electrolyte is expected to have improved ionic 

conductivity, thermal stability, and mechanical properties. This study involves several stages of 

development, including extensive synthesis and characterization of the LC electrolyte, its 

alignment using different surface treatment methods, photopolymerization of the aligned 

electrolyte, and finally testing of the polymer electrolyte film in CR-2032 type coin cell batteries. 

The progress made so far in the realization of such a LC polymer electrolyte is described in this 

Chapter. 

2. RESULTS AND DISCUSSION 

2.1 Synthesis 

Monomeric LC host 1a[4] was obtained in the sequence of reactions shown in Scheme 1. 

Thus, 4-hydroxybenzoic acid (1b) in reaction with OH(CH2)6OTs [32] in the presence of t-BuOK 

gave 4-((6-hydroxyhexyl)oxy)benzoic acid (1c) in 66–70% yield. 4-(6-

(Methacryloyloxy)hexyl)oxy)benzoic acid (1d) was prepared from 1c in 35–45% according to a 

literature procedure [33]. Subsequently, Steglich-type esterification of benzoic acid derivative 1d 

with biphenyl-4-ol derivative 1e [34] in the presence of dicyclohexylcarbodiimide (DCC) and 

catalytic amounts of 4-dimethylaminopyridine (DMAP) resulted in the monomeric LC derivative 

1a[4] in 45–50% yield. 
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Scheme 1. Preparation of LC monomer matrix 1a[4]. Reagents and conditions: (i) 1). OH(CH2)6-

OTs, t-BuOK, EtOH, reflux, 12 h. 2). H+, 65–70% yield; (ii) Methacryloyl chloride, NEt3, THF, rt, 

12 h, 35–40 % yield; (iii) 1e, DMPA, DCC, CH2Cl2, rt, 18 h, 45–50% yield. 

Synthesis of the monomeric derivative 2a is shown in Scheme 2. Derivatives 2c [35] and 

2d [36] were synthesized in 35% and 84% yields, respectively, according to the previously known 

procedures. The subsequent reaction of 2d with ethyl 4-hydroxybenzoate in the presence of K2CO3, 

followed by deprotection of the benzoate ester in the product by refluxing with 20% KOH and 

acidification of the resulting solution, gave 2a in 62–70% yield. A polymerization inhibitor, 3,5-

di-tert-butylcatechol (0.01 wt%), was used during the preparation of these derivatives to prevent 

the polymerization of samples in light.  
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Scheme 2. Preparation of the monomer intermediate 2a. Reagents and conditions: (i) NaOH, 4-

vinylbenzyl chloride, 50 °C, 4 h, 35% yield; (ii) TsCl, NEt3, CH2Cl2, rt, 84% yield; (iii) 1). Ethyl 

4-hydroxybenzoate, K2CO3, reflux, 12 h, 2). 20% KOH, 3h, reflux, 3). 10% HCl, 62–70%. 

 

Scheme 3. Preparation of dimeric LC monomer 3a[n]. Reagents and conditions: (i) 2a, EDC.HCl 

or DCC, DMAP, CH2Cl2, rt, 12 h, 48–68% yield. 

Synthesis of the monomeric LC matrix 3a[4] and 3a[9] is shown in Scheme 3. 

Hydroxyphenyl derivatives 3b[n] were conveniently prepared according to the previously 

demonstrated procedure (Scheme 2, Chapter B3). Monomeric LC derivatives 3a[4] and 3a[9] were 

obtained through the Steglich type esterification of the corresponding 3b[n] derivative with acid 

derivative 2a in the presence of a carbodiimide dicyclohexylcarbodiimide (DCC) for the synthesis 

of 3a[4] and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl), for the 

synthesis of 3a[9]) and catalytic amounts of 4-dimethylaminopyridine (DMAP). Steglich-type 
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esterification using DCC for the synthesis of 3a[9] was inefficient due to the difficulties in removing 

the urea biproduct formed during the reaction. 

Electrolyte samples under investigation were prepared by dissolving Li+ salt 4a[Li] or 

4b[Li] (Figure 1) in appropriate LC matrix. Sample 1a[4]–4a[Li] is a 10 mol% solution of 4a[Li] 

in 1a[4] and sample 3a[9]–5a[Li] is a 10 mol% solution of 5a[Li]  in 3a[9]. 

 

Figure 1. Molecular structures of the Li+ salts 4a[Li] and 5a[Li] used in the preparation of the 

electrolyte samples 1a[4]–4a[Li] and 3a[9]–5a[Li]. 

2.2 Liquid crystalline behavior 

Thermal behavior of monomeric LC matrices and electrolyte samples was investigated 

using polarized optical microscopy (POM) and differential scanning calorimetry (DSC).  

   

Figure 2. Optical textures for the monomer matrix 3a[9] observed in the same region on cooling: 

N phase at 81 °C (left), Sm phase at 74 °C (right). 
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Analysis of the derivatives 1a[4] and 3a[4] was difficult due to the issue of partial 

polymerization of the sample before its clearing temperature of 77 °C and 170 °C, respectively. 

POM analysis of the derivative 3a[9] showed characteristic textures of smectic (Sm) and nematic 

(N) phases (Figure 2). DSC thermograms for the monomer matrix 3a[9] and electrolyte sample 

3a[9]–5a[Li] are shown in Figure 3. Matrix 3a[9] exhibited an enantiotropic transition with Sm 

and N phases, with a clearing temperature of 81 °C. The transition from the Sm-Cr phase was not 

observed on cooling due to the supercooling effect. The addition of Li+ salt 5a[Li] to monomer 

3a[9] destabilized the N phase in favour of the Sm phase. 

   

Figure 3. DSC trace for the monomer matrix 3a[9] (left) and electrolyte sample 3a[9]–5a[Li] 

(right). Heating and cooling rates are 10 K min-1. 

2.3 Powder XRD analysis 

Powder XRD measurements were performed for the monomer LC matrix 3a[9] and a 

representative diffractogram is shown in Figure 4. The presence of a sharp signal in the small angle 

region (d-spacing of 41.94 Å) and a diffuse peak in the wide angle region (d-spacing of 4.41 Å) 

confirmed a fluid Sm phase. 
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Figure 4. Powder XRD pattern of 3a[9] in the smectic phase taken at 70 °C. 

2.4 Alignment of electrolyte samples 

The alignment of electrolyte samples was studied using ITO cells with varying thickness, 

cells coated with various alignment materials, including polyimides and nylons, and cells with 

cross-rubbed surfaces. The goal was to achieve a parallel alignment of the LC electrolyte sample 

in its smectic phase with ion conducting channels perpendicular to the plane of the cell (Figure 5). 

 

Figure 5. Schematic representation of a parallelly aligned electrolyte sample in the smectic phase 

with Li-ion conducting channels perpendicular to the plane of the cell. 

Initial investigations were focused on electrolyte sample 1a[4]–4a[Li]. However, only a 

partial alignment of this sample was achieved. The main challenges were the premature 
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polymerization of the electrolyte sample during cell filling (Figure 6) and the short circuit of the 

cell when an external electric field was applied to align the sample. Acrylates undergo radical and 

nucleophile-induced polymerization. Polymerization observed for sample 1a[4]–4a[Li] could be 

base- or nucleophile-induced because the high electron density renders the faces of the [closo-1-

CB11H12]
- cluster Lewis basic. An attempt to avoid short circuit by using cells with a SiO2 

protective layer was not successful. To account for the issue of a short circuit, the cell components 

were investigated using the precision component analyzer-6425 before and after filling the 

electrolyte sample. It was found that the capacitance and resistance for the empty cell of thickness 

15 µm were 115.9 pF and 2.2 GΩ respectively, whereas those of a cell filled with the electrolyte 

samples were 240 pF and 14 kΩ. This suggested high ionic conductivity between the electrodes of 

the filled cell, which led to a short-circuit in the cell when an external electric field was applied. 

 

 

 

 

 

Figure 6. Premature polymerization of the electrolyte sample in an ITO cell. 

In an attempt to improve the electrolyte system and resolve the issue of premature 

polymerization, a new electrolyte system was developed with modifications in the structure of both 

the LC matrix and Li+ salt. Lateral fluorination in the modified host matrix 3a[n] (Scheme 3) was 

to provide a transverse dipole in the monomer, which resulted in a negative dielectric anisotropy 

of the material. This was expected to facilitate a parallel alignment of the material when an external 

electric field is applied. Also, the polymerizable styrene group in the new design is stable towards 
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basic conditions, unlike the methyl acrylate in 1a[4]. In the new design for the ionic additive, an 

alkyl chain is introduced at one of the apical positions of the [closo-CB11H12]
-1 anion, while the 

other apical boron atom remains unsubstituted. This design was expected to retain their function 

as ionic species and their ability to form dynamically ordered structures in the LC electrolyte 

system. 

ITO cells with different alignment layers were tested initially for the modified electrolyte 

sample 3a[9]–5a[Li] and the cells coated with nylon-11 and nylon-12 alignment layers provided a 

better parallel alignment. Further tests using nylon coated cells of different thicknesses revealed a 

decrease in the alignment of the sample with an increase in cell thickness. The best alignment was 

obtained in the cell with a thickness of 5 μm. Currently, investigations are going on to obtain 

parallelly aligned electrolyte samples with thickness up to 50 μm. 

2.5 Polymerization of the aligned electrolyte sample 

In an initial attempt to prepare the polymer electrolytes, we used the partially aligned 

electrolyte sample 1a[4]–4a[Li]. Thus, a few minutes of UV irradiation (λ = 364 nm) of the 

electrolyte sample resulted in complete polymerization. Free-standing solid polymer electrolyte 

films were obtained by breaking the sample cell and peeling off the electrolyte film. The partially 

aligned electrolyte films obtained in this way had a thickness of approximately 70 µm and a size 

of approximately 1 cm (Figure 7).   

 

Figure 7. Solid polymer electrolyte obtained from electrolyte sample 1a[4]–4a[Li]. 
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Subsequently, a fully aligned polymer electrolyte of thickness 5 μm was prepared by 

polymerizing a parallelly aligned electrolyte sample 3a[9]–5a[Li] in its Sm phase. POM analysis 

of polymer electrolyte sample 3a[9]–5a[Li] revealed that the Sm phase arrangement is maintained 

over a wide temperature range, with only thermal expansion observed upon heating. This is evident 

from the change in birefringence with increasing temperature (Figure 8). This polymer electrolyte 

was found to be stable after multiple heating and cooling cycles in the temperature range 0 to 130 

°C. The preparation of aligned polymer electrolytes with a thickness up to 50 μm is in progress. 

 

 

 

 

Figure 8. POM image of the aligned 5 μm thick polymer electrolyte sample 3a[9]–5a[Li] taken 

in the same region at 30 °C (left) and 130 °C (right) in the cell. 

2.6 Testing of the solid polymer electrolytes in Li-ion battery  

So far, only a partially aligned polymer electrolyte sample 1a[4]–4a[Li] was tested in Li-

ion battery. Thus, several CR-2032 type coin cells were prepared (Figure 9). Nanostructured 

lithium iron phosphate (LiFePO4) with particle sizes approximately 3 μm (80% particles in the 3.5 

μm ±1 μm range) and conductive carbon coating were used as the cathode material, and lithium 

titanate (Li4Ti5O12) was used as the anode material in the battery. The total nominal capacity for 

the battery was found to be 1.6 mAh, which is very low for a coin-cell battery. 
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Figure 9. CR2032 type coin cells made using the partially aligned solid polymer electrolyte sample 

1a[4]–4a[Li]. 

2.6.1 Electrochemical impedance spectroscopy (EIS) measurements  

Nyquist plots of the EIS measurements performed for the coin cells are shown below 

(Figure 10). 

 

       

Figure 10. Clockwise: Nyquist plot for the coin cells 1, 2, 3, and 4 in the frequency range of 200 

KHz to 10 MHz. 
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The overall internal resistance of the coin cells at 80 °C was measured using broadband 

dielectric spectroscopy (BDS), which revealed high internal resistance in the cells. For example, 

the internal resistance in cell-1 was estimated to be R (electrolyte) = 108 kΩ, R (passive layer) = 

210 kΩ, and R (charge transfer) = 341 kΩ (Figure 10). The reason for the high internal resistance 

is presumed to be due to the wrong alignment of the molecules in the SPE or poor electrode-

electrolyte contact. 

2.6.2 Galvanostatic cycling 

Charge-discharge cycles in the range of 2.0–3.9 V with the current C/1 for the first half 

cycle and 2C or C/1 for the second half cycle were performed in the Digatron BTS 600 battery test 

facility at the European Space Agency (ESA) to check the performance of the coin cells (Table 1). 

Battery Test 

No. 

No. of 

cycle 

Voltage 

range (V) 

Current Limit (mAh) 

Charging Discharging 

1 1 5 2.2-3.9 1.6  3.2  

 2 100 2.2-3.9 1.6 1.6  

 3 600 2.2-3.9 1.6  1.6  

2 1 10 2.2-3.9 1.6  3.2  

 2 100 2.2-3.9 1.6  1.6 

3 1 100 2.2-3.9 1.6  3.2  

 2 100 2.2-3.9 1.6  1.6  

 

Table 1. Battery tests carried out in Digatron BTS 600 battery test facility.  

During the charging cycle, the voltage of the battery reached its upper voltage limit (3.9 V) 

immediately (in a few seconds). However, when the charging was stopped, the voltage dropped to 

0.5 V, which was below the lower voltage limit (2.0 V) of the battery. This behaviour was 

unexpected and the same result was observed for all three batteries tested. There was no 
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improvement, even for the test conducted with 600 cycles. To understand this issue, a test was 

performed by setting a one-hour time limit for charging, but the result was the same (Figure 11). 

This indicates that no energy was stored during the charging cycle and it can be attributed to the 

coin cell's high internal resistance. Currently, efforts are being made to address these issues. 

 
Figure 11. Battery cycling time curve with charging limit set to one hour. 

 

3. SUMMARY AND CONCLUSIONS 

We have synthesized and tested the first prototype of solid polymer electrolyte designed 

for Li-ion battery applications. The liquid-crystalline behavior of the samples was studied and 

confirmed using differential scanning calorimetry (DSC), polarized optical microscopy (POM), 

and powder XRD. Alignment of the electrolyte sample was achieved using ITO cells coated with 

different alignment layers, and polymerization was achieved by UV irradiation (λ = 364 nm). 

Several CR2032 type coin cells were built using the partially aligned polymer electrolyte 

sample 1a[4]–4a[Li]. EIS measurements conducted for these cells showed high internal resistance 
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capacity of the cell was found to be 1.6 mAh and the battery test carried out clearly showed that no 

energy was stored in the cell during the charging process. 

The development of a new batch of coin cell batteries using a modified polymer electrolyte 

sample 3a[9]–5a[Li] is in progress. The new electrolyte design is expected to resolve the issues 

associated with the previous design by providing better alignment. So far, we have achieved the 

preparation of a fully aligned polymer electrolyte sample with a thickness of up to 5 μm, and 

currently efforts are being made to obtain sample with a thickness of up to 50 μm. 

4. EXPERIMENTAL SECTION 

General procedures  

Reagents and solvents were obtained commercially. NMR spectra were obtained at 400 

MHz (1H), 100 MHz (13C), 128 MHz (11B), 376 MHz (19F), in CDCl3 and referenced to the solvent 

(δ = 7.26 ppm for 1H and δ = 77.16 ppm for 13C) or in DMSO-d6 and referenced to the solvent (δ 

= 2.50 ppm for 1H and δ = 39.52 ppm for 13C) [33] or to an external sample of neat CF3COOH in 

CDCl3 and DMSO-d6 (
19F NMR δ = 76.55 ppm). 19F NMR chemical shifts were taken from the H–

decoupled spectra.  

Optical microscopy and phase identification were performed using a polarized microscope 

equipped with a hot stage. Thermal analysis was run on a TA Discovery DSC 2500 using samples 

of about 1.0 mg and a heating rate of 10 K min−1 under a flow of nitrogen gas. Melting points were 

determined on a Melt-Temp II apparatus in capillaries and they are uncorrected. High-resolution 

mass spectrometry was conducted with the TOF-MS ES method. Broad angle X-ray diffraction 

studies were performed for unaligned samples using a Bruker D8 GADDS instrument (Cu Kα 

radiation, λ=1.54 Å, incident beam formed by Göbel mirror monochromator and point collimator 

0.5 mm, two-dimensional detector Vantec 2000). 
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Impedance spectroscopy 

Electrochemical impedance spectroscopy measurements were performed using a 

Novocontrol BDS device at the ESTEC facility of the European Space Agency. The instrument 

consists of a spectrometer with sample cells, a temperature control system, and a computer with 

software for data acquisition and analysis. During the measurement, the sample cell is placed in a 

cryostat, which is connected to a liquid nitrogen dewar and allows for temperature cycling between 

-150 and 500 °C. The tests were conducted at 80 °C after stabilization, and the same temperature 

was maintained throughout the test. EIS measurements were performed in the range of 200 kHz to 

10 MHz. 

Galvanostatic cycling 

The galvanostatic cycling test was performed using a Digatron BTS-600 battery test system. 

This is the third generation of a computer-controlled test system that allows testing the life cycle 

and capacity of a battery. The coin cells were thermostated at 80 °C in a thermal chamber for 

several hours prior to the test. The total nominal capacity for the battery was 1.6 mAh, and the 

minimum current limit at which the Digatron BTS 600 facility can operate is 1.6 mAh. So, the 

charge-discharge cycles were performed in the range of 2.2–3.9 V with the current C /1 for the first 

one and 2C or C/1 for the second half-cycles. 

Preparation of the binary mixture 

Electrolyte samples 1a[4]–4a[Li] and 3a[9]–5a[Li] were prepared by evaporating a 

solution of the corresponding monomer matrix (1a[4] or 3a[9]) and 10 mol% of Li+ salt (4a[Li]+ 

or 5a[Li]+) in CH2Cl2 using a rotary evaporator and drying it under high vacuum. 
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Preparation of 3a[4] 

To a suspension of 3b[4] (70 mg, 0.12 mmol, 1.0 eq.) and 4-hexylbenzoic acid (90 mg, 

0.26 mmol, 2.2 eq.) in CH2Cl2 (4 mL), were added 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDC.HCl, 71 mg, 0.37 mmol, 3.2 eq.) and 4-dimethylaminopyridine 

(DMAP, 9 mg, 0.069 mmol, 0.6 eq.). The reaction mixture was stirred overnight at room 

temperature. Aluminium foil was used to protect the reaction from light to avoid polymerization.  

Reaction progress was monitored using TLC (SiO2, CH2Cl2/EtOAc, 9:1). After the reaction was 

complete, water (10 mL) was added in to the reaction mixture and CH2Cl2 layer was extracted (3 

x 5 mL). The combined organic layer was dried over Na2SO4 and concentrated using a rotary 

evaporator to obtain the crude product. The target compound was isolated by column 

chromatography (SiO2, CH2Cl2/EtOAc, 9:1) to give 72 mg (48% yield) of 3a[4] as a white solid. 

1H NMR (400 MHz, CDCl3): δ 8.15 (d, J = 8.9 Hz, 4H), 7.54 (d, J = 7.8 Hz, 4H), 7.40 (d, J = 8.0 

Hz, 4H), 7.34–7.26 (m, 8H), 7.10 (td, J = 8.4, 2.3 Hz, 2H), 6.97 (d, J = 8.9 Hz, 4H), 6.86-6.81 (m, 

2H), 6.72 (dd, J = 17.6, 10.9 Hz, 2H), 5.75 (d, J = 17.7 Hz, 2H), 5.24 (d, J = 10.9 Hz, 2H), 4.50 (s, 

4H), 4.26 (t, J = 4.8 Hz, 4H), 4.04 (t, J = 6.5 Hz, 4H), 3.92 (t, J = 4.8 Hz, 4H), 3.8–3.69 (m, 8H), 

3.49 (t, J = 6.5 Hz, 4H), 1.84 (quint, J = 6.7 Hz, 4H), 1.67 (quint, J = 6.7 Hz, 4H), 1.57–1.41 (m, 

8H). 19F{1H} NMR (376 MHz, CDCl3): δ -139.7 (d, J = 19.8 Hz), -156.2 (d, J = 19.7 Hz). 13C{1H} 

NMR (100 MHz, CDCl3): δ 165.0, 163.7, 150.8, 149.0 (d, JF-C = 243.1 Hz), 147.7 (q, JF-C = 6.7 

Hz), 142.0 (d, JF-C = 261.2 Hz), 138.4, 137.0, 136.7, 132.5, 129.9 (d, JF-C = 3.0 Hz), 128.0, 126.4, 

123.8, 122.8 (d, JF-C = 10.5 Hz), 122.1, 121.6, 114.4, 113.9, 110.1, 72.8, 71.1, 70.8, 70.3, 69.7, 

69.6, 68.3, 29.8, 29.2, 26.1, 26.0. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C76H78F4O13: 

1297.5276, found: 1297.5198. Anal. Calcd for C76H78F4O13: C, 71.57; H, 6.16. Found: C, 71.46; 

H, 6.12. 
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Preparation of 3a[9] 

To a suspension of 3b[9] (488 mg, 0.59 mmol, 1.0 eq.) and 4-hexylbenzoic acid (462 mg, 

1.30 mmol, 2.2 eq.) in CH2Cl2 (15 mL), were added 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDC.HCl, 342 mg, 1.78 mmol, 3 eq.) and 4-dimethylaminopyridine 

(DMAP, 72 mg, 0.59 mmol, 1 eq.). The reaction mixture was stirred overnight at room 

temperature. Aluminium foil was used to protect the reaction from light to avoid polymerization.  

Reaction progress was monitored using TLC (SiO2, CH3CN/CH2Cl2, 1:4). After the reaction was 

complete, water (20 mL) was added in to the reaction mixture and CH2Cl2 layer was extracted (3 

× 15 mL). The combined organic layer was dried over Na2SO4 and concentrated using a rotary 

evaporator to obtain the crude product. The target compound was isolated by column 

chromatography (SiO2, CH3CN/CH2Cl2, 2:3) to give 640 mg (72% yield) of 3a[9] as a white solid. 

The typical yield of the reaction was in the range 56–72%. 1H NMR (400 MHz, DMSO-d6): δ 8.07 

(d, J = 8.8 Hz, 4H), 7.59 (d, J = 8.1 Hz, 4H), 7.43 (d, J = 7.9 Hz, 4H), 7.35 (d, J = 8.4 Hz, 4H), 

7.32–7.27 (m, 6H), 7.14–7.08 (m, 6H), 6.71 (dd, J = 17.7, 10.9 Hz, 2H), 5.80 (d, J = 17.6 Hz, 2H), 

5.23 (d, J = 10.9 Hz, 2H), 4.42 (s, 4H), 4.25 (t, J = 4.3 Hz, 4H), 4.05 (t, J = 6.5 Hz, 4H), 3.78 (t, J 

= 4.4 Hz, 4H), 3.60 (t, J = 4.9 Hz, 4H), 3.55–3.46 (m, 24H), 3.41 (t, J = 6.4 Hz, 4H), 1.73 (quint, 

J = 6.7 Hz, 4H), 1.56 (quint, J = 6.7 Hz, 4H), 1.44–1.36 (m, 8H). 19F{1H} NMR (376 MHz, DMSO-

d6): δ -140.5 (d, J = 20.8 Hz), -156.9 (d, J = 20.8 Hz). 13C{1H} NMR (100 MHz, DMSO-d6): δ 

164.2, 163.3, 150.4, 147.9 (d, JF-C = 254.1 Hz), 147.2 (q, JF-C = 3.4 Hz), 140.6 (d, JF-C = 258.5 Hz), 

138.5, 136.4, 136.2, 132.1, 131.6, 129.7 (d, JF-C = 2.7 Hz), 127.7, 126.0, 124.3, 124.2, 122.3, 121.3 

(d, JF-C = 7.3 Hz), 120.7, 114.7, 114.0, 110.4, 71.5, 70.0, 69.8, 69.5, 69.0, 68.7, 68.0, 29.2, 28.5, 

25.5, 25.3. HRMS (MALDI) m/z: [M + Na]+ calcd for C86H98F4O18: 1518.67, found: 1519.00. Anal. 

Calcd for C86H98F4O18: C, 69.06; H, 6.60. Found: C, 69.21; H, 6.83. 
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Preparation of 2c 

1,6-hexanediol (2b, 6.00 g, 50 mmol, 1.0 eq.) and NaOH (2.70 g, 67.5 mmol, 1.33 eq.) was 

heated at 50 °C for 2 h. To the waxy material formed, 4-vinyl chloride (4.66 mL, 33.5 mmol, 

0.66 eq.) was added over a period of 15 minutes and allowed to stir at 50 °C for another 2 h. The 

reaction mixture was poured in to ice-cold water. Extraction was done in EtOAc (3 × 20 mL EtOA). 

The combined organic layer was dried over Na2SO4 and the solvent was removed in rotary 

evaporator to get the crude product. The target compound was isolated by column chromatography 

(SiO2, EtOAc/Hexane, 1:4) to get 2.74 g (35% yield) of 2c as a colorless oily liquid. 1H NMR (400 

MHz, CDCl3): δ 7.39 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 6.71 (dd, J = 17.6, 10.9 Hz, 

1H), 5.74 (d, J = 17.6 Hz, 1H), 5.23 (d, J = 10.9 Hz, 1H), 4.49 (s, 2H), 3.64–3.60 (m, 2H), 3.46 (t, 

J = 6.6 Hz, 2H), 1.67–1.51 (m, 4H), 1.43–1.32 (m, 4H). 13C{1H} NMR (100 MHz, CDCl3): δ 138.3, 

137.0, 136.9, 136.7, 128.0, 127.2, 126.3, 125.5, 114.1, 113.8, 63.0, 32.8, 29.8, 28.7, 26.1, 25.7. 

HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C15H22O2: 257.1517, found: 257.1517. 

Preparation of 2d 

To an ice-cold solution of 2c (5.00 g, 21.33 mmol, 1.0 eq.) and NEt3 (9 mL, 64 mmol, 3 eq.) 

in CH2Cl2 (25 mL), was added TsCl (4.47 g, 23.47 mmol, 1.1 eq.). The clear solution formed was 

stirred at room temperature for 12 h. Extraction was done in CH2Cl2. The organic layer was 

collected and dried over Na2SO4. The crude product was obtained by evaporating the solvent in a 

rotary evaporator. Purification of the crude product was done using column chromatography (SiO2, 

EtOAc/Hexane, 1:4) to give 7.41 g (89% yield) of 2d as a white solid. The typical yield of the 

reaction was in the range 84-89%. 1H NMR (400 MHz, CDCl3): δ 7.78 (d, J = 8.4 Hz, 2H), 7.39 

(d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 6.71 (dd, J = 17.6, 10.9 Hz, 

1H), 5.74 (d, J = 17.6 Hz, 1H), 5.23 (d, J = 10.4 Hz, 1H), 4.46 (s, 2H), 4.01 (t, J = 6.5 Hz, 2H), 
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3.41 (t, J = 6.5 Hz, 2H), 2.44 (s, 3H), 1.65 (quint, J = 6.9 Hz, 2H), 1.59–1.52 (m, 2H), 1.36–1.27 

(m, 4H). 13C{1H} NMR (100 MHz, CDCl3): δ 144.8, 138.3, 137.0, 136.7, 133.3, 129.9, 128.02, 

127.96, 126.4, 113.9, 72.75, 70.71, 70.2, 29.7, 28.9, 25.7, 25.4, 21.8. HRMS (ESI-TOF) m/z: [M + 

H]+ calcd for C22H29O4S: 389.1787, found: 389.1805. 

Preparation of 2a 

A solution of 4-hydroxy ethyl benzoate (500 mg, 3.01 mmol, 1 eq.) and K2CO3 (1.25 g, 

9.03 mmol, 3 eq.) in EtOH (20 mL) was heated for 30 minutes. 2d (1.29 g, 3.31 mmol, 1.1 eq.) 

was added to the precipitate formed, and it was refluxed overnight. 20% aq. KOH (40 mL) was 

added in to the reaction mixture and it was refluxed for another 3 h. The clear solution formed was 

cooled to room temperature and it was acidified using 10% HCl to obtain a white precipitate. The 

precipitate was collected by filtration and dried under high vacuum to give 758 mg (71% yield) of 

pure 2a as a white powder. The typical yield of the reaction was in the range of 62-71%. 1H NMR 

(400 MHz, DMSO-d6): δ 12.61 (s, 1H), 7.87 (d, J = 8.9 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.28 (d, 

J = 8.1 Hz, 2H), 6.99 (d, J = 8.9 Hz, 2H), 6.72 (dd, J = 17.7, 10.9 Hz, 1H), 5.81 (d, J = 17.2 Hz, 

1H), 5.24 (d, J = 10.9 Hz, 1H), 4.43 (s, 2H), 4.02 (t, J = 6.5 Hz, 2H), 3.42 (t, J = 6.5 Hz, 2H), 1.72 

(quint, J = 6.6 Hz, 2H), 1.56 (quint, J = 6.8 Hz, 2H), 1.45-1.37 (m, 4H). 13C{1H} NMR (100 MHz, 

DMSO-d6): δ 167.0, 162.3, 138.5, 136.4, 136.2, 131.3, 127.7, 126.0, 122.9, 114.2, 114.1, 71.5, 

69.5, 67.7, 29.1, 28.5, 25.5, 25.3. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C22H26O4: 377.1729, 

found: 377.1735. Anal. Calcd for C22H26O4: C, 74.55; H, 7.39. Found: C, 74.43; H, 7.11. 

Preparation of 1a[4] 

To a suspension of 1d (47 mg, 0.15 mmol, 1.0 eq.) and 1e (64 mg, 0.17 mmol, 1.1 eq.) in 

CH2Cl2 (4 mL), were added dicyclohexylmethanediimine (DCC, 38 mg, 0.18 mmol, 1.2 eq.) and 

4-dimethylaminopyridine (DMAP, 4 mg, 0.03 mmol, 0.2 eq.). The reaction mixture was stirred 
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overnight at room temperature. Progress in the reaction was monitored using TLC (SiO2, 

MeCN/CH2Cl2, 1:4). After the reaction was complete, it was filtered and the collected filtrate was 

concentrated using a rotary evaporator to obtain the crude product. The target compound was 

isolated by column chromatography (SiO2, MeCN/CH2Cl2, 1:4), followed by recrystallization in 

ethanol gave 53 mg (52% yield) of 1a[4] as a white solid. 1H NMR (400 MHz, CDCl3): δ 8.16 (d, 

J = 8.9 Hz, 2H), 7.58 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.8 Hz, 2H), 7.24 (d, J = 8.6 Hz, 2H), 7.00–

6.96 (m, 4H), 6.10 (sext, J = 1.0 Hz, 1H), 5.56 (quint, J = 1.6 Hz, 1H), 4.18–4.15 (m, 4H), 4.05 (t, 

J = 6.4 Hz, 2H), 3.89 (t, J = 4.8 Hz, 2H), 3.76–3.72 (m, 2H), 3.70–3.64 (m, 8H), 3.59–3.51 (m, 

2H), 3.38 (s, 3H), 1.95 (t, J = 1.3 Hz, 3H), 1.86 (quint, J = 6.5 Hz 2H), 1.73 (quint, J = 6.8 Hz, 

2H), 1.56–1.47 (m, 4H). 13C{1H} NMR (100 MHz, CDCl3): δ 165.2, 163.6, 158.4, 150.2, 138.5, 

133.4, 132.4, 128.3, 127.8, 125.4, 122.1, 121.7, 115.1, 115.0, 114.4, 71.9, 70.9, 70.7, 70.6, 70.5, 

69.9, 68.3, 68.2, 67.6, 64.7, 63.0, 59.2, 29.1, 28.7, 28.6, 26.0, 25.9, 25.8, 25.7, 18.5. HRMS (ESI-

TOF) m/z: [M + H]+ calcd for C38H48O10: 665.3326, found: 665.3337. Anal. Calcd for C38H48O10: 

C, 68.66; H, 7.28. Found: C, 67.92; H, 7.41. 
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