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ABSTRACT (Academic) 

 
 

Among the myraid energy storage technologies, polymer electrolytes have been widely 

employed in diverse applications such as fuel cell membranes, battery separators, 

mechanical actuators, reverse-osmosis membranes and solar cells. The polymer 

electrolytes used for these applications usually require a combination of properties, 

including anisotropic orientation, tunable modulus, high ionic conductivity, light weight, 

high thermal stability and low cost. These critical properties have motivated researchers 

to find next-generation polymer electrolytes, for example ion gels.  

This dissertation aims to develop and characterize a new class of ion gel electrolytes 

based on ionic liquids and a rigid-rod polyelectrolyte. The rigid-rod polyelectrolyte poly 

(2,2′-disulfonyl-4,4′-benzidine terephthalamide) (PBDT) is a water-miscible system and 

forms a liquid crystal phase above a critical concentration. The diverse properties and 

broad applications of this rigid-rod polyelectrolyte may originate from the double helical 

conformation of PBDT molecular chains.   

We primarily develop an ionic liquid-based polymer gel electrolyte that possesses the 

following exceptional combination of properties: transport anisotropy up to 3.5×, high 

ionic conductivity (up to 8 mS cm-1), widely tunable modulus (0.03 ‒ 3 GPa) and high 

thermal stability (up to 300°C). This unique platform that combines ionic liquid and 

polyelectrolyte is essential to develop more advaced materials for broader applications.  



 
 

After we obtain the ion gels, we then mainly focus on modifying and then applying 

them in Li-metal batteries. As a next generation of Li batteries, the Li-metal battery offers 

higher energy capacity compared to the current Li-ion battery, thus satisfying our 

requirements in developing longer-lasting batteries for portable devices and even electric 

vehicles. However, Li dendrite growth on the Li metal anode has limited the pratical 

application of Li-metal batteries. This unexpected Li dendrite growth can be supressed by 

developing polymer separators with high modulus (~ GPa), while maintaining enough 

ionic conductivity (~  1 mS/cm). Here, we describe an advanced solid-state electrolyte 

based on a sulfonated aramid rigid-rod polymer, an ionic liquid (IL), and a lithium salt, 

showing promise to make a breakthrough. This unique fabrication platform can be a 

milestone in discovering next-generation electrolyte materials. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ABSTRACT (Public) 
 

Among the myraid energy storage technologies, polymer-based electrolytes have been 

widely employed in diverse applications such as fuel cell membranes, battery electrolytes, 

“artificial muscle” mechanical actuators, reverse-osmosis membranes and solar cells. The 

materials used for each of these applications usually require a specific combination of 

properties, which include anisotropic orientation, tunable mechanical stiffness (modulus), 

high ionic conductivity, light weight, high thermal stability and low cost. These critical 

properties have motivated researchers to find next-generation polymer-based electrolytes, 

for example “ion gels” that consist of a polymer combined with ionic liquids or salts.  

This thesis describes development of an ion gel that possesses the following 

exceptional combination of properties: high ionic conductivity (up to 8 mS cm-1), widely 

tunable modulus (0.03 ‒ 3 GPa), ion transport anisotropy up to 3.5×, and high thermal 

stability (up to 300°C).  Thus, this unprecedented material shows liquid-like ion motions 

inside a matrix with solid-like stiffness, and in a material that can withstand extreme 

temperatures and will not burn.   

After obtaining these ion gels, we are then mainly focusing on modifying them for 

application in safe and high density Li-metal batteries. As a next generation of Li 

batteries, the Li-metal battery offers higher energy capacity compared to the current Li-

ion battery, thus satisfying our requirements in developing longer-lasting batteries for 

portable devices and even electric vehicles. However, Li dendrite growth on the Li metal 

anode has limited the pratical application of Li-metal batteries. This unexpected Li 

dendrite growth can be supressed by developing polymer electrolytes with high modulus 



 
 

(~ GPa), while maintaining sufficient ionic conductivity (~  1 mS/cm) for efficient 

battery operation.  

In short, this thesis describes an advanced solid-state electrolyte based on a kevlar-like 

(sulfonated aramid) rigid-rod polymer, an ionic liquid (IL), and a lithium salt, showing 

promise to make a breakthrough and enable practical Li-metal batteries. Furthermore, the 

unique fabrication platform for these ion gels represents a new paradigm for discovering 

next-generation electrolyte materials for a wide variety of applications. 
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Chapter 1 

Overview of Polymer Electrolytes and Ion Gels 

1.1 Motivation and Research Goals 

Over the previous few decades, ion-containing polymers have received a great deal of 

attention for diverse applications including fuel cell membranes,[1-3] electro-responsive 

materials,[4] ion battery electrolytes,[5] artificial muscles,[4] gas separation membranes[6] 

and solar cells.[7] As important sources of fuel cell membranes, ion-containing polymers, 

such as Nafion®,[8] sulfonated aromatic polymers,[9] and sulfonated block copolymers,[9] 

are usually composed of fluorinated or aromatic backbones with sulfonic acid pendant 

groups. Nafion® is the benchmark material used for polymer electrolyte membranes in 

fuel cells, and it possesses high ionic conductivity as well as excellent mechanical, 

thermal, and chemical properties.[10] However, Nafion requires significant water swelling 

to deliver high conductivity. This water content is unstable at temperatures above ~ 80°C, 

and water is incompatible with many electrochemical devices, such as rechargeable Li-

ion or Li-metal batteries. In general, development of polymeric materials for various 

electrochemical devices should target low cost, high thermal stability, tunable modulus, 

adjustable chemical stability, the ability to macroscopically align the material for 

directional properties, and high ionic mobility. These are still substantial challenges for 

current polymer-based electrolyte materials.[11,12] Also, different device applications have 

their own special challenges and requirements. The goal of this project is to develop 

advanced polymer electrolytes possessing a combination of properties mentioned above 

so as to suit specific applications. 



2 
 

Ionic liquids (ILs) are room temperature molten salts with unique properties including 

low vapor pressure, high thermal stability, wide electrochemical window, and high ionic 

conductivity.[13] Numerous studies have shown that ILs can be fruitfully combined with 

polymeric systems to produce fast ion conduction and material stability in 

electrochemical devices such as mechanical actuators,[14,15] fuel cell membranes[16] and 

battery separators.[17] The combination of ionic liquids with polymers promises to allow 

greater freedom of design and enhanced properties for polymer-based materials, thus 

enabling wider and more efficient applications.  

Recently, in order to combine properties of ILs and polymers, researchers have 

developed “ion gels” as promising candidates for applications including fuel cell 

membranes, battery separators, and artificial muscles.[11,18-20] Ion gels are polymeric 

networks swollen with a large volume fraction of ILs. As a perfect combination of 

traditional solid-state and liquid-state electrolytes, ion gels exhibit high ionic mobility, 

excellent thermal stability, mechanical integrity, and conformable electrode-electrolyte 

contact.[11] By elaborate design and construction of polymeric networks, ion gels can not 

only ensure high ionic conductivity, but also offer the opportunity to control pathways for 

ion transport.[11,17]  

In order to achieve oriented conducting pathways in polymer electrolytes, researchers 

have used mechanical stretching (drawing),[1,21] solution casting schemes,[22] and 

magnetic or electric fields[23,24] on various systems such as nanophase-separated 

polymers,[24] liquid crystal (LC) polymers[21] and block copolymers.[22] For example, 

Nafion® membrane, after mechanical stretching along the in-plane direction, exhibits 
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elevated diffusion rate of absorbed water along the stretch direction.[1] However, 

electrolyte membranes with faster diffusion rate along the desired through-plane direction 

are rarely reported.[11,25,26] To provide ease of material alignment in polymer electrolyte 

composites, the liquid crystal phase has been widely employed as an assembly template. 

Rigid-rod polyelectrolytes possessing an anisotropic LC phase form the basis of a variety 

of natural biopolymers such as DNA,[27] polypeptides,[28] tobacco mosaic virus,[29] and 

cationic liposomes,[29] and also comprise a range of synthetic ion functionalized 

polymers.[17,30] Furthermore, LC phases can display monodomain alignment when placed 

in a magnetic field (B0). Such magnetically aligned LC phases can thus be employed as 

assembly templates for developing long range ordered structures. In order to promote the 

delivery of mobile counterions, such as Na+, Li+, or IL ions, in LC systems, one can add a 

high density of charged side groups along a rigid LC polymer backbone.[30] 

Understanding ion transport, phase behavior, and self-assembled morphology in rigid-rod 

polyelectrolytes will not only enhance the fundamental understanding of self-assembly, 

but also provide opportunities to discover next-generation electrolyte materials with 

wider practical applications. 

In this dissertation, we mainly explore a synthetic sulfonated aramid polyanion, poly 

(2,2′-disulfonyl-4,4′-benzidine terephthalamide) (PBDT), shown in Figure 1.1. Above a 

critical concentration C*, this water-miscible system forms a lyotropic nematic LC phase 

and has a high ion density along the polymer backbone.[30] PBDT is a rigid rod polyamide 

with multicomponent molecular interactions, including π-π interactions of the rigid 

aromatic rings, intermolecular H-bonding of the amide groups, and electrostatic 

interactions of the ionogenic sulfonate groups, all of which contribute to the anisotropic 
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interactions underlying the aligned rigid rod structure in aqueous solution.[30] In a 

uniform B0, this lyotropic LC phase reorganizes from a randomly distributed polydomain 

nematic to a monodomain nematic with the alignment axis (director) parallel to B0.[30] By 

investigating molecular conformation and crystalline packing in the aqueous solutions, 

we seek to understand how the anisotropic morphology of PBDT relates to the transport 

of the mobile species in the aqueous solutions, for example Na+ counterions and H2O 

molecules. 

By combining the PBDT aqueous solutions (highly oriented template) with specified 

ionic liquids (shown in Figure 1.1) in an external magnetic field B0, we create a series of 

ion gels that provides an unprecedented combination of properties that can be tailored to 

a variety of electrochemical devices.[17] We investigate properties of the newly developed 

ion gels, such as multi-scale morphology, diffusion rate, ionic conductivity, and thermal 

and mechanical stabilities by applying a variety of characterization methods. Additionally, 

we hope to extend this new platform to generate more advanced polymer electrolytes 

with a comprehensive array of tunable properties for practical applications such as battery 

electrolytes, fuel cell membranes, mechanical actuators and optical sensors.     

 

Figure 1.1. The chemical structure of PBDT and C2mimTfO. The chemical structure at 

left is poly (2,2′-disulfonyl-4,4′-benzidine terephthalamide) (PBDT), a rigid rod liquid 
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crystalline polyelectrolyte. The IL shown at right contains the cation 1-ethyl-3-methyl 

imidazolium [C2mim]+ and the anion trifluromethanesulfonate [TfO]–. These two 

materials can be combined to form an ion gel with a surprising combination of properties 

that include high ionic conductivity, high modulus, and high thermal stability. 

1.2  Rigid-rod Polyelectrolytes 

Rigid-rod polyelectrolytes are charged polymers with rod-like chain conformation, 

which usually possesses the properties of not only liquid crystal polymers, but also 

polyelectrolytes.[31] Here, I will briefly and separately introduce the concepts associated 

with liquid crystal polymers and polyelectrolytes. 

1.2.1 Liquid Crystal Polymers    

A liquid crystal (LC) is a fourth state of matter, besides the three common states: gas, 

liquid, and solid.[32,33] The first liquid crystalline macromolecular system was discovered 

by Bawden (1937) in tobacco mosaic virus.[33,34] Then, Onsager (1949), Flory (1956) and 

co-workers proposed different rigid-rod models for LC polymer (LCP) materials.[33,34]  

In terms of orientation and assembly, LCs can be classified into three categories, 

nematic, smectic and cholesteric, as shown in Figure 1.2a, b, and c, respectively.[34] The 

most common LC phase is nematic, where the long axes of the rigid-rod molecules lie 

parallel to what is known as the phase director. The smectic phase possesses two-

dimensional ordering, where the molecular interactions among the neighboring 

mesogenic groups contribute to the alignment in not only the main director of the phase 

but also in the perpendicular direction. The resulting layers can slide over one another.[33] 
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A cholesteric liquid crystal exhibits a chiral LC phase with a helical director structure. 

Alignment is achieved in each layer, and the director of each layer is varying with 

periodic tilt angles. The half periodic pitch length p/2, shown in Figure 3c, corresponds to 

the thickness of the layers with a 180° variation of the director. Hydroxypropyl cellulose 

and cholesteryl benzoate are examples of the cholesteric liquid crystal phase.[33]  

In the mid-1960s, DuPont® initially developed the LCP “Kevlar” (poly 

paraphenylene terephthalamide), shown in Figure 1.3, which possesses extremely strong 

and stiff mechanical properties. Meanwhile, Twaron, another commercialized fiber 

product developed by Teijin® and Akzo Nobel®, shares a similar aramid structure and 

the excellent mechanical properties of Kevlar. Following such aramids, a series of 

polyesters were generated that also showed liquid crystalline properties.[35-39]  

Furthermore, LCPs can be classified into lyotropic liquid crystal[40,41] and 

thermotropic liquid crystal[37] according to the forming condition of the LC phases.[34] 

The two forming conditions are dissolution and fusion, respectively. Lyotropic liquid 

crystal polymers usually display LC phases after being dissolved in a certain solvent 

above a critical concentration. These LCPs possess higher melting temperature as 

compared to the decomposition temperature, for example, poly(p-phenylene 

terephthamide) (PPTA) and PBDT.[34] However, thermotropic liquid crystal polymers 

exhibit LC phases after being melted above the polymer melting temperature. The 

majority of LCPs are thermotropic polyesters.[34,36-39] LCPs are widely employed to form 

polymeric fibers with excellent modulus and mechanical strength, because of some 

unique properties, including low processing viscosity and high orientational order.[34] In 
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our proposal, PBDT aqueous solution also displays a lyotropic LC phase above a critical 

concentration (≈ 1.8 wt%). We will describe the significance of this by employing the LC 

phase of PBDT to form a long range ordered template. This LCP template promises to 

enable new functional materials with elaborate construction of the polymeric network. 

For example, we will introduce a new PBDT ion gel in Chapter 5.   

 

Figure 1.2. Three different liquid crystal phases. (a) Nematic (b) Sematic (c) Cholesteric. 

 

Figure 1.3. The chemical structure of poly(paraphenylene terephthalamide), also known 

as Kevlar or Twaron. 

 

Some primary methods to characterize orientational order in LCPs include polarized 

optical microscopy (POM), dynamic scanning calorimetry (DSC), X-ray scattering, and 
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nuclear magnetic resonance (NMR). These methods will be introduced in detail in 

Chapter 2, with POM in Section 2.1, 1H, 2H, 23Na NMR and pulsed-field-graident (PFG) 

NMR diffusometry in Sections 2.2 and 2.3, and X-ray scattering techniques in Section 

2.4. By investigating the fundamental properties of LC phases, we can gain a 

comprehensive understanding of these systems and make better use of the self-assembly 

templates made available by the use of rigid-rod polymers.  

1.2.2  Polyelectrolytes 

Polyelectrolytes, including polycations and polyanions, are polymers containing 

ionogenic groups in the chemical repeat units.[31] Polyanions usually contain acid groups 

such as -COOH, -SO3H, or -PO3H2, while polycations contain ionogenic groups that 

include –N+R3, pyridinium, imidazolium. Polyelectrolyte solutions have been widely 

investigated because of their abnormal properties, such as nonlinear flow dynamics, 

osmotic pressure, counterion condensation and unusual self-assembled molecular 

conformations. These properties are highly correlated with concentration, solvents, added 

salts and temperature in the polyelectrolyte solutions.[31] In terms of application, 

polyelectrolytes are widely used in viscosity modifiers (e.g., thickeners), emulsifiers, 

conditioners, water purifiers, and clarifying agents. In addition, some water-soluble and 

biocompatiable polyelectrolytes are promising candidates for implant coating and site 

specific drug release.[31,42-44] 

As we are familiar, polymer conformations are strongly correlated with morphology 

and the resulting properties of polymeric materials. Similarly, the association behaviors 

of the counterions in polyelectrolyte solutions are also influenced by the molecular 
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conformations of polyelectrolytes. Two analytical theories, Manning counterion 

condensation theory [45-48] and the Poisson-Boltzmann equation,[49] have been developed 

to describe the distribution of counterions in dilute solutions of polyelectrolytes. To 

illustrate counterion condensation behaviors, the two theories similarly propose an ideal 

model that describes a rigid-rod polyelectrolyte with equally spaced charges that smear 

out continuously along the polymer chain. The charge parameter can be expressed as  

                                                 𝜉 = #$∗&
'()*)+,-.

                                                             (1.1)    

where 𝜎 is the charge value and α is the number of ionogenic sites per chemical repeat 

unit, ε0 and εr are absolute and relative dielectric constants, l is the length of the chemical 

repeat unit, and k is the Boltzmann constant.[47] 

According to the counterion condensation theory by Manning et al,[47] in dilute 

polyelectrolyte solutions, the counterions tend to tightly associate with the ionogenic 

groups of the polymer when the charge parameter 𝜉  of the polyelectrolyte molecular 

chain is > 1. Following this, the fraction of neutralized groups along the polymer chain is 

1 − 𝜉23.  For example, if	the 𝜉of double-helical DNA in water at 25℃ is 4.2, then the 

neutralized fraction is 0.76.[27]  

The Poisson-Boltzmann equation alternately describes the concentration of 

counterions surrounding rigid-rod polymer chains. The counterion concentration will 

radially decay with increasing distance away from the surface of rigid-rod polymer chains. 

In addition, the fraction of associated counterions is closely correlated with the salt 

concentration in polyelectrolyte solutions.[27] 
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From an experimental angle, by using 23Na NMR diffusometry, we investigate 

diffusion coefficients of Na+ counterions in PBDT aqueous solutions with varying 

polymer weight percentage, as introduced in Chapter 3. According to the calculated 

results from the above theories, we can get a preliminary understanding of transport and 

association behaviors of the Na+ counterions in PBDT aqueous solutions. Meanwhile, we 

also propose a simple lattice model to mimic the conformation and morphology in PBDT 

aqueous solutions in Chapter 3 and 4.  

1.3  Room Temperature Ionic Liquids 

Room temperature ionic liquids (RTIL) are molten salts with unique and adjustable 

properties that usually include low vapor pressure, high thermal stability, wide 

electrochemical window, and high ionic conductivity at room temperature.[13] The 

formation mechanism of an IL is illustrated in Figure 1.4. For ionic solids, symmetric 

cations and anions form highly ordered crystalline structure, e.g., NaCl. However, by 

incorporating asymmetric and/or bulky (low charge density) cations or anions, the 

crystalline structure is disrupted, giving rise to a lower order liquid state.[13] Ionic liquids 

are outstanding solvents for many polymers, such as cellulose.[50] Some common cations 

and anions used to form ionic liquids are separately shown in Figure 1.5 and Figure 

1.6.[13]  
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Figure 1.4. From ionic solid to ionic liquid. The structure at left shows the crystalline 

packing of ionic solids, for example, NaCl. After replacing the cations in ionic solids 

with asymmetric cations, we obtain the lower order ionic liquid shown at right.  

 

Figure 1.5. Common cations found in ionic liquids. Figure reproduced from ref. 13. 
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Figure 1.6. Common anions found in ionic liquids. Figure reproduced from ref. 13.  

 

Ionic liquids enable a wide array of applications such as processing technology, 

functional fluids, synthetic catalysts and electrochemical devices.[50]  ILs can modify and 

improve the surface of different substrates, thus contributing to tunable interfacial 

properties such as wettability, lubrication, separation efficiency and electrochemical 

responses. ILs can form an ultrathin film on various substrates, thus enabling associated 

applications in synthetic catalysts and surface modifications. Furthermore, ILs can exhibit 

preferred arrangement, surface wettability, and unique layer growth behavior on specific 

substrates, based on electrostatic interactions between solid surfaces and ILs, as shown in 

Figure 1.7. Supported ILs (SILs) obtained by coating ILs on various particle substrates 

have received a great deal of attention.[51] This modification process offers an opportunity 

to transfer desired properties of ILs to the particles, thus contributing to a wide array of 

applications, such as catalytic reactions, surface modification, separation technologies 

and electrochemical devices. [51] 
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Figure 1.7. The ultrathin IL film formed on porous substrate and the corresponding 

application in a catalyst. The grey parts represent the inorganic particles, serving as the 

substrates. The porous network surface can act as the interfacial platform for various 

reactions. Figure reproduced from ref. 51. 

 

As a unique platform for designing ion gel materials, the combination of ionic liquids 

and polymeric networks provide more possibilities in creating advanced materials. Thus, 

it is significant for us to gain more fundamental understanding of interactions between 

ILs and polymeric networks as well as some physical properties of ILs. Herein, I briefly 

introduce the interaction between ILs and some solid surfaces from two aspects: (1) The 

surface tension,[52] and (2) the contact angle.[53] 

Surface tension (γ) measures the surface cohesive energy in liquids. Surface tension 

arises from various molecular interactions, including columbic forces, H-bonding and 

Van der Waals forces. It is believed that H-bonding is an important interaction in ionic 

liquids. The surface tension values of ILs are usually higher than those of conventional 
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organic solvents, such as methanol (22.07 mN m-1) and acetone (23.5 mN m-1), but lower 

than that of water (71.98 mN m-1). Table 1 presents surface tension values for various 

ILs at different temperatures.[52] Both cation and anion can be carefully selected to tune 

the properties of the IL.[52] The anion can be used to control the water miscibility, 

whereas the cation can be used to modify hydrophobicity and H-bonding in ILs. ILs are 

generally considered to be highly polar and yet can vary from moderately to strongly 

hydrophilic in solvent quality. In addition, both cation and anion affect surface tension of 

ILs.[52] For the imidazolium family of ILs, the surface tension decreases with increasing 

alkyl chain length. However, in organic solvents, the surface tension is enhanced with 

increasing molecular size because of increased Van der Waals forces. The explanation for 

these contradictory phenomena between ILs and organic solvents is that although the 

increase in size of molecule leads to increasing Van der Waals forces, it contributes to a 

dispersion of charged ions and a diminution of H-bonding interactions. Here, I rank ILs 

having different anions according to the strength of H-bonding interactions and the 

associated surface tensions. An increase in the size of anion leads to a decrease in the 

surface tension, shown as the following sequence: γ[BF4] > γ[PF6] > γ[CF3SO3] > 

γ[Tf2N]. The larger anion leads to a more delocalized charge as well as decreased 

capability to form H-bonding. The surface tension will thus be diminished because of the 

weakened H-bonding.[52]  
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Table 1. The surface tension (γ) values of different ILs at varying temperature. Table 

reproduced from ref. 52. 

 

In addition to surface tension, contact angle is another parameter that reveals 

interfacial interactions between liquid and solid surfaces. It is known that contact angle is 

highly correlated with surface tension. The Young-Laplace equation involves the surface 

tension of solid-liquid interface(𝛾89) , the surface tension of liquid (𝛾.) , the surface 

tension of solid (𝛾8)  and the contact angle θ expressed as follows. 

                                                           𝛾89 = 	 𝛾8 − 𝛾9𝑐𝑜𝑠𝜃                                             (1.2) 

As mentioned previously, ILs usually possess higher surface tension as compared to 

organic solvents, whereas water has the highest surface tension. Thus we can expect 

smaller contact angles for ILs as compared to water on equivalent substrates. Figure 1.8 

shows the contact angles of four ILs on different substrates including hydrophilic 

substrate (glass) and hydrophobic substrates (PTFE and UHMWPE).[53] We observe that 

all five ILs exhibit smaller contact angles compared to contact angles of water on PTFE 

and UHMWPE (θwater = 118° on PTFE and 87° on UHMWPE), which agrees with the 

Young-Laplace equation.  
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Figure 1.8. Contact angles for five ILs on PTFE, UHMWPE and BK7 glass at room 

temperature. Reproduced from ref. 53. 

 

1.4 Literature Review for Advanced Polymer Electrolytes 

In this section, I briefly summarize recently reported polymer electrolytes in order to 

provide new insights toward creating more advanced polymer electrolytes. The concepts 

introduced in these studies are closely associated with ILs, block copolymers and liquid 

crystal polymers. Meanwhile, we can gain deeper understanding of various methods that 

can be employed to characterize various properties of polymer electrolytes, such as 

morphology, anisotropy, conductivity, mechanical strength and thermal stability.  

1.4.1 Ion Gels with Ionic Liquids Dispersed in Block Copolymers 

Ionic liquids (ILs) are molten salts with broad range of unique properties, and these 

have been introduced in Section 1.3.[12,13] Block copolymers are macromolecules with 
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two or more different repeat units connected in contiguous blocks. The immiscibility of 

different blocks drives nanophase separation in block copolymers and gives rise to 

various morphologies such as spherical, cylindrical and lamellar.[54] The unique platform 

afforded by combining ILs and block copolymers offers opportunities to provide not only 

the high ionic conductivity and thermal stability attributed to ionic liquids, but also 

various self-assembled structures attributed to the phase separation of block 

copolymers.[11] In recent years, Lodge, Balsara, Segalman and coworkers have studied 

gelation behavior, morphology, ionic conductivity, viscoelasticity, and capacitance of ion 

gels with ionic liquids dispersed inside block copolymers.[18-20,55-58] Lodge et al. mainly 

employed the triblock copolymer poly (styrene)-b-(ethylene oxide)-b-(styrene) (SOS) as 

the supporting matrix.[18,19,55] The terminal PS block aggregates into a micelle structure 

and serves as a physical crosslinker, whereas, the middle PEO sequence absorbs mobile 

ionic liquids and forms ion conducting pathways, as shown in Figure 1.9.[18,19] Watanabe 

et al. have also successfully produced pyridinium and imidazoliam salt-based ion gels by 

in situ polymerization of vinyl monomers in ILs.[2,28,54,59-61] Some ion gels generated from 

low molar mass gelators and crystalline homopolymers were also reported.[57,58] These 

researchers concluded that ionic conductivity is mainly determined by the volume 

fraction of IL in these ion gels. The observed ionic conductivity of ion gels is thus ~ 1 mS 

cm-1 at room temperature, while the observed modulus is usually < 1 MPa.[20,55] Thus, the 

challenge for current ion gels is to increase the modulus while maintaining high ionic 

conductivity. These ion gels are thermally stable up to at least 100 ºC. To effectively 

prevent or retard macroscopic dendritic formation in Li batteries, Lodge and coworkers 

have developed biocontinuous nanophase-separated polymer electrolyte membranes with 
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an elastic modulus approaching 300 MPa and ionic conductivity ~ 1 mS/cm at room 

temperature.[16] Figure 1.10 displays the formation of the Li dendrite growth on the Li 

metal anode surface. With repeated charge-discharge cycles, the Li dendrites 

continuously grow and finally bridge the cathode and anode, thus contributing to the 

short-circuit of the battery. The short-circuit can increase the risk of fire and even 

explosion. Thus one main goal of this project is to overcome this issue by improving the 

modulus of the ion gel electrolyte meanwhile maintaining the high ionic conductivity. 

The elavated modulus of the ion gel can significantly surpress or even block the Li 

dendrite growth, which is essential for developing next-generation Li batteries. By 

elaborate design of multi-block copolymers, we can optimize mechanical properties, 

thermal stability, and ionic conductivity of the ion gels so as to fit specific applications. 

[11] 

 

Figure 1.9. An ion gel formed by the combination of PS-PEO-PS triblock copolymer and 

ionic liquid. The red domains represent hard PS aggregations. The blue domains refer to 

the soft PEO sequence absorbed with the ionic liquid. The formed ion gel is thermally 

reversible. Reproduced from ref. 11. 
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Figure 1.10. The phenomenon of Li dendrite growth on a Li metal anode surface. The 

elavated modulus of the ion gel electrolyte separator can significantly surpress or even 

block the Li dendrite growth, which is essential for developing next-generation Li 

batteries. 

1.4.2 Polymerized Ionic Liquids 

Polymerized ionic liquids (PILs) are a new class of solid-state polymer electrolytes 

that carry cationic and/or anionic characteristic of ionic liquids within the monomer 

units.[12,62-66] PILs allow various applications, including catalysis, nanomaterials synthesis, 

gas separation, fuel cell membranes and battery separators.[12,62-64] PILs usually contain 

bulky asymmetric organic cations, including imidazolium, pyridinium or ammonium, 

together with various organic or inorganic anions. For example, Chen and Elabd have 

synthesized the PILs shown in Figure 1.11.[63] PILs share some favorable properties with 

ILs, for example excellent thermal stability and wide electrochemical stability.[12,62-64] 

Additionally, solid-state PILs show potential to resolve the common problem for both 

liquid electrolytes and ion gel electrolytes, which is the leakage of the liquid phase. 

However, the challenge for next-generation PILs is to increase the ionic conductivity 

(currently ~ 10-5 S/cm at room temperature), while maintaining the mechanical modulus 

of the membranes.  
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Figure 1.11. Synthesis process of imidazolium-containing Monomer, IMI-BF4. Figure 

reproduced from ref. 63. 

Furthermore, Ohno and coworkers have studied the effect of the spacer length, which 

refers to the distance between the polymer backbone and the pendant ionogenic groups. 

They also described the effect of different anions on the conductivity in imidazolium-

containing POILs.[62] They have synthesized a mesogenic (LC-forming) PIL containing 

tris(alkoxy)phenyl groups attached to acryloyl groups. Recent studies have shown that 

lowering the Tg of POILs is critical to obtain high ionic conductivity. However, the low 

Tg minimizes the mechanical strength of the materials. Thus, it is challenging to fabricate 

ion containing polymers with mechanically robust as well as contiguous pathways for 

high ionic conductivity.[62] Weber et al. (Elabd and Mahanthappa groups) have 

demonstrated that microphase-separated morphologies of POILs are important in 

controlling the ionic conductivity. For example, POILs with well-ordered lamellar 

morphology contribute to 10-fold increase in ionic conductivity (~ 0.1 mS cm-1 at 150 ºC) 

compared to the copolymers with poorly organized hexagonal morphologies (~ 0.01 mS 

cm-1 at 150 ºC).[64]  
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1.4.3 Anisotropic Polymer Electrolyte Membranes based on Liquid Crystals 

For recently developed polymer electrolytes, highly oriented morphology with faster 

diffusion rate along a predetermined axis is still a challenge. Osuji et al. successfully 

applied a magnetic field (B-field) to achieve higher through-plane conductivity in 

membranes by introducing a smectic LC sequence to a poly(ethylene oxide)-based 

polymer.[23,24,67] The resulting hot pressed membrane shows conductivity anisotropy of up 

to 450, whereas the ionic conductivity (10-10 – 10-7 S cm-1 over 20 – 100ºC) along the 

alignment axis is severely limited by the solid hydrophilic phase of PEO at room 

temperature. The features of this characteristic morphology is shown in Figure 1.12.[23] 

The smectic poly(MA/CB) blocks align with the external magnetic field because of the 

positive magnetic susceptibility anisotropy of the rodlike cyanobiphenyl (CB) mesogens. 

The PEO blocks aggregate into a hexagonal phase, serving as the continuous Li+ 

conducting pathway. The ionic conductivity of this system is highly associated with the 

PEO domains. [23] By carefully designing the construction of block copolymers, 

researchers hope to achieve oriented morphology, thus contributing to higher ionic 

mobility along a predetermined axis. The challenge is to develop advanced polymer 

electrolyte membranes with controlled morphology while also retaining high ionic 

conductivity and thermal stability.  
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Figure 1.12. Fabrication of a block copolymer membrane in a magnetic field to produce 

a highly oriented structure. (a) Structure of the PEO-b-PMA/CB block copolymer 

membrane with lithium-conducting poly (ethylene oxide) cylindrical domains aligned 

uniformly in the flow direction of the Li+. (b) The zoomed-in views show the details of 

the structure of the polymer. (c) The liquid-crystalline unit cell with mesogenic backbone 

residues anchored in the layers transverse to the long axes of PEO cylinders. Reproduced 

from ref. 23. 

In addition, Kato et al.[25,68,69] also developed a class of one-dimensional ion-

conducting polymer membranes with oriented ion nanochannels that are perpendicular to 

or parallel to the membrane surface, respectively. The resulting membranes were 

obtained based on photo-polymerization of aligned columnar liquid crystals as shown in 

Figure 1.13. The membrane with alignment in the perpendicular direction was achieved 

by modifying the surfaces of glass and indium tin oxide with 3-

(aminopropyl)triethoxysilane. In contrast, alignment in the parallel direction was 

achieved by mechanical shearing. The membrane shows a hexagonal LC phase based on 
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X-ray diffraction results. However, the ionic conductivities of the films range from 10-8 

to 10-3 S/cm over temperatures from 40 - 120 ºC. Additionally, Gin et al.[26] developed a 

new nanoporous Li ion conductor by photo crosslinking a lyotropic liquid crystal filled 

with liquid electrolyte.     

 

Figure 1.13. The fabrication of one-dimensional ion-conducting polymer membranes. (a) 

Vertical assembly of unpolymerized columns. (b) Parallel orientation of unpolymerized 

columns. (c) and (d) Polymer film with vertical and in-plane alignment, respectively, 

after photopolymerization. Reproduced from ref. 25. 
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In summary, it is significant to utilize properties of LCs to develop polymer 

electrolytes with ordered morphologies. As introduced previously, PBDT forms a 

lyotropic liquid crystal, which can be used as the assembly template to develop 

functionalized polymer electrolytes with long-range ordered structures. 

1.4.4  Fabrication of Anisotropic Hydrogels from Polyelectrolytes 

In addition to the ion gel concept mentioned previously, I would like to introduce 

some fabrication methods and formation mechanisms for anisotropic hydrogels based on 

natural polyelectrolytes. PBDT aqueous solution shares some similarities with many 

natural polyelectrolyte solutions. Thus, I highlight some anisotropic hydrogels formed 

from natural polyelectrolytes and salt solution. For example, curdlan is a natural 

polyelectrolyte. Dobashi el al. have studied gelation processes and diffusion mechanisms 

of the resulting liquid crystalline gel by ion exchange of salt solution into curdlan 

solutions.[70,71] These authors concluded that the gelation and liquid crystalline formation 

occurred simultaneously to form a liquid crystalline gel (LCG). The sodium hydroxide 

solution of curdlan permeates into an aqueous solution of calcium chloride. The out 

fluxing of the hydroxide anions changes the conformation of curdlan molecules from 

random coils into a triple helix, and the influx of the calcium cations can crosslink these 

helical curdlan molecules. The resulting LCG exibits an amorphous phase in alternating 

layers. The dynamics and mechanisms of the gel formation process have been reported by 

Dobashi.[70,71] The hydrogel formation parameters, such as calcium concentration and pH 

of the inner curdlan solution were traced to understand the dynamics and mechanisms of 

the forming process. The ion exchange process could be explained by kinetic theories 
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based on Fick’s law with an assumption that the gelation is induced by diffusion of 

calcium cations in a matrix with cylindrical symmetry.[70,71] Similarly, Gong el al. 

reported the formation of hydrogels based on PBDT polyelectrolyte solutions.[29,72,73] The 

dialysis of PBDT in the multivalent ion solutions will also generate birefringent optical 

hydrogels, as shown in Figure 1.14. The highly aligned PBDT system, serving as the 

ordering template, thus offers opportunities to achieve highly oriented gel systems for 

various applications.  

 

Figure 1.14. The formation of PBDT-derived birefringent optical hydrogels observed by 

POM. (a) POM images of 2wt% LC gel with increasing dialysis time. (b) Enlarged image 

of the diffusion front. (c) Image with tint plate. Reproduced from ref. 73. 

In summary, these advanced polymeric and IL electrolyte materials have provided a 

foundation of ideas, mechanisms, and characterization methods for my work.  Based on 

this framework, we have developed a highly conductive and thermally stable ion gel with 

tunable anisotropy and modulus by absorbing ionic liquids (ILs) into magnetically 

aligned liquid crystalline (LC) polyelectrolyte solutions of poly 2,2′-disulfonyl-4,4′-
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benzidine terephthalamide (PBDT).[17,30] In the following chapters, we will describe 

measurement techniques for characterizing the wide array of properties in our systems 

(Chapter 2), water solutions and dimer configurations of PBDT polymer (Chapters 3 and 

4), the fundamentals of PBDT-IL ion gels (Chapter 5), and gel properties and tests 

working toward advanced lithium batteries (Chapter 6).  This ion gel alignment reveals 

itself in macroscopic optical anisotropy and enhanced ion transport along the gel 

alignment axis compared to perpendicular directions. Ionic conductivity at ambient 

temperature along the gel alignment axis is a factor 102 – 104 higher than known solid-

state polymer electrolytes, and the gel modulus is a factor 101 – 103 higher than previous 

IL-polymer electrolytes and with comparable conductivity.[11,16,20,56] Moreover, using the 

concepts developed here, we are exploring the concepts and parameter space of ion gel 

electrolyte formation using a wide array of ionic liquids, non-aqueous co-solvents for gel 

formation, metal-ion salts, and other rigid-rod polyelectrolytes, in order to produce 

enhanced combinations of properties.  
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Chapter 2                                                       

Characterization of Multi-scale Properties in Anisotropic Polymeric Systems 

     Based on a combination of analysis techniques, we can investigate the diverse and 

multi-scale properties of materials derived from anisotropic polymers such as PBDT. 

These properties include: self-assembled nanoscale morphology, thermal stability, 

mechanical modulus, optical anisotropy, ionic conductivity, diffusion anisotropy, and 

electrochemical properties. Here, I will summarize commonly used methods for 

characterizing anisotropic liquid crystal polymers. In addition, I will also briefly 

introduce basic techniques to study electrochemical, thermal and mechanical properties 

of ion conducting polymers. Thus, we can obtain a systematic understanding of the 

characterization methods that can be employed to study the polymer solutions and ion 

gels developed in my project.   

2.1 Polarized Optical Microscopy (POM) 

    As illustrated in Chapter 1, PBDT aqueous solutions exhibit a lyotropic nematic LC 

phase above the critical concentration (≈ 1.5 wt%). Thus we can employ POM to easily 

and directly observe this LC phase due to its birefringence Δn, in which a material 

possesses distinct refractive index n along different directions. As a type of optical 

microscopy involving polarized light, POM is used for studying absorption color and 

optical path boundaries for various systems, including phase-separated materials, liquid 

crystals and other oriented materials.[1,2] The two polarizing filters in POM are called 

polarizer and analyzer. With the configuration of polarizer crossed with analyzer, a dark 
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view is observed for isotropic materials. The detailed components of POM are shown in 

the Figure 2.1a.[3] The POM images for various LC phases, including nematic, smectic, 

and cholesteric, are shown in Figure 2.1b-d. A nematic phase usually shows the 

Schlieren texture, a smectic phase displays the focal-conic fan texture, and a cholesteric 

phase shows the fingerprint texture.[2]  In addition, POM is also a useful technique to 

study the behaviors of spherulites, phase separation and phase transitions in polymeric 

materials.[4] The spherulite is the most common crystalline morphology for polymers, 

such as polypropylene and some polyesters.[4] Gong et al. have studied phase separation 

behavior of rigid-rod PBDT aqueous solutions.[5] The observed upper and lower phases 

show different POM textures, with nematic colloid droplets in the upper phase and a 

Schlieren texture in the lower phase, respectively.[5] In our project, we are using a 

combination of POM and 2H NMR spectroscopy to study the phase transition and phase 

separation behaviors of PBDT aqueous solutions in more detail.[6] 

 

Figure 2.1. POM instrument components and POM images in various LCs. (a) The 

detailed components of a POM. (b) Schlieren texture for nematic LC with surface point 
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defects. (c) Focal-conic fan texture for a chiral smectic LC. (d) Fingerprint texture for a 

cholesteric LC . Reproduced from ref. 3.   

 

    Here, I would like to introduce some basic rules for us to understand POM analysis.[2] 

1. The main source of birefringence (∆𝑛) in liquid crystals is the orientational order of 

the system (S). Thus, ∆𝑛 is proportional to the order parameter S.  

                                                                    ∆𝑛	 ∝ S                                                        (2.1) 

2. The orientational order parameter S is defined as the statistical (ensemble) average of  

the angle 𝜃 between each molecule and the LC director. The expression is shown as 

follows.  

                                                       𝑆 = 	 3
C
3cosC 𝜃 − 1                                                (2.2) 

3. The observed POM intensity 𝐼  depends on various parameters, such as 1) 

birefringence ∆𝑛 of the liquid crystal, 2) orientational angle ∅ between sample and 

the polarizer of POM, 3) thickness d of the sample and 4) wavelength λ of the 

incident light. The equation is shown as follows. 

                             𝐼 = 𝐼J𝑠𝑖𝑛C 2∅ 𝑥, 𝑦 𝑠𝑖𝑛C P
Q
𝑑Δ𝑛 𝑥, 𝑦                                 (2.3) 

4.  A bright domain in the image represents large I, while a dark domain represents 

small I. I is related to a square of the sinusoidal function in Equation 1.3. Thus, we 

can see the crossed dark and light domains in the polarized images.  

5. By using white light rather than monochromatic light, the results are able to show 

both intensity differences and color differences. The local defects (disclinations) and 

the layer thickness contribute to shifts in observed wavelength. Defect structures in 

LCs can be conveniently monitored by POM. Usually the defect zone shows uniform 
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color, which can be demonstrated by rotating the sample between the crossed 

polarizers. In this case, the product of d and Δ𝑛 is constant in the equation of I. The 

core of the defect is a very small object, with diameter of 30 – 50 nm, and surrounded 

by a high refractive index gradient that spans hundreds of nm up to µm in length 

scale. 

6. POM probes changes that appear on a scale larger than the light wavelength of ~ 0.5 

µm. The layer thickness d influences the pattern because of the accumulation of light 

polarization angle as the light passes through the sample.  

 

Here, I will introduce POM textures for nematic and smectic phases, respectively. 

The nematic phase has one-dimensional ordering along the long axis of the rigid-rod 

molecules. Nematics exhibit a Schlieren texture. The point defect patterns formed are 

called disclinations in the LC domain structure. The form of an observed disclination 

depends on the winding strength. In Nematic textures, disclinations with winding strength 

(denoted +/-) equals to 1 or 0.5 are observed. As shown in Figure 2.2, when the strength 

equals 1, we can observe four sided crosses (four bright and four dark regions 

surrounding the point). When the strength equals 0.5, we observe defects with only 2 

sides. 
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Figure 2.2. The Schlieren pattern of a nematic phase. A nematic disclination creates a 

cross-shaped pattern. Depending on the winding strength (+/- = 1 or +/- = 1/2), we can 

observe the cross with 4 or 2 sides, respectively. Here, a disclination is shown for 

winding strength = 1. Figure reproduced from ref. 3  

 

    The smectic phase shown in Figure 2.3 possesses two-dimensional ordering. The 

interaction among rigid-rod molecular chains contributes to the alignment in both the 

direction along the polymer chain and in the lamellar direction. The formed layers can 

slide over one another. Furthermore, smectic phases can be classified into different types, 

such as smectic-A and smectic-C. For example, a smectic-A phase possesses the optic 

axis parallel with the layer normal. This smectic phase produces characteristic patterns as 

shown in Figure 2.3 when observed in POM. These patterns contain long and hyperbolic 

lines with smaller secondary lines crossing them around the circular focal-conic domain, 

which can be seen as the center of the hyperbolas. Smectic-C is one of the higher order 

smectic phases. In this phase, the molecules are titled away from the layer-normal 
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direction. Although displaying similarities with Smectic-A layers, this higher order 

smectic structure gives less ‘clean’ polarization micrographs.   

 

Figure 2.3. The focal-conic texture of a smectic-A phase. Disclinations in a smectic-A 

phase create focal-conic textures shown at left. These textures are seen as crosses with 

one long side (the vertical line) and a short side (the horizontal line) that crosses the 

vertical line at the center. Figure reproduced from ref. 3.  

 

2.2 2H and 23Na Quadrupolar NMR Spectroscopy 

    Quadrupolar NMR spectroscopy is a useful technique to study both molecular and 

phase orientation in materials. Our studies employ 2H and 23Na quadrupolar NMR to 

quantify the molecular alignment of PBDT and PBDT-derived materials. Specific 

splitting patterns of quadrupolar nuclei provide information regarding anisotropic 

interactions and alignment degree in solution and solid materials. Nuclei with spin I > ½ 

are called quadrupolar nuclei, which are special because of the intrinsic nuclear 

quadrupole moment.[7,8] Deuterium (2H) is a spin I = 1 nucleus with very low natural 
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abundance (0.012%).[7] Sodium (23Na) is a spin I = 3/2 nucleus with natural abundance of 

100%.[7] NMR of quadrupolar nuclei provides many theoretical and practical challenges 

in understanding orientational order in the anisotropic systems due to the interactions 

between the nuclear electric quadrupole moments Q and the local electric field gradients 

(efg). [7] 

       In the presence of a strong magnetic field B0, the energy level diagram for a spin-1 

nucleus is shown in Figure 2.4a. For a spin-1 nucleus, there are three eigenstates of 

angular momentum along the z-axis, denoted +1, 0, and -1, that exhibit Zeeman 

splitting.[7] By considering Zeeman splitting (with strength ωJ) and Zeeman first-order 

quadrupole interaction ωU 1 , we can observe the quadrupolar splitting ΔνU  with the 

expression  

                                   ΔνU = ωU 1 = WPXY
CZ(CZ23)

×(3𝑐𝑜𝑠C𝜃U − 1),                                (2.4) 

where ωU 1  is the first order quadrupolar coupling, 𝐶U  is the quadrupolar coupling 

constant, and 𝜃U is the angle between the principle axis of the efg tensor Vzz and the 

magnetic field B0.[7] For deuterium, the quadrupolar coupling constant CQ = e2qQ/h, 

where e is the elementary charge, approximately equals 1.606×10-19 C, where eq is the 

largest magnitude of the electric field gradient tensor, and eQ is the electric quadrupolar 

moment.[7] Spin-1 spectra for isotropic liquid, nematic liquid crystal and solid powder are 

shown in Figure 2.5a.[7] The isotropic liquid in Figure 2.5a(1) shows a singlet with zero 

quadrupolar splitting since the first-order quadrupole coupling ωU 1  vanishes due to 

rapid molecular tumbling.[7] However, the quadrupolar splitting is observable for liquid 
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crystals in Figure 2.5a(2) with doublet splitting of ΔνU.[7] In solids, the splitting between 

“parallel” outermost shoulders is 3CQ/2, and the splitting between the “perpendicular” 

strong inner shoulders is 3CQ/4 as shown in Figure 2.5a(3).[7] The molecules possess all 

orientations with respect to the magnetic field B0, which contributes to a distribution of 

first-order splittings 	ωU 1 .[7] Thus, the observed broad “powder” spectrum has a 

characteristic shape, called a Pake doublet, in the common case of a uniaxial efg tensor 

(ηQ = 0).[7] 

 

Figure 2.4. Energy level diagrams and resulting NMR spectra for a nuclei with spin 

quantum number I = 1 or 3/2. (a) a spin-1 nucleus and (b) a spin-3/2 nucleus. The ratio of 

integration peak area should be 3:4:3.  
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Figure 2.5. Quadrupolar NMR spectra for different phases, including isotropic liquid, 

liquid crystal and powder (polycrystalline) solid. (a) Appearance of spin-1 spectra for (1) 

Isotropic liquid; (2) Nematic liquid crystal; (3) Solid powder. (b) Appearance of spin-3/2 

spectra for (1) Isotropic liquid; (2) Nematic liquid crystal; (3) Solid powder. Figure 

reproduced from ref. 7. 

 

     Alkali metals often possess spin-3/2 nuclei. For example, the nuclear spin energy 

states of 23Na are shown in Figure 2.4b. For a spin-3/2 nucleus, there are four eigenstates 

of angular momentum along the z-axis, denoted with +3/2, +1/2, -1/2 or -3/2.[7] The first-

order quadrupolar coupling ωU 1  contributes to the energy shift of the four eigenstates 

observed in the Zeeman splitting. If ωU 1  is positive, the states |W
C
, ± W

C
⟩  are shifted 

upwards by ωU 1  /2, while the |W
C
, ± 3

C
⟩ are shifted down by ωU 1  /2. Similar to the 

spin-1 case, and as depicted in Figure 2.5b, there is no quadrupolar splitting for a spin-

3/2 in an isotropic liquid. For an anisotropic (LC) liquid, a triplet with peak integration of 
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3:4:3 can be observed for spin-3/2. For solid powders, the broad powder pattern is 

generated by assuming the uniaxial electric field gradient tensor ηQ = 0. The splitting 

between the “parallel” shoulders is CQ, and the splitting between the sharp shoulders is 

CQ/2. The central transition is not affected by the first-order quadrupolar coupling and 

appears as a central peak of the powder pattern.[7] 

       2H NMR spectroscopy on labeled probe molecules in anisotropic matrices has been 

widely used to determine orientational ordering in a diverse array of aligned materials 

including liquid crystals, wormlike micelles, intact wood cell walls, stretched polymers, 

and fuel-cell polymer electrolyte membranes.[7,9-12] Li et al. studied the 2H NMR of D2O 

molecules in Nafion with different draw ratios.[9,13] As shown in Figure 2.6, the 

quadrupole splitting ΔνU shows alignment of the water molecules inside the hydrophilic 

channels of Nafion® membrane.[9] The quadrupole splitting (ΔνQ) for a uniaxially 

symmetric phase, defined as the distance between the doublet peaks, is expressed as  

																						∆𝜈U = 𝑄a𝑆b2c	(
Wdef$g23

C
) = 𝑄a𝜌𝑆ijklmn(

Wdef$g23
C

),                               (2.5) 

where 𝑄a is the quadrupole splitting (≈ 255 kHz) for D2O molecules corresponding to the 

situation where all O-D bonds are perfectly aligned with B0.[6,11] SO-D is the ensemble 

average orientational order parameter for the O-D bond with respect to the aligned 

hydrophilic polymer domain or matrix.[6] θ is the angle between the director of polymer 

hydrophilic domains and the B0 direction.[6] Smatrix refers to the orientational order 

parameter for the hydrophilic channel matrix.[6] The scaling factor 𝜌  represents the 

coupling interaction between the deuterium probe molecules and the polymer matrix.[6] 𝜌 

is often relatively insensitive to temperature in oriented systems, whereas, it is highly 
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sensitive to the water uptake of the system.[6] With increasing draw ratio L of the Nafion 

membranes from 1 to 4, the quadrupole splitting increases from ~50 to ~1000 Hz as 

shown in Figure 2.6, which indicates the increasing Smatrix of the polymer matrix.[9,13] 2H 

NMR is efficient to study the mobile species in the aligned polymeric materials. In my 

project, PBDT forms a water-miscible system with D2O, thus 2H NMR can conveniently 

detect the molecular alignment of PBDT polymer chains based on the probe molecule 

D2O.  

 

Figure 2.6. 2H NMR spectra of D2O inside Nation Membranes with increasing draw ratio 

L, ranging from 1 to 4. Figure reproduced from ref. 9. 

 

     Furthermore, 23Na is another useful quadrupolar nucleus for detecting orientational 

order in polymeric materials. 23Na NMR spectroscopy has been employed to study the 

LC phase of DNA aqueous solutions with Na as the counterion.[14] As shown in Figure 

2.7, triplet spectra of 23Na will be observed for DNA aqueous solutions above the critical 

concentration for forming the lyotropic nematic LC phase.[14] The value of the 
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quadrupole splitting indicates the degree of orientation of DNA in aqueous solutions. At 

20℃, the quadrupole splitting decreases with increasing DNA concentration. However, at 

60℃, the quadrupole splitting is proportional to the DNA concentration.[14] The unique 

relationships between the quadrupole splitting and the DNA concentration are strongly 

correlated with the temperature of the environment. Thus, we can conclude that the 

interaction between the quadrupole moment of Na and the efg of the Na environment is 

closely associated with the polymer concentration as well as the temperature. Similarly, 

we are combining 23Na NMR and NMR diffusometry to investigate the association and 

transport of Na+ counterions in PBDT solutions. We observe many similarities between 

DNA and PBDT solutions, which we discuss in detail in Chapter 4.  

 

Figure 2.7. The quadrupole splitting of 23Na DNA aqueous solutions as a function of 

concentration and temperature. (A) at 20 ºC and (B) at 60 ºC. Note that the quadrupole 

splitting decreases with increasing concentration at 20 ºC, whereas it increases with 
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concentration at 60 ºC. These different dependencies show similarities with our 

observations of Na splittings in PBDT, as described in Chapter 4 (Figure 4.2). Figure 

reproduced from ref. 14. 

 

2.3 Direct Dipole-dipole Coupling by 1H NMR 

    Direct intramolecular dipole-dipole coupling gives additional information about the 

anisotropic properties of LCs and LC ion gel materials, especially for absorbed mobile 

species such as cations and anions. Based on a comprehensive understanding of the 

nuclear quadrupole and internuclear dipole-dipole interactions, we can get a clearer 

image of the investigated system. The direct dipole-dipole coupling refers the direct 

intramolecular or intermolecular interaction between two nuclei, shown in Figure 2.8a.[7] 

The magnetic field generated by one spin will interact through space with the second spin. 

If the spins are of the same isotopic species, the secular dipole-dipole coupling is 

expressed as  

                                                          𝑑op = 𝑏op
3
C
(3𝑐𝑜𝑠C𝛩op − 1),                                  (2.6) 

 where 𝛩op is the angle between the internuclear vector and the external magnetic field.[7] 

𝑏op  is the dipole-dipole coupling constant with expression 𝑏op = − s*
'P

tutuħ
wux
y .[7] 𝛾o  is the 

gyromagnetic ratio of the specific nucleus. The equation 2.6 is the simplified expression 

of dipole-dipole coupling based on the “secular approximation”, which is valid in high 

magnetic fields and simplifies the Hamiltonian by only retaining the components parallel 

to the z axis. First, in terms of isotropic liquids, the intramolecular dipole-dipole coupling 
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is averaged out due to the extremely fast tumbling rate of the molecules relative to 𝑏op.[7] 

The short-range intermolecular dipole-dipole coupling is also averaged to zero, while the 

long-range dipole-dipole coupling is very small and it can be ignored as well.[7] Second, 

in an anisotropic liquid, the short range intermolecular dipole-dipole coupling is averaged 

out by the rapid diffusional motion. The long-range intermolecular dipole-dipole 

coupling survives, but is very small and can be usually ignored.[7] However, the 

intramolecular dipole-dipole coupling does not average out. Dipole-dipole coupling in a 

liquid crystal is described in Figure 2.8b.[7]  

 

Figure 2.8. Dipole-dipole coupling in liquid crystals. (a) Secular dipole-dipole coupling. 

“Secular approximation” is considered here and used to simply the expression of equation 

2.6. (b) Dipole-dipole coupling in a liquid crystal. Part b reproduced from ref. 7. 

 

      In 1971, Samulski et al. utilized nematic polypeptide liquid crystals to study the 

alignment status of the probe solvent molecule - dimethylformamide.[15] The 
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intramolecular direct dipole-dipole coupling was observed as shown in Figure 2.9.[15] 

The protons of DMF are labelled as A, B, and C. The interactions between the aligned 

polymer chains and the solvent molecules contribute to observable intramolecular direct 

dipole-dipole couplings including ∆𝜈zz , ∆𝜈z{, ∆𝜈||, 	and	∆𝜈|{ .[16] According to these 

coupling results, the orientational tensor of the solvent inside the polymer solution can be 

further resolved. Also, by using this technique, we can get detailed geometic information 

of the probe molecules inside the nematic LC phase. According to Equation 2.6, the 

splittings are only dependent on the internuclear distance 𝑟op  and the 𝛩op . From the 

absolute value of the splittings, we can also infer the orientational order of the aligning 

matrix.  

      In our PBDT-IL ion gels (Chapter 5), we expect elucidate the alignment of ionic 

liquid molecules in the PBDT supporting matrix based on the intramolecular dipole-

dipole coupling. Chapter 5 describes these studies in detail.  
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Figure 2.9. The direct dipole-dipole coupling of DMF inside the highly aligned 

polypeptide nematic LC phase. Figure reproduced from ref. 16. 

 

2.4 Multi-nuclear and Multi-axis NMR Diffusometry 

     NMR diffusometry is an accurate and convenient technique to quantify diffusion 

coefficients of separate mobile species including anions, cations, and water molecules 

absorbed in hydrophilic aggregations of bulk polymer, generally with accuracy and 

precision errors in the range of 2 to 10%.[6,9,10,12,13,17] We can obtain diffusion coefficients 

of absorbed species inside the PBDT bulk matrix along multiple axes. To avoid artifacts 

and maintain sufficient signal strength, we generally apply simple and robust 

diffusometry pulse sequences, such as the pulsed-gradient spin echo (PGSE) and the 

pulsed-gradient stimulated-echo (PGSTE).[18] These pulse sequences are shown in the 

Figure 2.10. The observed signal strength in PGSE is T2 (transverse spin relaxation) 
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limited, whereas PGSTE is mostly T1 (longitudinal spin relaxation) limited. The PGSE 

and PGSTE give similar results for small molecule systems, which usually have similar 

magnitudes of T1 and T2.[18] However, most polymeric, liquid crystalline, or 

nanostructured systems exhibit T1 > T2.  Therefore, we tend to use PGSTE, which yields 

higher signal noise ratio (SNR) compared to PGSE since PGSTE stores magnetization 

along the Z direction during the diffusion encoding time Δ. For both of these 

experiments, the NMR signal attenuation due to diffusion follows the Stejskal-Tanner 

equation[18] 

                                                 𝐼 = 𝐼J𝑒
2�t$�$�$(�2�y),                                                     (2.7) 

where I and I0 refer to the spin-echo signal intensity and spin-echo signal intensity at zero 

gradient, respectively. 𝛾  is the gyromagnetic ratio of the nucleus, 𝑔  is the gradient 

strength, δ is the pulse duration time and Δ is the diffusion time. Thus, diffusion 

coefficients (D) of a desired nucleus can be obtained by fitting the experimental I vs. 𝑔 

data using Equation 2.7.[18] The T1 (by inversion-recovery) and T2 (by CPMG spin echo) 

values for the samples under study are obtained first, and then all diffusion parameters 

are properly selected (Δ < 1.5T1, δ < T2) to ensure sufficient SNR.[17] 
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Figure 2.10. PGSE and PGSTE NMR diffusometry pulse sequences. (a) The simple spin 

echo (SE, also called the “Hahn echo”). (b) The stimulated echo (STE).  The upper lines 

labeled with “RF” represent radiofrequency NMR pulses.  The lower lines labeled with 

“𝑔” represent the pulsed magnetic field gradients. Figure reproduced from ref. 18. 

    Multi-nuclear NMR diffusometry can be used to selectively detect diffusion 

coefficient of different species inside the system. Madsen et al. have studied the diffusion 

coefficients of water, cation, and anion in Nafion® membranes.[9,10,12,17,19] The sealed 

Teflon cell shown in Figure 2.11a, can be utilized to control the water uptake of the 

samples.[19] Figure 2.11b and c show the diffusion coefficients of two ionic liquids inside 

Nafion® membranes with varying mole ratio of IL to water molecules.[19] Also, by using 

a multi-axis PFG NMR probe and this specific sample cell, we can obtain information on 

diffusion anisotropy in polymer matrices by measuring the diffusion rates along different 

directions. The diffusion anisotropy can be expressed in some cases as 𝑅 = (𝐷∥ −

𝐷�)/(2𝐷∥ + 𝐷�),[9] or in many cases as simply 𝐷∥/D�. Based on the diffusion anisotropy, 

we can resolve more information about the alignment and morphology of the hydrophilic 

(a) (b) 
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aggregation. Li et al. reported the diffusion anisotropy of water molecules inside 

Nafion® membranes with increasing draw (stretch) ratios. The results are displayed in 

Figure 2.12.[9] By using a combination of quadrupolar NMR and multi-axis PFG NMR, 

these researchers found a specific relationship between the draw ratio of the Nafion® and 

the orientational order of the polymer matrix. The diffusion anisotropy R of Nafion® is 

linearly proportional to the orientational order of the polymer matrix (Smatrix).[9] By 

carefully employing the combination of quadrupolar NMR and NMR diffusometry, we 

can obtain a more comprehensive understanding of morphology, alignment, diffusion 

coefficient and ion association in many other polymeric systems.   

    In this project, by using NMR diffusometry, we are obtaining information about 

diffusion rate and diffusion anisotropy in PBDT solutions and PBDT-derived ion gels. 

We can measure diffusion coefficients of Na+ counterions and water in PBDT aqueous 

solutions. We can also detect the aligned morphology in PBDT ion gels based on the 

diffusion anisotropy of absorbed ions. In summary, we have a wealth of freedom to 

investigate a wide array of properties in anisotropic polymeric systems containing mobile 

molecules. 
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Figure 2.11. Sample cell and ionic liquid diffusion coefficients obtained from NMR 

diffusometry.[19] (a) Configuration of sealed Teflon cell. (b) Cation and anion diffusion 

inside Nafion membrane vs. water content and with different uptakes of C2mimBF4 and 

C2mimTfO. Figure reproduced from ref. 19. 
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Figure 2.12. The diffusion coefficient, quadrupole splitting and diffusion anisotropy in 

Nafion membranes with varying draw ratio.[9] (a) H2O diffusion in three orthogonal 

directions vs H2O uptake at different draw ratio L. (b) D2O splitting values ΔνQ and 

diffusion anisotropy R vs draw ratio L for Nafion® membrane at water uptake λ = 5.5 

(water molecules per SO3
- group). (c) Linear relation of Smatrix vs R at different water 

uptake.  Figure reproduced from ref. 9. 
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2.5 X-ray Scattering and Diffraction Techniques  

   X-ray techniques, for example, wide-angle X-ray diffraction (WAXD) and small-

angle X-ray scattering (SAXS), are widely used to study the morphology of polymeric 

materials.[12] X-ray fiber diffraction can be effectively employed to study the crystalline 

or liquid crystalline packing structure of PBDT molecular chains, as well as materials 

with similar aligned morphologies, such as DNA molecules. Single-crystal X-ray 

diffraction can easily provide precise crystalline structure of bulk crystalline materials. 

The main difference between SAXS and WAXD is the sample to detector distance l. 

WAXD tends to detect angstrom to nanometer length scales with shorter l, whereas, 

SAXS is usually employed to study nanometer micrometer scale domains with longer l. 

Single-crystal X-ray diffraction is the oldest and most precise technique compared to 

SAXS and WAXD. However, it requires bulk pieces of single crystalline materials, 

which limits its applications. The mechanism of these techniques is based on Bragg’s law. 

Bragg’s law was proposed by William L. Bragg in 1912, the expression of which is 

shown in Figure 2.13.[20] By modeling the crystal as a set of parallel planes with a 

constant separation l, the incident X-ray produces a Bragg peak if the reflections from 

different planes constructively interfere, whereas the diffraction is cancelled if the 

reflections are destructive. The interference is constructive when the net phase shift of the 

light is a multiple of 2π. Bragg’s law is then expressed as  

                                                         𝑚𝜆 = 2𝑙sinθ|lj��,                                             (2.8) 
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where m is an integer, λ is the wavelength of the incident beam, l is the spacing between 

two crystalline planes, and θBragg is the angle between the crystalline plane and the 

incident beams.[20] Thus the angle between the incident and reflected beam is 2θBragg. 

 

Figure 2.13. Bragg’s Law. The left illustration corresponds to Bragg’s law with 

reflections (from scattering/diffraction of the two waves off of particles on a lattice) that 

constructively interfere. The right illustration corresponds to destructive interference. 

Figure reproduced from https://en.wikipedia.org/wiki/Bragg%27s_law. 

 

    Over the past few decades, X-ray crystallography has been successfully utilized to 

study the self-assembled morphology of DNA molecules.[21] The double helix assembly 

can be clearly illustrated by the diffraction patterns observed from DNA fibers. Figure 

2.14 shows the classical diffraction pattern of DNA molecules in aligned fibers.[21] In this 

project, we also use X-ray diffraction techniques to study the self-assembled 

conformation and crystalline packing of PBDT polymer chains in magnetically oriented 

aqueous solutions and ion gels with varying polymer concentration.  
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Figure 2.14. X-ray crystallography of DNA molecules in aligned fibers. The “cross” 

pattern and X-ray pattern dimensions are assigned to different structural features of the 

DNA double helix. Figure reproduced from ref. 21. 

 

 
In addition to the wide angle X-ray diffraction, SAXS is also an important technique 

that can be used to study the ~ 10 nm scale morphology and orientation in polymeric 

materials, for example, the lyotropic nematic LC phase of PBDT aqueous solutions. Two-

dimensional SAXS has also been successfully utilized to study the morphology and 

alignment in Nafion membrane as a function of draw ratio by Park et al.[13] The SAXS 

patterns are shown in Figure 2.15.[13] For Figure 2.15a, the outer diffuse ring at q = 0.2 

Ǻ-1 is attributed to the scattering from the ionic aggregates dispersed in the PTFE matrix. 

The intense scattering near the beam stop is associated with heterogeneous ionic 

aggregate and PTFE crystalline domains. With increasing draw ratio, equatorial streaking 

is observed, which is consistent with the formation of a fibrillar morphology.[13] Thus, we 

can infer that the fibrillary ionic aggregate domains in Nafion® membranes are aligned 

preferentially along the stretching direction. The scattering intensity of the ionomer peak 

increases along the equatorial direction as a function of the draw ratio L. To quantify the 
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orientational order of the ionomers, the Herman’s orientation function f, also known as 

the polymer orientational order parameter (Smatrix) can be obtained through the azimuthal 

SAXS profiles.[6,13]  Here,	𝑓 = W def$� 23
C

, where χ is the azimuthal angle from χ1 = 0° to 

χ2 = 180, and the average of cos2χ is   

                                     𝑐𝑜𝑠C𝜒 =
Z � def$�fo��$

��
���

Z � fo��$
��

���
,                                              (2.9) 

where I(χ) is the intensity of the azimuthal SAXS plot (Figure 2.16) at specific angle χ. 

According to this calculation, the Herman’s orientation function increases from 0.08 to 

0.76 with draw ratio varied from 1.0 to 4.0 for dried Nafion membrane.[13] Similarly, we 

can also conduct SAXS on PBDT aqueous solutions with increasing concentration in 

order to detect the lyotropic nematic LC phase and corresponding self-assembled chain 

alignment.  

 

Figure 2.15. Two-dimensional SAXS patterns for acid form Nafion versus draw ratio L, 

where L = (final membrane length)/(initial membrane length). (a) L = 1.0, (b) L = 1.25, (c) 

L = 1.5, (d) L = 1.75, (e) L = 2.0, (f) L = 2.5, (g) L = 3.0, (h) L = 4.0. The red arrow is the 

stretching direction.  Figure reproduced from ref. 13. 
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    SAXS can give us information about the positional and orientational order of 

morphological structures or molecules in LC phases and in polymeric systems. In 

addition, SAXS can be used to distinguish between different LC phases. The SAXS will 

give a graph with distinct peaks, 2πm/d1 (with integer m and rod-rod distance d1) in one 

direction and 2πm/d2 (with molecular length d2) in a normal direction. [5] The 

characteristic scattering plots for different LC phases are shown in Figure 2.17. SAXS 

can generally deliver structural information of macromolecules between 5 and 25 nm and 

repeat distances in partially ordered systems of up to ~ 100 nm. If the system possesses 

smaller or larger scale structure, we need to employ WAXD or other microscopy or 

imaging methods. 

 

Figure 2.16. Azimuthal plot from SAXS. The y axes of the graph at left shows the 

intensity of the scattering pattern at azimuthal angle of χ, which is indicated in the 

scattering image shown at right.  
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Figure 2.17. Expected SAXS results for nematic and smectic phases, respectively. The 

nematic phase shows simply single ordered dimension along the aligning director and 

perpendicular direction. However, the smectic phase exhibits multiple ordered 

dimensions along both directions.  

 

2.6  Ionic Conductivity from Impedance Spectroscopy  

   In order to apply polymer electrolytes as component materials in batteries or fuel cells, 

the ionic conductivity should be one of the most important properties. Impedance 

spectroscopy (also called dielectric spectroscopy) is usually utilized to study the ionic 

conductivity of fuel cell membranes and battery electrolytes.[13] Here, I will introduce 

impedance spectroscopy and its capability to study ionic conductivity of polymer 

electrolyte materials, such as fuel cell membranes and ion gels. Ionic conductivity refers 

to the movement of ions in an applied electric field from one position to another through 

defects in crystal lattice of a solid or around the liquid molecules aqueous solution.[22] 

The ionic conductivity σ is calculated using the definition of the resistance shown in 
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equation 2.10 and 2.11, where R is the resistance of the sample (Ω), ρ is the resistivity (Ω 

· cm), A is the cross-section area perpendicular to the current flow, and h is the thickness 

of the membrane sample.[13] 

                                                            σ = 3
�
= �

 ¡
                                                       (2.10) 

                                                        𝑅 = ��
¡

                                                            (2.11) 

        Figure 2.18 displays the functions of electric potential E (Voltage) and I (Current) 

versus time, the Randles equivalent circuit, the Nyquist plot and the Bode plot, which are 

all analytical results that can be generated by impedance spectroscopy.[23] The membrane 

resistance is determined by the real Z-axis intercept of the complex impedance plot, or 

more specifically the real Z value when the phase angle φ equals 0, which is denoted as 

Rct. By varying the orientation of the sample between the electrodes, we can get the 

conductivities of polymer electrolytes along different directions. The anisotropy can be 

denoted as the ratio of σǁ to σ┴. Meanwhile, the conductivity anisotropy can also provide 

evidence for and show correlations with aligned morphologies in ion conductive 

materials as measured by other techniques, such as X-ray diffraction, NMR diffusometry, 

quadrupolar NMR and POM.  
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Figure 2.18. Impedance functions and typical equivalent circuit at the electrochemical 

interface, as shown by a Nyquist plot, Bode plot, and Randles circuit. Figure reproduced 

from ref. 23. 

 

2.7 Thermal and Mechanical Properties from DSC, TGA and DMTA 

    In addition to ionic conductivity, we can evaluate phase transitions, decomposition 

temperature and weight loss percentage of PBDT and PBDT-derived materials by some 

traditional polymer characterization methods. The most common techniques include 

differential scanning calorimetry (DSC)[24] and thermogravimetric analysis (TGA)[25]. 

DSC is a thermal analysis technique, which detects the difference in amount of enthalpy 

(ΔH) required to compensate the sample in order to maintain the same temperature as 

compared to the control reference.  DSC can efficiently provide information such as 
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phase transition and glass transition temperatures of polymeric materials. TGA is another 

thermal evaluation technique to study physical and chemical properties of materials as a 

function of increasing temperature. TGA can provide information about various phase 

transitions, including vaporizan, sublimation, absorption, and desorption. Thus, TGA is 

usually employed to estimate the thermal stability of a material. If the sample is thermally 

stable over a certain temperature range, there will be no observed mass loss. Little or no 

slope will be shown in the TGA trace. In short, TGA can usually indicate the maximum 

useable temperature of a material in a real application. However, note that TGA is a 

dynamic method, and thus it cannot necessarily show the long-term useable temperatures 

for polymeric materials. Static measurements at a certain T over enough long time are 

also required to verify the thermal stabilities of materials.  

      In order to test the mechanical properties of PBDT-derived polymer electrolytes, 

dynamic mechanical thermal analysis (DMTA) can be employed to study the elastic 

modulus of these materials. As we mentioned previously, strong mechanical strength is 

required to counteract Li dendrite growth on the anode of Li-metal batteries. DMTA is a 

useful technique to study viscoelastic properties, glass transitions, and complex modulus 

of a material. Viscoelastic properties can be studied by applying a oscillating stress to a 

sample, and a corresponding strain will be detected.[26,27] For a perfectly elastic solid, the 

induced strain is perfectly in phase with the input strain. For a viscous fluid, the strain 

will have a 90 degree lag with respect to the stress. To understand the mechanism of the 

DMTA technique, I will introduce the Equation 2.12 and 2.13 as follows, which represent 

the relationship between the applied stress and the induced strain of a material. 

                                                         𝜎 = 𝜎Jsin	(𝑡𝑤 + 𝛿)                                             (2.12) 
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                                                          𝜖 = 𝜖Jsin	(𝑡𝑤)                                                    (2.13) 

Here, 𝜎 is the stress applied to the sample, 𝜖 is the induced strain of the sample, t is the 

time over which the stress is applied to the sample, w is the oscillation frequency of the 

strain, and 𝛿 is the phase lag between stress and strain.  

The complex modulus including storage modulus, loss modulus and the phase angle are 

expressed as 

                                              Storage	Modulus: E° = #*
±*
𝑐𝑜𝑠𝛿                                    (2.14) 

																																																								Loss	Modulus: E°° = #*
±*
𝑠𝑖𝑛𝛿                                     (2.15) 

																																																								Phase	Angle: δ = arctan ·°°
·°
																																												(2.16) 

The storage modulus indicates the elastic property of the (isotropic) material, whereas, 

the loss modulus indicates the viscosity of the material. All of these properties are 

temperature (T) and frequency (w) dependent. Note that an anisotropic material can have 

more than one complex modulus. 

Based on the literature reviews introduced in Chapter 1 and characterization methods 

illustrated in Chapter 2, we have gained a systematic understanding of the fabrication and 

characterization of aligned systems with various ion species present. I will introduce my 

research plan in the remaining Chapters. Chapter 3 introduces the self-assembled 

morphology and ion transport of PBDT aqueous solutions. Chapter 4 investigates the 

crystalline packing structure of PBDT polymer chains by molecular dynamic simulation, 
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SAXS and NMR techniques. Chapter 5 illustrates development and characterization of 

ion gel polymer electrolytes based on PBDT solutions and ionic liquids. Chapter 6 

describes the successful application of the gel electrolytes in Li battery devices.  

 

2.8 Combination of Techniques to Understand the Relaxation of Polymeric 

Materials 

2.8.1 Glass Transition Temperature 

    Glass transition temperatures (Tg) of polymeric materials can be revealed by NMR, 

DSC and DMTA, or combinations of these techniques. 

    DSC and DMA are traditional techniques to study Tg in polymeric materials. However, 

the obtained value of Tg is highly dependent on the experimental conditions, such as 

sample preparation, heating rate and tensile modulation frequency.  

    Temperature-dependent NMR can be used to study the Tg of polymeric materials. T1 

(spin-lattice relaxation) and T2 (spin-spin relaxation) relaxation of proton NMR can be 

measured to indicate the motions of polymer chain segments. The example shown in 

Figure 2.19a displays the T1 and T2 relaxation times as a function of temperature for 

amorphous maltodextrin in varying moisture.[28] The turning points on the plots for T1 

and T2 as a function of temperature indicate the value of Tg. It is concluded that the 

temperature dependence of proton T2 relaxation is insignificant when the temperature is 

lower than Tg, but will show significant increase with temperature above Tg. T1 relaxation 

time will decrease will temperature below Tg, whereas it will increase with temperature 

above Tg. Figure 2.19b shows the corresponding Tg values obtained from NMR 

relaxation methods (T1 and T2) along with DSC.  
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     We can observe that Tg obtained from DSC is higher than that obtained from NMR 

relaxation experiments. This can be explained by using different heating rate for the two 

techniques. The heating rate of DSC is 5ºC/min, which is higher than the “quasi static” 

NMR relaxation methods where temperature is held constant before and during the 

measurement for at least many seconds if not minutes or hours. In other words, in NMR 

techniques the samples are allowed to equilibrate under a specified temperature for a long 

time. Based on the concept of “internal consistency”, the Tg from NMR relaxation 

techniques should in general be lower than results obtained from traditional DSC and 

DMTA techniques.  

 

Figure 2.19. Tg of hydrated maltodextrin obtained by NMR and DSC. (a) T1 and T2 of 

hydrated maltodextrin as a function of temperature. The turning point of T1 and T2 values 

vs. T indicate the glass transition temperature. (b) Glass transition temperatures obtained 

from T1, T2 and DSC. Figure reproduced from ref. 28. 
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2.8.2 Phase Transition Behavior 

    Phase transition behavior of liquid crystal polymers can be verified by information 

obtained from different characterization techniques, for example, the splittings and 

chemical shifts of NMR spectroscopy, the diffraction of XRD and heat flow of DSC.  

   XRD and DSC are common techniques to detect the phase transitions of LC polymers. 

LC polymers can display different LC phases over different temperature ranges. For 

example, Figure 2.20 shows typical XRD patterns for a nematic LC phase and an 

isotropic phase, respectively. The DSC curve shown in Figure 2.21 corresponds to 

various transitions of the LC, such as glassy, smectic and isotropic states, as a function of 

temperature.  

    In addition, quadrupole NMR is very useful technique to investigate LC phases of 

polymeric materials. For example, we usually observe doublet splittings in 2H NMR 

spectra for an anisotropic LC phase. With increasing temperature, the LC phase will 

transition into an isotropic phase, which manifests as a singlet peak in the 2H NMR 

spectrum, as shown in Figure 2.20. Meanwhile, proton NMR for LC phase is also highly 

dependent on the temperature, showing chemical shift jumps at specific transitions.  
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Figure 2.20. The corresponding spectra of X-ray diffraction, 2H NMR and proton NMR 

for isotropic and nematic phases. Nematic phase can transition into isotropic phase by 

increasing temperature of the system. The transition can be demonstrated by various 

methods, including XRD (Scattering arces to amorphous halo), 2H NMR(Doulet 

splittings to singlet splitting) and proton NMR(Jump of chemical shift). 

 

 

Figure 2.21. The DSC curve of phase transitions in liquid crystals. 
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    Madsen et al. reported substantial difference in Tg of PEO obtained from NMR(T1 

relaxation) as compared to DSC.[29] The information obtained from NMR, such as T1, T2, 

quadrupole splitting, indicates “static” properties of materials. Similarly, XRD indicates 

morphology and structure at near zero cooling rates. However, DSC can only provide 

temperature or frequency dependent properties of the LC phases, which is the main 

limitation for the thermal dynamic methods.  

 

2.8.3 Particle Dimension and Transport in Polymer Solutions 

    We can use NMR diffusometry and/or dynamic light scattering (DLS) to study the 

particle or molecule dimension (size) and transport of mobile species in polymer 

solutions. First, I will briefly introduce these two techniques. DLS can be used to study 

the dimension and distribution of particles based on the light fluctuation obtained from 

scattering of particles in polymer solutions. The obtained dimension is the hydrodynamic 

diameter of the particles. The swelling property of particles can also be studied by 

varying the temperature or solution quality in DLS experiments. 

    NMR diffusometry can also be used to study the diffusion coefficient, dimension, and 

distribution of polymer chains in solutions. The diameter of the polymer particle can be 

obtained from the Stokes-Einstein equation as  

                                                          𝐷 = 		𝑘T/6𝜋𝜂,                                                   (2.17) 

where D is the diffusion coefficient of the particle, k is Boltzmann’s constant, T is the 

temperature, η is the viscosity of the solvent medium, and r is the hydrodynamic radius of 

the diffusing particle. The hydrodynamic radius of a particle refers to the solvated radius 

of the particle in specific solvent, which cannot directly represent the real dimension of 
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the particles. The radius obtained from NMR diffusometry should be approximately equal 

to the radius obtained from DLS technique. NMR diffusometry with varying temperature 

and/or solvent quality also allows us to detect the morphological variation of particles in 

polymer solutions.  

 

2.9 Summary 

Understanding both molecular alignment and ion dynamics can increase the freedom 

to design ion-conducting polymeric materials, and thus enhance sustainable energy 

supplies such as battery electrolytes, fuel cells, artificial muscles, and reverse osmosis 

membranes. This chapter has introduced a wide variety of characterization methods and 

associated concepts to study anisotropic polymeric materials.  These methods include 

POM, SEM, WAXD, SAXS and quadrupolar NMR to study orientational order of 

molecules and morphology, DSC, TGA and DMTA to study bulk thermal, stability, and 

mechanical properties, NMR diffusometry to study molecular (including ionic) transport, 

and IS to study the ionic conductivity. 
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Chapter 3 

Molecular Alignment and Ion Transport in Rigid Rod Polyelectrolyte Solutions 

Reprinted with permission from Ying Wang, Jianwei Gao, Theo J. Dingemans, Louis A. 

Madsen, Macromolecules, 2014, 47, 1984 – 2992 © 2014, American Chemical Society 

3.1  Abstract 

Combining molecular alignment with selective ion transport can increase the freedom 

to design ion-conducting polymeric materials, and thus enhance applications such as 

battery electrolytes, fuel cells, and water purification. Here we employ pulsed-field-

gradient (PFG) NMR diffusometry, 2H NMR spectroscopy, polarized optical microscopy, 

and small-angle X-ray scattering to determine relations between counterion transport, 

dynamic coupling of water, and molecular alignment in aqueous solutions of a rigid-rod 

sulfonated-aramid polyelectrolyte -- poly (2,2′-disulfonyl-4,4′-benzidine terephthalamide) 

(PBDT). 23Na PFG NMR on PBDT solutions and simple sodium salt solutions shows 

significantly slower Na+ counterion diffusion in PBDT, providing agreement between 

counterion condensation theory and quantitative transport information. Strikingly, from 

2H NMR spectroscopy we observe that the orientational order parameter of partially 

aligned solvent D2O molecules increases linearly with polymer weight percentage over a 

large concentration range (1.4 wt % to > 20 wt %), while the polymer chains possess 

essentially a large and fixed order parameter Smatrix = 0.76 as observed using both SAXS 

and 2H NMR on labeled polymers. Finally, we apply a two state model of water 

dynamics and a physical lattice model to quantitatively relate D2O spectral splittings and 

nematic rod-rod distance. These studies promise to open new pathways to understanding 
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a range of anisotropic polymer systems including aligned polymer electrolyte membranes, 

wood composites, aligned hydrogels, liquid crystals and stretched elastomers. 

3.2 Introduction 

Rigid rod polyelectrolytes possessing an anisotropic (liquid crystal) phase form the 

basis of a variety of natural biopolymers such as DNA[1], polypeptides[2], tobacco mosaic 

virus[3] and cationic liposomes[3], and also comprise a range of synthetic ion 

functionalized polymers.[4] Here we explore a synthetic sulfonated aramid polyanion, 

poly (2,2′-disulfonyl-4,4′-benzidine terephthalamide) (PBDT),[4,5] shown in Figure 3.1. 

Above a critical concentration C* = 1.2 wt%, this water-miscible system forms a 

lyotropic nematic liquid crystal (LC) and has a high ion density along the polymer 

backbone. Using anisotropic aqueous solutions of PBDT, we investigate alignment of the 

rigid rod polymer chains as well as the dynamic transport and associations of the small 

mobile species present (water and Na+ counterions). PBDT is a sulfonated polyamide 

with multicomponent intermolecular interactions, including π-π interactions between the 

rigid aromatic rings and electrostatic interactions from the ionogenic sulfonate groups, 

thus contributing to the anisotropic interactions underlying the aligned rigid rod structure 

in aqueous solutions.[6] Additionally, hydrogen bonding and the biased rotation of 

benzene rings further influence the self-assembled conformation of PBDT molecular 

chains. In a magnetic field B0, this lyotropic nematic phase reorganizes from a randomly 

distributed polydomain nematic to a monodomain nematic with the alignment axis 

(director) parallel to B0.[7] We seek to understand how such an anisotropic morphology 
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relates to mobile species transport in order to fundamentally design next-generation 

polymeric materials.[8-10]  

 

Figure 3.1. The chemical structure of poly (2,2′-disulfonyl-4,4′-benzidine 

terephthalamide) (PBDT). A rigid rod liquid crystalline polyelectrolyte.   

 

Self-assembled LC polyelectrolyte solutions can be studied by various techniques 

including transmission electric microscopy (TEM), dynamic light scattering (DLS), 

small-angle X-ray scattering (SAXS) and polarized optical microscopy (POM).[11-13] 

However, it is difficult to extract information about transport of mobile species 

(counterions, water), or coupling interactions between the aligned polymer matrices and 

mobile species using the above techniques. Molecular dynamics simulations and NMR 

spectroscopy have previously been utilized to illustrate orientational ordering and 

intermolecular coupling within nematic LC phases.[14],[15] The molecular basis of ordering 

in nematics is commonly attributed to short-range repulsive interactions (excluded 

volume) as being the dominant interactions, but long-range electrostatic interactions, 

including dispersion and dipole-dipole effects, can also be important but have a lesser 

influence on ordering.[14-17] Using a variety of NMR methods, we can detect the 

orientational order of polymer chains, anisotropic coupling of small molecules, oriented 

domain size, and anisotropic transport of various mobile species in polymer membranes 

and solutions.[18-21] These methods represent complementary tools to understand structure, 
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chain conformation, and morphology in aligned polymeric materials, and the influence of 

these structural features on dynamics and transport.  

2H NMR spectroscopy on labeled probe molecules absorbed in anisotropic matrices 

has been widely used to determine ordering in a diverse array of aligned materials 

including liquid crystals,[22] wormlike micelles,[23] intact wood cell walls,[24] stretched 

polymers,[25] and fuel-cell polymer electrolyte membranes.[18,26] Our group has used 2H 

NMR and PFG NMR diffusometry to relate polymer alignment and morphology to 

transport properties and molecular associations on lengthscales ranging from sub-

nanometer to micrometer.[8,18,20,24-26] Here we investigate the diffusion of counterions 

(Na+) in PBDT aqueous solutions via PFG NMR to elucidate counterion condensation 

behavior and relate this concept to ion transport in this system. Additionally, from 

concentration-dependent 2H NMR spectroscopy, we observe a striking linear relationship 

between the degree of alignment (orientational order parameter) of water molecules (D2O) 

and the PBDT polymer weight percentage C in solution. This linear dependence gives us 

insight into the mechanisms that dynamically couple small molecules to an aligned 

matrix, and provides an opportunity to expand our understanding of using 2H-labeled 

probe molecules to quantitatively measure alignment of a surrounding matrix.[10,27-29] 

Finally, we measure the concentration dependence of polymer ordering and water 

ordering using 2H NMR as well as the characteristic rod-rod distance using SAXS. We 

then combine these observations with a physical model based on a simple lattice and 

dynamic exchange of water to comprehend water-polymer coupling and polymer 

morphology in PBDT solutions. This model promises significant new insights into the 

self-assembly of rigid rod LC polyelectrolytes, with implications for, e.g., enhancing 
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anisotropic ion conductivity and mechanical properties in technologically important ionic 

polymer membranes and solutions.[30-33]  

3.3 Experimental 

PBDT Materials: PBDT with Na+ counterions was synthesized by interfacial 

condensation using a synthetic process introduced elsewhere.[6] Intrinsic Viscosity and 

Gel Permeation Chromatography (GPC) were employed to detect the molecular weight of 

the received PBDT samples. The intrinsic viscosity = 10 dL/g using a Ubbelohd Dilution 

Viscometer (Cannon Instrument Company). For GPC measurements, samples were 

dissolved in concentrated sulfuric acid (1 mg/ml) and diluted before column injection. 

The number-average molecular weight Mn, weight-average molecular weight Mw, and 

polydispersity index (Mw/Mn) were 7900, 17300, and 2.2, respectively.  

Selectively deuterated (2H) PBDT polymer: Perdeuterated terephthalic acid monomer 

was employed to produce 2H PBDT bulk polymer, which was utilized to generate the 2H 

NMR spectra in Section 3.4. The molecular weight of 2H PBDT is unspecified. However, 

the intrinsic viscosity is 5 dL/g, which is half that of fully protonated PBDT sample.  

PBDT solutions: PBDT bulk polymer was dried under vacuum at room temperature for 

two days. Aqueous solutions with PBDT weight percentage (wt %) ranging from 1% ‒ 15% 

were prepared by loading the prescribed amount of PBDT and D2O into 5 mm NMR 

tubes. D2O was used as received from Cambridge Isotope Laboratories (~ 99.9%). All of 

the sample tubes were flame sealed immediately to prevent evaporation of water and 

were equilibrated at 80ºC in a water bath for one week to ensure complete dissolution and 

homogenization.  
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PBDT membranes: 0.5 wt % PBDT aqueous solution was prepared by dissolving dried 

PBDT polymer in D2O then holding at 40ºC in an oven overnight. The homogenized 

polymer solution was spread onto plastic petri dishes. After putting the plates in a 

vacuum oven for 2 hours at room temperature, 5 µm thick membranes were carefully 

peeled off from the substrate.  

Isotropic salt solutions: Sodium chloride (NaCl, 99.5%) and sodium 

trifluoromethanesulfonate (NaTriflate, 98%) were purchased from Sigma-Aldrich 

Company and used without further purification. The aqueous solutions of NaCl and 

NaTriflate were prepared similarly with that of PBDT aqueous solutions.  

Comparison rigid rod polyelectrolyte: Poly-L-glutamic acid (PLGA) was purchased 

from Pilot Chemical Co. with Mw = 79000. Aqueous solutions (in D2O) of PLGA were 

neutralized into the Na+ salt form by adding the equal molar quantity of NaOH using 1 N 

solution. The chemical structure of PLGA is included in the supporting information.[34] 

Polarizing Optical Microscopy: A polarizing microscope (Meiji Technology 

MX9430 Japan) and digital camera (Infinity Canon) have been employed to observe the 

LC structure of PBDT solutions and membranes. The aqueous solution and membrane 

samples were sandwiched between glass slides and observed at room temperature. The 

space between two glass slides was maintained at 450 µm using stack of glass coverslips 

as the spacer for the aqueous solution samples. 

2H quadrupole NMR Spectroscopy and PFG NMR Diffusometry: All 2H NMR 

spectroscopy was performed at 25 ± 0.1℃ using a Bruker Avance III 9.4 T widebore 

spectrometer equipped with a 5 mm axial saddle 1H/2H rf coil corresponding to a 2H 

frequency of 61.42 MHz. For 1H PBDT aqueous (D2O) solutions, 2H NMR was carried 
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out using a single π/2 pulse time of 7.5 µs, relaxation delay time of 1 s, and 4 scans per 

spectrum. However, with respect to the 2H-labelled PBDT aqueous solutions, a single π/2 

pulse time of 7.5 µs, relaxation delay time of 0.25 s, and 2000 scans per spectrum were 

employed to generate the 2H NMR spectra. Deuterium quadrupole splittings (ΔνQ) were 

quantified by fitting each spectrum with two Lorentzian peaks using MestReNova 

software. 

PFG NMR is an accurate and convenient technique to quantify diffusion coefficients 

of separate mobile species including anions, cations, and water molecules in hydrophilic 

aggregations of bulk polymer, generally with accuracy and precision errors of < 3%. The 

simple and robust pulsed-gradient stimulated-echo sequence (PGSTE) was applied for all 

diffusion measurements at 25℃ (± 0.1). For Na+ diffusion, the same Bruker Avance III 

WB 400 MHz (9.4 T) NMR was equipped with Diff 60 pulsed-field-gradient diffusion 

probe having a maximum gradient value of 2000 G/cm (at 34 A current) along the Z (B0) 

axis and 5 mm axial saddle 23Na rf coil. The PGSTE sequence used a π/2 pulse time of 

4.5 µs, gradient pulse duration δ of 1 ~ 2 ms, diffusion times Δ of 10 ~ 20 ms (δ and Δ 

depend on water uptake and thus 23Na relaxation times), and the number of scans for each 

step was adjusted from 1 - 64 to ensure good signal-to-noise ratio (SNR). 16 gradient 

steps were applied for each diffusion experiment, and the maximum gradient strength 

was selected to achieve ≥ 90% NMR signal attenuation. All parameters for the gradient 

have been calibrated and optimized as reported earlier.[26],[35] The NMR signal attenuation 

due to diffusion follows the Stejskal-Tanner equation[29] 

                                           𝐼 = 𝐼J𝑒
2�t$�$�$(�2�y)，                                                     (3.1) 
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where I and I0 refer to the spin-echo signal intensity and spin-echo signal intensity at zero 

gradient, respectively. 𝛾  is the gyromagnetic ratio of the nucleus, 𝑔  is the gradient 

strength, δ is the pulse duration time and Δ is the diffusion time. Thus, diffusion 

coefficients (D) of a desired nucleus can be obtained by fitting the experimental I vs. 𝑔 

data using Equation 1. The T1 (inversion-recovery) and T2 (CPMG) values of the solution 

samples are listed in the Table 3.1 for reference, and all diffusion parameters are properly 

selected (Δ < 1.5T1, δ < T2) to ensure sufficient SNR. 

 

Table 3.1. Sample properties and NMR relaxation times. All of the samples were 

dissolved in D2O.  Errors in concentrations are ± 0.5% ×C, and errors in T1 and T2 are ± 

10%. 

Sample 
Name 

Concentration Range 
(wt %) 

(D2O+H2O)/Na+ 

(Mole ratio) 
T1(ms) 
(Na+) 

T2(ms) 
(Na+) 

PBDT 
PLGA 

1.0% ~ 15.4% 
0.4% ~ 6.4% 

68 ~ 1234 
44 ~ 1088 

13 ~ 30 
15 ~ 36 

12 ~ 24 
10 ~ 33 

NaCl 1.3% ~ 28.6% 7 ~ 228 31 ~ 47 33 ~ 46 
NaTriflate 2.3% ~ 14.2% 52 ~ 357 31 ~ 48 27 ~ 37 

  

 

Small Angle X-ray Scattering (SAXS): All SAXS experiments were operated on a 

Rigaku S-Max 3000 pinhole SAXS system, equipped with a copper rotating anode 

emitting X-rays with a wavelength λ of 0.154 nm (Cu Kα) and a sample-to-detector 

distance of 1600 mm. The relationship between pixel width and scattering vector q was 

determined by calibrating a silver behenate standard sample. PBDT aqueous solutions 

with concentrations from 0.94% to 5.0% were sealed in capillaries with 1.5 mm diameter 

and 0.01 mm wall thickness. Before the SAXS measurements, the capillaries with 
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polymer solutions inside were placed axially along in the field of a 7.1 T (300 MHz) 

NMR magnet to achieve uniaxial alignment. Then the capillaries were placed 

horizontally in the SAXS sample chamber with zero magnetic field. All 2D SAXS 

patterns were analyzed by SAXSGUI software package (Rigaku Innovative Technologies, 

Inc) to generate the integrated SAXS intensity I(q) as a function of scattering vector q, 

where 𝑞 = '(fo� g
Q

. The angle θ refers to one half of the total scattering angle.  

 

3.4 Results and Discussion 

3.4.1 Nematic Phase Transitions and Phase Separation in PBDT Solutions 

Here, POM and 2H NMR spectroscopy are combined to explore the isotropic-nematic 

phase transition as well as the phase separation behavior of PBDT aqueous solutions. 

From POM images, the homogeneous dark blue view observed at 1.0 wt % (Figure 3.2a) 

indicates the isotropic phase of PBDT aqueous solution. The Schlieren texture in Figure 

3.2b shows the induced nematic LC phase when concentration C ≥ 1.8%. When 1% < C 

< 1.8%, a liquid-liquid phase separation occurs in the NMR sample tubes. The upper 

(nearly) isotropic phase in the NMR tube of 1.2% PBDT solution sample is pipetted out 

and observed under POM (Figure 3.2c), which shows ~ 100 𝜇m birefringent LC droplets 

with Maltese crosses. Meanwhile, the lower LC phase (Figure 3.2d) displays the 

Schlieren texture of a nematic LC. This overlapping phase transition was studied by 

Gong el al. through POM.40 They employed the solvent evaporation method and observed 

the isotropic-nematic transition at the air-liquid surface of the PBDT polymer solution. 

With increasing polymer concentration, the relative smaller LC droplets (Figure 3.2c) 

coarsen to form larger LC droplets, which are finally dragged and absorbed into the 
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nematic LC phase.40 This specific phase separation is also observed by 2H NMR 

spectroscopy. 2H NMR spectra of adsorbed D2O probe molecules with doublet splittings 

(two line spectra) are commonly seen in liquid crystal, stretched polymer membranes, 

polymer fibers and anisotropic phase separated membranes.[8,18,26] The doublet splittings 

originate from anisotropic coupling interactions between solvent molecules and aligned 

polymer matrices. As shown in Figure 3.2e, the singlet peak in the D2O spectrum for 1.0% 

PBDT solution corresponds to the pure isotropic phase. However, when the concentration 

increases to 1.2%, we observe three lines in the spectrum. In order to assign these three 

peaks, the upper phase was pipetted out and its 2H NMR spectrum shows a singlet peak, 

whereas, the bottom phase shows a doublet. Thus, we conclude that the spectrum 

originates from the coexistence of the bottom pure nematic LC phase (doublet peak) and 

the upper pure isotropic phase (singlet). As the concentration increases to ≥ 1.8%, the 

nematic LC phase exists throughout the polymer solution, and only a doublet appears. 

The biphase region including the upper isotropic phase and the bottom nematic LC phase 

in certain concentration ranges is commonly seen in many other liquid crystalline 

polymers.[36] However, the concentration range is variable and closely relates to the 

molecular weight of polymer, which can be further verified by the 2H NMR results on 2H 

labeled PBDT with lower molecular weight (Section 3.4.4 below).  Note that we expect 

this phase separation behavior to follow a “lever rule” as in the case of gas-liquid 

equilibria, but this will require further study for this system.  
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Figure 3.2. POM images for PBDT aqueous solutions. With concentration C of (a) 1.0% 

and (b) 1.8%. (c) Nematic LC droplets with Maltese cross observed in the upper 

transparent phase pipetted from 1.2% solution. (d) Nematic Schlieren texture for the 

bottom translucent LC phase of 1.2% solution. (e) 2H NMR spectra for 1H PBDT aqueous 

solutions with C = 1.0%, 1.2% and 1.8%. Errors in polymer concentrations are ±0.05% 

×C.  

 
In addition to PBDT aqueous solutions, the LC texture was also observed in PBDT 

membranes. Figure 3.3 shows POM images of PBDT membrane formed on a petri dish. 

The observed Schlieren texture confirms that the nematic phase is preserved in the solid 

state.[11] The conformation of the PBDT molecular chains can be easily influenced by the 

substrate and other environmental conditions. Studying the alignment and morphology of 

polymer chains and the coupling interactions between solvent probe molecules and 

polymer backbones promotes better control of conformational alignment in the polymer 

membrane, which is essential to develop novel functional polymer membranes with 

ordered pathways. 
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Figure 3.3. POM images for PBDT membrane formed on petri dishes. With 

magnifications of (a) 400 X and (b) 100 X (Crossed polars).   

 
 
3.4.2 Counterion Condensation and Ion Transport in PBDT Solutions 

Besides the lyotropic LC properties of PBDT aqueous solutions, the status of Na+ 

counterions in PBDT aqueous solutions can also affect the polyelectrolyte 

conformation.[37,38] According to the counterion condensation theory by Manning et al,[37] 

the counterions tend to tightly associate with the ionogenic groups of the polymer when 

the charge parameter 𝜉 of the polyelectrolyte molecular chain is larger than 1. The charge 

parameter can be expressed as  

                                                𝜉 = #$∗&
'()*)+,-.

,                                                                (3.2)                         

where 𝜎 is the charge value and α the number of ionogenic sites per chemical repeat 

unit.[31,37-39] ε0 and εr are absolute and relative dielectric constants. l is the length of 

chemical repeat unit. k is the Boltzmann constant. This theory is based on a rigid rod 

polyelectrolyte with equally spaced charges that smear out continuously along the 

polymer chain. Here, we can generate two results of 𝜉 based on the theory. (1) When the 

two sulfonated groups per chemical repeat unit of PBDT are considered as one unit, since 



82 
 

the distance between the two sulfonate groups is very close, then 𝜎 = 2e (e is the unit 

charge value), α = 1 (half the number of sulfonate groups per chemical repeat unit) and l 

= 1.6 nm. Substituting these parameters in Equation 3.2, we obtain 𝜉 = 1.78 > 1. (2) 

When the two sulfonate groups are considered as equally distributed in one chemical 

repeat unit, thus 𝜎 = e, α = 2, l = 1.6 nm, then 𝜉 = 0.89 < 1. In light of these two 

calculations, it seems that the counterion condensation theory cannot unambiguously 

describe the condensation behavior of Na+ ions in PBDT. However, according to the 

calculation from Section 3.5 below, we propose the possibility that two PBDT molecules 

tend to assemble together to form the nematic LC mesogens, so the calculated results 

become (1) 𝜉 = 3.56 (𝜎 = 2 e, α = 2) and (2) 𝜉 = 1.78 (𝜎 = e, α = 4). Both results with 𝜉 > 

1 support the idea that the Na+ ions tend to condense on the PBDT polymer chains. For 

comparison, the charge parameter for the rigid rod polyelectrolyte poly-L-glutamic acid 

(PLGA) is calculated to be 𝜉 = 2.4.  

In order to further explore counterion condensation and the proposed supramolecular 

dimerization, we also employed 23Na PFG NMR to measure the diffusion coefficient of 

Na+ ions (DNa+) directly in PBDT aqueous solution. We note that all of these diffusion 

results are along the Z direction that is parallel with the magnetic field and the director of 

the PBDT nematic phase. Figure 3.4 (blue dots) shows that DNa+ does not change much 

with respect to the wide range of PBDT polymer weight percent. The maximum DNa+ 

occurs at ~ 2%, where the nematic phase is fully formed. Apparently, the alignment of 

the polymer chains promotes diffusion of Na+ ions along the rigid rod chains in the 

nematic LC phase. For comparison, we measured DNa+ in PLGA, NaCl and NaTriflate 

aqueous solutions using the same PFG NMR experiments at 25℃. From Section 2.4.1 
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results, we know that the nematic LC phase starts to form when C > 1%, so DNa+ for 

PBDT concentration ≤ 1% refers to the diffusion of Na+ in the isotropic polymer solution. 

Also from Figure 4, DNa+ in 1% PBDT (~ 6.5×10-10 m2/s) is 60% of DNa+ in NaCl (red 

dots) and in NaCF3SO3 (black dots) (~ 1.1×10-9 m2/s) dilute aqueous solutions with water 

uptake > 300, whereas, DNa+ is similar to that of PLGA sodium salt aqueous solutions 

(yellow dots). “Water uptake” refers to the mole ratio of (D2O + H2O) and Na+. Above all, 

the results from PFG NMR display that Na+ ions tend to condense on the PBDT polymer 

chain because of the comparably smaller DNa+, which is consistent with the counterion 

condensation theory described above. The chemical structure of poly-L-glutamic acid 

(PLGA) is shown in Figure 3.5. Figure 3.6 shows the 23Na spectra for PBDT, NaCl, 

NaTriflate, and PLGA aqueous solutions. Figure 3.7 shows the Normalized signal 

amplitudes (I/I0) of stimulated echo decays vs Stejskal-Tanner parameter b (Equation 3) 

for aqueous solutions of PBDT, PLGA, NaCl, and NaTriflate with different water uptake 

λ. Solid symbols indicate the experimental signal decay. The solid lines are linear least 

squares one-component fits for the experimental data with detailed results summarized in 

Table 3.2.                 
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Figure 3.4. Na+ diffusion coefficients (DNa+) in various aqueous solutions. DNa+ of PBDT, 

PLGA, NaCl and NaTriflate aqueous solutions in D2O as a function of mole ratios of 

(D2O + H2O) : Na+ (also D2O : SO3
-). The labels on the blue dots represent the polymer 

concentrations (wt %). Polymer concentration errors in solution samples are ± 0.5% ×C, 

and in D values are ± 3%. 

 
 

Figure 3.5. The chemical structure of PLGA. 1M NaOH aqueous solution was used to 

transform H+ form PLGA into Na+ form PLGA.  
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Figure 3.6. 23Na spectra for aqueous solutions of PBDT, NaCl, NaTriflate, and PLGA 

with different water uptake λ. λ is defined as the mole ratio (D2O + H2O):Na+ (same as 

D2O:SO3
-). 

 
 

Figure 3.7. Normalized signal amplitudes (I/I0) of stimulated echo decays vs Stejskal-

Tanner parameter b for aqueous solutions of PBDT, PLGA, NaCl, and NaTriflate with 

different water uptake λ. The expression of  b is shown as follows in Equation 3.3. 
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                    	b = γC𝑔C𝛿C Δ − Á
W

 ,                                           (3.3) 

 

Table 3.2. The fitting results of Na+ diffusion coefficients are listed in the table. The 

maximum diffusion rate for Na+ in simple salt solutions is around 10.60×10-10, which is 

only 30% faster than Na+ ions diffuse in aqueous solutions of PBDT and PLGA with 

similar water uptake λ.  Errors in D are ±3%. 

Solutions λ D 10-10 (m2/s) 
1 wt% PBDT 1234 6.55 

PLGA 1137 7.70 
NaCl 7 6.92 

NaTriflate 357 10.56 
NaCl 894 10.60 

 
 

3.4.3 Coupling and Alignment of Probe Molecules in PBDT Solutions 

We further quantify the orientational order of solvent D2O in PBDT aqueous solution 

as a function of the polymer concentration using 2H NMR spectroscopy. The interaction 

between the deuterium electric quadrupole moment and the electric field gradient of the 

O-D bond contribute to the doublet splitting (two lines) in the deuterium  spectrum.[27] 

The quadrupole splitting for a uniaxially symmetric phase (ΔνQ), defined as the distance 

between the doublet peaks, is expressed as  

																									∆𝜈U = 𝑄a𝑆b2c	(
Wdef$g23

C
) = 𝑄a𝜌𝑆ijklmn(

Wdef$g23
C

),                           (3.4) 

where 𝑄a  is the quadrupole splitting (≈ 255 kHz) for D2O molecules for the situation 

where all O-D bonds are perfectly aligned with B0. SO-D is the ensemble average 

orientational order of the O-D bond with respect to the aligned hydrophilic polymer 

domain or matrix. θ is the angle between the director of polymer hydrophilic domains 
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and the spectrometer field B0. Smatrix refers to the orientational order of the polymeric LC 

matrix. The scaling factor 𝜌 represents the coupling interaction between deuterium probe 

molecules and the hydrophilic region in polymer aqueous solutions. 𝜌 is often relatively 

insensitive to temperature in oriented systems, whereas, it is highly sensitive to the water 

uptake of the system.[24-26,40] 

In general, rigid rod PBDT and similar nematic LC molecules have positive magnetic 

susceptibility anisotropy Δ𝜒 = 𝜒⊥- 𝜒∥ > 0, indicating that the PBDT molecules align 

parallel with an applied magnetic field (cosθ = 1).[22] In this case, the hydrophilic 

domains of PBDT aqueous solutions refer to the integration of the sulfonate (hydrophilic) 

groups on polymer chains and the water solvent present between the polymer chains. 

Here we explore water-polymer coupling interactions based on concentration-dependent 

2H NMR on PBDT solutions. Figure 3.8a shows the D2O quadrupole splittings ΔνQ for 

PBDT aqueous solutions as a function of C. Clearly ΔνQ increases with C. By fitting the 

doublet spectra and plotting ΔνQ vs. C (Figure 3.8b), we observe a remarkably linear 

dependence of ΔνQ on C over a wide concentration range from 2.0% to 15.4%. Using 

Equation 3, we can simply derive the proportionalities ΔνQ ∝ SO-D ∝ C, which can give 

useful physical insights into this anisotropic polyelectrolyte system. 
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Figure 3.8. Doublet splitting as a function of PBDT polymer weight percent. (a) 2H 

NMR spectra for PBDT in D2O with concentration C from 1.0% to 15.4%. When C ≤ 1%, 

the 2H spectrum shows a singlet peak, but when C ＞ 1%, the spectra show a doublet 

indicating uniform alignment of the liquid crystalline solution. (b) Quadrupole splitting as 

a function of polymer weight percent. Errors in ΔνQ are ± 2% 

 
What are the critical factors hidden behind this simple linear relationship? We draw 

key conclusions as follows: (1) The observed quadrupole splittings arise from anisotropic 
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coupling of D2O molecules to hydrophilic sites on the PBDT chains, including sulfonate 

groups and amide groups. This anisotropic coupling refers to specific O-D bond 

orientations that must fit into the anisotropic cavity or shape formed by the hydrophilic 

aggregations of the polymer matrix. Equivalently, we can say that the O-D bonds form 

particular coordinations with the polymer chain moieties. These “associated” water 

molecules exchange with freely rotating water on sub-𝜇s timescales.  (2) SO-D is 

increasing linearly with C, which indicates that the water molecules probabilistically 

couple with the polymer chain sites, while the number of freely rotating water molecules 

is varying linearly with water content. (3) We can propose the following quantitative 

model in Equation 3.5. Considering the molecular repeat unit of PBDT, we specify the 

number of hydrophilic groups per chemical repeat unit (N). The total collision frequency 

(p) between water molecules and hydrophilic sites within the rigid rod repeat unit volume 

(Ve) is constant and independent of C for a given experimental time period and for this 

range of C. Ve is the total volume (in solution) of the rigid rod repeat unit, including the 

D2O molecules surrounding the rodlike nematic repeat unit. From the 2H NMR splitting 

dependence we can introduce EC, the overall anisotropic coupling of D2O per Ve, which is 

proportional to C. 

                                                𝐸X =
(Ä∗Å∗Æ)
ÇÈ

= 	𝑎	𝐶                                                  (3.5) 
κ is the average individual coupling interaction factor between one water molecule and 

the hydrophilic groups. We usually assume that this temperature dependent (kT) 

intermolecular orientational coupling factor ( κ ) is independent of polymer 

concentration.[41] Thus, the volume of the chemical repeat unit (Ve) decreases with 

increasing C (Ve ∝ C-1) based on the invariants N, p, and κ. We will compare this picture 
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with the physical model of PBDT aqueous solutions derived in Section 3.5 below. 

Significantly, this highly ordered LC polymer system provides an opportunity to further 

study the general phenomena of dynamic coupling between water molecules and 

hydrophilic groups in oriented systems.[27,28] Furthermore, we can begin to understand 

physically how 2H NMR “probe molecule” measurements of order (here, SO-D) 

quantitatively relate, through the coupling parameter 𝜌, to the order parameters of the 

host oriented matrix (Smatrix).[24,25,27,28,40] 

3.4.4 Polymer Chain Alignment Investigated by SAXS and 2H NMR  

We have also characterized the alignment of PBDT chains directly by two-

dimensional (2D) SAXS and 2H NMR of selectively 2H-labeled PBDT. Figure 3.9a 

shows the SAXS patterns as a function of PBDT concentration C after being aligned in a 

7 T magnetic field. The isotropic SAXS pattern for 0.94% shows a diffuse outer ring of 

maximum intensity at the scattering vector q = 0.054, which we attribute to the scattering 

due to the average chain-chain distance. With increasing C, the induced two-spot pattern 

indicates formation of the nematic LC phase and strong uniaxial alignment. q shifts from 

0.054 to 0.12 as the concentration increases from 0.94% to 5.0%. The characteristic 

length (ζ) of the polymer solutions (interchain distance) can be estimated through the 

relationship ζ = 2π/q. The diminishing of ζ with respect to C (Table 3.3) will be revisited 

in Section 3.4.5, in relation to the key 2H NMR result on water (Ve ∝ C-1). To quantify the 

alignment degree of the polymer chains, we extracted the Herman’s orientation function f, 

also known as the polymer orientational order parameter (Smatrix), through fitting the 

azimuthal SAXS profiles.  Here,	𝑓 = W def$� 23
C

, where χ is the azimuthal angle from χ1 = 

0° to χ2 = 180, and the average of cos2χ is[40] 
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                             𝑐𝑜𝑠C𝜒 =
Z � def$�fo��$

��
���

Z � fo��$
��

���
.                                                        (3.6) 

As shown in Table 3.3, f increases with C from 0.94% to 5.0%, and plateaus when C ≥ 

2.9%.   

2H NMR spectroscopy provides a complementary measurement of Smatrix. Figure 3.9c 

shows 2H NMR spectra for labeled 2H PBDT aqueous solutions from C = 1.9% to 5.2%. 

The biphase region (coexistence of doublet peak and singlet peak) for 2H PBDT solutions 

is broader for these samples (C from 3.0% to ＞ 5.2%). The critical concentration C* for 

pure nematic formation in the labeled PBDT compared to the 1H PBDT likely originates 

from the lower molecular weight of 2H PBDT, as observed in the 50% lower intrinsic 

viscosity compared to 1H PBDT. We calculate Smatrix from	∆νU = 𝑄a𝑆ijklmn
W ÌÍÎÏ$23

C
, 

where β is the average angle between the C-D bond on terephthalic acid and B0. We 

assume β = 60° with the PBDT molecular chains aligned with B0 and 𝑄a = 255 kHz.[42,43] 

Table 2 shows the NMR splittings and Smatrix results. The NMR order parameters match 

those from SAXS to well within errors, and similarly Smatrix from NMR also plateaus 

when C ≥ 3.0%. Thus we conclude that Smatrix is invariant above the critical concentration 

C*.  

Table 3.3. Sample parameters, observed quantities, and Smatrix from both SAXS and 2H 

NMR. (Errors in polymer concentrations are ± 0.5%×C, scattering vectors are ± 3%, 

Herman’s orientation function f are ± 5%, and NMR splittings are ± 5%.) 

SAXS 2H NMR 

Polymer 
Concentration 

(wt %) 

Scattering 
Vector 
q(Å-1) 

Characteristic 
Length 
(nm) 

Smatrix 
(Hermans’s 
Orientation 
function f) 

Smatrix 
 

Polymer 
Concentration 

(wt %) 

ΔνQ 
(Hz) 
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0.94% 0.054 12 N/A N/A N/A N/A 
2.0% 0.078 8.1 0.61 N/A 1.9% N/A 
2.9% 0.093 6.8 0.76 0.74 3.0% 23437 
4.0% 0.10 6.0 0.79 0.76 4.1% 24315 
5.0% 0.12 5.4 0.79 0.77 5.2% 24505 

      

Additionally, SAXS reveals the strong and persistent alignment properties of PBDT 

solutions, including the influence of a magnetic (B0) field. Figure 3.9b shows SAXS 

results for 3.0% PBDT solution in a 1.5 mm OD capillary before (right) and after (left) 

alignment in B = 7 T.  Surprisingly, the sample acquires bulk alignment (Smatrix ~ 0.58) 

simply due to interaction with the anisotropic (cylindrical) sample container (Figure 6b, 

left). Furthermore, the strong monodomain orientational order induced by the B field is 

maintained for > 24 hrs after removal from the field (Figure 3.9b, right). This long term 

stability of orientational order must originate from the high effective aspect ratio of the 

(rigid rod) polymer chain, which has a long persistence length that prohibits flexibility of 

PBDT polymer chains. This rigid rod nature propagates into the LC phase in the form of 

very large natural aligned LC domain sizes (~ 1 mm), requiring only tiny external 

interactions to produce monodomain alignment. 
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Figure 3.9. SAXS for magnetically aligned PBDT aqueous solution and 2H NMR spectra 

for 2H PBDT. (a) SAXS patterns for PBDT aqueous solutions aligned remotely in NMR 

spectrometer 7 T magnetic field from C = 0.94% to 5.0%. (b) SAXS results for 2.9% 

solution before (left) and after (right) alignment in the B0 field. (c) 2H NMR spectra for 

2H PBDT aqueous solutions from 1.9% to 5.2%.  
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3.4.5 Physical Lattice Model for PBDT Aqueous Solutions 

Here we present a physical lattice model to aid in understanding the morphology of 

PBDT aqueous solution in the nematic phase, shown in Figure 3.10a. Blue lines 

represent the rigid rod PBDT chains, building up the nematic LC phase. Green Na+ 

counterions, tend to condense around the PBDT sulfonate groups. D2O molecules are 

dispersed in the solution, including orange freely rotating molecules and purple hindered 

water molecules. Water molecules interchange rapidly between freely rotating molecules 

and hindered water molecules. Each water molecule experiences collisions with PBDT 

molecules on ps – ns timescales and samples essentially all possible configurations 

during the experimental timescale (1/ΔνQ ~ 1 ms). In other words, all of the water 

molecules are “partially hindered” (in a time average) on the experimental timescale of 

the 2H NMR spectral splitting.[18,25,27] By assuming that the rigid rods form a hexagonal 

phase (Figure 3.10b) and using a simple lattice model calculation, we can estimate the 

rod-rod distance (r) using  

                               𝑉 PBDT + DCO = Ó(Ô|cÕ)
�(Ô|cÕ)

+ Ó(c$b)
�(c$b)

= 𝑁 ∗ 𝑉×,                                (3.7) 
 
                    		𝑉× = 𝑉f�Ø�×� = 2× 3

C
×𝑟× W

C
𝑟×𝑙 repeat	unit 	~	𝑟C,                                 (3.8) 

 
where the density of PBDT bulk polymer 𝑑(PBDT) = 1.565 g/cm3, and 𝑑(DCO) = 1.11 

g/cm3 and the chemical repeat unit length 𝑙 repeat	unit  = 1.6 nm. 𝑉 PBDT + DCO  is 

the total volume of the polymer solution. 𝑚 PBDT  and 𝑚(DCO) are the mass of polymer 

and solvent in solution, respectively. 𝑁 = Ó(Ô|cÕ)
Û(Ô|cÕ)

× 3
�
	 refers to the number of nematic 

rigid rod repeat units with a length of l, 𝑀(PBDT) is the molar mass of the PBDT repeat 

unit, and n is the number of PBDT molecule chains per nematic rigid rod. n allows for the 
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idea that multiple chains may aggregate to form one rod, which we discuss further below. 

Ve is the total volume of the nematic rigid rod repeat unit including its surrounding water 

molecules with the cross section shown in the shaded region in Figure 7b. Note that each 

nematic rigid rod occupies two triangle areas. 

By assuming n = 1, 2 or 3, we calculate three curves in Figure 3.11a based on the 

model in Figure 3.10 along with Equations 3.7 and 3.8. From comparison of the three 

calculated curves, the model that assumes two PBDT molecules assemble to form the 

nematic rigid rod bundles (blue line) fits well with the SAXS data, with a difference ≤ 

10%. The observed underestimate of r by this model sensibly originates from the 

assumed perfect hexagonal physical lattice, which will have approximately 10% smaller 

rod-rod distance than the nematic system,[44] which is less ordered and thus the chains 

will be further separated. Based on our SAXS measurements and lattice model, we 

propose that a double helix structure for PBDT in solution, formed by two PBDT 

molecules, may serve as the rigid rod building block (mesogenic unit) in the nematic LC 

phase. PBDT chains associate into supramolecular bundles in solution has been implied 

by TEM and cryo-TEM measurements on samples dried or frozen from nematic.[3,45] We 

are further investigating this indication of double helix formation, which has implications 

for control of supramolecular ordering in a range of synthetic polymers. 
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Figure 3.10. Physical lattice model for PBDT aqueous solutions. (a) Water molecules 

and PBDT chains forming an aligned hydrophilic phase. Blue lines represent aligned 

nematic rigid rod polymer chains, orange molecules are freely rotating water molecules, 

and purple molecules are momentarily hindered water molecules (coordinated on 

nanosecond timescales). (b) Hexagonal lattice model for nematic phase. The left picture 

shows the top view of the lattice model. The line-shaded region represents the excluded 

volume Ve per rigid rod chain repeat unit. The right picture shows an oblique view of the 

lattice model. l = 1.6 nm is the chemical repeat unit length and r is the average distance 
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between two rods. Orange D2O molecules are dispersed within the aligned PBDT 

polymer matrix. 

 

 

Figure 3.11. The calculated results of rod-rod distance in the proposed model as 

compared to the experimental results from SAXS. (a) Rigid rod distance as a function of 

polymer weight percent. The solid curves are calculations corresponding to the number of 

PBDT chains representing the nematic phase building block, encompassing: one 

dissociated chain (black line), two coupled PBDT molecules (blue lines), or three coupled 
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PBDT molecules (orange line). SAXS results are shown as green points and the green 

line is a two-parameter fit using C0.5 dependence plus an intercept representing the rod 

distance at zero hydration. (b) Rigid rod distance vs. water alignment SO-D (black triangle). 

The black line shows the nonlinear least-squares fit using the r ∝ SO-D
-0.5 dependence.  

 
Figure 3.11a shows that the rod-rod distance observed using SAXS decreases with 

increasing polymer concentration, and this experimental curve fits well using the relation 

r ∝ C-0.5. Since D2O molecules are also increasingly confined and ordered as rod-rod 

distance decreases, we can combine the results from 2H NMR spectroscopy (Section 

2.4.3), where we observe Ve ∝ C-1, with the scaling relation Ve ∝ r2 from Equation 3.8 to 

understand the origin of the scaling r ∝ C-0.5. In other words, the volume of the hydrated 

oriented (cylindrical) repeat unit is inversely proportional to the polymer concentration.  

In Figure 11b, we can also fit the rod-rod distance as a function of D2O NMR 

splittings using the proportionalities ΔνQ ∝ SO-D ∝ C to derive the following equation that 

relates r to the O-D bond order parameter SO-D.  

                                                           r = c (SO-D)-0.5 + d                                                (3.9) 

We briefly discuss the physical meanings of the parameters c and d as follows. When SO-

D = 1 (all O-D bonds are perfectly aligned with B0), the rod-rod distance r = c + d = 0.68 

nm, which may be considered as the minimun average hard-sphere distance between two 

rigid rods. We note again here that each rod may consist of a double helix dimer. The 

constant c = 0.083 nm  relates to the interaction between the polymer matrix and water 

molecules, and can be considered as the proportion of the rod-rod distance on average 

occupied by the water molecules at the physically relevant value SO-D = 1 (perfect 

ordering). Using these experimentally supported dependencies, we expect to extend such 
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domain distance vs. orientational order relationships (r ∝ SO-D
-0.5) to investigations of 

other polymer systems containing nanostructured assemblies and labeled probe molecules.  

3.5 Conclusions 

We have investigated the ion transport and molecular alignment properties of rigid 

rod polyelectrolyte solutions using an array of multi-modal NMR, POM, and SAXS 

analyses. From concentration-dependent 2H NMR spectroscopy, we observe a 

proportional relationship between the orientational order of D2O solvent SO-D and the 

polymer weight percentage C. We also apply a two state model of water dynamics and a 

lattice model to expose a relation between the D2O spectra and nematic rod-rod distance 

(r ∝ SO-D
-0.5). This result extends our fundamental understanding of how probe molecule 

(e.g., water) ordering relates quantitatively to polymer matrix ordering. Through PFG 

NMR diffusometry and counterion condensation theory, we see significantly smaller 

diffusion coefficients of Na+ counterions in PBDT solutions compared to other (isotropic, 

small ion) Na+ salt solutions, indicating that Na+ ions tend to condense on PBDT polymer 

chains. From analysis and comparison of SAXS results, 2H-labeled PBDT NMR, and the 

lattice model, we further suggest that two PBDT molecules self-assemble into a double 

helix to serve as the mesogenic unit of the nematic LC phase. This proposal requires 

further investigation, but could have significant implications for understanding and 

controlling supramolecular ordering in synthetic polymer.  

Studying the alignment properties and ion transport in these ionomers will help to 

generate functional materials with ordered hydrophilic aggregations for use in various 

fields including, polymer electrolyte membranes (PEMs),[32,46] reverse osmosis 

membranes,[47] and anisotropic hydrogels.[45] Aligned hydrophilic domains in 
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macromolecular systems can be achieved by selectively applying mechanical 

stretching,[18,40] casting schemes (using substrate surface effects and/or 

capillary/evaporation forces),[20,25,26] magnetic[48-50] or electric fields[51]. However, in most 

cases relevant to applications, the degree of alignment achieved is small or in the wrong 

direction for ion conduction. At present, we are producing uniformly aligned PBDT 

aqueous solutions up to 50 wt % by evaporating solutions in a magnetic field.  In the 

future, we expect to achieve PBDT and PBDT-inspired membranes with conductive 

pathways strongly oriented through the membrane plane for enhanced ion and water 

transport in a range of applications. 
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Chapter 4 

Double-Stranded Helical Conformation in PBDT Polyelectrolyte Solutions 

4.1 Abstract 

A synthetic sulfonated aramid polyanion, poly-2,2′-disulfonyl-4,4′-benzidine 

terephthalamide (PBDT), shown in Figure 4.1a, is a water-miscible system. PBDT forms 

a lyotropic nematic liquid crystal (LC) above a critical concentration C* = 2% and has 

high ion density along the polymer backbone.[1] We have described a basic understanding 

of the morphology of the PBDT aqueous solutions in previous publications.[2] Herein, we 

will further describe a number of similarities between PBDT and DNA molecules in 

order to demonstrate the double helical conformation of this rigid-rod polyelectrolyte. 

Understanding the similarities between these two systems lays foundation for better 

applications of PBDT aqueous solutions in various aspects.  

4.2 Introduction 

The double-stranded helical conformation of DNA molecules, serves as the storage 

and transfer of genetic information for life, has been discovered for decades.[3,4] Potential 

applications of helical polymers involve not only enantioselective and asymmetric 

catalysts for chemical reactions, but also novel scaffolds and templates for 

supramolecular self-assembly.[5,6] The overwhelming importance of helix has encouraged 

chemists to construct multi-strand helical molecules. Over the previous decades, 

discoveries of single-strand helical macromolecules are not rare, however, only a few 

structural motifs for double helical oligomers, such as peptide nucleic acids[7], 

amidinium-carboxylate salt bridges[8-10], aromatic oligoamides[11] and coordination 

polymers[12-14], have been reported.  The most widely used approaches to build double-
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stranded helix include metal-directed self-assembly (ligand-containing) and hydrogen-

bonding-driven self-assembly (interstrand hydrogen-bonding and aromatic-aromatic 

interactions).[10,15] However, synthetic polymers with double helical conformations are 

still seldom reported other than isotactic poly(methyl methacrylate) (it-PMMA) and self-

assembled oligomers.[16,17] Herein, we describe an aromatic sulfonated polyamide that 

elaborately possesses the double helical conformation as compared to DNA molecules. 

The demonstration is a complementary verification from X-ray diffraction, 23Na NMR, 

and molecular dynamics simulation.  

4.3 Experimental  

PBDT solutions. PBDT bulk polymer was dried under vacuum at room temperature 

for 2 days. Aqueous solutions with PBDT weight percentages (wt%) ranging from 4 to 20% 

were prepared by loading the prescribed amount of PBDT and D2O into 5 mm NMR 

tubes. D2O was used as received from Cambridge Isotope Laboratories (∼99.9%). All of 

the sample tubes were flame-sealed immediately to prevent evaporation of water and 

were equilibrated at 80 °C in a water bath for 1 week to ensure complete dissolution and 

homogenization.  

23Na NMR: The Bruker Avance III WB 400 MHz (9.4 T) NMR was equipped with a 

5 mm axial saddle 23Na rf coil. A simple 90° r.f. pulse was applied for all measurements 

at 25℃.	 

X-ray Diffraction (XRD): The X-ray experiments were carried out on a Rigaku 

Oxford Diffraction Xcalibur Nova Single-Crystal Diffractometer equipped with an Onyx 

CCD detector and a Cu microsource operating at 49.5 kV and 80 mA at room 

temperature. The 20% PBDT aqueous solution was sealed in a capillary with 1.5 mm 
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diameter and 0.01 mm wall thickness and mounted on the edge of a steel pin. The sample 

to detector distance was 120 mm, providing the data at a scattering angle 2θ from 5° to 

34°.  The capillary was oriented at a 45° angle relative to the beamstop in order to 

minimize beamstop interference in the diffraction patterns. The sample was rotated 2° in 

phi (i.e. along the fiber axis). For each sample, a total of 200 images with 1200 s 

exposure time was collected and summed to increase signal-to-noise. The software 

CrysAlisPro (v1.171.37.35, Rigaku Oxford Diffraction, 2015, Rigaku Corporation, 

Oxford, UK) was used for data collection and analysis.  

Small-Angle X-ray Scattering (SAXS). All SAXS experiments were operated on a 

Rigaku S-Max 3000 pinhole SAXS system, equipped with a copper rotating anode 

emitting X-rays with a wavelength λ of 0.154 nm (Cu Kα) and a sample-to-detector 

distance of 1600 mm. The relationship between pixel width and scattering vector q was 

determined by calibrating with a silver behenate standard sample. PBDT aqueous 

solutions with specific concentrations were sealed in capillaries with 1.5 mm diameter 

and 0.01 mm wall thickness. Before the SAXS measurements, the capillaries containing 

polymer solutions were placed axially along the field of a 7.1 T (300 MHz) NMR magnet 

to achieve uniaxial alignment. Then the capillaries were placed horizontally in the SAXS 

sample chamber with zero magnetic field. All 2D SAXS patterns were analyzed by the 

SAXSGUI software package (Rigaku Innovative Technologies, Inc.) to generate the 

integrated SAXS intensity I(q) as a function of scattering vector q, where q = (4π sin θ)/λ. 

The angle θ refers to one-half of the total scattering angle. 

MD simulation：The simulations of the polymer chains in gas were all done with 

CM3D. The force field was the Assisted Model Building with Energy Refinement 
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(AMBER), which is often used for simulating proteins and DNA. Periodic boundary 

conditions (PBC) were used for all simulations and a Nose-Hoover thermostat was used 

for simulations with a constant temperature. 

4.4 Results and Discussion 

4.4.1 Real X-ray Diffraction versus Simulated Diffraction Results   

X-ray diffraction technique is commonly used to illustrate the crystalline or semi-

crystalline structure of small molecules, proteins and macromolecules. In 1953, the DNA 

double helical configuration was firstly proposed by Watson and Crick[3,4] based on the 

unique X-ray diffraction patterns on DNA fibers. Here, we also employed X-ray 

diffraction technique to study the packing structure and morphology of PBDT aqueous 

solutions. Since it is difficult for us to obtain highly aligned PBDT fibers, we try to run 

X-ray experiments on highly concentrated and magnetically oriented PBDT aqueous 

solutions. The 2D X-ray diffraction pattern for 20 wt% PBDT aqueous solution, shown in 

Figure 4.1e, is obtained by single crystal X-ray diffraction technique, without the in situ 

B field. The highly oriented fiber diffraction patterns indicate that the strong 

monodomain orientational order induced by B field is maintained after removal from the 

field. The main diffraction patterns are labeled with A, B, C, D, E and F (A = 5.6 Å, B = 

8.4 Å, C = 16.8 Å, D ≈ 30 Å, E = 8 Å and F = 3.3 Å). The blue arrow shows the direction 

of the capillary in the instrument. Based on the diffraction patterns, we can elucidate the 

double helical conformation of PBDT chains in aqueous solutions as follow. In Figure 

4.1b, the chemical repeat unit of PBDT can be considered as three subunits, including 

one –(SO3)-
2– and two –NHCO–. The three subunits are mutually connected by one 

benzene ring. Thus, the chemical repeat unit length of PBDT is 16.8 Å (C), which is 
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composed of three subunits with equal length of 5.6 Å (A). The 2nd strand is shifted 8.4 Å 

(B = 3A/2) away from the 1st strand, the intermolecular hydrogen bonding (between –

(SO3)-
2– and –NHCO–) and the rotation of each subunit contribute to the formation of the 

double helical conformation. B is the distance between two –(SO3)-
2– along the polymer 

chain. The length of hydrogen bonding is represented by F.  Figure 4.1c mimics the self-

assembly behavior of PBDT chains in H2O with Na+ counterions. For 20 wt% PBDT 

aqueous solution, the rod-rod distance is ~ 30 Å, represented by D. The diameter of the 

double helix is represented by E. In addition to the main diffraction patterns, we can see 

that the unique “X pattern” is similar as that of DNA fibers. In order to elucidate the “X 

pattern”, we propose a model with critical parameters in Figure 4.1d, and then we 

simulate the X-ray diffraction patterns (Figure 4.1f), using a package called “HELIX”. 

The detailed simulation parameters and the information about the package are included in 

the Supporting Information. The simulated results show high coincidence with the 

experimental results. The main difference is the absence of reflections on the meridian 

along the layer line number 1 and 2. The reason is that the simulation software cannot 

differentiate –(SO3)-
2– and –NHCO–, thus the subunit length of B and C are absent in the 

simulated results. However, the layer line spacing agrees perfectly with the experimental 

X-ray diffraction patterns.  
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Figure 4.1. The experimental and simulation results of XRD for 20wt% PBDT aqueous 

solution. (a) The chemical repeat unit of PBDT. (b) The elucidation of hydrogen bonding 

and molecular packing for PBDT with double helical conformation. (c) The self-

assembled morphology of PBDT aqueous solution. The red dots refer to the Na+ 

counterions. The green dots are the water molecules.  (d) The model packing and main 

parameters for the simulation. (e) The X-ray diffraction pattern for 20 wt% PBDT 

aqueous solution. The main diffractions are labelled and the tilt angle is θ. f) The 

simulated X-ray diffraction patterns.  
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4.4.2 Correlation between 23Na NMR Spectroscopy and SAXS  

Additionally, from the aspect of molecular dynamics, 23Na-NMR has also been 

utilized to investigate the concentrated sodium-DNA solutions by Strzelecka and 

Rill.[18,19] Triplet splittings of Na+ counterions are attributed to the interaction between 

the Na electric quadrupole moment and the electric field gradient (efg) of the Na+ in 

anisotropic ambient. The triplet splittings of Na+ in concentrated DNA aqueous solutions 

are observed.[18,19] The magnitude of the quadrupole splittings decreases with increasing 

DNA concentration at low temperatures, whereas increases with increasing concentration 

at high temperature. The temperature- and concentration- dependent changes in 

quadrupole splitting are consistent with an angle between the DNA helix axis and the 

principal component of the local efg tensor near the “magic angle” of 54.7°.[18,19] By 

developing the same experimental design for the PBDT concentrated solutions, we 

observe similar results. As shown in Figure 4.2a, the quadrupole splitting of 23Na will 

approximately converges to null with concentration around 10% at 25ºC. The null 

concentration is also dependent on the temperature. One possible explanation of the 

abnormal quadrupole splitting is that the Na+ ions form bridges between neighboring 

double helix, the intra-helical Na+ interaction along the PBDT backbones and inter-

helical Na+ interaction between two rigid rods are averaged. As shown in Figure 2b, 

when the concentration increases, the rod-rod distance decreases, meanwhile the inter-

helix Na+ interaction is elevated with the decreasing Na+ quadrupole splitting. As the 

concentration approaches around 9.5% (The intersection point, SI), this specific point 

will contribute to the magic angle between the PBDT helix axis and the principal 

component of the local efg tensor, shown in Figure 4.2b. With the concentration 

increases further, we can observe that the quadrupole splitting increases again. Based on 
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this deduction, we know that the ratio of the pitch length to the rod-rod distance is 1/√2 

when C = 9.5% at the null point with magic angle. The length of pitch along the rigid rod 

is 33.6 Å, then the rod-rod distance should be around 48 Å under the condition of magic 

angle 54.7°, as shown in Figure 4.2c. Compared to our previous calculation results based 

on double helical model, the relationship between rod-rod distance (r) and the 

concentration (C) follows  

                                                   𝑟 = 1.07𝐶2J.à + 0.6				                                                 (4.1)                                  

 r = 41 Å (C = 0.095) , which agrees very well with the proposed 48 Å.[1] In order to 

further verify the model equation, we employ SAXS to investigate the rod-rod distance. 

As shown in Figure 1c, the rod-rod distance is 43 Å for 10% PBDT solution, which is 

very close to the values, obtained from the proposed model. Thus, as a complementary 

method for X-ray scattering, the Na quadrupole splitting results can also be utilized to 

verify the double helical conformation of PBDT aqueous solutions.  
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Figure 4.2. 23Na NMR and SAXS results for PBDT aqueous solution with varying 

concentration. (a) Concentration-dependent 23Na quadrupole spectra for PBDT aqueous 

solutions.  b) The configuration of the PBDT self-assembly behavior with increasing 

concentration. c) The SAXS for concentration of 5%, 10% and 20%. 

    

In addition to the concentration dependence of the quadrupole splitting, we also test 

the quadrupole splitting as a function of the temperature. We can also observe similar 

splitting pattern as compared to the concentration, the splitting decrease first and increase 

again with increasing temperature as shown in Figure 4.3a. This abnormal dependence is 

also seen in the aqueous solution of DNA molecules. Figure 4.3b shows the longitudinal 

(T1) and transverse (T2) relaxation of Na+ counterions in the polymer solution. As 

reported previously, the inequality of T1 and T2 originates from fast motions (> 0.5 ns), 

such as counterion exchange, change of direction of the polyion segments, and counterion 
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diffusion along a curved polyion rod.[20] However, we have not found any apparent 

difference of T1 and T2 relaxation time from Figure 4.3b. Thus, we may demonstrate that 

there is no fast Na+ motion along a curved rod or fast internal motions in the rod. This 

demonstration agrees very well with the results based on the counterion condensation 

theory that has been reported in Chapter 3, where we have discussed about the 

association behavior of the Na+ in PBDT aqueous solutions.  

 

Figure 4.3. The 23Na quadrupole splitting, T1 and T2 relaxation of Na+ counterions in 

PBDT aqueous solutions. (a) The quadrupole splitting of 23Na spectra as a function of the 

temperature. (b) The T1 and T2 relaxation as function of the polymer weight percentage in 

the PBDT polymer solution.   

 

4.4.3 MD simulation to confirm the double helix structure of PBDT  

In the last section, the PBDT configuration is further investigated by MD simulations 

to see how this polymer can form hydrogen bondings to other polymer chains when two 

or more chains are present. All these simulations were done with NVT ensembles. We 

will mainly talk about the simulation results done in vacuum. We also did the simulations 

of the PBDT chains in water. However, the interactions between the water molecules and 
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the PBDT chains are complicated. We will not discuss the details here. To simplify the 

model, we studied the PBDT with counterions of hydrogen. The polymer chains are three 

monomer units long. Figure 4.4a is the optimized structure of monomer of PBDT with 

counterion of hydrogen. Simulations were done for two and three chains with equal 

distance from each other at t = 0. The runtime for each simulation was at least 100 

picoseconds. Multiple configurations for these polymers were seen in gas simulations but 

eventually, if the temperature was high enough (250 K), helices with two strands were 

observed. To form these helices, the main form of interaction between the chains is the 

hydrogen bonding between the oxygen of –SO3
- and the hydrogens of –NHCO–, as 

shown in Figure 4.4b. The first –SO3
- of the lower chain forms a hydrogen bond with the 

second –NHCO- of the upper chain and the second –SO3
- of the lower chain forms a 

hydrogen bond with the first –NHCO– of the upper chain. If the hydrogen bonds are not 

crossed as shown in Figure 4b, the helix cannot form neatly. While still equilibrating, 

amide-amide hydrogen bonding is also seen but this is never seen in the final helix 

configuration. Hydrogen bonding between acceptor (O) of –NHCO– and donor (H) of –

SO3H is never observed between the chains. Figure 4.4c-f show the simulation results by 

involving two PBDT chains and three PBDT chains. Both of them contribute to the 

double helical conformation after 100 ps. To form a complete pitch of the helix, 8 

hydrogen bonds (4 pairs of crossed hydrogen bonding) between the 8 amide groups and 

the 8 sulfonate groups are required. The distance between two assembled sulfonate units 

is 8.4 Å. Thus, the simulated morphology based on the molecular dynamic simulation is 

also highly consistent with the model we proposed in the Figure 4.1.  
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Figure 4.4. The molecular dynamic simulation of PBDT polymer chains. (a) The 

optimized monomer structure of the PBDT. (b) The crossed hydrogen bonding formed 

between the amide and sulfonate group. (c, d) The simulation result for two oligomers in 

100ps in vacuum at T = 300 K. (e, f) The simulation result for three oligomers in 100ps 

in vacuum at T = 300 K.  

 

4.5 Conclusion 

In this chapter, we discuss the molecular configuration of PBDT chains in aqueous 

solutions. Based on the comparison of characterization techniques on the aqueous 

solutions, we found a number of similarities between PBDT and DNA molecules. This 

work not only resolve the configuration of the PBDT molecular chain, but also lay 

foundation for discovering broader applications based on the aqueous polymer solution. 

By using a combination of characterization methods, we can get a better understanding of 
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the molecular packing and the counterion association behavior that can be used to 

understand other polyelectrolyte systems.  
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Chapter 5 

Highly Conductive and Thermally Stable Ion Gels with Tunable Anisotropy and 

Modulus 

Reprinted with permission from Ying Wang, Ying Chen, Jianwei Gao, Hyoon Yoon, 

Liyu Jin, Maria Forsyth, Theo J. Dingemans, Louis A. Madsen, Advanced Materials, 

2016, 28, 2571 – 2578 © 2016 John Wiley & Sons, Inc 

5.1 Abstract 

In this chapter, we develop a new liquid-crystalline ion gel exhibiting unprecedented 

properties: conductivity up to 8 mS cm−1, thermal stability to 300 °C, and electrochemical 

window to 6.1 V, as well as adjustable transport anisotropy (up to 3.5×) and elastic 

modulus (0.03–3 GPa). This ion gel is a combination of ionic liquid and magnetically 

oriented rigid-rod polyanion that provides widely tunable properties for use in diverse 

electrochemical devices. 

5.2 Introduction 

 
As key components of many energy storage and conversion technologies, polymer 

electrolyte materials allow for selective transport in diverse applications such as fuel cell 

membranes,[1-3] battery separators,[4] electro-responsive actuators,[5] reverse-osmosis 

water purifiers,[6] and solar cells.[7] For rechargeable battery applications, solid-state 

polymer electrolytes deliver safer operation and mechanical stability without the leakage, 

volatility, or flammability issues usually associated with liquid-based electrolytes. 

However, current battery electrolytes are usually restricted to the use of volatile liquid 

electrolytes to provide efficient ion transport.[8-11] Ion gels are polymeric networks 

swollen with a large volume fraction of ionic liquids (ILs).[10,12-15] As promising 
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candidates for next-generation electrolytes, ion gels possess complementary features such 

as high ion mobility, excellent thermal stability, mechanical integrity (yet easy to cut and 

incorporate into devices), and conformable electrode-electrolyte contact.[10,15-17] 

Moreover, applications of ion gels in fuel cells and electroactive actuators would benefit 

from a large or adjustable modulus while retaining anisotropic ionic mobility along a 

predetermined axis – properties that have remained out of reach for known ion gel 

electrolytes.[9,10,18-20] In this letter, we describe a new liquid crystalline (LC) ion gel based 

on a rigid-rod polyanion and an IL that provides an unprecedented combination of 

tunable properties for use in a wide array of electrochemical devices, especially in fuel 

cells, ion batteries and electromechanical actuators. The fabrication method proposed 

here contributes to further development of materials requiring well-defined ordering for 

efficient transport of protons and ions in fuel cells and ion batteries. 

Lodge et al. have studied morphology, ionic conductivity, modulus, viscoelasticity, 

gelation behavior, and capacitance of ion gels and membranes fabricated from diblock or 

triblock copolymers and swollen with ILs.[13,18,21] Watanabe et al. have also successfully 

produced pyridinium and imidazolium salt-based ion gels by in situ polymerization of 

vinyl monomers in ILs.[14,21] The resulting materials possess ionic conductivity up to 1 

mS cm-1 at room temperature, but have not exhibited useful macroscopic alignment and 

possess an undesirable tradeoff between elastic modulus and conductivity.[10,12,18,22,23] In 

order to achieve aligned ion conduction pathways in macromolecular systems such as 

liquid crystal (LC) polymers and block copolymers, researchers have applied mechanical 

stretching,[1,24] solution casting,[25] and magnetic or electric fields.[9,26,27] For example, 

after mechanical drawing, the benchmark polymer membrane Nafion® exhibits enhanced 
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water diffusion along the (in-plane) drawing axis.[1,28] In contrast, membrane electrolytes 

with faster diffusion along the desired through-plane direction are seldom reported.[10] 

Recently, Osuji et al. successfully applied a magnetic field (B-field) to achieve higher 

through-plane conductivity in membranes by introducing a smectic LC sequence to a 

poly(ethylene oxide)-based polymer.[9] The resulting hot pressed membrane shows 

conductivity anisotropy of up to 450, whereas the ionic conductivity (10-10 – 10-7 S cm-1) 

along the alignment axis is limited by the solid hydrophilic phase of PEO.[9]  Furthermore, 

block-copolymer films have been developed for use as Li+ battery electrolytes that 

provide high elastic (storage) modulus (> 0.1 GPa at T < 125ºC) to prevent macroscopic 

Li electrode dendrite formation,[29] but these only exhibit conductivity in the range 10-8 – 

10-5 S cm-1.[11,18] Above all, ion gel electrolytes with high ionic conductivity as well as 

high modulus offer promise in resolving safety and efficiency issues in Li-ion batteries 

and higher enegy density Li-metal batteries. [30] 

In this report, we describe a new liquid crystal (LC) ion gel with the following 

exceptional combination of properties: transport anisotropy up to 3.5×, high ionic 

conductivity (up to 8 mS cm-1), widely tunable modulus (0.03 ‒ 3 GPa) and high thermal 

stability (up to 300°C). This material is formed by combining an ionic liquid with a rigid-

rod polyanion in the presence of a magnetic (B) field. Based on this unique combination 

of component precursors, this material not only breaks the usual trade off between ionic 

conductivity and modulus, but also exhibits macroscopic alignment in the as-formed ion 

gels. Lyotropic LC phases can be formed from rigid-rod polyelectrolytes including 

natural biopolymers (DNA,[31] collagen,[32] polypeptides[33]) and synthetic polymers such 

as poly(2,2′-disulfonyl-4,4′-benzidine terephthalamide) (PBDT).[34] Such LCs can display 
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strong monodomain alignment in a B-field, and can thus act as assembly templates for 

developing long-range-ordered structures.[35-38] In this work, the synthetic sulfonated 

aramid polyanion PBDT, shown in Figure 5.1, is a water-miscible system that forms a 

lyotropic LC phase above a critical concentration C* = 1.2 wt% and has high ion density 

along the polymer backbone.[34,39] The IL shown in Figure 5.1 contains the cation 1-

ethyl-3-methyl imidazolium [C2mim]+ and the anion trifluromethanesulfonate [TfO]–. In 

order to obtain the ion gel (Figure 5.1a), we place the pure IL [C2mim][TfO] above a 

magnetically aligned aqueous PBDT seed solution. Through ion exchange between the 

two phases, the LC ion gel forms in the bottom seed solution over approximately 24 

hours as shown in Figure 5.1c. To systematically study the LC ion gel, we fabricate four 

gel samples with increasing PBDT mass percentage in the (dried) gel relative to the total 

gel mass, with (mPBDT/(mPBDT + mIL)) = 5%, 11%, 15%, and 21%. The corresponding 

initial mass percentage (mPBDT/(mPBDT + mH2O)) of the aqueous PBDT seed solutions are 

2%, 3%, 4% and 5%, respectively. The formation process is driven by three aspects: 1) 

molecular diffusion induced by the concentration gradients of water and IL among the 

two phases, 2) ion exchange between Na+ counterions of PBDT and [C2mim]+ of the IL, 

and 3) a hydrogen-bonding network driven largely by specific water‒ion interactions. In 

Figure 5.1b, we present the composition and assembly of the formed LC ion gel without 

water present, which will be corroborated using X-ray diffraction later. Magnetically 

aligned PBDT chains serve as the host matrix for the distributed guest IL. The guest IL 

transports preferentially along the aligned matrix thus yielding higher ionic conduction 

along this predetermined axis as opposed to the perpendicular directions. Thus we can 

conveniently regulate the orientation and degree of alignment in the ion gels by 
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reorienting the B direction and varying the concentration of the initial seed solutions, 

respectively. As observed previously, the shape anisotropy of the container used to form 

the gel can induce significant alignment in PBDT solutions, removing the need for a large 

B-field to produce gel alignment and thus enabling simple manufacture and convenient 

application.[34] 

 

 

Figure 5.1. Liquid crystalline ion gels formed from a rigid-rod sulfonated aramid 

polymer and an ionic liquid.  (a) Formation scheme of the anisotropic PBDT LC ion gel 

through ion exchange between the top IL and the bottom PBDT aqueous seed solution (C 

≥ 2%) in a magnetic field B ≥ 7.1 T. (b) Schematic of dried PBDT IL gel with IL 

dispersed in aligned PBDT polymer matrix. (c) PBDT IL gel with water present as 

formed in the bottom PBDT aqueous seed solution. 
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5.3 Experimental  

 Materials: Poly 2,2′-disulfonyl-4,4′-benzidine terephthalamide (PBDT) with Na+ 

counterions was synthesized by interfacial condensation. The Mn, Mw, and PDI (Mw/Mn) 

were 7900, 17300, and 2.2, respectively, as determined by GPC in sulfuric acid solvent. 

Aqueous solutions with PBDT weight percentage (wt%) ranging from 1% ‒ 5% were 

prepared by loading the prescribed amount of PBDT and deionized H2O into 5mm NMR 

tubes. 1-ethyl-3-methyl imidazolium [C2mim]+ trifluoromethanesulfonate [TfO]– was 

purchased from Solvent Innovation GmbH (Cologne, Germany) with purity > 99%. 

Preparation of PBDT IL gel: NMR tubes with PBDT solutions were equilibrated in a 

magnetic field of 7.1 T for 24 hours. Tests also showed that B ≥ 0.5 T was sufficient to 

highly align the gels. [C2mim][TfO] with the same volume as the polymer solution was 

slowly pipetted on top of the polymer solutions. After 24 hours ion exchange in the 

magnetic field, the gel was formed in the bottom phase of the polymer solution and the 

residual water/IL supernatant above was poured off. 

Pulsed-field-gradient (PFG) NMR Diffusometry: The pulsed-gradient stimulated-echo 

sequence (PGSTE) was applied for all diffusion measurements at 25ºC (± 0.1). A Bruker 

Avance III widebore 400 MHz (9.4 T) NMR was equipped with a Micro5 pulsed-field-

gradient diffusion/microimaging probe having a maximum gradient value of 300 G/cm 

(at 60 A current) along X, Y, and Z axes and a 5 mm 1H/2H rf coil. All parameters for the 

PFG diffusometry experiments have been calibrated and optimized as reported 

earlier.[1,40,41]  

Polarized Optical Microscopy (POM) and Scanning Electronic Microscopy (SEM): 

Aligned samples were examined in transmission mode with crossed polarizers at 200× 

magnification with a polarized optical microscope (Meiji Technology MX9430) equipped 



124 
 

with a digital camera (Infinity Cannon). Pixel values from recorded POM micrographs 

were averaged to provide transmission intensities. Transmission intensities were 

normalized by the beam intensity I0, which was measured with the polarizer and analyzer 

parallel and without sample present. SEM was performed using a LEO (Zeiss) field-

emission SEM. Samples were prepared by freeze fracture after immersion in liquid 

nitrogen.  

X-ray Diffraction (XRD): XRD experiments were carried out on a Rigaku Oxford 

Diffraction Xcalibur Nova Single-Crystal Diffractometer equipped with an Onyx CCD 

detector and a Cu microsource operating at 49.5 kV and 80mA at room temperature. The 

gel was cut to a diameter of 0.2 mm and mounted on the edge of a steel pin, such that the 

gel extended above the steel pin and into the X-ray beam.  The sample-to-detector 

distance was 120 mm, giving data at scattering angle 2θ from 5º to 34º. The gel sample 

was oriented at a 45° angle relative to the beamstop in order to minimize beamstop 

interference in the diffraction patterns. The sample was rotated 2º in phi (i.e. along the 

fiber axis). For each sample, a total of two-hundrud images with 120 s exposure time was 

collected and summed to increase signal-to-noise. The software CrysAlisPro 

(v1.171.37.35, Rigaku Oxford Diffraction, 2015, Rigaku Corporation, Oxford, UK) was 

used for data collection and analysis.  

Conductivity Measurements and Cyclic Voltammetry: Gel samples were sandwiched 

between two electrode stages connected to a Solartron gain-phase 1260 and a Solartron 

electrochemical interface 1287 operating in a 100 Hz ‒ 10 MHz frequency range at 

amplitude 100 mV. Conductivity of the gel samples was calculated using a value of 

electrical resistance obtained by fitting the data to a single equivalent circuit model using 
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Zplot®. Cyclic voltammetry experiments were performed to determine the 

electrochemical windows of prepared PBDT gel electrolytes. Target material was 

sandwiched between a 1.6 mm diameter Cu working electrode and a Pt plate, which was 

used as both the counter and the reference electrode (i.e. a two-electrode setup). The Pt 

pseudo reference potential  was further internally calibrated  by ferrocene redox potential. 

All scans were performed in an Argon-filled glovebox (H2O < 0.0 ppm, O2 < 10 ppm) at 

25°C with 20 mV s-1 scan rate using a Biologic SP-200 controlled by EC-Lab (ver. 10.40) 

software.  

Thermal and Mechanical Properties: Thermal properties were measured by a Pyris 

Diamond TGA (PerkinElmer) and a Sapphire DSC (PerkinElmer) with a 10ºC min-1 ramp 

under N2 atmosphere. The thermal mechanical properties were measured in tensile mode 

(along gel alignment axis for 21% sample) using a Diamond DMTA (PerkinElmer) with 

a temperature range of -75 to 450°C and frequencies of 0.1, 1, and 10 Hz at heating rate 

of 2.5°C min-1 under air atmosphere.  

 

5.4 Results and Discussion  

5.4.1 Morphological Alignment Evidenced by SEM, POM, and XRD 

Here we describe multi-scale anisotropic properties of the gels using key microscopy 

and diffraction methods. The SEM image in Figure 5.2a for 21% PBDT IL gel shows a 

micron-scale fibrillar-structure oriented parallel to B. POM confirms this anisotropy for 

the gels with > 5% PBDT content, where the average transmission intensity of the 

observed POM images demonstrates strong macroscopic alignment along B for 11%, 

15%, and 21% gel samples. Figure 5.2b shows smooth modulation in light transmission 
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as a function of φ angle between the alignment axis of 21% PBDT IL gel and the plane 

polarization of incident light. Adjacent minima and maxima are separated by 45°, with a 

sinusoidal periodicity of 90°.  

We also employ X-ray diffraction to investigate molecular structure correlations in 

the ion gels. Figure 2c, 2d, and 2e show diffraction patterns for 5%, 15% and 21% PBDT 

IL gel, respectively. We observe that the grey amorphous halo at 2θ = 12º to 24º 

scattering angle contributes a large fraction of the intensity for all three diffraction 

patterns. We assign this halo to the amorphous IL since it is the main component of the 

ion gel, and verify this by collecting the diffraction pattern of the pure IL as shown in 

Figure 5.3. The remaining diffraction peaks are thus attributed to the diffraction of 

aligned PBDT chains. To eliminate the effect of the IL halo, we subtract a scaled 

intensity (scale factor = 0.62) version of Figure 5.2c from Figure 5.2e using MATLAB®. 

For comparison, we include additional figures with varying scale factor in Figure 5.4. 

The difference pattern, shown in Figure 5.2f, represents predominantly diffraction of 

aligned PBDT chains in 21% PBDT IL gel. The main diffraction peaks are labeled A, B, 

C and D, with decreasing characteristic lengths (A = 10 ~ 17 Å, B = 8.0 Å, C = 3.3 Å, D 

= 8.4 Å). The blue arrow denotes the gel alignment axis. The spots and arcs of Figure 2f 

further confirm the highly oriented fibrillar structures in the ion gel. Based on these 

analyses, we develop a model for the LC ion gel morphology with IL dispersed in aligned 

PBDT matrix, shown in Figure 5.2g.  A is regarded as the d-spacing between rigid-rods. 

The broad dimension of A indicates that the distance between the rigid rods is not 

uniformly distributed. We assign B and C to the width of the rigid rod backbone and the 

width with the pendant sulfonate groups, respectively, and assignment to more specific 



127 
 

structure is under further development. Additionally, the chemical repeat unit length of 

PBDT is 1.68 nm based on previous WAXD results on PBDT bulk membrane.[34,42] The 

characteristic length D (8.4 Å) is half of the chemical repeat unit, which strongly 

indicates, as previously suggested, that PBDT molecular dimers are assembled as the 

rigid-rod building blocks in the water precursor solution and thus in the ion gel.[34] Within 

one chemical repeat unit, the two sulfonate groups are considered to be one unit, since 

they are close to each other. The “X” pattern in Figure 2f, which can be observed in the 

diffraction pattern of DNA,[33,43] and in other double helix fibers,[44] also strongly 

indicates a helical dimer conformation of PBDT chains. In our previous report, we 

proposed a self-assembled double-helix conformation of PBDT chains using a 

combination of a nematic LC model and SAXS results.[34] Thus, D represents the distance 

between two neighboring sulfonate units along the proposed double helix and θ is the tilt 

angle of the helix. The double helical conformation likely originates from intermolecular 

hydrogen bonding, as well as the biased rotation of benzene rings in the PBDT chains.[34] 

Further XRD interpretation and refinement of this helix-dimer model using more 

advanced X-ray analysis and molecular simulations will form the subject of another near 

future publication. In these ion gel systems, the PBDT dimeric units provide extremely 

rigid and long coherence length polymeric units (≥ 10 nm) to provide easy alignment of 

the gel matrix.   
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Figure 5.2. Morphological alignment and semi-crystalline structure of LC ion gels. (a) 

SEM image of nitrogen freeze-fractured side-on surface of 21% PBDT IL gel. (b) 

Transmitted light intensity of aligned gel sample under crossed polarizers as a function of 

the angle φ	 between the alignment of the sample and the analyzer, showing periodic 

variation every 90° and thus strong alignment along the B direction. (c, d, and e) X-ray 

diffraction patterns for 5%, 15%, and 21% PBDT IL gel, respectively. (f) Difference 

image of c) and e) to remove the amorphous halo due to IL scattering. The blue arrow 

displays the mounting direction of the sample fiber and gel alignment axis. The main 
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scattering parameters are labeled A, B, C and D. (g) Diagram of the PBDT IL gel with 

specified dimensions based on the scattering parameters. 

 

 

Figure 5.3. X-ray diffraction pattern of neat IL [C2mim][Triflate] in a capillary with 1.5 

mm diameter and 0.01 mm wall thickness. 
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Figure 5.4. X-ray diffraction pattern of neat IL [C2mim][Triflate] in a capillary with 1.5 

mm diameter and 0.01 mm wall thickness. 
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Figure 5.5. (a) The dipole-dipole splitting of the PBDT IL gel with increasing polymer 

content from 1H NMR.  (b) The detailed assignment of the dipole-dipole splitting. (c) The 

dipole-dipole splitting of the cation molecules. (d) The cartoon to mimic the orientational 

order of cation molecules in the PBDT IL gel.  

 

    Figure 5.5a shows the proton NMR spectra of cations in PBDT IL gels with increasing 

polymer content of 5%, 11%, 15%, and 21%, respectively. For 5% PBDT IL gel, one can 

observe ordinary peaks representing [C2mim]+ and H2O. However, featured couplings 

are generated in spectra for 11%, 15%, and 21% PBDT IL gels. The splittings are 

attributed to the intramolecular dipole-dipole coupling of the probed [C2mim]+. The 

highly aligned PBDT backbones are particularly essential as the host matrix for orienting 

guest IL molecules. The diffusion and rotation of the probed cations in the aligned system 

are anisotropic, thus contribute to the nonzero direct intramolecular dipole-dipole 

coupling. Figure 5.2b, d displays the specific splitting information of the coupled spins 
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in the [C2mim]. The secular dipole-dipole coupling of the same isotopic species spin i 

and spin j is expressed as  

                                              Δνop = 𝑏op
3
C
(3 cosC Θp, − 1),                                           (5.1) 

where Θp,  is the angle between the magnetic field and the orientation of the two spin 

pairs. 𝑏op  is the dipole-dipole coupling constant, which depends on the distance rij 

between the spins. As shown in Figure 5.5c, the splittings are getting larger with 

increasing PBDT polymer content, indicating elevating anisotropy and alignment of the 

gel samples. 

    As introduced previously, 2H NMR is also very critical technique to study the 

anisotropic dynamics of the polymeric materials. We also detect the quadruple splitting 

of the D2O molecules in the ion gels with polymer content, such as 5%, 11%, 15% and 

21%. Figure 5.6a shows the 2H spectra of the ion gels that verify the anisotropic structure 

in the ion gels. In addition, we can also observe that the quadrupole splitting is decreasing 

with increasing water content in the gels showing the increased orientation order of the 

probe molecules (Figure 5.6b). 

 

Figure 5.6. (a) The 2H NMR spectra of the PBDT IL Gel. (b) The quadrupole splitting in 

the ion gel as a function of the water content in the ion gels.  
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5.4.2 Anisotropic Diffusion and Conductivity of Ions inside PBDT-IL Gels 

Besides direct observation of the morphological anisotropy, we also employ multi-

axis pulsed-field-gradient (PFG) NMR diffusometry to quantify diffusion and its 

anisotropy for H2O, [C2mim]+, and [TfO]– in the ion gels.  We measure diffusion along 

two orthogonal directions, D∥ (parallel with the gel alignment axis) and D⊥, and we 

define diffusion anisotropy as the ratio D∥/D⊥. Figure 5.7a shows DH2O in the ion gels as 

a function of PBDT content for the two directions at λH2O = 12 and 25°C, where λH2O is 

the mole ratio of H2O to IL in the ion gels.  We measure DH2O at λH2O = 12 here because 

that is the equilibrium concentration of H2O at the completion of gel formation, a 

phenomenon we discuss further below. For gels with 11%, 15%, and 21% PBDT we 

observe D∥/D⊥	 up to 1.7 for H2O, while the 5% PBDT IL gel shows isotropic diffusion 

(D∥/D⊥ = 1), as shown in Figure 5.7a. Additionally, we investigate cation and anion 

diffusion for the gels under dry conditions, since water must be strictly controlled for 

high energy density (e.g., lithium ion) batteries. After vacuum drying the gels for 48 

hours at 80°C, proton NMR spectra confirm that H2O is at sufficiently low levels as to 

not significantly influence ion conductivity or diffusion (see also Figure 5.11).[45,46] 

Figure 5.7b shows diffusion coefficients (~ 10-11 m2/s) of [C2mim]+ and [TfO]– in the dry 

ion gels at 25°C. The cation and anion diffusion rates decrease only slightly with 

increasing PBDT content (≤ a factor of 2) compared to the pure IL. Thus these gels 

provide a large ionic transport advantage compared to other solid-state non-swelling 

polymer electrolytes, which have cation and anion D < 10-12 m2 s-1.[47-49] In Figure 5.7b, 

D∥/D⊥ approaches 2.7 and 1.8 for anions and cations, respectively. A likely explanation 

for the smaller diffusion anisotropy of [C2mim]+ than that of [TfO]–  is that [C2mim]+ ions 
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tend to associate with the PBDT sulfonate groups and are thus easier to transport between 

PBDT chains. We observe that the distance between rigid rods are 1 - 2 nm from X-ray 

diffraction, thus allowing an easy pathway for cations to move transverse to the rigid rods. 

Conversely, dissociated [TfO]– are repelled by the sulfonate groups along the PBDT 

chains and are thus more effectively confined to move along the chain axes. We also 

observe that the diffusion of [C2mim]+ is faster than that of [TfO]–, likely due to ion 

association phenomena in [C2mim][TfO] previously reported.[47,50] In order to further 

probe thermal stability of the gel anisotropy, we also investigate the transport properties 

at 80ºC, which is the highest temperature allowed for our NMR probe (Figure 5.7c). The 

diffusion anisotropies remain the same as at 25ºC, whereas the diffusion rates increase by 

a factor of 4 for both cations and anions.[51] We further observe no thermal transition in 

DSC (Figure 9c and d) on second heating until ≥ 300ºC, indicating that this material is a 

LC gel at least up to 300ºC. 
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Figure 5.7. Anisotropic ion diffusion and conductivity, and electrochemical window of 

LC ion gels. (a) DH2O in hydrated (λH2O = 12) PBDT IL gels with increasing PBDT 

polymer content as compared to pure H2O at 25ºC. The solid line shows the 

corresponding diffusion anisotropy. (b) Diffusion coefficients of [C2mim]+ and [TfO]– in 

dried PBDT IL gels with increasing PBDT polymer content as compared to pure IL at 

25ºC. The solid lines show the corresponding diffusion anisotropy for [C2mim]+ and 

[TfO]–, respectively. (c) D[C2mim]+ and D[TfO]– in dried PBDT IL gels with increasing 

PBDT polymer content as compared to pure IL at 80ºC. (d) Ionic conductivity of the ion 
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gels at 22ºC as a function of increasing PBDT polymer content for the two orthogonal 

directions (σ⊥ and σ∥). The black line shows the corresponding conductivity anisotropy. 

(e, f) CV tests for 5% PBDT IL gel with initially negative and positive scan directions, 

respectively. 

 

Table 5.1. Dimensions of the cuboid ion gel samples and the corresponding resistance 

obtained from IS. 

 
 
 
 
 
 
 

 

 

Figure 5.8. Nyquist plots for the ion gels in the two orthogonal directions. The 

experimental parameters used are 100 Hz to 10 MHz frequency range at 100 mV 

amplitude. 

 

PBDT IL Gel Length 
(mm) 

Width 
(mm) 

Height 
(mm) 

A∥ 
(mm2) 

A⊥ 
(mm2) 

R∥ 
(Ω) 

R⊥ 
 (Ω) 

5% 2.54 1.70 1.32 2.25 4.32 1450 410 
11% 3.43 1.78 0.89 1.58 6.10 3340 524 
15% 3.00 1.40 0.94 1.32 4.20 5360 1670 
21% 2.26 1.60 1.17 1.87 3.61 3020 2830 
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In terms of the frequency, we utilized the range 100Hz – 10MHz. Based on the 

Nyquist plot shown in Figure 5.8, the conductivity is captured by the high frequency end. 

The low frequency tails are straight, indicating the frequency is low enough to reach the 

diffusion controlled conduction behaviors, i.e., no further semi-circle is observed after the 

first touchdown. Highly conductive materials such as ion gels tend to show conduction 

behavior at the high frequency end (MHz). The incomplete semi-circles in Figure 5.8 

originate from the limitation of the high frequency for the instrument (10 MHz), but the 

data is still clear and fits perfectly to a single conductivity process.  

In terms of the amplitude, we used 100 mV. Judging from the large electrochemical 

window and high conductivity of the LC ion gels, 100mV amplitude is suitable for these 

measurements. Based on previous literature for solid electrolytes and ion gels with 

similar electrochemical windows and ionic composition to our LC ion gels, 100mV has 

been widely utilized to ensure large enough current response to overcome instrument 

noise.[52,53] 

To study ionic conductivity and electrochemical window of the ion gels, we have 

employed impedance spectrometry (IS) and cyclic voltammetry (CV), respectively. We 

sliced the as-formed ion gels (cylinders of ~ 3 mm diam) to obtain cuboid samples with 

dimensions shown in Table 5.1. We calculate ionic conductivity σ using measured 

resistance R from IS using 

                                                                    σ = �
 ×¡

	,                                                 (5.2) 

where d is the distance between two electrodes and A is the cross-sectional area of the 

sample. We measure the ionic conductivities for two orthogonal directions by changing 

the orientation of the gel samples between the electrodes. Figure 5.7d shows the ionic 
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conductivity for the four samples at ambient temperature. The observed ionic 

conductivity (standard deviation ≤ 10%, 3 replicates) lies in the range 1 to 8 mS/cm, 

which is 102 – 104 times higher than that of previously known non-swelling PEO-based 

polymer electrolytes with high modulus,[9,54-56] and is comparable to or larger than 

previous (much softer) ion gels.[12,22] Furthermore, the PBDT ion gels approach σ for the 

pure IL (σ = 11 mS cm-1 at 22ºC).[52] In accordance with NMR diffusometry 

measurements, the 5% PBDT IL gel shows no conductivity anisotropy, and with 

increasing PBDT content the conductivity anisotropy increases from 1 to 3.5. Thus, these 

LC ion gels exhibit not only high ionic conductivity, but also can be tuned to have 

substantially faster ion transport along a predetermined direction. Figure 5.7e, f show the 

electrochemical windows of the gels characterised by cyclic voltammetry. A small (less 

than 1mA cm-2) and broad reduction event starting at -3.6 V vs. Fc | Fc+ (ferrocene) 

reference followed by a strong main decomposition peak at -4 V, are observed in the 

cathodic scan of 5% PBDT IL gel.  Following this, during the anodic sweep, we observe 

a broad oxidation peak at +1V, corresponding to the main reduction peak since this peak 

is not observed when the scan begins in the positive direction. During the first anodic 

scan, the 5 wt% PBDT gel shows no obvious oxidation reaction until 2.5 V vs Fc | Fc+, at 

which point the current exhibits exponential increase. Therefore, the electrochemical 

window is approximately 6.1 V, which offers great promise for these ion gels to enable 

enhanced high energy density devices. Ispas et al.[57] reported the electrochemical 

window of neat [C2mim][TfO] to be 5.4 V. It is smaller than the 6.1 V observed by 

cyclic voltammetry (CV) for the present gel electrolyte based on the same IL. There are 

two reasons that can account for this difference.  (1) We measured the reduction and 
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oxidation limits in two separate CV runs, which prevents reduction or oxidation products 

formed during the experiment from interfering with the intrinsic electrochemical behavior 

of the gel itself. (2) By introducing the charged and structured polymer network (the 

sulfonated aramid polyanion PBDT), the electrochemical stability of the IL based gel 

presumably becomes enhanced due to the strong interactions between the IL and PBDT 

chains as discussed in the paper. 

 

5.4.3 Thermal and Mechanical Properties of PBDT-IL Gels 

Many advanced electrochemical devices  require greater mechanical rigidity and 

high-temperature stability than afforded by common Li-ion battery electrolytes. Here we 

employ dynamic thermogravimetric analysis (TGA), differential scanning calorimetry 

(DSC) and dynamic mechanical thermal analysis (DMTA) to study the ion gels. Figure 

5.9a and b present TGA results (green lines) for 5% and 21% PBDT IL gel. The 

decomposition temperature of the ion gels from the derivative weight loss curves (blue 

lines) is 350ºC, indicating that these gels can enable devices with extreme temperature 

tolerance. The DSC results in Figure 5.9c and d, show a heat-cool-heat cycle in the 

range -100ºC to 300ºC, and further emphasize the gels̕  high thermal stability. The peak 

during the 1st heating process from -10ºC to 40ºC corresponds to the melting of IL and 

melting of a small amount of residual H2O. We attribute the broad peak near 200ºC to the 

evaporation of this residual strongly associated H2O inside the ion gels. During the 1st 

cooling step, the only observable transition at -40ºC	 represents the crystallization of IL. 

In the 2nd heating process, we observe no thermal transition in the range 10ºC to 300ºC, 

which confirms the exceptional thermal stability. 
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Figure 5.9e and f show dynamic mechanical thermal analysis (DMTA) results in 

tension mode for the 5% and 21% ion gels, respectively. The sharp modulus drop in the 

temperature range of -40ºC to -10ºC reflects the melting of absorbed IL. Above the IL 

melting temperature, we observe that the 21% PBDT IL gel is much stiffer, with an 

elastic modulus of 3 GPa, compared to 30 MPa for 5% PBDT IL gel. The high modulus 

in aligned ion gels originates from the highly oriented aromatic polyamide backbones of 

PBDT in analogy to that observed in (chemically similar) Kevlar® fiber. Clearly we can 

modulate PBDT content to tune the modulus of the ion gels over at least a factor of 100 

in order to, e.g., combat Li dendrite formation,[29] and/or obtain desired device stiffness or 

mechanical response.[58] Importantly, this significant increase (and tunability) in elastic 

modulus comes at only a modest cost in ion conductivity (≤ a factor of two).  
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Figure 5.9. Thermal and mechanical properties of LC ion gels. (a, b) TGA for 5% and 21% 

PBDT IL gels at heating rate = 10ºC min-1. (c, d) DSC for 5% and 21% PBDT IL gels at 

heating rate = 10ºC min-1. (e, f ) DMTA under tension for 5% and 21% PBDT IL gels at 

frequency = 1 Hz, showing elastic modulus as a function of temperature at heating rate = 

2.5ºC min-1.  

 

In order to confirm the thermal stability of the aligned structure in the ion gels after 

evaporation of residual strongly associated H2O, we have employed POM and IS to 

verify the high thermal stability of the oriented gel structure as shown in Figure 5.10.  
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Figure 5.10. (a-i) POM images of the bulk 15 wt% ion gel vacuum dried at 200ºC, with 

varying angle φ labelled on the image. φ is the angle between the alignment axis of the 

gel and the plane polarization of the incident light. (j) Transmitted light intensity of the 

aligned gel as a function of angle φ. (k) The Nyquist plot shows the anisotropic ionic 

conductivity of the gel at room temperature after vacuum drying at 200ºC. The ionic 

conductivity along the alignment axis σǁ = 3 mS cm-1, whereas the ionic conductivity 

perpendicular to the alignment axis σ⊥ = 1 mS cm-1. 

 

5.4.4 Hydrogen Bonding Network in Gel Formation Mechanism 

Many factors determine gel formation, including molecular diffusion, electrostatic 

interactions, Van der Waals forces, and hydrogen bonding.[37,59] Gelation is phenomenon 

of liquid – solid transition with a bond percolation transition. At the gelation point, 

infinite clusters are created that spans the whole system. Gel contains a heterogeneous 

system, with mobile solvents immobilized in a polymer network. Gel features solid-like 

properties, such as the shape integrity and specific mechanical modulus. However, the 
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main component of gel comes from the liquid phase. Gelation can be mainly divided into 

physical gelation and chemical gelation.  

With respect to physical gelation, the network created by physical crosslinks 

attributes to polymer micelles, helix formation, entanglement, microphase separation and 

hydrogen or ionic bonds. Gelation process can be induced by temperature, pH, salt 

concentration and so on. [4] 

To achieve molecular alignment in physical gels, we can employ aligned templates, 

such as phase separated block copolymers and rigid rod polymers. In addition, we can 

also utilize external mechanical stretch, magnetic or electric fields to achieve the desired 

physical alignment.  

For PBDT IL gel in my project, many factors determine the final gel, including Van 

der Waals forces, electrostatic interactions and hydrogen bondings. In terms of the 

molecular characteristics, the long persistent length and the high aspect ratio of PBDT 

chains play essential roles in the formation of gels. In terms of the physical driving forces, 

the external magnetic field is required to transfer the LC phase of PBDT solution from 

multidomain LC to monodomain LC. Also, the electrostatic interaction between the 

polymer chains and the ionic liquids are also essential in forming the stable ion gels.  

To form a stable alignment in a gel, the inter-molecular interactions, such as Van der 

Waals forces (short-range or hard sphere excluded volume), electrostatic interaction and 

the hydrogen bonding should be high enough to maintain the alignment structure in the 

gel compared to the thermal fluctuation (kT) at certified temperature.  

Here, we propose that a specific hydrogen bonding network is formed between the IL 

and PBDT ions and H2O in a specific range of water content as indicated in Figure 5.11. 
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[TfO]– and SO3
– groups are strong electron donors, which tend to form hydrogen bonds 

with H2O molecules. As reported by Luebke and coworkers, water molecules have two 

counteracting effects on dynamics in some ILs, e.g., [C2mim][acetate].[60] On one hand, 

adding water will expand the distance between [C2mim]+ and [acetate]– thus accelerating 

ion diffusion. On the other hand, water can form a hydrogen bonding network with 

[acetate]–, which will reduce the ion diffusion rate. We believe a similar counteracting 

effect also occurs in our LC ion gel system based on of water‒[TfO]– interactions. In 

order to verify the importance of the hydrogen bonding interaction, we also attempted to 

use oriented PBDT D2O seed solutions to generate the ion gels, but failed to obtain well-

formed gels. This can be attributed to the difference between H2O and D2O, where 

hydrogen bonding in H2O is stronger and with shorter bond length compared to that of 

D2O.[61,62] Based on these indicators, we thus suggest that a hydrogen bonding network of 

ideal distances between H2O, IL, and PBDT ions (a thermodynamic minimum) serves to 

reject water and excess ions from the PBDT-IL-H2O solution in order to form the final 

gel and leave a stable supernatant salt solution above. 
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Figure 5.11. Diffusion coefficients of H2O, [C2mim]+ and [TfO]– as a function of λH2O in 

the mixture solution of IL with H2O. Note that the ion diffusion coefficients will not drop 

substantially below the lowest λH2O point on these curves, even if a small amount of water 

(λH2O < 0.5) is still present.[45,46] 

 

5.4.5 23Na NMR study of Na+ Concentration in PBDT-IL Ion Gels 

Figure 5.12 briefly illustrates fabrication of the PBDT ion gel. The ion gel can be 

obtained by an ion exchange process between the ionic liquid (IL) [C2mim][TfO] and the 

4wt% PBDT aqueous seed solution (with 100% Na+ counterions).  This process yields a 

dried ion gel with 15 wt% PBDT, in the middle of the range explored computationally in 

this paper. 

To quantify the relative concentration of Na+ (CNa
+) in the as-fabricated ion gels, we 

employ a simple and robust pulse-acquire sequence of 23Na NMR to measure abundance 

of Na+ in the PBDT ion gel (Green region in Figure 5.12) as compared to that in the 

PBDT seed solution (Blue region in Figure 5.12).  
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Additionally, we also use a predetermined NaCl aqueous solution (0.036 mol/kg) to 

quantify the absolute concentration of Na+ in the ion gels for the corresponding molecular 

dynamics simulations. The acquisition parameters are maintained constant for all the 

NMR experiments, and the NMR spectra and peak integrals are shown in Figure 5.13. 

We also measure the 90° pulse time for the three samples to ensure the experimental 

accuracy in determining spin concentration without the effect of differential probe coil 

sensitivity.  

Table 5.2 shows detailed sample information and calculated results for Na+ 

concentration. CNa
+ (0.056 mol/kg) in the as-formed ion gel is nearly half that in the 

PBDT seed solution (0.12 mol/kg). We have repeated this experiment for gels with lower 

PBDT content (down to 5 wt% in the dried gel) with similar CNa
+ results. 

 

Figure 5.12. The fabrication process for the ion gel sample. At the beginning, we slowly 

pipette the pure IL [C2mim][TfO] on top of the 4wt% Na-PBDT seed solution. At the end, 

the system has ion gel formed in the bottom phase and the supernatant residual solution on 

the top phase.  

Ionic 
liquid

Na-PBDT 
seed 
solution

Supernatant 
residual 
solution

Ion gel

Beginning End
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Figure 5.13. 23Na spectra for NaCl aqueous solution, PBDT seed solution and hydrated 

PBDT ion gel, respectively (left to right).  Note the presence of the 3 peaks in the PBDT seed 

solution are due to the nuclear quadrupole splitting of the 23Na ions, which are partially 

ordered by the aligned polymer chains in the spectrometer magnetic field. 

 

Table 5.2. Detailed sample information, measured 90° pulse times and calculated 

concentrations. The concentration of NaCl aqueous solution is a predetermined reference to 

which the others are compared to determine unknown Na+ concentrations.  NMR peak 

integrals (relative areas) are shown in Figure S6.  Error in concentration is ≤ ±10%. 

Sample 90° pulse 
time (µs) 

Weight (mg) Peak area 
(relative) 

Concentration 
(mol/kg) 

NaCl Aqueous sol 8.5 100 1.0 0.036 
PBDT seed sol 8.5 100 3.4 0.12 

Ion gel 8.5 71.3 1.1 0.056 
 

23
Na ppm 

PBDT seed solution NaCl aqueous 
solution 

Ion 
gel 

1.1 
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5.5 Conclusion 

In summary, we have described a highly conductive and thermally stable ion gel with 

tunable anisotropy and modulus by absorbing ionic liquids (ILs) into magnetically 

aligned liquid crystalline (LC) polyelectrolyte solutions of poly 2,2′-disulfonyl-4,4′-

benzidine terephthalamide (PBDT). The ion gel alignment reveals itself in macroscopic 

optical anisotropy and enhanced ion transport along the gel alignment axis as opposed to 

perpendicular directions, as evidenced by polarized optical microscopy, scanning electron 

microscopy, X-ray diffraction, pulsed-field-gradient NMR diffusometry, and impedance 

spectroscopy. Ionic conductivity at ambient temperature along the gel alignment axis is a 

factor 102 – 104 higher than known solid-state polymer electrolytes, and the gel modulus 

is a factor 10 – 103 higher than previous IL-polymer electrolytes with comparable 

conductivity. We propose a gel formation mechanism driven by a thermodynamically 

favored hydrogen bonding network among water and ions. The concentration of PBDT 

seed solution and the B-field direction form the two essential factors for flexible tailoring 

of final gel features. Moreover, using the concepts developed here one can explore 

electrolyte formation using a wide array of ionic liquids, non-aqueous co-solvents for gel 

formation, and other rigid-rod polyelectrolytes, in order to produce enhanced 

combinations of properties. We expect these safe, robust, tunable, and highly conductive 

ion gels to enable critical and groundbreaking electrochemical device applications. 
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Chapter 6 

 

Ionic Liquid Based Polymer Electrolytes with Tunable Modulus for Non-flammable 

and Dendrite-free Li-metal Batteries 

 
6.1 Abstract  

Use of Li metal in battery anodes has been investigated for several decades, but has 

not found practical use. This presents opportunities for development of next-generation 

higher energy density Li batteries, such as Li-metal, Li-sulfur and Li-air batteries. 

Notably, low coulombic efficiency and dendrite growth on the Li metal surface along 

with limited battery cycle life prevent its commercial application. In this project, we have 

developed a series of solid-state ion gel electrolytes with high Li density based on a two-

step fabrication method and lithium bis(fluorosulfonyl)imide (LiFSI) as the doping salt. 

This heterogeneous salt doping has shown potential for stabilizing Li metal deposition. 

This ionic liquid-based gel electrolyte possesses high ionic conductivity (~ 1 mS/cm) and 

non-flammability while maintaining a high (up to ~ 1 GPa) modulus to suppress 

unfavorable Li dendrite growth. We observe stable cycling of this gel electrolyte at 

current density ≤ 1mA cm-2, which is rarely reported for previous solid-state electrolytes. 

By tuning modulus and Li salt concentration in these gel electrolytes, we conclude that 

stable deposition of Li metal is closely correlated with the high modulus of the gel 

electrolyte as well as the salt concentration. Finally, we demonstrate a new fabrication 

method to obtain thin (~ 100 µm) gel electrolyte membranes with controllable thickness 

and smooth surfaces, thus showing promise for application in advanced Li batteries. 
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6.2 Introduction 

Among the myriad energy storage technologies, the lithium-ion battery plays an 

important role due to its relatively high specific energy.[1,2] Currently, Li-ion batteries are 

widely used in portable devices and electric vehicles. However, Li-ion batteries have 

almost reached the theoretical energy density limit (387 Wh.Kg-1).[1-3] In order to increase 

the capacity of Li batteries, researchers have proposed two main directions. First, 

researchers have been working to discover high energy density cathode materials. For 

example, Li-air and Li-S batteries have been heavily investigated in recent decades.[1,4,5] 

However, it is still difficult to control the irreversible and complex interfacial reactions 

between electrodes and electrolytes. Second, we can replace the Li graphite composite 

anode material with pure Li metal in order to increase the energy density by up to a factor 

of 2 or 3.[1-3,6] However, dendrite growth on the Li metal surface during charging has 

prevented practical applications. In general, both of these methods require a suitable 

electrolyte to combat irreversible reactions and dendrite growth during repeated charge 

and discharge cycles.[1,7,8] To alleviate these problems, solid-state polymer electrolytes 

not only provide high modulus to block dendrite growth on the anodes, but also deliver 

safer (non-flammable) operation compared to organic liquid electrolytes.[7,9-11] Here, we 

describe an advanced solid-state electrolyte based on a sulfonated aramid rigid-rod 

polymer, an ionic liquid (IL), and a lithium salt, showing potential to resolve these issues.  

Previous researchers have developed a number of IL-based gel electrolytes that share 

the non-flammability of ionic liquids as well as the mechanical integrity of a polymeric or 

inorganic supporting matrix.[10,12-14] Based on the type of supporting material 

incorporated into these electrolytes, researchers have developed two main gel electrolytes, 

termed “ion gels” and “ionogels”.[13-15] An “ion gel” is a polymer matrix swollen with a 
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large volume fraction of IL.[10,16] An “ionogel” is developed based on immobilization of 

ILs in a thermally stable inorganic matrix, such as SiO2 and TiO2.[14,15,17] A large number 

of papers have discussed the potential applications of both gel types for high energy 

density Li batteries.[14,18-21] However, only rarely can researchers demonstrate strong 

battery cycling performance without doping the gels with volatile organic 

electrolytes.[14,21-23] Organic electrolytes can greatly improve the ionic conductivity of the 

system, but introduce the inconvenience and complexity of a volatile liquid component 

while also diminishing safety against overheating and fire.[2,3,24,25] Here we describe a 

class of gel electrolytes based on pure IL without any organic solvents. This all new class 

of ion gels maintains high ionic conductivity and high thermal stability while possessing 

sufficient modulus to serve as separators in batteries.   

Doping with Li salts has been widely applied to Li battery electrolyte in order to 

balance the Li+ compensation in the reactions between electrodes and electrolytes.[26-31] 

Recently, researchers have discovered many advantages of LiFSI as an additive 

salt.[29,32,33] The counterion FSI- can provide a stable SEI layer and reversible capacity for 

a graphitized negative electrode at ambient temperature.[34] In this project, we employ IL 

electrolytes (ILEs) containing the N-propyl-N-methylpyrrolidinium [C3mpyr]+ 

bis(fluorosulfonyl)imide [FSI]- IL combined with a variable amount of LiFSI as an 

additive salt. This ILE has enabled safe charge-discharge cycling of commercially viable 

batteries for 1000 cycles, and with coulombic efficiency > 99.5%.[34] However, the 

electrode used in these batteries needs to be pretreated with the ILE and some cycles need 

to be performed to achieve a stable response.[34] As reported previously, the Li+ partial 

conductivity (as assessed by NMR diffusometry on the various mobile ions) in this ILE 
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achieves a peak value at a relatively high salt concentration (~ 50 mol%).[35] Thus, in this 

work, we have mainly studied this ILE with relatively high Li salt concentration. Table 

6.1 shows the concentration of the ILEs we used. By incorporating this ILE into our 

newly fabricated PBDT ion gel, we demonstrate the fabrication of a solid-state electrolyte 

with high Li density that promises to suppress Li dendrite growth on the metal anode. 

The gel fabrication process requires two steps as shown in Figure 6.1: (1) We obtain 

the ”raw” ion gel based on the interfacial ion exchange process between a sulfonated 

aromatic polyamide (PBDT H2O solution) and an IL ([C2mim][BF4]) as reported 

previously.[10] (2) We then ion exchange the raw ion gel by immersing the raw ion gel in 

the pre-mixed ILEs shown in Table 6.1. According to this two-step fabrication method, 

we can obtain solid-state electrolytes that show significant potential to resolve 

outstanding issues in Li metal batteries such as dendrite growth and risk of fire. The key 

to step 1 is that both the IL and ionic polymer are soluble in the same solvent (water).  

Note that we are exploring variable temperature fabrication as well as other solvent 

systems (e.g., ethylene glycol, DMSO and their water mixtures) that can expand the 

range of ion gels made directly by a one-step process. The addition of step 2 allows a 

wide range of IL and Li-salt mixtures to be exchanged into the gel matrix in order to 

adjust the properties of the gel for batteries or other desired applications. Step 1 of Figure 

6.1 illustrates the concepts involved in the formation and morphology of the raw ion gel, 

which, when incorporating the C2mimBF4 IL, is composed of locally aligned PBDT 

domains dispersed with guest IL molecules. The raw ion gel is macroscopically isotropic, 

whereas it shows local microscale LC alignment. This alignment originates from the 

highly aligned PBDT chains. We propose that the domain boundaries formed at the 
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interfaces between individually aligned domains might allow for higher Li density and 

faster Li transport as compared to within the domains.  We are currently employing an 

array of characterization methods to study the morphology and Li distribution in the 

doped ion gels, as described below. 

 

 

Figure 6.1. Fabrication processes used to form the solid-state ion gel electrolytes. Step 1 

shows fabrication of the raw ion gel sample. This gel is obtained based on an interfacial 

ion exchange between a water-soluble IL (C2mimBF4) and an aqueous polyelectrolyte 

solution (PBDT).[10] An interfacial layer is initially formed at the interface between the 

two solutions, then cations and anions of IL will permeate downward through the 

interfacial layer while the water and Li+ counterions in the bottom solution phase will 

transport upward into the IL phase. Step 2 shows the second ion exchange process of 

immersing the sliced ion gel inside the Li-salt and IL electrolyte (ILE), where in this case 

the ILE is C3mpyrFSI mixed with a predetermined concentration of LiFSI. 
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6.3 Experimental  

Materials: Poly 2,2′-disulfonyl-4,4′-benzidine terephthalamide (PBDT) was 

synthesized by interfacial condensation polymerization. Aqueous solutions with PBDT 

weight percentage (wt%) ranging from 2% - 4% were prepared by loading the prescribed 

amount of PBDT and deionized H2O into 5mm and 8mm NMR tubes. 1-ethyl-3-methyl 

imidazolium tetrafluoroborate ([C2mim][BF4], purity > 99%) was purchased from 

Solvent Innovation GmbH (Cologne, Germany).  

Ionic Liquid Electrolyte: N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide 

(C3mpyrFSI, purity > 99.9%) was purchased from Solvionic. Lithium 

bis(fluorosulfonyl)imide (LiFSI, purity >99.5%) was sourced from Suzhou Fluolyte Co., 

Ltd., China. Lithium metal was sourced from China Energy Lithium Co. Ltd. (purity > 

99.9%). IL electrolytes in this paper were prepared by adding the prescribed amount of 

LiFSI to C3mpyrFSI IL at room temperature in an Ar-filled glove box (< 0 ppm O2 and < 

10 ppm H2O). We prepared ILEs with varying ratio of IL to Li salt as shown in Table 1.  

Preparation of PBDT IL gel: C2mimBF4 with the same volume as the PBDT polymer 

seed solution was slowly pipetted on the top of each PBDT solution. After 24 hours ion 

exchange, the gel was formed in the bottom polymer solution phase and the residual 

water/IL supernatant was poured off. After vacuum drying the ion gel at 50 ̊C, we 

obtained the raw ion gel electrolytes. We then immersed the ion gels in the ILEs for at 

least one day at room temperature.  

1H and 19F NMR and Pulsed-field-gradient (PFG) NMR Diffusometry: The pulsed-

gradient stimulated-echo sequence (PGSTE) was applied for all diffusion measurements. 



159 
 

A Bruker Avance III widebore 400 MHz (9.4 T) NMR was equipped with a diff60 

pulsed-field-gradient diffusion probe having a maximum gradient value of 2000 G/cm (at 

33 A) along the Z axis and 5 mm 7Li and 8 mm 1H/19F rf coils. All parameters for the 

NMR diffusometry experiments have been calibrated and optimized as reported earlier.[36]  

X-ray Diffraction (XRD): XRD experiments were carried out on a Rigaku Oxford 

Diffraction Xcalibur Nova Single-Crystal Diffractometer equipped with an Onyx CCD 

detector and a Cu microsource operating at 49.5 kV and 80 mA at room temperature. The 

gel was sliced to a thickness ~ 1 mm and mounted on the edge of a steel pin, such that the 

gel extended above the steel pin and into the X-ray beam.  The sample-to-detector 

distance was 50 mm, giving data at scattering angle 2θ from 5º to 42º. The sample was 

rotated 2º along phi direction. For each sample, a total of 6 images each with 30 s 

exposure time was collected and summed to increase signal-to-noise ratio. The software 

CrysAlisPro (v1.171.37.35, Rigaku Oxford Diffraction, 2015, Rigaku Corporation, 

Oxford, UK) was used for data collection and analysis.  

Cyclic Voltammetry: A 1.5 mm diameter Ni working electrode and a Li metal foil 

counter electrode were employed for cyclic voltammetry. The CV measurements were 

performed against Li|Li+ redox potential.[35] All scans were performed in an Argon-filled 

glovebox (H2O < 0.0 ppm, O2 < 10 ppm) at 25°C with 20 mV s-1 scan rate using a 

Biologic SP-200 controlled by EC-Lab (ver. 10.40) software.  

Symmetric lithium metal coin cells: These CR2032 type cells were prepared with two 

10 mm2 diameter lithium disk electrodes in an Ar-filled glove box. The coin cells were 

used for impedance spectroscopy, and cycling measurements. A VMP3 (BioLogic) 

system and a Neware system were used for battery testing. The ionic conductivity was 



160 
 

operated over a 1kHz - 10MHz frequency range at 50 mV. Conductivity of the gel 

samples was calculated using a value of electrical resistance obtained by fitting the data 

to an equivalent circuit model using EC-Lab (ver. 10.40) software ®. 

 

6.4 Results and Discussion 

6.4.1 Chemical Composition, Ion Transport and Activation Energy 

According to the two-step fabrication method, we can obtain a solid-state ion gel 

electrolyte with tunable modulus and efficient Li+ transport. The chemical composition of 

products after each step can be qualitatively and quantitatively verified based on 1H and 

19F NMR spectroscopy. Here, we mainly investigate three gel samples with polymer 

weight percentage (mPBDT/(mPBDT + mIL)) of 5%, 10% and 15%. The corresponding initial 

mass percentage (mPBDT/(mPBDT + mH2O)) of the aqueous PBDT seed solutions are 2%, 3%, 

and 4%, respectively. Figure 6.2a shows the 1H spectra for C2mim+ and C3mpyr+ in the 

free liquid state. Figure 6.2b exhibits the 1H spectra for C2mim+ in the raw ion gels 

obtained by step 1 in Figure 6.1. Figure 6.2c compares the 1H spectrum in the raw ion 

gel (black) to the doped ion gel (blue). The peak linewidth in the doped ion gel is much 

broader compared to the raw ion gel, which indicates lower tumbling rate and shorter T2 

relaxation time for ions in the doped ion gel. In terms of the anions in the system, Figure 

6.2d shows the 19F spectra for [BF4]- (-150 ppm) and [FSI]- (60 ppm) in the free liquid 

state. Figure 6.2e displays the 19F spectra for anions in the doped ion gels. By integrating 

the peak areas of BF4
- and FSI- in the 19F spectra, we can quantify the relative ratio of 

anions ([BF4]-/ [FSI]-) in the doped ion gel electrolytes. Figure 6.2f compares the 19F 

spectrum for anions in the raw ion gel (black) to the doped ion gel (blue). The broader 
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linewidth of 19F spectra in the doped ion gel also indicates shorter relaxation time for 

both anions, [BF4]- and[ FSI]-.  

We can thus conclude that the cations and anions in the doped ion gels have more 

restricted motions compared to the ions in the raw ion gels. It is known that ion transport, 

ion association and Li transport mechanism in electrolyte materials are critical for 

development of next-generation battery electrolytes. Based on the temperature 

dependence of DLi
+, Dcations and Danions obtained from NMR diffusometry, we can 

investigate the diffusion coefficients and corresponding activation energies for the ions 

present in the ion gels. As shown in Figure 6.3a-b, we measure the diffusion coefficients 

and activation energies of C2mim+ and BF4
- in the raw ion gels. Based on the fitting 

results using the Arrhenius equation,  

                                                      𝐷 =	𝐷J𝑒
2	âãäå,                                                     (6.1) 

where D is the diffusion coefficient of the measured particles, D0 is the pre-exponential 

factor, Ea is the activation energy of the transport process, R is universal gas constant and 

T is the absolute temperature, we observe that the activation energies of [C2mim]+ and 

[BF4]- increase with polymer content in the raw ion gels. Thus we can conclude that the 

PBDT matrix tend increase the local energetic barriers that governs ion transport.[37] 

Conversely, as shown in Figure 6.3c-d, in the doped ion gel, the activation energy of Li+ 

is diminished with increasing polymer content, indicating smaller local energetic barriers 

for Li+ transport. This surprising phenomenon may originate from the introduction of a 

two-phase system, where a heterogeneous structure exists in the doped ion gels.[7,26,38] We 

will discuss this phenomenon further in the next section. In addition to Li+ transport in 

the doped ion gel, we have begun study on the IL ions and we observe Dcation ([C3mpyr]+ 
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and [C2mim]) in the doped ion gel is 6.2 х	 10-12 m2/s at 25°C, which is 10 times lower 

than DC2mim+ in the raw ion gel.  The motions of anions ([BF4]- and [FSI]-) appear to be 

more restricted (T2 < 1 ms), and so far we cannot measure their diffusion. All of these 

chemical identification and ion transport investigations allow us to propose a new model 

for morphology in the Li-doped ion gels. 

 

Figure 6.2. Molecular structure and quantitative identification of cations and ions in ion 

gels based on 1H and 19F NMR spectra. (a) 1H spectra of cations in neat IL 

([C2mim][BF4]) and ILEs (3.2 mol kg-1 LiFSI in [C3mpyr][FSI]). (b) 1H spectra of 

C2mim+ in raw ion gels with polymer percentage of 5%, 10% and 15%, respectively. (c)  

1H spectra of raw ion gel (black) and doped ion gel (blue). (d) 19F spectra of anions in 

neat IL ([C2mim][BF4]) and ILEs (3.2 mol kg-1 LiFSI in [C3mpyr][FSI]). (e) 19F spectra 

in doped ion gels. (f) 19F spectra of raw ion gel (black) and doped ion gel (blue). 

 

Table 6.1. Salt concentration in the ionic liquid electrolytes (ILEs) 
LiFSI conc in IL 

(mol kg-1) 
Molar ratio of each ion relative to total ion content 
Li+ [C3mpyr]+ [FSI]- 

0 (neat IL) 0 0.50 0.50 
1.6 0.17 0.33 0.50 
3.2 0.25 0.25 0.50 
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Figure 6.3. Diffusion coefficients and activation energies of ions in the raw and doped 

ion gels. (a,b) Diffusion coefficients of cation ([C2mim]+) and anion ([BF4]-) in the raw 

ion gels obtained from step 1 in Figure 6.1 and the corresponding activation energies. (c,d) 

Diffusion coefficients of Li+ after the ion exchange based on step 2, and the 

corresponding activation energies. The errors for diffusion are smaller than the symbol 

size and the errors for Ea are approximately ± 1 kJ/mol.  

 

In order to obtain more information about the gel morphology, we also employ X-ray 

diffraction to investigate the molecular packing in the doped ion gel as compared to the 

raw ion gel. As shown in Figure 6.4a and d, we observe an amporphous halo at 2θ = 12º 

to 30º scattering angle for the 10% raw ion gel. We assign this halo to the amorphous IL 

[C3mpyr][BF4] in the raw ion gel. After immersing the raw ion gel in the ILEs, we can 
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obtain a Li-doped solid-state electrolyte. In Figure 6.4b and e, the XRD pattern of the 10% 

Li-doped ion gel indicates the existence of some crystalline structures. The diffraction 

pattern is a mixture of LiFSI and LiBF4. Based on the illustration of the raw ion gel 

shown in Figure 6.4c, we also propose a possible mechanism to explain the morphology 

in the doped ion gel (Figure 6.4f). The cations, C3mpyr+ and C2mim+, are partially 

trapped by polymer-fixed counterions in the solid PBDT matrix, thus partially 

dissociating the anions (FSI]- and [BF4]-) out of the ion pairs. The released [BF4]- or 

[FSI]- then combine with Li+, and these could preferentially partition into the grain 

boundaries, which would then contain an excess of the salts LiBF4 and/or LiFSI. The 

grain boundaries are likely located in the original domain boundaries in the raw ion gels, 

as introduced in Figure 6.1. Furthermore, the grain boundaries could contribute to an ion 

conductive network that can transport Li+. We might also expect a higher Li+ transference 

number, which would provide better battery cycling performance and charge/discharge 

rates. However, this idea requires further investigation by electrophoretic NMR, which 

can provide the highest accuracy measurements of Li+ transference number in polymer 

and liquid electrolytes.[39] Furthermore, we are planning to conduct a range of solid-state 

NMR techniques to quantify the types and amounts of Li salts in polymer domains, in 

domain boundaries, and possibly in macroscopically phase-separated regions of these Li-

doped ion gel systems.  Investigation of transport mechanisms, domain or boundary 

heterogeneities, and ion interactions in this proposed hetero-structure will be essential for 

us to discover and optimize next-generation Li-ion conductors.    
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Figure 6.4. The XRD pattern for raw ion gel and doped ion gel. (a-c) The XRD pattern 

for raw ion gel. (d-f) The XRD pattern for doped ion gel.  

 

6.4.2 Cyclic Voltammetry and Solid-electrolyte Interface (SEI) Formation  

We have so far introduced diffusion coefficients, ion associations and morphological 

structure in these Li-doped ion gel electrolytes. In order to apply this new electrolyte in 

real devices, we require more information about the cycling performance of 

electrochemical cells based on this new class of solid-state electrolyte. By assembling the 

gel electrolytes in Li metal symmetric cells, we investigate various factors that will 

determine the cycling performance, such as Li salt concentration, modulus of the 

electrolyte separators, applied current density and cycle time.  

To evaluate the Li plating (negative scan) and stripping (positive scan) behavior of 

the Li metal electrodes by using our newly developed solid-state electrolytes, we employ 

cyclic voltammetry with scan rate of 50 mV s-1, where the working electrode is a Ni disk 

(1.7 mm2) and Li metal is both the reference and counter electrode (see Figure 6.5). We 
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can extract the coulombic efficiency (CE) from the integrated area of the oxidation peak 

as compared to the reduction peak. Figure 6.5f shows the corresponding CE values as a 

function of cycle number. We can observe that 5% and 15% ion gel doped with 3.2 

mol.kg-1 ILE show increased coulombic efficiency at higher cycle number. Conversely, 

ILE exhibits decreasing CE. This may be attributed to the formation of a SEI layer and 

better surface homogeneity, thus ensuring better performance in batteries. In contrast to 

the stable current density I in the pure ILE shown in Figure 6.5a, the Li-doped ion gels 

display varying current density, which further indicates the formation of SEI layers on the 

Li metal surface. 

 

Figure 6.5. Cyclic voltammograms (Ni working electrode 50 mVs-1, room temperature) 

for pure ILE and ILE-PBDT ion gels. (a) 3.2 mol.kg-1, (b) 5% doped ion gel, (c) 15% 

doped ion gel (d) The corresponding columbic efficiency as a function of cycle number 

from (a-c). 
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By employing the Li symmetric cell, we can observe voltage vs. cycling number in 

the doped ion gels at different current densities from 0.01 mA cm-2 to 0.3 mA cm-2, as 

shown in Figure 6.6. The overpotential remains relatively stable at specific current 

density and is proportional to the salt concentration used to exchange the ion gels. The 

overpotential is commonly inversely proportional to the ionic conductivity of the 

electrolyte.[2,35] We observe that the ion gel doped with 3.2 mol kg-1 ILE shows the most 

stable cycling performance (Figure 6.6 a and c), possibly because of a relatively high Li+ 

transference number or superior SIE later, as discussed above, or due to the higher Li+ 

density in the electrolyte, although the ionic conductivity is not the highest.[35,40] Thus, we 

demonstrate that the cycling performance of Li symmetric cell is dependent not only on 

the ionic conductivity of the electrolyte, but also on the Li+ ion concentration. We will 

investigate these possible effects using further cycling, cell autopsy, and NMR 

spectroscopy and diffusometry studies. Furthermore, we will work to determine the 

correct Li concentration in ILEs in order to optimize the corresponding cycling 

performance. The results shown in Figure 6.6 b and d are corresponding impedance 

spectra collected before each cycle test at a different current density. The first touchdown 

shows the resistance of the bulk electrolyte and the second touchdown shows the 

resistance of the electrode surface. The resistance of the bulk electrolytes stays constant 

for all the ion gel samples, whereas the interfacial resistance is changing with increasing 

cycling numbers, indicating SEI layer formation at the interface.  
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Figure 6.6. Voltage versus time and corresponding impedance spectra scanned before 

each variation of current density (0.01, 0.05, 0.1, 0.2, 0.3 mAcm-2) for a symmetric 

lithium cell where each half cycle lasts 30 min. (a,b) 5% PBDT ion gel with 1.6 mol.kg-1 

ILE, (c,d) 5% PBDT ion gel with 3.2 mol.kg-1 ILE. 

Figure 6.7 shows the comparison of two gel samples with different polymer content 

(5% and 15% PBDT), where we observe that ion gels with higher polymer content 

display more stable cycling and can withstand current density up to 1mA/cm2. This 

current density has seldom been achieved by solid-state electrolyte materials.[2,14] To 

understand the relationship between the modulus of the electrolytes and the cycling 

performance of the battery, we also investigate the modulus of the doped ion gel based on 

nanoindentation experiments (Figure 6.7e and f). These nanoindentation curves record 

the load placed on the indenter tip as the tip is displaced into the sample. The load is 

removed when it achieves a predetermined value. The slope angle of the curve at the 

starting point of the unloading indicates the stiffness of the material.  As shown in Figure 

6.7f, we observe that the 15% doped ion gel displays higher (uncorrected) modulus 
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compared to the raw ion gels. We will perform further analysis of this nanoindentation 

data to extract accurate modulus values. However, we may initially conclude that the 

modulus of the electrolyte correlates with the battery cycling performance. As mentioned 

previously, the modulus of the gels can be easily tuned by varying the polymer content. 

Thus, we will discuss more about the correlation between the modulus of the gels and the 

long-term cycling performance as follows.  

 

Figure 6.7. Battery cycling and mechanical modulus for Li-doped ion gels. Parts (a) 

through (d) show voltage versus time, as well as corresponding impedance spectra 

scanned before each variation of current density for symmetric lithium cells where each 

half-cycle lasts 30 mins. (a,b) 15% PBDT Li-doped ion gel with current density up to 1.0 

mA cm-2. (c,d) 5% ion gel with current density up to 1.0 mA cm-2. (e) Nanoindentation 

curves for 5% raw ion gel, 15% raw ion gel and 15% doped ion gel. (f) Slope angles for 

tangent lines of the curve just below the unloading point.  
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6.4.3 Long-term Li Symmetric Cell Cycling Performance 

In addition to the preliminary cycling results shown in the last section, Figure 6.8 

shows the long-term cycling performance of the gel electrolytes with increasing polymer 

content and as a function of current density. Based on the comparison between the 5% 

and 15% Li-doped ion gel at different current densities, such as 0.05, 0.1 and 0.2 mAcm-2, 

we can observe that the 15% ion gel with higher modulus shows higher stable cycling 

number. Thus, we conclude that the Li dendrite growth can be further suppressed by 

increasing the modulus of the electrolyte, although this conclusion requires further direct 

investigation of the electrode surfaces by SEM. In addition, based on the cycling 

performance shown in Figure 6.8, we cannot observe the overpotential phenomenon that 

indicates Li dendrite formation, which is usually observed in organic electrolytes with 

high charge-discharge rate.[35,40] This strongly suggests that these gel electrolytes can be 

applied in a new generation of safer and higher capacity battery materials.  
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Figure 6.8. Voltage-time profiles for Li symmetric cells incorporating Li-doped ion gel 

electrolytes. (a) 0.05 mA.cm-2 for 5% PBDT Li-doped ion gel, (b) 0.1 mA.cm-2 for 5% 

ion gel, (c) 0.2 mA.cm-2 for 5% ion gel, (d) 0.05 mA.cm-2 for 15% exchanged PBDT ion 

gel, (e) 0.1 mA.cm-2 for 5% ion gel, (f) 0.2 mA.cm-2 for 15% ion gel. We can observe 

that the 15% doped ion gel exhibits higher stable cycling number than that of 5% doped 

ion gel. 

 

6.4.4 Fabrication of Thin Gel Membranes and Arbitrary Gel Shapes 

We have introduced the fabrication of a new solid-state ion gel electrolyte, as well as 

various methods to investigate its associated structure-property relationships. For broader 

application, it is still valuable to build new fabrication techniques to create larger scale 
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gels in thin film (membrane) format. Fabrication of this gel in membrane form will soon 

be used as a solid-state electrolyte in full battery pouch cells, and eventually should be 

applicable in, e.g., portable electronics, grid storage, or electric vehicle batteries. Figure 

6.9 depicts our new film fabrication method. This method can enable fabrication of 

smooth and uniform ion gel membranes that can be directly employed in battery 

assembly. Based on this fabrication technique, we can simply control the thickness of the 

gel membrane by varying the volume of the IL and polymer solution and the pressure 

applied on the glass substrates.  Here is a brief explanation of the detailed steps for this 

technique.  

Step 1: Coat the thin glass coverslip with IL solution.  

Step 2: Coat the thick glass slide substrate with PBDT aqueous solution.  

Step 3: Quickly flip the glass coverslip and put it on the top of the thick glass substrate, 

and the ion gel forms at the interface.  

Step 4: Remove the top glass coverslip, vacuum dry the ion gel, and peel it off from the 

glass substrate.  
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Figure 6.9. Fabrication process to form thin ion gel membrane. (a) Thin glass coverslip 

coated uniformly with IL solution. (b) Thick glass slide substrate coated with PBDT 

solution. (c) Place the glass cover on top of the glass slide. (d) After waiting for gel 

formation (seconds to minutes), remove the top glass cover and vacuum dry the ion gel 

formed on the glass slide. Different flat or contoured surfaces may be used (e.g., PTFE 

for less adhesion) for either substrate, as well as different temperatures, solvents, ILs, etc. 

 

Additionally, we propose that we can develop arbitrary shapes of this material 

through the use of additive manufacturing (3D printing). Figure 6.10 illustrates 3D 

printing using a pair of nozzles, where one distributes a small amount (droplet or pixel) of 

PBDT solution, followed by a top coating of IL (or IL-salt mixture) to form a pixel of 

thin gel. By raster scanning this pair of nozzles in a desired programmed pattern and 

metering the stopped-flow of the two liquids, any complex 3D scaffold structure can in 

principle be printed. In thin films (sub-micron to tens of microns), we estimate the gel 

will form on millisecond or faster time scales and thus the gel pixels can be built up 

rapidly. Thus, this gel can be patterned into any shape for use in broad applications, 
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which may include ionically conductive coatings, distributed electrolyte batteries or 

microbatteries, medical electrolytes for interfacing with implants or biosensors, or 

intricately structured mechanical actuators.    

 

Figure 6.10. 3D printing technique by using the combination of PBDT aqueous solution 

and ILs metered out of two separate nozzles in order to generate complex shapes of ion 

gel materials.  

 

6.4.5 Different Ionic Liquids Used for Ion Gel Formation 

In addition to the ILs we have described in this project, we can also fabricate a series 

of ion gels based on different combinations of ILs and PBDT aqueous solution. Table 6.2 

summarizes the ion gel fabrication results. By carefully selecting the type of IL, we can 

develop a series of ion gels with tunable properties, such as modulus, conductivity, 

birefringence, fluorescence, as well as anisotropy in a range of properties. These 

properties encourage development of broader applications for these newly developed gel 

materials, including artificial muscles, optical sensors, fuel cell membranes and reverse 

osmosis membranes.  
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Table 6.2. Demonstrated fabrication of PBDT ion gels based on different ILs. 

Ionic Liquid Formation of Gels Observations 
C2mim TfO Y Gel formed in the bottom solution 
C2mim BF4 Y Gel formed in the bottom solution 
C2mim TFSI N Immiscible 

C2mim Acetate Y Gel formed in the bottom solution 
C4mim TfO Y Gel formed in the bottom solution 
C4mim BF4 Y Gel formed in the bottom solution 
C4mim TFSI N Immiscible 
C4mim DCA Y Gel formed in the bottom solution 
C6mim TfO Y Cloudy gel in the bottom solution 
C6mim BF4 Y Cloudy gel in the bottom solution 
C3mpyr TfO N Highly viscous solution 
C3mpyr TFSI N Immiscible 
C3mpyr DCA N Highly viscous solution 

 

 

6.5 Conclusion 

      In this chapter, we describe the material development, ion transport, morphology and 

electrochemical properties of an IL-based polymer gel electrolyte that shows potential to 

serve as a next generation electrolyte material for a range of electrochemical devices, 

notably high energy density batteries such as Li-S, Li-air or Na batteries. The two-step 

fabrication method proposed in the paper is essential to generate highly conductive 

separators with tunable modulus and adjustable metal ion type and content. By 

controlling polymer content, modulus of the gel electrolyte, Li salt concentration and 

applied current density in electrochemical cells, we have explored the main factors that 

determine the cycling stability of these systems in Li-metal batteries. In addition, we have 

described several unique fabrication methods for making these ion gels in various forms 

and with a range of compositions. These studies have thus shown great promise for 
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flexible integration of these next-generation electrolytes into a number of real world 

applications. 
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Chapter 7 

Summary and Future Work 

7.1 Summary  

This dissertation describes the development and characterization of advanced 

polymer electrolyte materials for next generation of energy storage and conversion 

devices such as batteries, fuel cells, artificial actuators and reverse osmosis membranes.  

We focus on investigating an aromatic sulfonate polyelectrolyte poly (2,2′-disulfonyl-

4,4′-benzidine terephthalamide) (PBDT). This rigid-rod polyelectrolyte is the molecular 

foundary for the ionic liquid-based gel electrolyte developed in the project. The aqueous 

solution of PBDT forms a lyotropic LC phase above a critical concentration C* = 1.2 wt% 

and has high ion density along the polymer backbone. We employ pulsed-field-gradient 

(PFG) NMR diffusometry, 2H NMR spectroscopy, polarized optical microscopy, and 

small-angle X-ray scattering to determine relationships between counterion transport, 

dynamic coupling of water, and molecular alignment in aqueous solutions of PBDT. 

These studies promise to open new pathways to understanding a range of anisotropic 

polymer systems including aligned polymer electrolyte membranes, wood composites, 

aligned hydrogels, liquid crystals and stretched elastomers.  

From the perspective of molecular configuration and liquid crystalline structure, we 

further propose that PBDT elaborately possesses a double helical conformation as simlar 

to DNA molecules. The demonstration is based on a complementary investigation of X-

ray diffraction, 23Na NMR, and molecular dynamics simulation. This double helical 

structure endows the unique properties of PBDT aqueous solutions that can be employed 

to design versatile materials.  
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As the main achievement in this research project, we primarily develop an ionic 

liquid-based polymer gel electrolyte that possesses following exceptional combination of 

properties: transport anisotropy up to 3.5х, high ionic conductivity transport anisotropy 

up to 3.5×, high ionic conductivity (up to 8 mS cm-1), widely tunable modulus (0.03 ‒ 3 

GPa) and high thermal stability (up to 300°C). This material is formed by combining an 

ionic liquid with PBDT aqueous solution in the presence of a magnetic (B) field. Based 

on this unique combination of component precursors, this material not only breaks the 

usual tradeoff between ionic conductivity and modulus, but also provides controllable 

macroscopic alignment in the as-formed ion gels.  

        Furthermore, in order to investigate the real performance of the developed gel 

electrolyte, we test its corresponding electrochemical properties by assembing the 

electrolytes in Li symmetric coin cells. Use of Li metal in battery anodes has been 

investigated for several decades, but has not found practical use because of low 

coulombic efficiency and dendrite growth on the Li metal surface along with limited 

battery cycle life. This ionic liquid-based solid state electrolyte possesses high ionic 

conductivity and excellent thermal stability while maintaining enough modulus to 

suppress the unfavorable Li dendrite growth. We observe stable cycling of this gel 

electrolyte at current density ≤ 1mA cm-2, which is rarely reported for previous solid-state 

electrolytes. By tuning the modulus and the Li salt concentration in the gel electrolytes, 

we conclude that the deposition of Li metal is closely correlated with the modulus of the 

gel electrolyte. In addition, we further demonstrate a new fabrication method to obtain 

ultrathin (~ 100 µm) gel electrolyte membrane with controllable thickness and smooth 

surface that showing promise for more pratical applications in electrochemical devices.  



181 
 

7.2 Future Work  

    We have talked about fabrication and characterization of this new class of PBDT ion 

gel electrolytes. However, the real mechanism hidden behind the gel formation has not 

been fully investigated. The gel forming mechanism is essential for developing more 

other gel materials. By elaborately selecting the precursor polymer solutions as well as 

the type of ionic liquid, we can achieve more functionality in the resulted polymer 

electrolytes. Meanwhile, the investigation of ion association, polymer chain conformation 

and dynamic coupling in the polymeric systems is also critical to develop more advanced 

materials with comprehensive and tubable properties.  

Based on the investigation of this newly developed PBDT ion gel electrolytes, we 

believe that it is highly possible to apply these solid-state gel electrolytes in next-

generation Li batteries. Beforehand, we still require substantial testing and modification 

to better fit this system into some commercialized products. 

In addition to the gel forming mechanism and the potential application in battery 

fields, it is also desirable and valuable for us to discover may other applications for this 

gel electrolyte, such as mechanical actuators, fuel cell membranes and reserve osmosis 

membranes. This unique platform by combining ionic liquid and polyelectrolyte is 

promising for us to develop more advanced materials that can be fit in more energy 

storage and conversion devices. 

     

  

 

 
 
 


