
 

 

ABSTRACT 

HAN, SANG-DON. Delving into the Properties and Solution Structure of Solvent-Lithium 

Salt Electrolytes for Li-ion Batteries. (Under the direction of Dr. Wesley A. Henderson). 

In spite of the critical importance of understanding the molecular interactions in solvent-

salt electrolyte systems which is essential for the optimization of advanced lithium battery 

electrolytes, a molecular-level systematic approach to determine such interactions within 

electrolytes and the link between these interactions and the electrolyte properties does not 

exist. In addition, widely used polarization parameters (e.g., donor/acceptor numbers, 

dielectric constant, etc.) are actually ineffective for gauging these molecular interactions and 

describing the solvate species present within the electrolyte, as shown as part of this work. 

Here we demonstrate that a combination of methods—i.e., the determination of the 

electrolyte thermal phase behavior (phase diagram and the corresponding solvate crystal 

structures), a Raman spectroscopic evaluation of the solvation/ionic association interactions 

and molecular dynamics (MD) simulations—can provide detailed insight into the 

coordination interactions of the solvent and anions and thus explanations for the solution 

behavior and variability in the transport properties (viscosity and ionic conductivity) of 

concentrated electrolytes. 

As a preliminary study, Raman vibrational spectroscopy was used to explore the 

distribution of anion...Li
+
 cation coordination modes and readily discern how solvent 

structural features govern Li
+
 cation solvation. The anion Raman vibrational bands of lithium 

trifluoromethanesulfonate (LiCF3SO3), lithium difluoro(oxalato)borate (LiDFOB) and 

lithium hexafluorophosphate (LiPF6) were characterized in detail to evaluate the anion...Li
+
 



 

 

cation interactions within known and newly reported crystalline LiCF3SO3, LiDFOB and 

LiPF6 solvates. The information obtained from these analyses provides key guidance to 

correctly assign the observed vibrational bands to specific forms of anion coordination in 

electrolytes containing the LiCF3SO3, LiDFOB and LiPF6 salts. 

Utilizing a combination of methods, the degree of solvation and ionic association have 

been determined for a wide variety of electrolyte mixtures with acetonitrile (AN, a model 

solvent) and new and conventional lithium salts (LiDFOB, LiFSI, LiPF6, LiTFSI, LiClO4, 

LiBF4, LiCF3SO3 and LiCF3CO2). Once the solution structure was well understood, the 

transport properties (viscosity and ionic conductivity) of the electrolyte mixtures were 

correlated with the structural information to obtain insight into the origin of the transport 

property variations for the different electrolytes. MD simulations for the (AN)n-LiX mixtures 

have been performed to obtain additional insight into the solution structure and to explore the 

limitations of the experimental work and simulations for electrolyte characterization. This 

research provides a detailed understanding of electrolyte mixtures, including how 

interactions at the molecular-level are affected by factors such as solvent/ion structure, 

temperature and concentration and how these interactions govern the properties of 

electrolytes. Furthermore, this study is expected to contribute to a better understanding and 

control of electrolyte-electrode interfacial interactions, which directly influence battery 

performance and safety, and to the optimization of multi-solvent electrolytes, thus enabling 

the rational design of electrolytes for a wide variety of battery chemistries and applications. 
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The objectives of this research were to (1) demonstrate new or 

improved methods/approaches to electrolyte characterization 

and (2) discover how ion and solvent structure influence the 

physicochemical/transport/electrochemical properties and 

solution behavior in nitrile-LiDFOB/LiFSI electrolyte mixtures. 
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1.1. Battery Technologies in Plug-in Hybrid Electric Vehicles (PHEVs) 

Recent increasing concerns about energy security, oil dependence, and climate change 

have led to tremendous changes in energy production and use. In response to these issues, the 

electrification of transportation with electrical energy storage (i.e., batteries) has received 

considerable attention because this will reduce fuel consumption, lower the dependence on 

imported oil, decrease greenhouse gas emissions, and provide fuel flexibility.
1
 The examples 

of electrified transportation are hybrid electric vehicles (HEVs—combination of a regular 

internal combustion engine with a complementary electric energy source), plug-in hybrid 

electric vehicles (PHEVs—combination of a primary electric energy source with a back-up 
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combustion engine) and electric vehicles (EVs—all electric energy source). Initially, HEVs 

were not able to be commercialized due to the limitations of available battery technologies. 

Advances in batteries in recent decades, however, resulted in the commercialization of HEVs 

(e.g., Toyota Prius in 1997), whereas PHEVs (e.g., Chevy Volt in 2007) and EVs (e.g., 

Nissan Leaf in 2010) are still in the early stages of full-scale commercialization. Significant 

battery improvements, therefore, are required to realize the wide-spread commercialization 

and utilization of PHEVs (and then EVs) including a/an: (1) much lower cost, (2) longer 

cycle/calendar life, (3) higher safety/abuse tolerance, and (4) improved operation over a 

wider temperature range.
2-4

 Different types of batteries have been adopted for vehicle 

applications, but Li-ion batteries have drawn the greatest attention for most commercial 

vehicles due to their high energy density attributed to the large potential difference between 

the electrodes and use of high capacity electrode materials with nonaqueous electrolytes. 

Significant further advances in the development of Li-ion battery technologies, however, are 

required for this application, in particular with regard to safety and cost. 

 

1.2. Li-ion Batteries 

The Li-ion battery is one of the most promising energy storage technologies currently 

available. Such batteries are widely used in portable electronics due to their high energy 

density and long-term cycling performance which other energy storage technologies cannot 

match.
5
 Recently, great interest has been shown for the energy and envi ronmental 

sustainability of larger scale Li-ion battery systems for (hybrid) electric vehicles and 
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complimentary (grid-level or stationary) energy storage linked with renewable energy 

resources.
5
 

Li-ion batteries are typically composed of three main components—an anode, a cathode 

and an electrolyte (which is dispersed within a separator) as shown in Fig. 1.1. Eqn. 1.1 

below shows the reactions for a Li-ion battery (with MOx being a metal oxide and C6 being 

graphite). As the battery is charged, electrons are extracted from the cathode active material 

(oxidizing the cathode) and transferred to the anode active material (reducing the anode). 

This results in the deintercalation of Li
+
 cations from the cathode and intercalation of Li

+
 

cations into the anode (Li
+
 cations are transferred from the cathode through the electrolyte to 

the anode): 

Cathode: LiMOx   Li1-nMOx + nLi
+
 + ne

−
 

Anode: nLi
+
 + ne

−
 + C6   LinC6    (1.1) 

Overall: C6 + LiMOx   Li1-nMOx + LinC6 

Once the Li-ion battery has been charged, the electrode materials are maintained in a 

thermodynamically unstable state. During the discharge process, the electrodes are driven to 

return to their thermodynamically favorable state resulting in the reverse reactions 

(deintercalation of Li
+
 cations from the anode and the intercalation of Li

+
 cations into the 

cathode) and the generation of a current through the external circuit (allowing useful work to 

be done). These multi-step reactions occur simultaneously within the Li-ion battery and are 

limited primarily by the Li
+
 cation delivery rate of the electrolyte between the electrodes. 

Commercially available cathode materials are lithiated layered transition metal oxides— 
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LixMO2 (M = Co, Ni, Mn, or their mixtures), transition metal spinel oxides—LiM2O4 (M = 

Mn or mixtures of Mn, Co, and Ni) and transition metal phosphates—LiMPO4 (M = Fe),
6
 

which can be oxidized/reduced and retain a structure which permits the deintercalation 

/intercalation of the Li
+
 cations (for charge balance). New cathode active materials with a 

significantly higher specific energy have been developed which can result in a total cost 

reduction of a vehicle’s battery pack by reducing the number of batteries needed.
7,8

 The 

 

 

 
 

Figure 1.1. Schematic representation of a typical Li-ion battery.
15
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anode material in all commercial Li-ion batteries is graphite due to its low 

cost, high availability and the possibility of ready modifications.
5
 Alternative anode material  

(e.g., silicon, germanium and other metal alloys of lithium) are also being developed for 

higher-capacity anodes.
5,6,9,10

 The rational design of new electrolytes, therefore, for a wide 

variety of battery chemistries and applications is required to enable stable cycling of such 

high capacity alternative cathode and anode materials. In addition, the electrolyte itself is a 

critical component in Li-ion batteries, and thus PHEVs, due to its crucial role in device 

power, low/high temperature performance, lifetime, safety and cost, which are significant 

challenging factors for the development of PHEVs. As higher voltage electrode technologies 

emerge, stagnant battery electrolyte formulations, which prevent the use of such electrodes, 

become the limiting factor for the utilization of next generation Li-ion batteries. 

 

1.3. Electrolyte in Li-ion Batteries 

An electrolyte in a Li-ion battery serves not only as an ionic conductor to transfer Li
+
 

cations between the electrodes, but also as an electronic insulator to prevent internal self-

discharge and/or short-circuit (the direct reaction between the electrodes). Aqueous 

electrolytes, which are often used in electrochemistry, are not suitable for Li-ion battery 

applications because of the reactivity of water with the electrodes and the resulting water 

electrolysis,
11

 whereas nonaqueous electrolytes, which are usually organic solvents with a 

lithium salt, have been utilized in Li-ion batteries due to the high ionic conductivity and 

stability of such electrolytes.
5
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Current state-of-the-art liquid electrolytes in Li-ion batteries consist of mixtures of 

ethylene carbonate (EC) and a non-cyclic carbonate such as diethylcarbonate (DEC), 

dimethyl carbonate (DMC) or ethylmethyl carbonate (EMC) with a lithium salt.
12,13

 Lithium 

hexafluorophosphate (LiPF6) is almost exclusively used due to its favorable battery 

electrolyte properties including high solubility in aprotic solvents, high conductivity, 

excellent electrochemical stability and formation of a stable solid electrolyte interface 

(SEI).
12,14,15

 However, this salt also has several disadvantages such as voltage limitations 

(~4.3 V vs. Li/Li
+
), temperature limitations (-10°C - 60°C), high cost, storage difficulty (due 

to hydrolysis), and formation of toxic byproducts upon decomposition in the presence of 

positive-electrode materials (LixMO2, where M is Co, Ni or Mn).
12,15,16

 Therefore, the 

preparation and characterization of new electrolyte formulations are required for advanced 

rechargeable Li-ion batteries targeted for PHEVs. Such electrolytes are expected to be 

composed of less expensive materials, be stable to > 4.5 V vs. Li/Li
+
 for high energy density 

Li-ion batteries, have exceptional inherent thermal and electrochemical stability, 

continuously self-heal the SEI layers on the electrodes for longer cycle life and improved 

safety, retain significant fluidity and conductivity at < -10°C and be stable in contact with 

active electrode materials for both low and high temperature operations.
3,12

 

Despite these needs, Li-ion battery electrolytes remain a poorly understood topic relative 

to the research devoted to battery electrodes. For example, electrode materials have made 

great improvements in capacity, stability, and cost since the introduction of the Li-ion battery 

25 years ago, but the electrolyte has undergone only minor changes since then, holding back 
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the progression of these batteries. Abraham et al. noted that “recent advances in cathode and 

anode materials have refocused attention on electrolytes as the technological bottleneck 

limiting the operation and performance of lithium-battery systems”.
17

 The development of a 

comprehensive understanding of electrolyte interactions (something which at present is 

largely nonexistent) and the exploration of new electrolyte solvents/salts are therefor e 

urgently required to advance new Li-ion battery technologies. 

 

1.3.1. A New Approach to Electrolyte Studies 

Instead of the ‘empirical’ Edisonian approach extensively used by battery researchers, a 

‘molecular-level systematic’ approach is required to provide a comprehensive understanding 

of Li-ion battery electrolytes: how solvent and anion structure determine the solvation state 

of Li
+
 cations in solvent-lithium salt (LiX) mixtures and how this, in turn, dictates the 

electrolyte properties which govern, in part, battery performance. Ultimately, the 

fundamental information on molecular-level interactions will provide strong guidance for 

selecting next-generation electrolytes for future advanced Li-ion batteries. 

In solvent-salt electrolyte systems, ionic association is a key feature.
12,18-20

 It is widely 

cited that there are three different general forms of ionic species: solvent-separated ion pairs 

(SSIPs), in which the anions remain uncoordinated to a Li
+
 cation; contact ion pairs (CIPs), 

in which the anions are coordinated to a single cation; and aggregates (AGGs), in which the 

anions are coordinated to two or more cations (Fig. 1.2). This will be demonstrated in the 

following chapters to be an overly simplistic categorization of solvate species. The solvate 

 



 

 

8 

 

 

 

Figure 1.2. Li
+
 cation solvates in THF mixtures (X is the anion and Li is the Li

+
 cation) 

(from known crystal structures).
12

 

 

 

species, nonsolvated anions and strongly solvated/coordinated cations, in an electrolyte 

depend on the structure of the solvents and anions, temperature and salt concentration. The 

ionic solvation is determined by the properties of both the solvent and the anion. Influencing 

properties of the solvent include (1) the type of solvent donor atom(s) (e.g., N, O or S), which 

influences the strength of the D...Li
+
 (D: donor atom) coordination bond, (2) steric effects, 

which may limit the ability of the solvent donor atom (or neighboring solvent molecules) to 

approach a Li
+
 cation to form a coordination bond, (3) temperature, which influences thermal 

motion thus affecting steric hindrance and the efficiency of molecule packing, and (4) 

multidentate ligands, which have the ability for a single solvent molecule to coordinate to a 

Li
+
 cation with more than one donor atom.

12,21
 Influencing properties of the anion are (1) the 

coordinating ability, which is determined by the anion donor atoms (e.g., O, N or F), steric 
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effects and flexibility, (2) negative charge delocalization (resonance), which spreads the 

negative charge across several atoms and reduces the interaction between any one atom of 

the anion and a single Li
+
 cation, (3) size, which may become a factor when it is significant 

enough to prevent solvent molecules or other anions from approaching a Li
+
 cation, and (4) 

proximity to other ions.
12

 

In spite of the significant importance of understanding solvation/ionic association in 

solvent-salt electrolyte system to aid in optimizing advanced lithium battery electrolytes, a 

molecular-level systematic approach to determining such interactions within the electrolyte 

and the link between these interactions and the electrolyte properties does not exist. Thus, it 

is necessary to study the molecular-level ion/solvent structure, macro-level physicochemical, 

transport and electrochemical properties, and solution behavior of electrolytes to understand 

the relationship between them. 

 

1.3.2. Electrolyte Properties Characterization 

To examine the link between molecular-level ion/solvent structure and the macro-level 

physicochemical/transport/electrochemical properties and solution behavior that determine, 

in part, the performance of Li-ion batteries, a synergistic experimental approach was 

employed with the following 3 research thrusts. 

Thrust 1. Thermal Phase Behavior and Crystalline Solvate Structure Analysis.—An in-

depth analysis of the thermal phase behavior
22-25

 and solvate crystal structures
26-34

 of nitrile 

solvent-lithium salt (LiX) mixtures can give important insight into the molecular-level 
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interactions that exist within an electrolyte system. Based upon differential scanning 

calorimetry (DSC) data, phase diagrams with various solvents can be prepared to determine 

whether crystalline solvates form and the operational liquid range for nitrile solvent-lithium 

salt mixtures with varying lithium salt concentrations. Moreover, the crystalline solvates 

obtained from nitrile solvent-lithium salt mixtures may be structurally characterized to 

explore how the solvent molecules and anions interact with the Li
+
 cations. Crystal structures 

not only provide the type of solvate (i.e., SSIP, CIP and AGG) formed in dilute electrolytes, 

thus aiding in the Raman characterization of Thrust 2, but also suggest a link between the 

anion association tendency and the melting point of the crystalline solvates. In addition, 

complementary variable-temperature powder XRD analysis can be conducted to aid in phase 

diagram preparation, although this has not been done in the present study. 

Thrust 2. Ion Solvation and Ionic Association Analysis.—The ion solvation (solvent…Li
+
 

cation) and ionic association (anion…Li
+
 cation) behavior of lithium salts with various nitrile 

solvents and anions was explored utilizing Raman spectroscopic analysis. By examining the 

solvent vibrational bands, it is possible to determine the fraction of coordinated solvent 

molecules (i.e., solvation number).
23-25

 The analysis of anion vibrational bands can provide 

the explanation for how the anions influence the ionic association and fraction of coordinated 

solvent molecules.
23-25,29-32

 These Raman spectroscopic analyses therefore provide indirect, 

but detailed information regarding the solvate species present in the solid-state and liquid 

phases. 

Thrust 3. Transport Properties Analysis.—Electrolyte transport properties were determined 
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for comparison with the phase behavior, solvate structures and ion solvation/ionic association 

behavior. These electrolyte properties are crucial because they govern, in part, the 

performance of Li-ion batteries. Ionic conductivity, viscosity and density were measured at 

various temperatures and compositions of nitrile solvent-LiX mixtures. The ionic 

conductivity
4,25,35-37

 and viscosity/density
25,35,36

 can be determined by using a potentiostat/ 

galvanostat (potentiostatic electrochemical impedance spectroscopy) and Stabinger 

viscometer, respectively. 

The present work focuses on the link between molecular-level ion/solvent structure and 

the macro-level physicochemical/transport/electrochemical properties and solution behavior 

that govern, in part, the performance of Li-ion batteries. Once this was done, the obtained 

properties data were utilized to optimize/validate detailed computational simulations by 

collaborators to have additional knowledge/insight unavailable through experimental 

techniques alone, such as the structural interactions for individual solvates and their influence 

on the electrolyte properties and kinetics of Li
+
 cation transport at electrolyte-electrode 

interfaces.
23-25,29-33,35

 Ultimately, the fundamental information on molecular-level interactions 

from the present work will provide strong guidance for ‘directed’ electrolyte composition 

optimization instead of the previous ‘empirical’ approach. This, in turn, will suggest criteria 

for alternative electrolytes for future advanced Li-ion batteries. 

 

1.4. Motivation for This Study 

In the development of next-generation Li-ion batteries, electrolyte development is not just 
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an option but a necessity with higher-voltage, higher-capacity cathode and anode materials 

critically needed for new batteries. The previous ‘trial-and-error’ Edisonian method widely 

utilized by battery researchers limits the ability to identify new promising electrolyte 

formulations. Within electrolyte mixtures, there is a competition between the solvent 

molecules (solvation) and anions (ionic association) for the coordination of the Li
+
 cations, 

which crucially influences the electrolyte properties. These molecular interactions in a 

battery electrolyte, however, remain a poorly understood and hardly studied topic due to the 

strong limitations currently available for characterizing solution structure. Most of the 

previous studies for electrolyte interactions have provided inaccurate information due to the 

poor assumptions made or lack of rigorous characterization methods.  

The present study, therefore, has focused on utilizing a combination of methods including 

thermal phase behavior characterization (phase diagram from DSC data), XRD solvate 

crystal structure determination (working with several crystallographers) and Raman 

vibrational spectroscopic analyses. These combined experimental methods have been applied 

to determine the degree of solvation and ionic association for the mixtures including model 

or newly used solvents (i.e., nitriles or dinitriles) and new or conventional lithium salts (i.e., 

LiDFOB, LiFSI or LiPF6, LiTFSI, LiBF4, LiClO4, LiCF3SO3). The resulting knowledge of 

the electrolyte solution structure obtained then provides mechanistic explanations for the link 

between the molecular-level interactions and electrolyte properties such as ionic conductivity 

and viscosity. This research provides a detailed understanding of electrolyte mixtures 

including how interactions at the molecular-level are affected by factors such as solvent/ion 
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structure, temperature and concentration and how the interactions govern the properties of 

electrolytes. Furthermore, this study is expected to provide, in future studies, the foundations 

for a comprehensive understanding and control of electrode-electrolyte interfaces and the 

optimization of electrolyte formulations for greatly improved battery performance and safety. 

Among a number of potential replacements for the state-of-the-art lithium salt (i.e., 

LiPF6), lithium difluoro(oxalato)borate (LiDFOB, Fig. 3a) is of principal interest in the 

present body of research because LiDFOB—a hybrid salt of lithium bis(oxalato)borate 

(LiBOB, Fig. 3b)
38-41

 and lithium tetrafluoroborate
42-45

 (LiBF4,Fig. 3c)—possesses beneficial 

properties of both parent anions. These properties include (1) a relatively high ionic 

conductivity over a wide temperature range, (2) the ability to not only support metallic 

lithium cycling reversibly on the surface of a copper anode current collector, but to also 

passivate the aluminum cathode current collector at high voltage, (3) the active formation of 

a SEI layer, and (4) the possibility to increase battery safety protection and overcharge 

tolerance.
46-52

 In addition, lithium bis(fluorosulfonyl)imide (LiFSI, Fig. 3d) is another strong 

potential candidate for the replacement of LiPF6 due to its various advantages: (1) superior 

thermal and chemical stability, (2) a relatively high ionic conductivity over a wide 

temperature range, (3) high Li
+
 cation transference number, and (4) high solubility in most 

polar solvents.
53-64

 In the work presented in subsequent chapters, the experimental 

methodology noted above (complemented by computational work) was employed to fully 

characterize the LiDFOB and LiFSI salts to aid in determining their potential as either 

primary salts or salt additives for newly formulated Li-ion battery electrolytes. 
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Figure 1.3. The ion coordination in the crystal and chemical structures of (a) LiDFOB,
4,28,29

 

(b) LiBOB,
4
 (c) LiBF4

44
 and (d) LiFSI.

65
 The elemental color key is: B (tan), C (grey), F 

(light green), Li (purple), N (blue), O (red) and S (yellow). 
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CHAPTER 2 

 

 

 

 

Experimental Methods 

 
 

 

 

Using a combination of methods including thermal phase diagrams (from DSC data), XRD 

solvate structure determination (single crystal x-ray diffraction) and Raman vibrational 

spectroscopic analysis, the degree of solvation and ionic association have been determined 

for a wide variety of electrolyte mixtures including model or newly used solvents (i.e., 

nitriles or dinitriles) and new or conventional lithium salts (LiDFOB, LiFSI, LiPF6, LiTFSI, 

LiBF4, LiClO4 and LiCF3SO3). Once the solution structure was well understood, the transport 

properties (viscosity and ionic conductivity) of the electrolyte mixtures were correlated with 

the structural information to obtain insight into the origin of the transport property variations 

for the different electrolytes. 

 

2.1. Materials 

2.1.1. Lithium Salts 

The lithium salts (LiX) used in the present study and their acronyms are noted in Fig. 2.1. 

LiPF6 (electrolyte grade), LiClO4 (battery grade, 99.998%) and LiBF4 (anhydrous, 99.99%) 

were purchased from Novolyte and used as-received. LiFSI (> 99.5%, Suzhou Fluolyte 
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Figure 2.1. Ion structures and acronyms of the lithium salts studied. 

 

 

 

Company) was used as-received. LiTFSI (electrolyte grade, 3M), LiCF3SO3 (99.995%, 

Sigma-Aldrich) and LiCF3CO2 (95%, Sigma-Aldrich) were dried under high vacuum at 

120°C for 24 h prior to use. 

LiDFOB (≥ 99.9%) was synthesized by the direct reaction of excess boron trifluoride 

diethyl etherate (BF3-ether) with lithium oxalate (oxalic acid dilithium salt or Li2Ox), both 

used as-received from Sigma-Aldrich (Fig. 2.2). The ether solvent, one of the reaction 

byproducts, was filtered off along with the unreacted BF3-ether. Residual ether was then 

evaporated at room temperature under high vacuum. The resulting solids, a mixture of LiF, 

unreacted Li2Ox and LiDFOB, were mixed with DMC at 80°C. The LiDFOB dissolved in 

the DMC solvent, while the LiF and Li2Ox were insoluble. These solids were filtered off and 

the solution was cooled to crystallize the LiDFOB as a (DMC)3/2:LiDFOB solvate. The 
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LiDFOB was purified by multiple recrystallization steps. The LiDFOB solvate was dried in a 

vacuum oven at 105°C for 48 h to remove the DMC. The resulting pure LiDFOB salt was 

stored in a sealed container in a N2-filled Vacuum Atmospheres inert atmosphere glovebox 

(< 1 ppm H2O). In order to verify the purity of the LiDFOB, the salt was analyzed by 
11

B and 

19
F-NMR.

1
  

 

 

 

 

Figure 2.2. Synthesis of LiDFOB by direct reaction of BF3-etherate and dilithium oxalic 

acid.
1
 

 

 

 

2.1.2. Solvents 

The solvent used in the present study and their acronyms are noted in Fig. 2.3. 

Acetonitrile (AN, extra dry, 99.9%), propionitrile (PN, 99%), butyronitrile (BN, ≥ 99%), 

succinonitrile (SN, 99%), adiponitrile (ADN, 99%), diethyl ether (Et2O, anhydrous, ≥ 99% ), 

ethylene glycol dimethyl ether or 1,2-dimethoxyethane (monoglyme or G1, anhydrous, 

99.5%), diethylene glycol dimethyl ether or 2-methoxyethyl ether (diglyme or G2, 

anhydrous, 99.5%), triethylene glycol dimethyl ether or triglyme (G3, 99%), tetraethylene 

glycol dimethyl ether or tetraglyme (G4, 99%), ethylene glycol diethyl ether or 1,2-

diethoxyethane (Et-G1, 98%), diethylene glycol diethyl ether or 2-ethoxyethyl ether (Et-G2, 
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Figure 2.3. Structures and acronyms of the solvents studied. 
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reagent grade, ≥ 98%), N,N,N',N'-tetramethylethylenediamine (TMEDA, 99%), 

N,N,N',N",N"-pentamethyl-diethylenetriamine (PMDETA, 99%), 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA, 97%), ethylene carbonate (EC, anhydrous, 

99%), propylene carbonate (PC, anhydrous, 99.7%), γ-butyrolactone (GBL, ≥ 99%), 

tetramethylene sulfone or sulfolane (TMS, 99%), acetone (≥ 99.9%), 3-pentanone (≥ 99%), 

methyl acetate (MA, ≥ 98%), ethyl acetate (EA, 99.8%), dimethyl carbonate (DMC, 

anhydrous, ≥ 99%), diethyl carbonate (DEC, anhydrous, ≥ 99%), tetrahydrofuran (THF, 

anhydrous, ≥ 99.9%), 2-methyltetrahydrofuran (2-MeTHF, ≥ 99.5%), 1,10-phenanthroline 

(PHEN, ≥ 99%), 2,9-dimethyl-1,10-phenanthroline or neocuproine (DMPHEN, ≥ 98%) 

,1,4,7,10-tetraoxacyclododecane (12-crown-4 or 12C4, 98%), 4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane (CRYPT-222, 98%) were purchased from either Sigma-

Aldrich, Novolyte or Fisher Scientific. The solvents were dried over 3 Å molecular sieves, if 

necessary, until the water content was verified to be negligible (< 30 ppm) using a Mettler 

Toledo DL39 Karl Fischer coulometer. 

 

2.2. Sample Preparation 

Mixtures were prepared in the glovebox by combining appropriate amounts of the lithium 

salts with solvents in hermetically-sealed glass vials and then heated/stirred on a hot plate to 

form homogenous solutions. The compositions of each mixture/solvate are described using 

the following three notations: (1-x) solvent-(x) LiX, (solvent)n-LiX and (solvent)n:LiX for 

discussions focusing on mole fraction, ratio of AN/Li and specific crystalline solvates, 
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respectively. A slightly different notation has been used for the quantum chemical (QC) and 

molecular dynamic (MD) simulation calculations. 

To obtain single crystals from a given mixture,  compositions for the mixture were  

typically slightly more dilute than the solvate composition of interest. Single crystals grew 

from the mixtures upon standing either at room temperature, at 4°C (in a refrigerator), at        

-23°C (in a freezer) or at -20°C to -40°C (in a Binder environmental chamber) which is 

below the single crystal melting point (as obtained from a DSC analysis). The single crystal 

solvate structures obtained with LiCF3SO3, LiPF6 and LiDFOB will be discussed in Chapters 

3 and 4. Solvate single crystals were used for the determination of the structures via single-

crystal X-ray diffraction, for the analysis of the thermal phase behavior (i.e., solid-solid 

phase transitions melt transition (Tm), glass transition (Tg), etc.) via differential scanning 

calorimetry (DSC), and for the characterization of ion solvation/ionic association behavior 

via Raman spectroscopy. For the DSC analysis, the single crystals were directly added to the 

hermetically-sealed sample pans and tested. For the Raman analysis, the solvate crystals were 

either ground in the glovebox into a powder using a mortar and pestle (if the Tm of the 

solvate is greater than room temperature) or used directly. For solvates with a Tm at or below 

room temperature, liquid samples of the appropriate composition were instead prepared in 

the glovebox and the crystalline solvate phases were grown directly in the Linkam 

heating/cooling stage during the Raman measurements. 
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2.3. Instruments and Techniques 

2.3.1. Differential Scanning Calorimetry (DSC) 

TA Instruments Q100 and Q2000 differential scanning calorimeters with liquid N2 cooling 

were used for the DSC measurements. The instruments were calibrated with cyclohexane 

(solid-solid phase transition at -87.06°C, Tm at 6.54°C) and indium (Tm at 156.60°C). Two or 

three droplet of sample was added to an aluminum pan and hermetically-sealed in the 

glovebox. Typically, sample pan were cooled to -150°C and then heated to 100-200°C at a 

rate of 5°C min
-1

, depending upon the temperature necessary for melting and/or 

decomposition. In many cases, it was necessary to cycle and repeatedly anneal the sample 

pans at subambient temperature to ensure complete crystallization of the samples. Once the 

samples were crystallized, the pans were cooled to -150°C and then heated (5°C min
-1

) to 

fully melt the samples. If crystallization was not achieved after 3-5 cycles, it was assumed 

that the sample could not be crystallized (with the procedures used). Neat lithium salts and 

single crystals were not annealed, but rather cooled to -150°C and heated until melting and/or 

decomposition was observed. Peak temperature values were recorded from the final heating 

thermograms and these data were used to construct the reported phase diagrams. 

 

2.3.2. X-Ray Diffraction 

The structural determination and analysis for the single crystals were performed by Drs. 

Paul D. Boyle and Roger D. Sommer in the Department of Chemistry at North Carolina State 

University. In general, samples were mounted on a nylon loop with a small amount of 
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Paratone N oil. X-ray measurements were performed on a Bruker-Nonius Kappa Axis X8 

Apex2 diffractometer at a temperature of -163°C. The unit cell dimensions were determined 

from symmetry constrained fits of the reflections. The frame integrations were performed 

using SAINT.
2
 The resulting raw data were scaled and absorption corrected using a multiscan 

averaging of symmetry equivalent data using SADABS or TWINABS (if twinning was 

present).
2
 The structures were solved by direct methods using either the XS or SIR92 

programs.
3-4

 All non-hydrogen atoms were obtained from the initial solutions. The hydrogen 

atoms were introduced at idealized positions and were allowed to ride on the parent atom. 

The structural models were fit to the data using full matrix least-squares based on F
2
. The 

calculated spectra factors included corrections for anomalous dispersion from the usual 

tabulation. The structures were refined using the XL program from SHELXTL.
4
 

 

2.3.3. Raman Spectroscopy 

A Horiba Jobin-Yvon LabRAM HR VIS high resolution confocal Raman microscope was 

used to collect Raman vibrational spectra using a 632 nm
-1

 He-Ne laser as the exciting source 

and a hermetically-sealed Linkam heating/cooling stage for temperature control. The 

instrument was calibrated with a two point calibration of the Raman laser line at 0.0 nm and a 

monocrystalline Si wafer at 520.7 cm
-1

. Samples were added to a machined well cut into an 

aluminum plate with a vacuum grease-sealed glass cover slide used to seal the well. The 

aluminum plate with the sample was then added to a Linkam stage in the glovebox before 

transferring the stage to the spectrometer. Spectra were typically collected with a 50X long-



 

 

31 

 

range objective using a 10-70 s exposure time and 10-20 accumulations to ensure high 

resolution spectra were obtained. Raman spectra were evaluated with LabSpec software. 

 

2.3.4. Density/Viscosity Measurements 

An Anton Paar SVM 3000 Stabinger viscometer was used for the viscosity and density 

measurements. The instrument was calibrated at three different temperatures (20°C, 60°C 

and 100°C) using Cannon viscosity and density reference standard oils: APS3 (3.689 mPa s
-1 

/0.8150 g cm
-3

), APN7.5 (9.995 mPa s
-1

/0.8159 g cm
-3

), APN26 (50.02 mPa s
-1

/0.8209 g cm
-3

) 

and APN415 (1105 mPa s
-1

/0.8456 g cm
-3

) (values at 20°C). To improve the accuracy of the 

measurements in the very low viscosity range, an ultra low viscosity adjustment also 

performed at three different temperatures (20°C, 60°C and 100°C) with n-heptane (0.412 

mPa s
-1

/0.6838 g cm
-3

), n-octane (0.545 mPa s
-1

/0.7027 g cm
-3

), n-nonane (0.708 mPa s
-1 

/0.7177 g cm
-3

) and n-decane (0.906 mPa s
-1

/0.7301 g cm
-3

) (values at 20°C). After the 

instrument calibration, the sample measurements were conducted in 10°C steps from 0°C to 

60°C with a 1°C min
-1

 heating rate. All of the samples were tested in duplicate with a fresh 

sample after each analysis. Approximately 2.6 ml of a sample was injected into the 

instrument with care taken to prevent the sample exposure to water from ambient air prior to 

and during the measurements. The instrument was cleaned before and after each set of 

measurements with ethyl acetate and isopropyl alcohol, and flushed with N2 gas (> 99.99%, 

water concentration 2-5 ppm). The moisture content of the samples was tested before and 

after each measurement to ensure the absence of water contamination. 
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2.3.5. Conductivity Measurements 

A Biologic VMP3 Potentiostat/Galvanostat/EIS analyzer was used for the ionic 

conductivity (κ) measurements using AMEL Instruments two electrode cells with Pt 

electrodes. The cells were assembled inside the glovebox and transferred into a Binder MK53 

environmental chamber for testing. Cell constants were calculated for each cell with a 11.67 

mS cm
-1

 aqueous KCl standard at 25°C (Sigma-Aldrich). Each experiment was performed 

from 1 MHz to 20 Hz with a 10 mV AC perturbation. Conductivity values were measured in 

10°C steps from 100°C to -40°C with the samples equilibrated at each temperature in an 

environmental chamber for approximately 60 min prior to the measurements. A Nyquist plot 

was generated for each measurement and the conductivity was evaluated using the point 

where the impedance curve intersected the real axis.4-6 Molar concentration C (mol dm
-3

) 

values were calculated from the concentration m (mol-salt kg
-1

-solution) and density ρ (g cm
-3

) 

of each solution by C = mρ. These values were then used to calculate the molar conductivity 

values by Λ= κ/C. 

 

2.3.6. Molecular Dynamics (MD) Simulations and Quantum Chemistry (QC) 

Calculations 

MD simulations were performed by Dr. Oleg Borodin at the U.S. Army Research 

Laboratory (ARL) on AN doped with LiX (LiPF6, LiTFSI, LiClO4, LiBF4, LiDFOB and 

LiFSI) employing a recently developed, many-body polarizable APPLE&P force field for 

AN and AN/Li
+
.
5-7

 The force fields for the DFOB
−
 or FSI

−
 anions have been developed and 
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validated for this work.
8
 The APPLE&P functional form was used for all of the bonded and 

non-bonded interactions, as described elsewhere.
7
 The repulsion-dispersion parameters for 

the Li
+
…solvent and Li

+
…anion interactions were taken from previous work.

6
 Simulations 

were performed for solvent:salt ratios (n) of 30, 20, 10, 5 and 2 at 60°C with the 

corresponding number of salt units in the simulation box of 16, 32, 64, 128, 256 resulting in 

various simulation box size lengths. Extensive details regarding the force field development 

and MD simulation methodology are provided in the published manuscripts.
8-11

 

The solvent and anion residence times in the Li
+
 cation solvation shells have been 

analyzed in order to better understand the Li
+
 cation transport mechanisms in (AN)n-LiX 

solutions.
11

 The distribution of residence times for the AN molecules and anions present in 

the cation's primary solvation shell were calculated using: 

PX-Li(t) = <H(t)*H(0)> 

where H(t) is 1 if a given atom―i.e., N(AN), B(BF4), Cl(ClO4), P(PF6), etc.―is within the 

previously specified proximity for solvent/anion coordination to a given Li
+
 cation

9,10
 and 

zero otherwise. The brackets indicate averaging over all of the Li
+
 cations and multiple time 

origins, as well as normalization such that PX-Li(0) = 1. The residence time for each species in 

the Li
+
 cation solvation shell was calculated as the time integral of stretched exponential 

exp(-(t/)

) fits to the PX-Li(t) distribution functions. 

Density functional theory (DFT) calculations were performed by Erlendur Jónsson and 

Dr. Patrik Johansson at Chalmers University of Technology.
12

 The DFOB
−
 anion and its 

various ion pairs with Li
+
 cations were constructed manually and geometries were optimized 
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using the 6-311+G* basis set employing two different DFT functionals: B3LYP
13-15

 and 

M06−2X
16

—the former to support backward compatibility (significant previous work has 

been done using only the B3LYP functional) and the latter to make use of the recent 

development of better functionals (M06−2X). Utilizing both serves as an internal 

calibration/verification of the results. Subsequently, the structures were all verified as energy 

minima by computing their Hessians and the Raman spectral data (frequencies, activities) 

were obtained from the partial third derivatives of the energy. In addition to the above 

calculations, all done for ionic species in vacuum, a solvent effect was added (with the 

structures reoptimized) using a solvent self-consistent reaction field (SCRF-SMD) 

methodology
17

 with AN as the parametrized solvent. This was done to in some way account 

for the reduced ion-ion interactions in the crystalline and/or liquid environment, and thus to 

mimic the experimental analysis to some extent. As the DFOB
−
 anion is able to adopt a 

multitude of different forms of Li
+
 cation coordination, the same strategy as noted above was 

also employed to scrutinize various ion pairs for numerous DFOB
−
...Li

+
 cation combinations. 

All calculations were made using Gaussian 09.
18

 To assist the comparison with the 

experimental data, artificial Raman spectra were created by convolution of the spectral data 

using a Lorentzian band shape and a FWHM of 5 cm
-1

. 
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CHAPTER 3 
 

 

 

 

Reassessing Polarization Parameters and Li
+
 Cation Solvation 

 
 

 

 

Polarization parameters are widely utilized to gauge solvation interactions, yet here it is 

shown that the most widely used parameters are ineffective at describing the solvate species 

present in solution for dissolved lithium salts. For solutions with aprotic solvents, the solvent 

molecules and anions directly compete with one another for coordination to the Li
+
 cations. 

The distribution of anion...Li
+
 cation coordination modes is directly and unambiguously 

accessible from vibrational spectroscopy. The use of this anion coordination information 

readily enables the discernment of how solvent structural features govern Li
+
 cation solvation. 

 

3.1. Introduction 

Solvation and ionic association interactions are key features of solvent-salt systems. 

Although it has long been known that different forms of ionic species govern the ionic 

conductivity and physical properties of electrolytes,
1-18

 it is only in recent years that a 

knowledge of the ionic association behavior of lithium reagents (organolithium reagents, 

LiAlH4, LiEt3BH, LiCuR2, LiNR2, lithium enolates, etc.) has been widely recognized as 

crucial for understanding their reactivity and reaction rates.
19-76

 Knowledge regarding how 
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the solvent used influences the outcome of a reaction or an electrolyte's physical properties is 

usually lacking and the choice of solvent is frequently based upon empirical experience or 

what is readily accessible. The subtleties of the solvent's role in the process are missed. 

Typically, solvent-ion interactions are characterized in terms of the solvent's polarity.
19,77

 

Katritzky et al. noted that "the term 'polarity' is usually related to the capacity of a solvent for 

solvating dissolved charged or dipolar species. 'Polarity' is easy to comprehend qualitatively, 

but substantial difficulties arise with (i) its precise definition and (ii) its quantitative 

measurement.....The term “solvent polarity”.....is generally used to encompass all of the 

intermolecular interactions of which the solvent is capable."
77

 There are many ways to 

categorize such a parameter, but one widely used measure of solvent polarity is the dielectric 

constant or permittivity (Table 3.1). Another widely utilized polarity parameter is the donor 

number, DN (Table 3.1).
78-80

 This indicates the Lewis base donor power of a solvent and 

reflects the solvent's ability to solvate cations and other Lewis acids (e.g., to 'donate' 

electrons) (Table 3.1). Carbonate and ether solvents tend to solvate cations through the 

carbonyl or ether oxygen (EO) electron lone-pairs, respectively. The converse of the DN is 

the acceptor number, AN (note that this acronym is used in subsequent chapters for the 

solvent acetonitrile), which measures the ability of a solvent to accept electrons as a Lewis 

acid (Table 3.1).
81

 The AN indicates the degree with which the solvent will interact with 

anions. Anions tend to be solvated by hydrogen bonding and in aprotic solvents this is not 

possible. The relatively high DNs and low ANs of polyether and related solvents (Table 3.1), 

therefore, suggest that solvate formation will be dictated largely by the balance/competition 
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Table 3.1. Solvent structures and solvent polarization parameters—relative permittivity (or 

dielectric constant) (ε), donor number (DN), acceptor number (AN) and ET(30). 
 

 
 

 
 

Solvent ε DN AN ET(30) 

diglyme (G2) 7.2 24 9.9 38.6 

monoglyme (1,2-DME or G1) 7.1 20 10.2 38.2 

tetrahydrofuran (THF) 7.4 20.0 8.0 37.4 

2-methyltetrahydrofuran (2-MeTHF) 7.0 18 - 36.5 

diethyl ether (Et2O) 4.2 19.2 3.9 34.6 

γ-butyrolactone (GBL) 39.1 18 (18.6) - 

ethylene carbonate (EC)
†
 90.4 16.4 - - 

propylene carbonate (PC) 65.0 15.1 18.3 46.6 

acetone (ACET) 20.6 17.0 12.5 42.2 

methyl acetate (MA) 6.7 16.3 - 40.0 

ethyl acetate (EA) 6.0 17.1 - 38.1 

dimethyl carbonate (DMC) 3.1 15.1 - - 

diethyl carbonate (DEC) 2.8 16.0 - 36.2 
  †

at 40°C 
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Figure 3.1. Examples of Li
+
 cation solvates with THF and Et2O from crystalline solvate 

structures (X is the anion). 

 

 

between solvent...Li
+
 cation (roughly indicated by the solvent DN) and anion...Li

+
 cation 

interactions. 

For a given salt (e.g., LiX) to be soluble in a solvent S, energy must be expended to break 

apart the interionic, (X
−
...Li

+
)n, forces (represented by a salt's lattice energy). The lattice 

energy of the salt is compensated by exothermic solvent...ion (i.e., S...Li
+
 and/or S...X

−
) 
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interactions. In simple crystalline lithium salts, the Li
+
 cations are coordinated by four to six 

anions and vice versa.
82-87

 If some of the coordinating anions are replaced by solvent 

molecules, AGG or CIP solvate species form (Fig. 3.1). AGGs consist of ions coordinated to 

several counterions, such as [X
−
...(D)nLi

+
...X

−
]

−
 or [(D)nLi

+
...X

−
...(D)nLi

+
]

+
 (where D is a 

solvent donor atom such as oxygen) for the simplest cases, while CIPs consist of ions 

coordinated to a single counterion, [(D)nLi
+
...X

−
]. If the Li

+
 cations are fully solvated by the 

solvent molecules (the anions remain uncoordinated), then SSIP solvate species result (or 

perhaps even 'free' well-separated ions in dilute mixtures). Examples of these types of 

solvates are shown in Fig. 3.1 for tetrahydrofuran (THF)n:LiX solvates—SSIP (THF)4:LiX,
88-

96
 CIP (THF)3:LiX,

97-100
 AGG (THF)2:LiX

101-105
 and AGG (THF)1:LiX.

106,107
 Note that in 

each case, the Li
+
 cations have 4-fold coordination, but with increasing aggregation the THF 

molecules are incrementally replaced with anions. 

FTIR and Raman spectroscopy are powerful techniques for identifying the ionic 

aggregation state of solvent-salt solutions (and solid solvates). Fig. 3.2 indicates the reported 

fraction of different solvate species found in LiClO4 solutions with dimethylformamide 

(DMF), acetone (Me2CO) or diethyl ether (Et2O) solvents, respectively.
108-111

 It will be 

shown in later chapters, however, that this actually represents the distribution of various 

modes of ClO4
−
...Li

+
 coordination, rather than providing direct information about the 

solvates. For all of the solutions, anion aggregation is seen to increase with increasing salt 

concentration due to the lower number of solvent molecules available for Li
+
 coordination 

and the closer proximity of the ions. But dramatic differences in aggregation are noted for 
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different solvents, even for dilute solutions. All three solvents should have only weak 

interactions with the anions (low AN). An examination of Table 3.1 indicates that the DN 

fails to explain the aggregations state of the solutions, but the dielectric constant (ε) may 

 

 

 
 

Figure 3.2. Fraction of "solvate species" (actually anion coordination modes) in solvent-

LiClO4 mixtures from Raman spectroscopic band analyses: (a) 932-934 cm
-1

 (SSIP), (a) 938-

939 cm
-1

 (CIP), (c) 944-948 cm
-1

 (AGG) and (d) 958-961 cm
-1

 (more concentrated 

AGGs).
108-111 
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offer a possible explanation. In fact, it will be shown below for various solvents mixed with 

the salt lithium trifluoromethanesulfonate (LiCF3SO3) that these polarity parameters are, in 

fact, poor indicators of the solvation interactions with Li
+
 cations. 

 

3.2. CF3SO3
−
 Anion Raman Vibrational Band Characterization 

LiCF3SO3 (lithium trifluoromethanesulfonate or triflate): 

 

is, in general, not a practical electrolyte salt due to the poor transport properties of the 

electrolytes with LiCF3SO3, but it is an extremely useful model lithium salt for Raman 

spectroscopic studies because it has two strong single CF3SO3
−
 anion Raman bands attributed 

to the CF3 symmetric bending and SO3
−
 stretching modes, respectively.

112
 In addition, as will 

be shown below, the Raman spectroscopic results for electrolytes with this salt provide 

relatively unambiguous peak positions corresponding to the specific types of CF3SO3
−
…Li

+
 

cation coordination interactions.
113

 The known and newly determined crystalline solvates 

with LiCF3SO3 have therefore been used in this study to identify the Raman band positions 

for the CF3SO3
−
 anion bands for varying CF3SO3

−
...Li

+
 cation interaction modes (Fig. 3.3). 

The present analysis serves as a key evaluation tool for deciphering the Raman spectroscopic 

data for electrolytes with LiCF3SO3 and correlating this to the liquid-phase molecular 

interactions within such electrolytes. 
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Figure 3.3. Varying modes of CF3SO3
−
...Li

+
 cation coordination: (a) SSIP, (b) CIP-I, (c) 

AGG-I, (d) AGG-II and (e) AGG-III. 

 

 

3.2.1. Solvate Structures and Li
+
 Cation Coordination 

Figs. 3.4 and 3.5 show the schematic illustrations of the CF3SO3
−
...Li

+
 cation coordination 

in the crystalline solvates. Among them, the structures of the crystalline solvates (2,9-

DMPHEN)2:LiCF3SO3, (G3)1:LiCF3SO3, (PHEN)2:LiCF3SO3, (TMEDA)1:LiCF3SO3, 

(PMDETA)1:LiCF3SO3, (G2)1:LiCF3SO3,  (THF)1:LiCF3SO3, (G3)1/2:LiCF3SO3, 

(AN)1 :LiCF3 SO3 ,  (DMC)1 :LiCF3SO3 ,  (DEC)1 :LiCF3SO3 ,  (GBL) 1 :LiCF3SO3 , 

(EC)1:LiCF3SO3 and pure LiCF3SO3 have been previously reported (Fig. 3.4).
114-125

 The 

structures of the crystalline solvates (12C4) 2:LiCF3SO3 , (BN)1:LiCF3SO3  and 

(MA)1:LiCF3SO3 were determined as part of the present study (Fig. 3.5). In all of the solvate 

structures, if the CF3SO3
−
 anions coordinated, they have at least one of the oxygen atoms 

coordinated to a Li
+
 cation. Each sulfonyl oxygen atoms can coordinate up to two Li

+
 cations 

using the available two electron lone-pairs (Fig. 3.4n), although this is rarely found to occur. 
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Figure 3.4. CF3SO3
−
...Li

+
 cation coordination in solvates which have previously been 

reported: (a) SSIP (2,9-DMPHEN)2:LiCF3SO3, (b) CIP-I (G3)1:LiCF3SO3, (c) CIP-I 

(PHEN)2:LiCF3SO3, (d) AGG-I (TMEDA)1:LiCF3SO3 (partial structure), (e) AGG-I 

(G2)1:LiCF3SO3, (f) AGG-I (PMDETA)1:LiCF3SO3, (g) AGG-II (THF)1:LiCF3SO3, (h) 

AGG-II (G3)1/2:LiCF3SO3, (i) AGG-II (AN)1:LiCF3SO3, (j) AGG-II (DMC)1:LiCF3SO3, (k) 

AGG-II (DEC)1:LiCF3SO3, (l) AGG-II (GBL)1:LiCF3SO3, (m) AGG-II (EC)1:LiCF3SO3 and 

(n) AGG-III pure LiCF3SO3. 
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Figure 3.5. CF3SO3
−
...Li

+
 cation coordination in the newly reported LiCF3SO3 solvates: (a) 

SSIP (12C4)2:LiCF3SO3, (b) AGG-II (BN)1:LiCF3SO3 and (c) AGG-II (MA)1:LiCF3SO3. 

 

 

AGG-II coordination to three Li
+
 cations using all three oxygen atoms is a common feature 

for the anion...Li
+
 cation interactions in the solid-state structures, as found in nine of the 

crystalline solvates: (THF)1:LiCF3SO3, (G3)1/2:LiCF3SO3, (AN)1:LiCF3SO3, 

(DMC)1:LiCF3SO3, (DEC)1:LiCF3SO3, (GBL)1:LiCF3SO3, (EC)1:LiCF3SO3, 

(BN)1:LiCF3SO3 and (MA)1:LiCF3SO3 (Figs. 3.4 and 3.5). None of the structures have Li
+
 

cations coordination by the anion fluorine atoms. The various forms of CF3SO3
−
 anion 

coordination (i.e., SSIP, CIP-I, AGG-I, AGG-II and AGG-III) in these crystalline solvates 

and the pure lithium salt results in different Raman band positions which thereby serves as 

fingerprint for each CF3SO3
−
...Li

+
 cation interaction mode. 

 

3.2.2. Raman Spectroscopic Analysis of Crystalline Solvates 

Crystalline solvates of the known and newly determined solvates were characterized by 

Raman spectroscopy to determine the CF3SO3
− 

anion band position variation with varying 

coordination and temperature. As a preliminary study, the Raman spectrum for the anhydrous 
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Figure 3.6. Raman spectrum of LiCF3SO3 (at 20°C). 

 

 

LiCF3SO3 crystalline salt (i.e., AGG-III) was determined, as shown in Fig. 3.6. Amongst the 

five regions of the spectrum with anion bands (i.e., 280-420 cm
-1

, 540-620 cm
-1

, 760-800 cm
-1

, 

1040-1120 cm
-1

 and 1180-1280 cm
-1

), relatively strong single anion bands are found near 775 

and 1075 cm
-1

, which are attributed to the CF3 symmetric bending mode (δsCF3) and SO3
−
 

stretching mode (νsSO3), respectively.
126

 These two bands were analyzed in depth. The 

Raman spectroscopic data for both regions are provided in Appendix A. 

Fig. 3.7 shows a summary of the 745-785 cm
-1

 and 1025-1085 cm
-1

 results for the 

CF3SO3
−
 anion Raman vibrational band positions as a function of temperature for the various 

crystalline LiCF3SO3 solvates and pure LiCF3SO3. Using this evaluation tool, it is possible to 

deconvolute the spectra for the CF3SO3
−
 anion in the liquid phase to identify specific forms 
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of anion coordination. There are two noteworthy points which may be drawn from the 

summary. First, as the CF3SO3
−
...Li

+
 cation interactions increase (i.e., SSIP < CIP-I < AGG-I 

< AGG-II < AGG-III), the Raman bands shift to higher wavenumber. Second, at around 755 

cm
-1

, one of the bands corresponding to CIP-I coordination—black circle symbols (i.e., anion 

coordinated to a single Li
+
 cation via a single oxygen atom) overlaps with one of the bands 

corresponding to SSIP coordination—empty triangle symbols (i.e., uncoordinated anions). In 

addition, at around 759 cm
-1

, one of the bands corresponding to AGG-I coordination—empty 

square symbols (i.e., anion coordinated to two Li
+
 cations via two oxygen atoms) overlaps 

with one of the bands corresponding to CIP-I coordination—black circle symbols. Despite 

 

 

 
 

Figure 3.7. Raman band peak positions for the CF3SO3
−
 anion vibrational bands for various 

crystalline solvates. 
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this, it is relatively easy to distinguish the anions bands for the specific anion modes of 

coordination, as will be demonstrated below. 

 

3.3. Raman Spectroscopic Analysis of Anion Bands for Lithium Salts 

3.3.1 Ether Solvents 

Fig. 3.8 shows the Raman spectra (740-790 cm
-1

) of the CF3SO3
−
 anion CF3 symmetric 

bending mode (δsCF3) for the (solvent)n-LiCF3SO3 mixtures (n = 10 and 20) with ether 

solvents at 20°C and 60°C. At both temperatures, all of the mixtures are liquids. The Raman 

spectra (1010-1110 cm
-1

) of the SO3
−
 stretching mode (νsSO3) for ether solvents with 

LiCF3SO3 at 20°C and 60°C are provided in Appendix A. Based upon the Raman evaluation 

tools generated for electrolytes with LiCF3SO3 (Fig. 3.7), each peak position can be assigned 

to identify the types and distribution of the anion coordination (i.e., SSIP, CIP, AGG-I, 

AGG-II and AGG-III). At 20°C, both the n = 10 and n = 20 mixtures have almost the same 

peak positions, but variations in the peak intensities are observed (Fig. 3.8). 

Given the similarity in the polarization parameter values for the DN, AN, ET(30) and, in 

particular, dielectric constant (ε) for the ether solvents (i.e., G2, G1, THF, 2-MeTHF and 

Et2O in Table 3.1), one would expect that electrolyte solutions with these solvents—in which 

the salt identity/concentration and temperature were the same—would have a similar 

aggregation state, but the data in Fig. 3.8 clearly indicate that is not the case. Instead, the 

peak positions for each ether solvent indicate the following order for decreasing Li
+
 cation 

solvation (increasing ionic association) in the liquid phase: 
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Figure 3.8. Raman spectra of the CF3 symmetric bending mode (δsCF3) for (solvent)n-

LiCF3SO3 mixtures with ether solvents. The spectra for the pure salt (black) and pure 

solvents (dashed) are shown for comparison. 

 

 

G2 < G1 < THF < 2-MeTHF < Et2O 

This order is also found for the Raman spectra of the SO3
−
 stretching mode (νsSO3) for 

(solvent)n-LiCF3SO3 mixtures with ether solvents (Fig. A1—Appendix A). One might argue 

that the G2 and G1 solvents have multiple ether donor atoms available relative to the 

monodentate solvents, but a comparison of the G1 mixtures with n = 10 and the THF 

mixtures with n = 20 still indicates that G1 is the better solvent (i.e., less ionic association is 

present). Fig. 3.8 also indicates that increasing the temperature results in increased ionic 



 

 

51 

 

association. For the ether solvents with LiCF3SO3, therefore, all of the widely utilized 

polarity parameters noted in Table 3.1 are poor indicators of the effectiveness of the solvents 

in coordinating Li
+
 cations within the (ether solvent)n-LiCF3SO3 mixtures. This study was 

then extended to examine the anion coordination interactions within mixtures of cyclic and 

acyclic carbonate/ester solvents with LiCF3SO3. 

 

3.3.2. Cyclic and Acyclic Carbonate/Ester Solvents 

At 20°C, the Raman spectra (740-790 cm
-1

) of the CF3SO3
−
 anion CF3 symmetric bending 

mode (δsCF3) for (solvent)n-LiCF3SO3 mixtures (n = 10 and 20) with cyclic and acyclic 

carbonate/ester solvents were obtained, as shown in Fig. 3.9. The remaining Raman spectra 

of the CF3 symmetric bending mode (δsCF3, 740-790 cm
-1

) at 60°C and the SO3
−
 stretching 

mode (νsSO3, 1010-1110 cm
-1

) at 20°C and 60°C for cyclic and acyclic carbonate/ester 

solvents with LiCF3SO3 are provided in Appendix A. Similar to the (ether solvents)n-

LiCF3SO3 mixtures, variations in the peak intensities are observed with changing the 

concentration (Fig. 3.9) or temperature (Fig. A4—Appendix A). However, the anion band 

peak positions for the mixtures of the cyclic and acyclic carbonate/ester solvents with 

LiCF3SO3 are affected by neither the LiCF3SO3 concentration nor temperature (see Fig. 

A2—Appendix A), as was also found in the Raman spectra of the SO3
−
 stretching mode 

(νsSO3, 1010-1110 cm
-1

) at 20°C and 60°C in Appendix A (Figs. A3 and A4). 

Repeated Raman measurements confirmed that the anion bands for the mixtures with both 

EC and PC have a reproducible peak shift for the CF3 symmetric bending mode, but this is 
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not the case for the SO3
−
 stretching mode (Fig. A3—Appendix A). For the mixtures with the 

cyclic carbonate solvents and LiCF3SO3, the data (Fig. 3.9) indicate the following order for 

decreasing Li
+
 cation solvation (increasing ionic association): 

GBL ≤ EC < PC 

In Table 3.1, the DNs for GBL, EC and PC are 16.4, 15.1 and 18, while the ANs for PC and 

GBL are 18.3 and 18.6, respectively. These similar DN/AN values suggest that the same 

aggregation state for the solutions should be expected, but the mixtures with GBL are clearly 

 

 

 
 

Figure 3.9. Raman spectra (at 20°C) of the CF3 symmetric bending mode (δsCF3) for 

(solvent)n-LiCF3SO3 mixtures with cyclic and acyclic carbonate/ester solvents. The spectra 

for the pure salt (black) and pure solvents (dashed) are shown for comparison. 
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less associated (more extensive Li
+
 cation solvation) than those with EC or PC. It is 

noteworthy that each dielectric constant (ε) for GBL, EC and PC (i.e., 39.1, 90.4 and 65.0, 

respectively) suggests that GBL should be the least effective solvent of the three. 

The data for the acyclic carbonate/ester solvent mixtures with LiCF3SO3 (Fig. 3.9) 

indicates the following order for decreasing Li
+
 cation solvation (increasing ionic 

association) in the liquid phase: 

acetone < MA < EA < DMC < DEC 

Table 3.1, however, shows that these solvents have similar DNs. However, the dielectric 

constants (ε) for acetone, MA, EA, DMC and DEC do differ (20.6, 6.7, 6.0, 3.1 and 2.8, 

respectively) in the order one would expect, the data for the other solvents indicates that this 

is just happenstance. Polarization parameters, therefore, are poor indicators of the 

effectiveness of solvents to coordinated Li
+
 cations. 

 

3.4. Conclusions 

Crystal structures of LiCF3SO3 solvates provide significant insight into the manner in 

which the CF3SO3
−
 anion coordinates Li

+
 cations. These crystalline solvates have been 

extensively characterized with Raman spectroscopy to link the vibrational bands with 

specific forms of CF3SO3
−
…Li

+
 cation coordination. Based upon this Raman spectroscopic 

analysis, the ionic interactions (anion coordination—SSIP, CIP, AGG-I, AGG-II and AGG-

III) within electrolyte mixtures with various solvents and LiCF3SO3 can be readily identified. 

The characterization results indicate that the most commonly used polarity parameters (i.e., 
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DN, AN, ET(30), ε) are poor indicators of the solvation interactions for solvent mixtures with 

lithium salts. 
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CHAPTER 4 

 

 

 

 

Crystalline Solvate Structures and Ionic Association Interactions 

 
 

 

 

Lithium hexafluorophosphate (LiPF6) is the primary salt used in commercial Li-ion and 

related battery electrolytes. Lithium difluoro(oxalato)borate (LiDFOB) is a relatively new 

salt designed for battery electrolyte usage. Limited information is currently available, 

however, regarding the ionic interactions of these salts (i.e., solvate formation) when they are 

dissolved in aprotic solvents. Raman vibrational spectroscopy is a particularly powerful tool 

for identifying the ion-ion interactions, but only if the vibrational band assignment for the 

specific anion coordination modes can be accurately deciphered. The following work 

characterizes the anion Raman vibrational bands for the evaluation of the anion...Li
+
 cation 

interactions within known and newly reported crystalline LiDFOB or LiPF6 solvates. The 

information obtained from these analyses provides key guidance to correctly link the 

vibrational bands to specific forms of anion coordination in electrolytes containing the 

LiDFOB or LiPF6 salts. 

 

4.1. Introduction 

The difluoro(oxalato)borate (DFOB
−
) anion, also known as oxalyldifluoroborate 
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(ODFB
−
), has drawn significant attention in recent years for Li-ion battery electrolytes.

1-37
 

The hexafluorophosphate anion (PF6
−
), in contrast, is the most widely used anion for lithium 

battery applications. Little is known at present, however, about the solvate structures formed 

by salts with these anions and the spectroscopic evaluation of the molecular-level ionic 

interactions present once these salts are dissolved in the aprotic solvents used for electrolytes. 

Solvate crystal structures not only provide detailed insight into the molecular -level 

solvent...Li
+
 and anion...Li

+
 cation coordination, thus serving as both useful models for the 

solvates present in liquid electrolytes and aiding in deducing the anion. ..Li
+
 cation 

coordination in both the solid and liquid phases from spectroscopic data. This information is 

 

 

 
 

Figure 4.1. PF6
−
...Li

+
 cation coordination: (a) SSIP, (b) CIP-I, (c) CIP-II, (d) AGG-Ia, (e) 

AGG-Ib, (f) AGG-II and (g) AGG-III
 
(other forms of coordination may also occur) (Li

+
 

cations are colored black).
42
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Figure 4.2. DFOB
−
...Li

+
 cation coordination: (a) SSIP, (b) CIP-I, (c) CIP-II, (d) AGG-Ia, (e) 

AGG-Ib, (f) AGG-Ic, (g) AGG-Id, (h) AGG-IIa, (i) AGG-IIb, (j) AGG-IIIa and (k) AGG-IIIb 

(other forms of coordination may also occur) (Li
+
 cations are colored black).

43 

 

 

necessary to understand the origin of electrolyte properties as solvent-salt mixtures consist of 

a diverse range of solvate species.
38-41

 

The solvates present in electrolytes may be broadly classified as solvent-separated ion pair 

(SSIP), contact ion pair (CIP) or aggregate (AGG) solvates depending upon whether the 

anions form coordinate bonds with zero, one, or more than one Li
+
 cations, respectively 

(Figs. 4.1 and 4.2).
42,43

 These may be further differentiated as CIP-I, CIP-II and CIP-III for a 
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contact ion pair in which the anions are coordinated to a single Li
+
 cation through one, two or 

three fluorine atoms, respectively. AGG-I, AGG-II and AGG-III coordination then refers to 

the anions coordinated to two, three or more than three Li
+
 cations, respectively (Figs. 4.1 

and 4.2). Each of these different forms of coordination results in a different vibrational 

spectral fingerprint. These solvate types are categorized in terms of the anion instead of the 

Li
+
 cation interactions because the anion coordination modes can be characterized using 

spectroscopic methods, while the cation coordination modes cannot. Note that spectroscopic 

methods therefore are only able to provide indirect insight into the solvates which form and 

their distribution. The combination of spectroscopic data with information from other 

methods, however, enables one to explore the solution structure of a given electrolyte and 

thus directly correlate with the electrolyte's transport and other properties.
38-41

 

Vibrational spectroscopy (Raman and FTIR) is the predominant method to determine the 

extent of ionic association in electrolytes by examining the variation in anion vibrational 

band position.
42,43

 When an anion coordinates one or more Li
+
 cations, the anion's electron 

density distribution changes, leading to changes in the bond lengths and angles which induce 

vibrational band variation. A Raman spectroscopic analysis of electrolytes is therefore able to 

determine the variability of the anion coordination present in solution. Such data typically 

consists of broad overlapping anion Raman bands, making it difficult to deconvolute them 

correctly and interpret them properly to distinguish the specific forms of anion...Li
+
 cation 

coordination. Computational simulations may be utilized to assign the band positions for 

varying forms of coordination,
44-48

 but they do not always provide a definitive validation for 
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the assignments. From previous studies,
49-55

 however, it has been demonstrated that 

crystalline solvates with known structures can be utilized as models for the spectroscopic 

characterization of different forms of anion and Li
+
 cation coordination. Such evaluations 

indicate that many of the vibrational assignments previously published are either incorrect or 

oversimplifications of the true ionic association state present in the LiClO4- and LiBF4-based 

electrolytes. 

The known and newly determined crystalline solvate structures with LiDFOB or LiPF6 

have been used in the present study to identify the Raman band positions for the DFOB
−
 and 

PF6
−
 anion bands for varying DFOB

−
 or PF6

−
...Li

+
 cation interaction modes. In addition, 

density functional theory (DFT) calculations for the uncoordinated DFOB
−
 anion (i.e., SSIP) 

and the CIP-II form of the DFOB
−
...Li

+
 cation coordination (Fig. 4.2) are described to 

explain the vibrational modes which contribute to the vibrational bands and their correlation 

with the spectra for the crystalline solvates. The present analysis is thus a key tool for 

deciphering the Raman spectroscopic data for electrolytes with LiDFOB or LiPF6 and 

correlating these data to the molecular interactions within such electrolytes. 

 

4.2. DFOB
−
 Anion Raman Vibrational Band Characterization 

Vibrational spectroscopy, despite being a powerful tool for delineating the anion 

interactions with Li
+
 cations, has limitations for analyzing the ionic association interactions 

in a solution. Fig. 4.3 shows two different forms of anion CIP coordination found in the 

(G1)2:LiDFOB and (Et-G1)3/2:LiDFOB crystalline solvates.
43

 As noted above, vibrational 
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spectroscopy can provide only indirect information about the Li
+
 cation interactions. For the 

(Et-G1)3/2:LiDFOB crystalline solvate (Fig. 4.3b), the spectroscopic data indicate a mixture 

of CIP-I and CIP-II solvates (anion coordination), whereas the structure instead consists of 

SSIP and AGG solvates from the viewpoint of the Li
+
 cation coordination. Similarly, the 

spectroscopic data for the (CRYPT-222)2/3:LiDFOB solvate are attributed to CIP-I/CIP-II/ 

 

 

 
 

Figure 4.3. DFOB
−
...Li

+
 cation coordination in the crystalline solvates: (a) (G1)2:LiDFOB 

and (b) (Et-G1)3/2:LiDFOB (Li-purple, O-red, B-tan, F-light green).
43
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AGG-Id coordination (three symmetrically independent anions), whereas the Li
+
 cation 

coordination is SSIP/SSIP/AGG. MD simulations for electrolyte mixtures show a further 

complexity.
38-41

 In the liquid mixtures, the different solvates and aggregate clusters of ions 

are distributed and may contain one or more anions coordination to one  Li
+
 cation (i.e., CIP), 

but the cluster itself may be large with many ions (i.e., the Li
+
 cation may be bonded to 

additional anions). Therefore, the spectroscopic data does not necessarily indicate the true 

state of ionic association. Caution is therefore needed when the information from a 

spectroscopic analysis for an electrolyte is translated into a direct interpretation of the solvate 

distribution. Such an analysis, however, can provide highly informative insight when the 

spectroscopic data is used in concert with other methods.
38-41

 

 

4.2.1. Solvate Structures and Li
+
 Cation Coordination 

Schematic illustrations of the DFOB
−
...Li

+
 cation coordination in the crystalline solvates 

are shown in Figs. 4.4 and 4.5.
43

 The structures of pure LiDFOB, (H2O)1:LiDFOB and 

(TMS)2:LiDFOB have been previously reported.
9,14

 The remaining structures were 

determined as part of the present study.
43

 The DFOB
−
 anion can have a range of different 

forms of Li
+
 cation coordination, as shown in Fig. 4.2. In all of the solvate structures, all of 

the DFOB
−
 anions have at least one of the carbonyl oxygen atoms coordinated to a Li

+
 

cation. The two carbonyl oxygen atoms can coordinate up to three Li
+
 cations using the 

available four electron lone-pairs. Bidentate coordination to a Li
+
 cation using both carbonyl 

oxygen atoms is a common feature for the anion...Li
+
 cation interactions in the crystal 



 

 

71 

 

 
 

Figure 4.4. DFOB
−
...Li

+
 cation coordination in crystalline LiDFOB and the crystalline 

solvates studied: (a) AGG-IIIb LiDFOB,
9
 (b) AGG-Ic (H2O)1:LiDFOB,

14
 (c) CIP-I 

(TMS)2:LiDFOB,
9
 (d) CIP-II (G1)2:LiDFOB, (e) CIP-I/CIP-II (Et-G1)3/2:LiDFOB, (f) AGG-

Ia (DMC)3/2:LiDFOB, (g) AGG-Ib (SN)1:LiDFOB, (h) AGG-Ia (AN)3:LiDFOB and (i) AGG-

IIa (AN)1:LiDFOB.
43
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Figure 4.5. DFOB
−
...Li

+
 cation coordination in the crystalline solvates studied: (a) AGG-IIb 

(ADN)1:LiDFOB, (b) AGG-Ia (PMDETA)1:LiDFOB, (c) CIP-I/CIP-II/AGG-Id (CRYPT-

222)2/3:LiDFOB and (d) AGG-IIIa (PC)1:LiDFOB.
43 

 

 

structures, as found in seven of the structures: LiDFOB, (G1)2:LiDFOB, (Et-G1)3/2:LiDFOB, 
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(ADN)1:LiDFOB, (SN)1:LiDFOB, (AN)1:LiDFOB and (CRYPT-222)2/3:LiDFOB. Some 

anions such as bis(oxalatoborate) (BOB
−
),

46
 dicyanotriazolate (DCTA

−
 or TADC

−
)
47

 and 

bis(trifluoromethanesulfonyl)imide (TFSI
−
)
39

 may also have a tendency to form bidentate 

coordination, but other anions such as ClO4
−
, BF4

−
 and PF6

−
 instead typically coordinate to 

Li
+
 cation via monodentate coordination in crystalline solvate structures and in solution (the 

latter from MD simulations).
38,39,52,56

 Only four of the structures have Li
+
 cations 

coordination through fluorine atoms: LiDFOB, (ADN)1:LiDFOB, (CRYPT-222)2/3:LiDFOB 

and (PC)1:LiDFOB. The fluorine atom coordination in all of these solvates plays a role as a 

bridge to weld the structure together, which indicates that fluorine atom coordination to Li
+
 

cations is much less prevalent than the carbonyl oxygen atoms coordination. 

 

4.2.2. Raman Band Assignments 

Fig. 4.6 shows the experimental Raman spectrum for the anhydrous LiDFOB crystalline 

salt (AGG-III).
43

 Table 4.1 shows the DFT computed vibrational modes for the 

uncoordinated DFOB
−
 anion to aid in the assignment of the peaks.

43
 Note that differences are 

to be expected between the experimental vibrational band positions for the anions in the 

highly aggregated salt and the calculated vibrational band positions (from MD simulations) 

for the uncoordinated anion. 

The two strong peaks found at about 1760 and 1800 cm
-1

 in Fig. 4.6 correspond to the 

antisymmetric and symmetric C=O stretching vibrations, respectively (Table 4.1 and Fig. 

4.7—the DFT calculations predict too high a frequency for these by ~100 cm
-1

).
43

 As these 
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Figure 4.6. Raman spectrum of LiDFOB (at 20°C).
43 

 

 

two peaks are principally attributed to the anion carbonyl groups, these bands were expected 

to be excellent probes for the DFOB
−
...Li

+
 cation interactions. Based upon a summary of the 

symmetric C=O stretching band positions for the crystalline solvates (Appendix B), however, 

the band positions for these DFOB
−
 anion carbonyl vibrational modes do not enable the 

facile discrimination of the different forms of anion coordination. It is noteworthy that the 

carbonyl bands for solvent...Li
+
 cation interactions (i.e., with γ-butyrolactone and dimethyl 

carbonate) also often do not well reflect the coordination of the solvents to Li
+
 cations using 

 



 

 

75 

 

 
 

Figure 4.7. Principal bonds/angles contributing to the DFOB
−
 anion vibrational modes as 

determined from the DFT calculations.
43 

 

 

the carbonyl oxygen electron lone-pairs.
57

 

The peak observed at 1405 cm
-1

 (Fig. 4.6) corresponds to the combination band of the 

C−C and symmetric C−O stretching modes (Table 4.1 and Fig. 4.7), while the peak near 942 

 



 

 

76 

 

Table 4.1. Calculated (uncoordinated DFOB
−
 from M06-2X) vibration mode frequencies 

(cm
-1

), Raman (Å
4
 amu

-1
) and IR (km mol

-1
) intensities and tentative assignments (no 

scaling) (freqexpt refers to the LiDFOB salt—Figure 4.6)
43 

 

freqexpt 
Vacuum  SMD 

tentative assignments 
freq IRaman IIR  freq IRaman IIR 

 81 1.61 2.10  82 2.55 2.53 B centered torsion 

 114 0.72 0 
 

110 1.09 0 
torsion of O=C−C=O + ring + 

F−B−F  

325 331 0.28 ~0  328 0.38 ~0 ring twisting + torsion of F−B−F 

360 334 2.22 0.09 
 

338 3.46 0.63 
symm bend O=C−O in-plane + F−B−F 

bend out-of-phase 

390 363 1.60 11.49 
 

365 2.55 25.11 
symm bend O=C−O in-plane + 

F−B−F bend in-phase 

 373 0.05 7.34  371 0.06 15.52 ∂(C−C) + π(F−B) 

 468 0.12 19.63  467 0.42 33.07 π symm C−C 

 522 0.30 25.05  517 0.44 40.49 ∂(O=C−O)×2 + ρ rock B−F 

615 605 2.24 14.92  608 3.15 19.20 ∂(O−C−C) 

635 621 2.33 0.68  619 3.85 1.00 B−F scissoring + O−B symm bend 

680 690 0.44 2.78  695 0.96 2.95 ring rotation 

723 728 9.55 7.41  739 15.53 9.95 ring breathing 

840 856 0.53 ~0 
 

854 1.25 0.01 
bend C−C (out of plane) + 

displacements of O 

942 957 2.82 0.49 
 

964 5.33 2.10 
symm B−O stretch + C−C stretch + 

B−F stretch 

 987 0.04 240.71  989 0.14 358.15 antisymm B−O stretch 

 1119 0.30 785.88  1078 0.63 1288.27 symm B−F stretch 

 1177 0.29 382.10  1113 0.47 534.47 antisymm B−F stretch 

 1290 0.01 197.31 
 

1278 0.18 264.56 
in-plane C−C bending + antisymm 

C−O stretch 

1405 1397 6.39 478.92  1386 7.61 677.46 symm C−O stretch + C−C stretch 

1769 1870 13.75 172.05  1865 25.17 223.30 antisymm C=O stretch 

1800 1906 19.19 713.11  1900 45.02 912.41 symm C=O stretch 

 

 

cm
-1

 (Fig. 4.6) is attributed to the combination of symmetric B−O, C−C and B−F stretching 

modes (Table 4.1 and Fig. 4.7). The very strong sole peak near 723 cm
-1

 (Fig. 4.6) 
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corresponds to a ring breathing mode (Table 4.1 and Fig. 4.7), which is predicted to be the 

third strongest peak in the Raman spectra by the calculations. The two or more peaks 

observed at ~600-620 cm
-1

 (Fig. 4.6) are most likely due to a combination of different 

O−C−C bending modes and B-F scissoring from the other half of the DFOB
−
 anion (Table 

4.1 and Fig. 4.7), which are difficult to use as probes for specific DFOB
−
...Li

+
 cation 

interactions. Considering that boron isotopes have a natural abundance of 19.9% 
10

B and 

80.1% 
11

B, it is noteworthy that vibrational modes which involve the displacement of the 

boron nucleus will give two different bands, which adds a further level of complexity to the 

band analysis for the DFOB
−
 anion. 

 

4.2.3. Raman Spectroscopic Analysis of Crystalline Solvates 

Raman spectroscopic characterization was performed for the majority of the solvates with 

known crystal structures to determine the anion band position variation with varying Li
+
 

cation coordination and temperature. The AGG-Ic (H2O)1:LiDFOB solvate was not analyze 

due to the hydrogen bond between the water molecules and anions (which is expected to 

perturb the vibrational bands). The analyze of the CIP-I/CIP-II/AGG-Id (CRYPT-

222)2/3:LiDFOB solvate was also not done because of the low melting point (below ambient 

temperature) of the crystals and the fact that it was not possible to prepare the correct liquid 

composition (i.e., dissolve the appropriate amount of LiDFOB salt directly in the solvent). 

The anion bands near 945 and 1405 cm
-1

 could not be used due to the significant overlap 

with the peaks from many common solvents. The bands in the 600-650, 705-725 and 1780- 
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Figure 4.8. Raman spectra of the DFOB
−
 anion vibrational band variation for the 

(speculative) SSIP crystalline solvates: (12C4)2:LiDFOB, (G2)2:LiDFOB and 

(HMTETA)1:LiDFOB (bold spectra indicate that the solvate has melted at this 

temperature).
43 

 

 

1820 cm
-1

 region of the spectra did not generally overlap with solvents. Thus, these were 

analyzed in depth. Figs. 4.8 and 4.9 show the representative data for these regions. The 
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Figure 4.9. Raman spectra of the DFOB
−
 anion vibrational band variation for the CIP 

crystalline solvates: (TMS)2:LiDFOB, (G1)2:LiDFOB and (Et-G1)3/2:LiDFOB (bold spectra 

indicate that the solvate has melted at this temperature).
43 

 

 

remaining sets of data are provided in Appendix B.
43

 Fig. 4.10 shows a summary of the 705-

725 cm
-1

 results for the DFOB
−
 anion Raman vibrational band positions as a function of 

 



 

 

80 

 

temperature for the various crystalline LiDFOB solvates.
43

 

No crystal structures are yet known for a SSIP solvate with LiDFOB, so the data in Fig 

4.8 is for speculative SSIP solvates. The determination of the crystal structures for the 

(12C4)2:LiDFOB, (G2)2:LiDFOB and (HMTETA)1:LiDFOB solvates from single crystals 

was attempted, but these efforts were not successful due to the very energetic solid-solid 

phase transitions which occur for these solvates at low temperature and the presence of 

significant disorder within the solvate structures in the higher temperature phases.
43

 No 

crystal structures for the solvates with HMTETA and LiX salts have been reported, but 

crystalline (12C4)2:LiX
57-61

 and (G2)2:LiX
52,62-65

 solvate phases are well known—all of them 

having uncoordinated anions (i.e., SSIP solvates). For all three speculative SSIP solvates, the 

band positioned near 710 cm
-1

 remains relatively fixed over the entire temperature range 

(Figs. 4.8 and 4.10), whereas multiple bands are present near 620 cm
-1

 which differ for the 

three solvates, as do the bands near 1760 and 1800 cm
-1

 (Fig 4.8). 

The spectra in Fig. 4.9 were obtained for the CIP solvates with known crystal structures, 

which show rather poor conformity in the band positions for all three regions. Note that both 

CIP-I and CIP-II anions have a very similar geometry based upon the bond lengths/angles 

comparison (Table 4.2).
43

 There is a discrepancy, however, in the anion band positions for 

each region. For example, if the bands near 1760 and 1796 cm
-1

 in the spectrum for the (Et-

G1)3/2:LiDFOB solvate correspond to the CIP-I anion (rather than the CIP-II anion), then 

there is quite good agreement with the same bands in the (TMS)2:LiDFOB spectrum, but 

there is then poor agreement between the solvates for the bands near 620 cm
-1

 and 710 cm
-1
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(Fig. 4.9). It is noteworthy that each of the anion bands originates from the combination of 

multiple vibrations: the symmetric C=O band near 1800 cm
-1

 (1906 cm
-1

 from the 

calculations) also includes the C−O bonds (Fig. 4.7). It is not surprising, therefore, that the 

anion geometry variation results in widely different spectra. 

The summary of the Raman band peak positions for the DFOB
−
 anion ring breathing 

vibrational mode near 710 cm
-1

 shown in Fig. 4.10 indicates that it is quite challenging to 

accurately deconvolute the complex spectra for the DFOB
−
 anion in the liquid phase to 

 

 

  
 

Figure 4.10. Summary of the Raman band peak position for the DFOB
−
 anion ring breathing 

vibrational band for various crystalline solvates (see Appendix B for the assignments of the 

data to specific solvates).
43
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Figure 4.11. Stable ion pairs obtained for LiDFOB from the DFT calculations (while C and 

E look the same superficially, C has the Li
+
 cation in the FBO plane, while E has the cation 

in the oxalate plane).
43 

 

 

identify specific forms of anion coordination. This is attributed to both the numerous forms 

of DFOB
−
...Li

+
 cation coordination and the various band positions for a given form of anion 

coordination. In particular, the latter point is true for the AGG solvates which have 

considerable variability in the anion geometry.
43

 Relative to other regions of the spectra, 

however, the band positions in the 710-725 cm
-1

 region can provide an indication of the 

relative fraction of SSIP, CIP, and AGG anion coordination (Fig. 4.10). For example, upon 

melting, remarkable changes in the spectra occur for both the (G1)2:LiDFOB and (Et-

G1)3/2:LiDFOB solvates (Fig. 4.9). The similarity of the spectra when compared with that of 

the melted (G2)2:LiDFOB solvate (Fig. 4.8) indicate that the liquid from the melted 

crystalline CIP solvates may consist of a significant fraction of SSIP and CIP solvates with a 

lesser amount of AGG-I and perhaps AGG-II solvates. Considering the previous studies 

suggesting that melting of solvates often results in increased association (desolvation) of the 

solvate species rather than increased solvation (i.e., formation of SSIP solvates),
38,39

 this is 

quite interesting. 
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For liquid electrolytes, other forms of DFOB
−
...Li

+
 cation coordination than those found 

in the crystalline solvates (Fig. 4.2) are possible/plausible. Fig. 4.11 shows five distinct CIP 

forms of coordination as energy minima (A-E) obtained from DFT calculations.
43

 Based 

upon the four different calculation methods shown in Table 4.3, only the LiDFOB-A ion pair 

was found to be strongly energetically favored.
43

 As noted above, this type of bidentate 

coordination via the DFOB
−
 carbonyl oxygen atoms is readily found in many of the 

crystalline solvates. Both the computational and experimental results indicate, therefore, that 

there is a strong preference for this type of coordination. 

 

4.3. PF6
-
 Anion Raman Vibrational Band Characterization 

4.3.1. Solvate Structures and Li
+
 Cation Coordination 

There are a number of previously reported LiPF6 solvate crystal structures, but most of 

these have rather exotic solvents/ligands.
66-74

 There are exceptions, however, such as the 

SSIP (EC)4:LiPF6 (Fig. 4.12b),
75

 SSIP (SN)2:LiPF6
76

 and AGG-Ia (PMDETA)1:LiPF6 (Fig. 

4.12d)
77

 solvates. In addition, the crystal structure of LiPF6 is also known.
78

 Recently several 

additional crystalline solvates have been reported including SSIP (AN)6:LiPF6,
79

 SSIP 

(AN)5:LiPF6 (Fig. 4.12a),
80

 SSIP (GBL)4:LiPF6
81

 and AGG-Ia (DMC)2:LiPF6 (Fig. 4.12c).
81

 

In the present study, the crystal structures of two new CIP-I (G3)1:LiPF6 and AGG-Ib 

(DEC)2:LiPF6 solvates are reported to complement these solvates.
42

 

Fig. 4.13a shows the ion and solvent coordination within the CIP-I (G3)1:LiPF6 solvate.
42

 

The solvate has a similar crystal structure with other (G3)1:LiX solvates with AsF6
−
, ClO4

−
, 



 

 

84 

 

 
 

Figure 4.12. PF6
−
...Li

+
 cation coordination in the solvates which have been previously 

reported: (a) SSIP (AN)5:LiPF6,
25

 (b) SSIP (EC)4:LiPF6,
75

 (c) AGG-Ia (DMC)2:LiPF6,
26

 and 

(d) AGG-Ia (PMDETA)1:LiPF6.
77,42 

 

 

BF4
−
, BH4

−
 and CF3SO3

−
 anions

82,83
 in which the G3 molecules coordinate two separate Li

+
 

cations, each with two ether oxygens. Each Li
+
 cation has five-fold coordination by two G3 

molecules and a single PF6
−
 anion with one fluorine atom (i.e., CIP-I). It is noteworthy that 

quantum chemical calculations for an isolated Li
+
...PF6

−
 ion pair suggest that the order of 

increasing stability should be CIP-III > CIP-II > CIP-I,
84,85

 but this is not the case for the 

(G3)1:LiPF6 solvate due to steric crowding from the coordinated solvent molecules.
43

 MD 

simulations for (AN)n-LiPF6 mixtures also indicate that CIP-I coordination (anions 

coordinated to a single Li
+
 cation) is predominant in electrolyte solutions.

39,40,79
 

Fig. 4.13b shows the ion and solvent coordination within the AGG-Ib (DEC)2:LiPF6 

solvate.
42

 In this solvate, the PF6
−
 anions are coordinated to two Li

+
 cations—one via a single 

fluorine atom and another using two fluorine atoms. Each Li
+
 cation has five-fold 
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Figure 4.13. PF6
−
...Li

+
 cation coordination in the newly reported LiPF6 solvates: (a) CIP-I 

(G3)1:LiPF6 and (b) AGG-Ib (DEC)2:LiPF6.
42 

 

 

coordination by two carbonyl oxygen atoms from two DEC molecules and three fluorine 

atoms from two PF6
−
 anions. The structure of this solvate is different from the AGG-Ia 

(DMC)2:LiPF6 solvate structure (Fig. 4.12c) in which the Li
+
 cations have four-fold 

coordination by two carbonyl oxygen atoms from two DMC molecules and two fluorine 

atoms from two PF6
−
 anions. The difference between the two solvates may be attributed to 

the differences in the overall polymeric chain structure which originates from the coordinated 

solvent molecules within the crystalline lattice for the two structures.
42
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4.3.2. Raman Spectroscopic Analysis of Crystalline Solvates 

The uncoordinated PF6
−
 anion has octahedral (Oh) symmetry with the following 

vibrational modes
84-86

: 

Γ = a1g + eg+ t1g + t2g + 3t1u + t2u 

The v1(a1g), v2(eg) and v5(t2g) modes are Raman active, and the v3(t1u) and v4(t1u) modes are IR 

active, but the t1g and t2u modes are inactive for both Raman and IR.
84-86

 For the Raman 

spectrum of pure LiPF6, the v1 vibration near 770 cm
-1

 corresponding to the P−F symmetric 

stretching mode is the most prominent, whereas the v2 and v5 modes at 570 and 473 cm
-1

 are 

relatively much weaker as shown in Fig. 4.14.
42 

Raman spectra were obtained for both crystalline solvates and neat LiPF6 as a function of 

 

 

 
 

Figure 4.14. Raman spectrum of LiPF6 (at 20°C).
42
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temperature to identify the variation of the anion band position for specific forms of 

PF6
−
...Li

+
 cation coordination. Fig. 4.15 shows the Raman data for the v1 vibration.

42
 In 

addition to the known solvates, data were also collected for the solvates with reasonably 

predictable structures, such as the (PN)4:LiPF6, (G2)2:LiPF6, (G1)3:LiPF6 and (DMC)3:LiPF6 

solvates. The (PN)4:LiPF6 solvate may have SSIP coordination with the four solvent nitrile 

groups fully coordinating the Li
+
 cations, similar to the crystal structures of (AN)4:LiClO4,

87
 

(AN)5:LiPF6
80

 and (AN)6:LiPF6 solvates.
79

 Both the (G2)2:LiPF6 and (G1)3:LiPF6 crystalline 

solvates are also assumed to have SSIP coordination (fully solvated Li
+
 cations and 

uncoordinated anions) as is found for a large number of known (G2)2:LiX and (G1)3:LiX 

crystalline solvate structures.
79,88

 The known (DMC)2:LiPF6 solvate has AGG-Ia 

coordination, in which the anions are coordinated to two Li
+
 cations.

81
 In the case of the 

(DMC)3:LiPF6 solvate, if the Li
+
 cations have 4-fold coordination as is found for most of the 

known solvates with monodentate coordinating solvents,
79

 CIP-I anion coordination is most 

probable in which the Li
+
 cations are coordinated to the three solvent carbonyl oxygen atoms 

and a single PF6
−
 anion.

42
 

Fig. 4.16 shows the summary of the anion v1 Raman band positions for the varying 

PF6
−
...Li

+
 cation coordination modes as a function of temperature.

42
 There are two 

noteworthy points drawn from this summary. First, the PF6
−
 Raman band found near 747 cm

-1
 

at 20°C (empty square symbol) does not correspond to CIP solvates. Instead, this band is 

attributed to AGG-Ia anion coordination in which the anions are coordinated to two Li
+
 

cations via two anion fluorine atoms (with the AGG-Ib coordination resulting in a band at 
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Figure 4.15. Raman spectra vs. temperature (°C - shown on the left) of the PF6
−
 anion 

vibrational bands for the crystalline solvates: (a) SSIP (AN)5:LiPF6, (b) SSIP (EC)4:LiPF6, (c) 

(speculative SSIP) (G2)2:LiPF6, (d) (speculative SSIP) (G1)3:LiPF6, (e) (speculative SSIP) 

(PN)4:LiPF6, (f) CIP-I (G3)1:LiPF6, (g) (speculative CIP-I) (DMC)3:LiPF6, (h) AGG-Ia 

(DMC)2:LiPF6, (i) AGG-Ia (PMDETA)1:LiPF6, (j) AGG-Ib (DEC)2:LiPF6 and (k) AGG-III 

LiPF6 (the dark lines indicate that a phase transition has occurred—e.g., melting).
42 
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Figure 4.16. Summary of the PF6
−
 anion Raman band peak positions for the different 

crystalline solvates (each line is for a separate solvate).
42 

 

 

even lower wavenumber—black square symbols). Second, the band corresponding to CIP-I 

coordination—black circle symbols (i.e., anion coordinated to a single Li
+
 cation via a single 

fluorine atom) overlaps with those corresponding to SSIP coordination—empty circle 

symbols (i.e., uncoordinated anions). It is challenging, therefore, to distinguish between the 

SSIP and CIP-I forms of PF6
−
...Li

+
 cation coordination using Raman spectroscopic analysis. 

This can provide the explanation, in part, for the limited and misunderstood Raman 

spectroscopic studies for LiPF6-based electrolytes—i.e., no peak splitting for the anion band 

was observed, so it has generally been assumed that the Li
+
 cations and PF6

−
 anions are fully 

dissociated, which is not the case found for the MD simulation results of (AN)n-LiPF6 

mixtures
40

 and FTIR spectroscopic data indicated that some ion pairing occurs in LiPF6- 
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based electrolytes.
89

 The results shown in Fig. 4.16, therefore, may be used as a tool for the 

ionic association characterization of electrolytes with LiPF6, but it is noteworthy that there 

are limitations to the information regarding the ionic association interactions within an 

electrolyte directly obtained from the Raman spectroscopic analysis.
42

  

 

4.4. Conclusions 

Numerous crystal structures of known and newly determined LiDFOB or LiPF6 crystalline 

solvates are reported to provide significant insight into the manner in which the DFOB
−
 or 

PF6
−
 anions coordinate Li

+
 cations. Utilizing Raman spectroscopic analyses, these solvates 

have been extensively characterized to provide unambiguous assignments for the anion 

Raman bands associated with specific DFOB
−
 or PF6

−
...Li

+
 cation coordination modes. DFT 

calculations complement this work by identifying the origin (vibrational modes) of the 

DFOB
−
 anion vibrational bands. This information serves as one of the important tools 

necessary for evaluating the ionic association interactions within electrolytes containing 

aprotic solvents and the LiDFOB or LiPF6 salts, which are further characterized in the next 

several chapters. 
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CHAPTER 5 

 

 

 

 

Electrolyte Solvation and Ionic Association 

I. Acetonitrile-Lithium Salt Mixtures 

 
 

 

 

Solution structure is the critical factor to influence electrolyte properties, but little is known 

about the ion solvate structures present in liquids. This topic is scrutinized here in detail 

utilizing acetonitrile (AN) as a model solvent. Using a combination of methods including 

thermal phase diagrams (from DSC data), XRD solvate structure determination (single 

crystal x-ray diffraction) and Raman vibrational spectroscopic analysis, the degree of 

solvation and ionic association have been determined for a wide variety of electrolyte 

mixtures with acetonitrile (AN) and conventional lithium salts (LiPF6, LiTFSI, LiClO4, 

LiBF4, LiCF3SO3 and LiCF3CO2). Once the solution structure was well understood, the 

transport properties (viscosity and ionic conductivity) of the electrolyte mixtures were 

correlated with the structural information to obtain insight into the origin of the transport 

property variations for the different electrolytes. MD simulations for the (AN)n-LiX mixtures 

have been performed to obtain additional the insight into the solution structure and to explore 

the limitations of the experimental work and simulations for electrolyte characterization. 
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5.1. Introduction 

For electrolyte development for Li-ion batteries, it is critical to understand how solvation 

is influenced by ion/solvent structure, temperature and salt concentration and how this, in 

turn, governs electrolyte physicochemical/transport properties and electrochemical device 

performance. Various types of solvated ionic species may exist in an electrolyte, which 

determine not only the bulk behavior (e.g., ionic conductivity, viscosity, volatility, etc.) of 

the electrolyte mixtures, but also the interfacial interactions of the electrolyte with electrodes. 

However, significant challenges still exist in the study of the structure of liquid phases. 

Through the combination of phase diagrams, crystalline solvate structures, solvation/ionic 

association information obtained from spectroscopic characterization and molecular dynamic 

simulations, much may be learned about solution structure, as demonstrated here. In a 

previous study for (glyme)n-lithium salt mixtures, the phase behavior and crystalline solvates 

that formed in relatively dilute mixtures suggested the following order for increasing ionic 

association (ionic interactions between the anions and Li
+
 cations) with various anions

1
: 

LiTFSI, LiAsF6 < LiClO4, LiI < LiBF4 < LiCF3SO3 < LiNO3, LiBr < LiCF3CO2 

In the glyme mixtures, the lithium salts were therefore classified as follows: LiTFSI and 

LiAsF6 are highly dissociated; LiClO4, LiI and LiBF4 are intermediately associated; and 

LiCF3SO3, LiNO3, LiBr and LiCF3CO2 are associated or highly associated. In solution, 

various types of solvate species form: solvent-separated ion pairs (SSIPs), contact ion pairs 

(CIPs) and aggregates (AGGs) in which the anions are coordinated to zero, one and two or 

more Li
+
 cations, respectively. Thus, in dilute solutions, LiAsF6 and LiTFSI tend to form 
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SSIP solvates, whereas LiCF3CO2 tends to form AGG solvates. This previous studies has 

been extended here to examine the behavior of lithium salts in acetonitrile (AN) to determine 

if this classification can be broadly applied to other solvent mixtures to explain their solution 

behavior and properties. In aprotic solvents, the anion has only weak interactions with the 

solvent, which results in a competition between the solvent and anions for coordination to the 

Li
+
 cations. Therefore, the degree of coordination to the Li

+
 cations is strongly dependent 

upon the structure of the solvent/anions, salt concentration and temperature. AN was selected 

due to its relatively straightforward solvation interactions (the solvent has only a single 

electron lone-pair and thus is either coordinated or uncoordinated to a single Li
+
 cation) and 

its usefulness as a model for other nitrile or dinitrile solvents suggested as electrolyte 

materials such as butyronitrile, adiponitrile and glutaronitrile.
2-4

 The phase behavior and 

solvation interactions of (AN)n-LiX mixtures with LiPF6, LiTFSI, LiClO4, LiBF4, LiCF3SO3 

and LiCF3CO2 are reported here. Information about the electrolyte solution structures 

obtained from this work can then be linked to the transport properties of the AN-lithium salt 

mixtures.  

 

5.2. Solvent-Lithium Salt Phase Behavior 

5.2.1. Pure Acetonitrile (AN) 

AN undergoes a solid-solid phase transition at -56°C prior to the Tm at -46°C (Fig. 5.1).
5-12

 

The AN molecules are ordered in both the low (β or II) and high (α or I) temperature phases, 

but oriented in a different manner.
9
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Figure 5.1. DSC heating traces (5°C min
-1

) and the corresponding phase diagrams for (a) (1-

x) AN-(x) LiClO4 and (b) (1-x) AN-(x) LiBF4 mixtures.
13
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5.2.2. (AN)n-Lithium Salt Mixtures: Intermediate and Associated Salts 

The use of differential scanning calorimetry permits the determination of the equilibrium 

solid-liquid thermal phase behavior for binary solvent-salt mixtures. Each individual sample 

is fully crystallized (if possible) by repeated cooling/heating cycles and or annealing at 

appropriate temperatures (the exact procedure varies for each sample). The data associated 

with the crystallization of the samples are not shown in Fig. 5.1. Only the final heating traces 

after crystallization are shown for clarity. From these data, the phase diagram is prepared by 

plotting the peak temperatures for thermal events such as solid-solid phase transitions and the 

melt transition, as well as the glass transition temperature for amorphous or partially 

amorphous samples when it was not possible to fully crystallize the samples. The integrated 

area for the DSC peaks reflects the enthalpy associated with the transitions (i.e., the energy 

absorbed normalized by the sample mass). The phases which form (denoted by vertical lines 

on the phase diagram) correspond to crystalline solvates for solvent-lithium salt mixtures. In 

some cases, it has been possible to crystallize single crystals for these solvates and thus 

obtain the crystal structures using single crystal x-ray diffraction, thereby providing direct 

insight into the molecular-level interactions between the solvent and ions in the solid state. 

AN-LiClO4.—(AN)n-LiClO4 mixtures form three crystalline solvates phases with 4/1, 2/1 

and 1/1 (AN/Li) composition, respectively (Fig. 5.1).
13

 The data agree well with and expand 

upon a partial phase diagram previously reported for (AN)n-LiClO4 mixtures.
14

 The SSIP 4/1 

solvate structure (i.e., (AN)4:LiClO4) has been previously reported.
13,15

 The Li
+
 cations are 

coordinated by four AN molecules with uncoordinated ClO4
−
 anions located between the 
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solvated cations (Appendix C). The SSIP (AN)4:LiI solvate has the same solvate structure.
16

 

The structure of the 2/1 crystalline solvate is not known, but may resemble the AGG 

(AN)2:LiBr solvate in which each Li
+
 cation has four-fold coordination by two AN molecules 

and two anions.
16

 Each Br
−
 anion is coordinated to two Li

+
 cations forming a dimer structure. 

Alternatively, this may resemble the AGG (AN)2:LiBF4 phase (see below). Between the 4/1 

and 2/1 phases a eutectic is present and the 2/1 phase has a low energy solid-solid phase 

transition at around 30°C. The 1/1 solvate structure is also not known, but may resemble the 

AGG (AN)1:LiBF4 and (AN)1:LiCF3SO3 solvates in which each Li
+
 cation is coordinated by 

one AN molecule and three anions (Appendix C).
13,17,18

 

AN-LiBF4.—(AN)n-LiBF4 mixtures show similar phase behavior to those of LiClO4 (Fig. 

5.1)
13

 with the formation of 4/1, 2/1 and 1/1 crystalline solvate phases. The structure of the 

4/1 solvate is not yet known, but may resemble the 4/1 crystalline solvates with LiClO4 and 

LiI. It is noteworthy that similar SSIP 4/1 solvates form with AgClO4, AgBF4, CuClO4 and 

CuBF4,
19-23

 as the Ag(I)
+
 and Cu(I)

+
 cations are nearly the same size as Li

+
 cations.

24
 The 

(AN)2:LiBF4 solvate structure was determined as part of the present study (Appendix C).
70

 In 

this structure, the Li
+
 cations are coordinated by two AN molecules and two BF4

−
 anions. 

Each anion is, in turn, coordinated to two Li
+
 cations forming linear polymeric chains. The 

(AN)1:LiBF4 solvate structure was also determined as part of the present study (Appendix 

C).
13,17

 This solvate structure consists of Li
+
 cations coordinated by three fluorine atoms (one 

each from three different anions) and a single AN molecule. Each BF4
−
 anion is coordinated 

to three Li
+
 cations through three anion fluorine atoms. 
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AN-LiCF3SO3.—Although LiCF3SO3 dissolved in AN upon heating and stirring, it was 

not possible to prepare a phase diagram for the (AN)n-LiCF3SO3 mixtures. All of the 

prepared mixtures (n = 2-10) rapidly formed a high melting (AN)1:LiCF3SO3 crystalline 

solvate at room temperature (Appendix C). Because the boiling point (Tb) of the excess AN 

(Tb = 82°C) is much lower than the Tm of the crystalline solvate (Tm = 157°C—Fig. 5.2), 

homogeneous solutions cannot be prepared by heating the crystallized samples (to prepare 

the DSC pans for analysis). The AGG (AN)1:LiCF3SO3 solvate (Fig. 5.2) has been previously 

reported.
13,18

 The anions in the solvate structure are coordinated through the three oxygen 

atoms to three Li
+
 cations. Each Li

+
 cation is coordinated by three oxygen atoms from the 

anions (one each from three different anions) and a single AN molecule. Although the anion 

coordination for the (AN)1:LiBF4 and (AN)1:LiCF3SO3 solvates is similar, the ion packing in 

the crystal structures is different. The (AN)1:LiBF4 phase consists of planar sheets of ions, 

whereas the (AN)1:LiCF3SO3 phase consists of ions arranged in a linear polymeric form of 

packing.
13

 

AN-LiCF3CO2.—LiCF3CO2 readily forms highly concentrated solutions with AN without 

the formation of any AN-LiCF3CO2 crystalline solvates in the mixtures. Thus, the phase 

diagram for these mixtures consists of the excess (uncoordinated) AN crystallizing in the 

dilute mixtures leaving a concentrated amorphous AN-LiCF3CO2 phase. The DSC 

thermograms (Fig. 5.3)
13

 indicate that the composition for the amorphous phase is (AN)n-

LiCF3CO2 (n < 2). The amorphous phase may consist of both coordinated and uncoordinated 

AN molecules, the latter weakly interacting with the solvated ions and thus not crystallizing 
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as bulk solvent. 

Although both the (AN)n-LiClO4 and -LiBF4 mixtures shows similar thermal phase 

behaviors, differences do exist in the Tm for the solvates formed. In particular, it is 

noteworthy that the SSIP (AN)4:LiClO4 crystalline solvate has a significantly higher Tm than 

 

 

 
 

Figure 5.2. DSC heating trace (5°C min
-1

) of the (AN)1:LiCF3SO3 crystalline solvate.
13

 

 

 

 

 
 

Figure 5.3. DSC heating traces (5°C min
-1

) of (1-x) AN-(x) LiCF3CO2 mixtures.
13
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that of the SSIP (AN)4:LiBF4 crystalline solvate (Fig. 5.1) despite the fact that both anions 

are tetrahedral and nearly the same size.
25-31

 This can be explained by the difference in the 

ionic association tendency of the two salts and the mechanisms for melting.
1
 The highly 

associated salts, LiCF3SO3 and LiCF3CO2, have different phase behavior from LiClO4 and 

LiBF4, but also from one another. Both of the LiCF3SO3 and LiCF3CO2 salts dissolve readily 

in AN, but AGGs solvates primarily are formed, even in dilute mixtures. The AGG solvates 

with LiCF3SO3 may have similar ionic coordination that found in the (AN)1:LiCF3SO3 

crystalline solvate thus facilitating the rapid nucleation and growth of this solid phase from 

dilute solutions (in addition to the high Tm for this solvate). In the case of the (AN)n-

LiCF3CO2 mixtures,  similar AGG solvates may exist, but it may not be possible to pack the 

ions into an ordered crystalline phase (due to differences in the -SO3 and -CO2 coordinating 

ends)—thus highly concentrated (AN)n-LiCF3CO2 mixtures do not solidify. 

 

5.2.3. (AN)n-Lithium Salt Mixtures: Dissociated Salts 

AN-LiTFSI.—DSC thermograms and the corresponding phase diagram for (AN)n-LiTFSI 

mixtures (Fig. 5.4)
33

 agree well with a previously reported partial phase diagram.
34

 Three 

different 6/1, 4/1 and 1/1 AN/LiTFSI crystalline solvate phases are formed. The structures of 

the 6/1 and 4/1 solvates are not yet known. The 6/1 solvate may have octahedral coordination 

in which the Li
+
 cations are fully solvated by six AN molecules, but several previous studies 

have suggested that more than four AN molecules coordination to a Li
+
 cation is not 

energetically favorable (in the gas phase).
35-39

 The Raman spectroscopic data (see 5.4.2) 
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verifies that this is a SSIP phase with uncoordinated TFSI
−
 anions, as expected. The 4/1 

solvate is also a SSIP phase which may have tetrahedral coordination similar to those of the 

SSIP (AN)4:LiClO4
13,15

 and (AN)4:LiI
16

 phases in which the Li
+
 cations are fully solvated by 

four AN molecules with uncoordinated anions. For compositions between the 4/1 and 1/1 

phases, a “crystallinity gap”—it was not possible to fully crystallize the samples despite 

subjecting the samples to extensive heating-cooling cycles at subambient temperature—

occurs due to either the slow nucleation of crystalline solvates (beyond the time frame of the 

crystallization procedure utilized) or the inhibition of ordered crystalline solvate formation 

due to unfavorable packing. The structure of (AN)1:LiTFSI crystalline solvate was 

determined (Appendix C).
33,40

 In this 1/1 crystalline phase, there are two different Li
+
 

cations. One Li
+
 cation has six-fold coordinated by six oxygen atoms from four TFSI

−
 

anions, while another Li
+
 cation has four-fold coordination by two oxygen atoms from two 

TFSI
−
 anions and two nitrogen atoms from two AN solvent molecules. In this AGG solvate, 

each TFSI
−
 anion is coordinated to three Li

+
 cations. 

AN-LiPF6.—(AN)n-LiPF6 mixtures form two crystalline solvates consisting of 6/1 and 5/1 

phases. In dilute mixture (n ≥ 10), the 6/1 SSIP solvate crystallizes with a Tm at 18°C (Fig. 

5.4).
33

 It is difficult to analyze the thermal phase behavior for more concentrated mixtures 

(i.e., 10 > n ≥ 6) due to both the 6/1 and 5/1 phases formation. In each different composition, 

some of the sample crystallized into the 5/1 phase upon cooling or even rapid cooling from 

the melt, while the remainder of the sample then crystallized at low temperature into the 6/1 

phase resulting in the complicated thermal behavior as shown in Fig. 5.4. The structure of the 
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(AN)6:LiPF6 crystalline solvate has been determined (Appendix C).
41

 The Li
+
 cations are 

coordinated by four AN molecules with uncoordinated PF6
−
 anions and uncoordinated AN 

molecules (two per Li
+
 cation) located between the solvated cations. The crystal structure of 

the (AN)5:LiPF6 solvate phase has also been reported (Appendix C).
42

 The structure is similar 

to the 6/1 structure in which Li
+
 cations coordinated by four AN molecules with 

uncoordinated PF6
−
 anions and uncoordinated AN molecules (one per Li

+
 cation) located 

between the solvated cations.
33

 The same features can be found in the (AN)5:CuPF6 

crystalline solvate structure.
43,44

 The (AN)5:LiPF6 solvate has a solid-solid phase transition at 

38°C prior to a Tm at 67°C. It is noteworthy that both CuClO4 and CuBF4 form 4/1 

phases
22,23,45-48

 instead of a 5/1 phase, as is also found for LiClO4 and LiBF4 given that the 

Li
+
 and Cu(I)

+
 cations are nearly identical in size.

41,49
 Between the 5/1 solvate and a more 

aggregated solvate (composition unknown) a eutectic point is observed. 

Although the phase diagrams for (AN)n-LiPF6 and -LiTFSI mixtures indicate that both 

salts are highly dissociated (i.e., both are able to form a SSIP 6/1 phase), significant 

differences exist between them. In particular, LiPF6 forms crystalline phases with a relatively 

high Tm, whereas LiTFSI forms crystalline phases which melt at low temperature. Therefore, 

the (AN)n-LiTFSI mixtures are liquid state at -30°C over a large concentration range, while 

all of the (AN)n-LiPF6 mixtures (except for the most dilute) crystallize readily at room 

temperature. The differences in size, shape and flexibility of the anions can explain these 

differences: the PF6
−
 anions are essentially spherical and easily pack together symmetrically 

with the solvated Li
+
 cations, whereas the TFSI

−
 anions are a non-spherical shape which 
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Figure 5.4. DSC heating traces (5°C min
-1

) and the corresponding phase diagrams of (a) (1-

x) AN-(x) LiTFSI and (b) (1-x) AN-(x) LiPF6 mixtures.
33
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results in a less symmetrical packing of the solvated Li
+
 cations amongst the uncoordinated 

anions. The solid-solid phase transition for the 5/1 LiPF6 crystalline solvate may also result 

in the uncoordinated anions becoming disordered by spinning about one axis or tumbling at 

elevated temperature. The long-range order, however, is retained. In contrast, the TFSI
−
 

anions are flexible
50,51

 and may become conformationally disordered at elevated temperature 

thus disrupting the long-range packing of the solvate structure leading to melting instead of a 

disordered solid crystalline (plastic crystalline) phase.
33

 

 

5.3. Raman Characterization of AN-Li
+
 Cation Solvation 

Uncoordinated AN has a ν4 band at 918 cm
-1

 for the C−C stretching vibration and a ν2 

Raman band at 2254 cm
-1

 for the C≡N stretching vibration (Figs. 5.5 and 5.6),
13,33

 with the 

922 and 2251 cm
-1

 shoulders attributed to hot bands.
52,53

 When the electron lone-pair on the 

nitrogen of AN is coordinated to a Li
+
 cation, these bands shift to 930 and 2277 cm

-1
, 

respectively (Figs. 5.5 and 5.6).
34,37,54,55

 In the case of (AN)n-LiClO4 mixtures, only the ν2 

AN band was analyzed because the ν4 C−C stretching vibrational band overlaps with the 

Cl−O stretching vibrational mode of the ClO4
−
 anion.

56-58
 The average solvation number (N), 

the fraction of solvent molecules coordinated to Li
+
 cations, can be determined from the 

following relation: 

 
AN-C

 
AN-C

+  
AN-UC

= 
 LiX

 AN
     [1] 

where AAN-C and AAN-UC are the integrated area intensities of the bands for the coordinated 
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Figure 5.5. Raman spectra at 60°C of the AN C−C stretching mode (918 cm
-1

) and C≡N 

stretching mode (2254 cm
-1

) bands for (a) (AN)n-LiBF4 and (b) (AN)n-LiCF3CO2 mixtures 

(AN/LiX ratio indicated).
13

 

 

 

and uncoordinated AN, respectively, cLiX and cAN are the concentrations of the salt and AN, 

respectively.
59,60

 Based upon the data shown in Figs. 5.5 and 5.6, plots of the peak area for 

the coordinated and uncoordinated AN (normalized relative to the total peak area) were 

prepared (Fig. 5.7)
13,33

 which gives an indication of the fraction of solvent molecules 
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Figure 5.6. Raman spectra at 60°C of AN C−C stretching mode (920 cm
-1

) and C≡N 

stretching mode (2250 cm
-1

) bands for (a) (AN)n-LiTFSI and (b) (AN)n-LiPF6 mixtures 

(AN/LiX ratio indicated).
33 

 

 

coordinated to Li
+
 cations. Combining this information and the molar ratio of AN to LiX 

(i.e., cAN/cLiX), the N value variation with salt concentration and different LiX salts was 

determined (Fig. 5.7). For the most dilute solutions, analytical errors will be greatest, so N 

values for data with x < 0.10 or thereabout are considered to be unreliable. The integrated 
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intensity A0 of a band is given by
61

: 

   A0 = KC0      [2] 

where K is a proportionality factor which includes the Raman activity of the vibration and C0 

is the concentration of the species generating the band. Note the assumption that the bands 

associated with the uncoordinated and coordinated AN have equivalent Raman activity (no 

scaling is required)
59,60

 for the analysis in Fig. 5.7. If this is not the case, the N values noted 

in the top of Fig. 5.7 would need to be corrected with appropriate scaling factors. Data for the 

(AN)n-LiPF6, -LiTFSI, -LiClO4, -LiBF4 and -LiCF3CO2 mixtures were collected at 60°C to 

ensure that the mixtures were homogeneous solutions over a wide composition range (Figs. 

5.1, 5.3 and 5.4). Selecting a particular composition, x = 0.20 (i.e., 4 AN molecules per Li
+
 

cation), the average solvation numbers are approximately 3.2 for LiPF6, 2.8 for LiTFSI, 2.7 

for LiClO4, 2.1 for LiBF4 and 1.0 for LiCF3CO2. The N values do not match with the total 

amount of solvent present except for the most concentrated mixtures because a variety of 

solvates are actually present along with uncoordinated solvent in the liquid phase. This 

comparison suggests the following order for increasing Li
+
 cation solvation (decreasing ionic 

association) in the liquid phase: 

LiPF6 > LiTFSI ≥ LiClO4 > LiBF4 >> LiCF3CO2 

in accord with the ionic association order reported previously.
1
 The more associated anions, 

such as LiCF3CO2, have more coordination with the Li
+
 cations, which decreases the number 

of AN…Li
+
 cation coordination bonds. Considering the previous studies which proposed the 

TFSI
−
 anion to be a highly dissociated anion,

1
 the results for LiTFSI are surprising. A 
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Figure 5.7. Raman spectroscopic analysis at 60°C of solvent bands for uncoordinated AN 

and Li
+
 cation coordinated AN in (a) (AN)n-LiPF6, (b) (AN)n-LiTFSI, (c) (AN)n-LiClO4, (d) 

(AN)n-LiBF4 and (e) (AN)n-LiCF3CO2 mixtures. The calculated Li
+
 cation average solvation 

number (N) is shown at the top. The dark solid line corresponds to the average of the two sets 

of data from Figs. 5.5 and 5.6 (no scaling factor was applied).
13,33
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comparison of the crystalline phases formation for the (AN)n-LiTFSI, -LiPF6 and -LiClO4 

mixtures suggests that the TFSI
−
 anions are as dissociated as the PF6

−
 anions. But in the 

liquid phase, the TFSI
−
 anions may have an ionic association tendency closer to ClO4

−
 (see 

below). There is one possible explanation for the lower than expected N values noted for the 

TFSI
−
 anion—the TFSI

−
 anion tends to form bidentate coordination to a single Li

+
 cation to a 

much greater extent than for anions such as PF6
−
, ClO4

−
 and BF4

−
, which is evident from the 

MD simulation results (see below) and the known crystal structures of numerous LiTFSI 

solvates.
34,40,62-65

 Therefore, when a TFSI
−
 anion forms bidentate coordination bonds (two 

rather than one donor oxygens) to the cation, this may displace an additional AN molecule 

which results in a lowering of the value of N to some extent from what would otherwise be 

predicted. For the (AN)n-LiCF3CO2 mixtures, the N values do not change significantly (∼1) 

with changing salt concentration (Fig. 5.7) because LiCF3CO2 is a highly associated lithium 

salt and thus tends to form a stable amorphous 1/1 AGG solvate with some excess AN which 

is unable to crystallize (Fig. 5.3) due to its interactions with the solvates in solution. 

 

5.4. Raman Characterization of Ionic Association 

5.4.1. (AN)n-Lithium Salt Mixtures: Intermediate and Associated Salts  

For the (AN)n-LiClO4 mixtures, Fig. 5.8 shows the ClO4
−
 anion band variation with 

concentration at -80°C.
13

 At this temperature, all of the samples are crystalline solids. Raman 

bands for both AN and the ClO4
−
 anions overlapped in this region (∼930 cm

-1
). Four band 

are observed for the more dilute samples (n > 4): uncoordinated and coordinated AN at 920 
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Figure 5.8. ClO4
−
 anion band variation with concentration in the (AN)n-LiClO4 mixtures at   

-80°C.
13

 

 

 

and 931 cm
-1

 (the band positions have a slight temperature dependence and thus differ from 

the data in Fig. 5.5) and bands at 910 and 933 cm
-1

 from the Fermi resonance overtone of the 

uncoordinated ClO4
−
 anion and the anion Cl−O stretching vibrational mode, respectively.

66
 A 

comparison with the phase diagram (Fig. 5.1) indicates that the Raman band at 933 cm
-1

 

corresponds to the SSIP (AN)4:LiClO4 phase in which the anions remain uncoordinated.
67,68

 

For the more concentrated mixtures (n < 4), a new band at 945 cm
-1

 corresponds to the AGG-

I (AN)2:LiClO4 crystalline solvate in which the anions may be coordinated to two Li
+
 cations 

through two oxygen atoms. For the most concentrated samples (n ≤ 2), another band appears 

at 953 cm
-1

 corresponding to the (AN)1:LiClO4 phase, which likely consists of AGG-II 



 

 

121 

 

 
 

Figure 5.9. BF4
−
 anion band variation with concentration in the (AN)n-LiBF4 mixtures at (a) 

-80°C and (b) 60°C.
13 

 

 

anions coordinated to three Li
+
 cations through three oxygen atoms. The Raman band at 

about 938 cm
-1

 may correspond to coordinated AN based upon the characterization of single 

crystals of the solvates in which the position of the coordinated AN differs in the solid-state 

from that noted in solutions (Fig. 5.5), perhaps due to lattice packing effects. 
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Fig. 5.9a shows the BF4
−
 anion band variation with concentration for (AN)n-LiBF4 

mixtures at -80°C.
13

 At this temperature, all of the samples are crystalline solids. The Raman 

band from the anion B−F stretching vibrational mode is observed at 760-783 cm
-1

.
37,69

 In a 

current spectroscopic characterization study for crystalline (solvent)n:LiBF4 solvate structures 

with various solvents,
70

 the peak positions at -80°C/60°C are for SSIP (765-767/764-766 cm
-

1
 – uncoordinated BF4

−
 anions), CIP-I (766-769/765-766 cm

-1
 – BF4

−
 anion coordinated to a 

single Li
+
 cation through one fluorine atom), AGG-I (777-778/775-776 cm

-1
 – BF4

−
 anion 

coordinated to two Li
+
 cations through two fluorine atoms) and AGG-II (782-787/783-785 

cm
-1

 – BF4
−
 anion coordinated to three Li

+
 cations through three fluorine atoms) solvates. It is 

noteworthy that the vibrational bands shift and broaden with increasing temperature. For the 

more dilute samples, only a single band at 764 cm
-1

 is observed. Based upon the phase 

diagram in Fig. 5.1b, the Raman band at 764 cm
-1

 corresponds to the SSIP (AN)4:LiBF4 

crystalline solvate in which the anions are uncoordinated (in agreement with the same solvate 

for LiClO4). When the concentration of LiBF4 is increased, a new band appears at 778-779 

cm
-1

 corresponding to an AGG-I (AN)2:LiBF4 phase in which the anions are likely 

coordinated to two Li
+
 cations through two fluorine atoms. When the concentration of LiBF4 

is increased further, another band appears at 782 cm
-1

 corresponding to the AGG-II 

(AN)1:LiBF4 phase
13

 which consists of anions coordinated to three Li
+
 cations through three 

fluorine atoms. 

At 60°C the (AN)n-LiBF4 liquid mixtures (Fig. 5.9b)
13

 have Raman bands at 

approximately 764, 767, 774-775, 783-784 and 798 cm
-1

 which are attributed to SSIP, CIP-I, 
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Figure 5.10. Solvate species distribution in the (AN)n-LiBF4 mixtures at 60°C.
13 

 

 

AGG-I, AGG-II and AGG-III (BF4
−
 anions coordinated to more than three Li

+
 cations 

through all four fluorine atoms) solvates, respectively. The AGG-III anion coordination may 

correspond to anion in large aggregated ion clusters which may resemble crystalline LiBF4.
30

 

It is interesting that CIP solvates appear to be a prominent species present in dilute (AN)n-

LiBF4 solutions even though none of the crystalline phases consist of CIP solvates. 

Therefore, the displacement of one (for CIP-I) or more AN molecules in the Li
+
 cation 

coordination shell for many/most of the Li
+
 cations is caused by (or induces) the melting of 

SSIP crystalline solvate. 

The estimated fraction of each type of solvate present in the solutions at 60°C (Fig. 5.10)
13

 

can be provided by the deconvolution of the Raman bands of the BF4
−
 anion (Fig. 5.9b).

13
 

The assumption made in this determination is that the relative activities of the BF 4
−
 bands  
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associated with different cation coordination have an equivalent Raman activity. Based upon 

the information from Figs. 5.7 and 5.10, the solution SSIP, CIP-I, AGG-I, AGG-II and AGG-

III solvates largely correspond to Li
+
 cations coordinated by four, three, two, one and zero (or 

near zero) AN molecules, respectively (the AN molecules are sequentially replaced with 

fluorine atoms from anions). 

 

 

 
 

Figure 5.11. Temperature dependence of the BF4
−
 anion bands in the (AN)n-LiBF4 mixtures 

for (a) n = 8 and (b) n = 4.
13
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The identity of the solvate species present in solution is also a function of temperature. Fig. 

5.11 shows the temperature dependence of the BF4
−
 anion bands in the (AN)n-LiBF4 (n = 8 

and 4) mixtures.
13

 When both mixtures are crystalline at -80°C, only a single band is 

observed corresponding to the SSIP (AN)4:LiBF4 solvate. However, after the solid to liquid 

phase transition occurs, the Raman vibrational band of the BF4
−
 anion shifts and splits 

significantly. For the n = 8 mixture, it is evident that Raman bands at 764-765, 767 and 774-

775 cm
-1

 corresponds to SSIP, CIP-I and AGG-I anion coordination, respectively. 

Deconvolution of the Raman bands indicates that the SSIP and CIP-I coordination increase, 

while the AGG-I coordination decrease somewhat with decreasing temperature. For the n = 4 

mixture, the same trend is observed at a given temperature, except that the fraction of the 

AGG-I anion coordination is increased at the expense of the SSIP and CIP-I coordination. 

The solvent competes more effectively with the anion for Li
+
 cation coordination at lower 

temperature, while the ionic association tends to increase with increasing temperature. The 

MD simulations also show the same temperature-dependent trends for the solvates.
13

 

Utilizing the information obtained from the average solvation number (N) and anion 

coordination at a given composition and temperature through the Raman spectroscopic 

characterization, it is possible to glean insight into the structure of the solvates in the liquid 

phase. However, it is noteworthy that in reality the solvates in solution are quite 

heterogeneous, so the assume that solution solvates have a similar structure to those found in 

the crystalline phases should be tempered. In the known crystalline solvates, it is evident that 

the structures constitute the optimization of Li
+
 cation coordination, steric packing and 
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minimization of repulsive interactions (i.e., electron lone-pair…lone-pair, lone pair…anion, 

etc.). However, the molecular motion of the solvent molecules and ions in solution is more 

significant with greater free volume and energy available at higher temperature. Therefore, 

the solvent molecules (and ions) occupy a greater effective volume and this may influence 

how the solvent and ions can pack around and coordinate the Li
+
 cations.

13
 

 

5.4.2. (AN)n-Lithium Salt Mixtures: Dissociated Salts 

Fig. 5.12 shows the TFSI
−
 anion band variation with changing concentration for (AN)n-

LiTFSI mixtures at both -80 and 60°C.
33,71,72

 At -80°C, all of the samples are crystalline 

solids, except for those in the crystallinity gap which either remain liquid or are amorphous 

solids, depending upon the sample Tg (Fig. 5.4). For the dilute mixtures (n ≥ 3.6), two bands 

are observed which do not vary in position with varying concentration. As shown in Fig. 5.4 

two different crystalline solvates (6/1 and 4/1 phases) are present for this concentration range 

(n ≥ 4), but the anion coordination to the Li
+
 cations does not change because both SSIP 

phases have uncoordinated anions. The TFSI
−
 anion is known to have two different low-

energy conformational states: a cisoid form (C1) with the CF3 groups on the same side of the 

S−N−S plane and a transoid form (C2) with the CF3 groups on opposite sides of the plane.
72

 

The difference in the band positions may originate from these different conformations of the 

anions in the solvate crystal structures. Therefore, the data in Fig. 5.12a indicate that the 6/1 

phase consists of uncoordinated TFSI
−
 anions with the C1 conformation, whereas the 4/1 

phase consists of uncoordinated TFSI
−
 anions with both the C1 and C2 conformations. To 
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verify this, the 250-450 cm
-1

 region of the Raman spectra for (AN)n-LiTFSI mixtures (n = 6 

and 4) was examined as the TFSI
−
 anion vibrational bands in this region provide a fingerprint 

for the uncoordinated anion conformations (Fig. 5.13).
33,72

 The band position, however, 

 

 

 
 

Figure 5.12. TFSI
−
 anion band variation with concentration in (AN)n-LiTFSI mixtures at (a) 

-80°C and (b) 60°C. The mixtures with n = 3.0, 2.5, 2.0 and 1.55 are in the crystallinity gap 

and remain either fully amorphous liquids or glassy solids at -80°C.
33
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indicate that both phases consist only of anions with the C2 conformation. However, it is 

evident that there are new bands at 382 cm
-1

 (Fig. 5.13a) for the n = 6 sample and at 315 cm
-1

 

for the n = 4 sample (Fig. 5.13b) which do not correspond to the bands typically noted for 

either the C1 or C2 conformations. Thus, it may be that one or more different low energy 

 

 

 
 

Figure 5.13. TFSI
−
 anion band variation with temperature in (AN)n-LiTFSI mixtures with (a) 

n = 6.0 (crystalline in the -80 to -45°C range) and (b) n = 4.0 (crystalline in the -100 to -35°C 

range).
33
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conformation(s) for the TFSI
−
 anion, which have been reported,

73
 are present which would 

also account for the band at 741 cm
-1

. In the crystallinity gap (1.38 < n < 3.6), the samples 

are liquid or amorphous solids even at -80°C and broad bands appear in the Raman spectra. 

With increasing concentration of LiTFSI, the Raman band variation indicates that more 

aggregated anion coordination (CIP and AGG) is present at the expense of the SSIP 

(uncoordinated) anion coordination. As the composition approaches n = 1, one sharp Raman 

band at 751 cm
-1

 is observed corresponding to the AGG-IIb (AN)1:LiTFSI crystalline solvate 

(with the TFSI
−
 anion coordinated to three Li

+
 cations through four oxygens). 

Fig. 5.12b shows the shift of the TFSI
−
 anion Raman bands for the liquid mixtures at 60°C 

with changing concentration. Unlike the data for the solid phases in Fig. 5.12a, the bands 

shift smoothly with changing concentration. Due to the different conformations from the 

structural flexibility of the TFSI
−
 anion, each of the TFSI

−
 anions may be coordinated in 

varying ways to one or more Li
+
 cation(s) resulting in many different types of solvates in the 

liquid mixtures. Thus, it is challenging to deconvolute conclusively the overlapping bands 

from these numerous types of solvates to identify specific forms of anion coordination to the 

Li
+
 cations. This has been done, however, using assignments from a current spectroscopic 

characterization study for crystalline (solvent)n:LiTFSI solvate structures with various 

solvents.
74

 From the spectroscopic analysis, the solvate bands at -80°C/60°C are C2-SSIP 

(741/740 cm
-1

 – uncoordinated TFSI
−
 anions), C2-CIP-II (747/746 cm

-1
 – TFSI

−
 anion 

coordinated to a single Li
+
 cation through two oxygen atoms), C2-AGG-Ib (749/748 cm

-1
 – 

TFSI
−
 anion coordinated to two Li

+
 cations through three oxygen atoms) and C1-AGG-IIb 
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Figure 5.14. Solvate species distribution in (AN)n-LiTFSI mixtures at 60°C.
33 

 

 

(750-752/749-750 cm
-1

 – TFSI
−
 anion coordinated to three Li

+
 cations through four oxygen 

atoms). It is noteworthy that these bands may shift somewhat due to variability in the anion 

conformations and coordination bond lengths to the Li
+
 cations in the liquid phase. Fig. 5.14 

shows the TFSI
−
 anion coordination distribution in liquid (AN)n-LiTFSI mixtures at 60°C 

from the deconvolution of the peaks in Fig. 5.12b in terms of uncoordinated TFSI
−
 anions 

(SSIP), anions coordinated to a single Li
+
 cation (CIP) and those coordinated to more than 

one Li
+
 cation (AGG).

33
 In dilute mixtures, SSIP coordination exits for more than 80% of the 

anions with the remainder having CIP coordination. With increasing salt concentration, the 

fraction of both CIP and AGG coordination increases at the expense of the SSIP 

coordination, but the CIP coordination starts to then decrease for more concentrated mixtures 

(n < 3). Note that both the SSIP and CIP coordination persist even in the very concentrated 
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mixtures. Unlike for the BF4
−
...Li

+
 cation coordination, the close proximity of the bands for 

the TFSI
−
...Li

+
 cation coordination obtained from the AGG crystalline (solvent)n:LiTFSI 

solvates suggests that it is fruitless to attempt the identification of the different forms of the 

AGG TFSI
−
...Li

+
 cation coordination in solution. 

To study the reason for the crystallinity gap occurrence in the (AN)n-LiTFSI mixtures, 

variable-temperature Raman measurements have been conducted for different compositions 

around the crystallinity gap (Fig. 5.15).
33

 For the n = 4.0 mixture, as the temperature 

decreases, the bands at 741 and 743 cm
-1

 (corresponds to SSIP coordination) increase, while 

the band at 747-749 cm
-1

 (attributed to CIP and AGG-I anion coordination) decreases. This 

indicates that the amount of SSIP solvates increases at lower temperature resulting in the 

nucleation and growth of the SSIP 4/1 crystalline phase. For the n = 3.0 sample, however, as 

the temperature decreases, the SSIP bands at 741-743 cm
-1

 increase, but there remains a 

sizeable amount of coordinated anions (corresponds to the Raman band on 748 cm
-1

) thus 

hindering/preventing the formation of the 4/1 crystalline phase. Similarly, although the n = 

2.0 sample has a dominant peak at 750 cm
-1

 (corresponding to AGG-II anion coordination as 

found in the 1/1 phase), a significant fraction of the anions still persist with SSIP, CIP and 

perhaps AGG-I coordination which hinder/prevent the nucleation and growth of the 1/1 

crystalline phase. In contrast, for the n = 1.0 sample, as the temperature decreases, most of 

the anions have AGG-II (or perhaps even higher) coordination, thus facilitating the 

nucleation of the 1/1 crystalline phase. Note that in the phase diagram for the (AN)n-LiTFSI 

mixtures in Fig. 5.4, the “×” symbols indicate the Tg of the fully amorphous samples, 
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Figure 5.15. Variable-temperature TFSI
−
 anion band variation with concentration in (AN)n-

LiTFSI mixtures with (a) n = 4.0, (b) n = 3.0, (c) n = 2.0 and (d) n = 1.0.
33

 

 

 



 

 

133 

 

whereas the “triangles” are the Tg for the amorphous phase which remains after some portion 

of a sample has crystallized  as the 1/1 phase (partial crystallization). The composition of the 

latter amorphous phase will thus be more dilute than the composition of the sample itself. 

These samples have nearly the same Tg value of -82°C and this value can be used to estimate 

the composition of the stabilized amorphous phase (i.e., x ∼ 0.25). This value corresponds to 

an average of 3 AN molecules per Li
+
 cation.

33
 

Fig. 5.16a shows the band variation of the PF6
−
 anion with varying concentration at -80 

and 60°C.
33

 Based upon octahedral (Oh) symmetry from the uncoordinated PF6
−
 anion, the 

band assignments have been determined.
66,75-79

 As noted in Fig. 4.14, the most intense 

Raman band for the PF6
−
 anion is observed at 740-750 cm

-1
. All of the mixtures are 

crystalline solids at -80°C, as shown in Fig. 5.4b. For dilute mixtures (n ≥ 5), only a single 

band is evident at 744 cm
-1

. Based upon the previous chapter (Ch. 4.3) examining the 

crystalline (solvent)n-LiPF6 solvate structures with various solvents, it has been determined 

that the anions with SSIP (the uncoordinated PF6
−
 anions) and CIP-I (the coordinated PF6

−
 

anions to a single Li
+
 cation via one fluorine atom) coordination have essentially the same 

Raman band position (wavenumber) for the P-F symmetrical stretch vibration of the anion 

(Fig. 4.16). It is therefore not possible to deconvolute the SSIP and CIP-I PF6
−
 anion 

coordination bands, and the 744 cm
-1

 band corresponds to SSIP or CIP solvates in which the 

PF6
−
 anion is uncoordinated or coordinated to a single Li

+
 cation. There is a slight shift to 

higher wavenumber between the 6/1 and 5/1 samples which may be attributed to the 

differences in structure (i.e., lattice packing) between the (AN)6:LiPF6 and (AN)5:LiPF6 
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crystalline solvates. As the concentration increases (n ≤ 5), a new band appears at 748 cm
-1

 

which corresponds to more aggregated phase (i.e., AGG-Ia, perhaps an (AN)1:LiPF6 phase) 

as shown in Fig. 4.16. 

Fig. 5.16b shows that the PF6
−
 anion Raman band for the liquid mixtures (at 60°C) shifts 

to higher wavenumber and broadens as noted for other (AN)n-LiX mixtures.
33

 In dilute 

 

 

 
 

Figure 5.16. PF6
−
 anion band variation with concentration in (AN)n-LiPF6 mixtures at (a)      

-80°C and (b) 60°C.
33 
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mixtures, one Raman band is observed at 741 cm
-1

 which corresponds to SSIP and/or CIP 

solvates. As the concentration increases, an asymmetric shoulder at higher wavenumbers 

grows which is attributed to AGG anion coordination. It is clear that the SSIP and/or CIP 

solvates are dominant in dilute mixtures and these are also evident even in the concentrated 

mixtures. This confirms that LiPF6 is a highly dissociated salt. 

 

5.5. MD Simulations of (AN)n-Lithium Salt Mixtures 

One of the key challenges for utilizing MD simulations is associated with how the 

simulation results are to be analyzed and interpreted—assuming that the results are an 

accurate representation of real materials. To aid in this, the experimental work noted above 

has been directly correlated, where possible, with the simulations. MD simulations were 

performed by Dr. Oleg Borodin at the U.S. Army Research Laboratory (ARL). 

 

5.5.1. (AN)n-Lithium Salt Mixtures: Intermediate and Associated Salts 

Table 5.1 shows the fraction of the uncoordinated (fully solvated) Li
+
 cations, 

uncoordinated (free) ClO4
−
 or BF4

−
 anions and the composition of the Li

+
 cation solvation 

shell as determined by MD simulations.
13

 Raman spectroscopic characterization, as shown 

above, focuses on the anion interactions, and thus only indirectly provides information about 

the Li
+
 cation interactions. To obtain a more comprehensive understanding of the solution 

structure, an MD simulation analysis was conducted by examining the proximity of the Li
+
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Table 5.1. Composition of the ion coordination shell from MD simulations of (AN)n-LiClO4 

and (AN)n-LiBF4 mixtures at 60°C (Note: some of the percentages do not sum to 100% due 

to the rounding off of the values). Experimental density values in parentheses were 

extrapolated from experimental data.
13 

 
LiClO4 

Property                              (AN:Li ratio): 30 20 10 5 2 

No. solvent in MD box 480 640 640 640 512 

No. LiClO4 in MD box 16 32 64 128 256 

Concentration (M) 0.59 0.88 1.73 3.26 6.66 

Molality (mol kg
-1

) 0.75 1.09 1.95 3.24 5.40 

Simulation box length (Å) 35.59 39.21 39.48 40.27 39.96 

MD density (g cm
-3

) 0.788 0.817 0.893 101.9 1.255 

Expt density (g cm
-3

) 0.788 0.818 0.899 

  fraction of free Li (rLi–Cl > 3.73 Å) (SSIP) 0.44 0.39 0.30 0.17 0.05 

fraction of free Cl (rLi–Cl > 3.73 Å) (SSIP) 0.42 0.36 0.24 0.12 0.01 

Li
+
 coordination numbers 

    # N (within 2.40 Å of Li
+
) 3.13 3.05 2.80 2.44 1.67 

# O (within 2.40 Å of Li
+
) 0.68 0.77 1.04 1.42 2.25 

# Cl (within 3.73 Å of Li
+
) 0.69 0.77 1.04 1.41 2.27 

probability of finding the following number of Li
+
 cations within the given distance from the Cl of ClO4

−
 

0 Li
+
 within 3.50/3.73 Å of Cl (SSIP) 0.46/0.40 0.42/0.35 0.29/0.22 0.17/0.10 0.03/0.01 

1 Li
+
 within 3.50/3.73 Å of Cl (CIP) 0.47/0.51 0.50/0.53 0.53/0.54 0.50/0.45 0.27/0.15 

2 Li
+
 within 3.50/3.73 Å of Cl (AGG-I) 0.06/0.09 0.09/0.12 0.16/0.22 0.29/0.37 0.47/0.45 

3 Li
+
 within 3.50/3.73 Å of Cl (AGG-II) 0.00/0.00 0.00/0.01 0.01/0.02 0.04/0.07 0.21/0.34 

4 Li
+
 within 3.50/3.73 Å of Cl (AGG-III) 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00 0.02/0.05 
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Table 5.1. Continued 

 
LiBF4 

Property                          (AN:Li ratio): 30 20 10 5 2 

No. solvent in MD box 480 640 640 640 512 

No. LiBF4 in MD box 16 32 64 128 256 

Concentration (M) 0.58 0.87 1.70 3.20 6.63 

Molality (mol kg
-1

) 0.75 1.09 1.98 3.34 5.69 

Simulation box length (Å) 35.78 39.42 39.71 40.51 40.02 

MD density (g cm
-3

) 0.769 0.793 0.856 0.956 1.166 

Expt density (g cm
-3

) 0.781 0.804 0.859 (0.961) 

 fraction of free Li (rLi–B > 3.60 Å) (SSIP) 0.16 0.13 0.09 0.05 0.02 

fraction of free B (rLi–B > 3.60 Å) (SSIP) 0.11 0.08 0.04 0.01 0.00 

Li
+
 coordination numbers 

    # N (within 2.40 Å of Li
+
) 2.31 2.16 1.94 1.67 1.29 

# F (within 2.40 Å of Li
+
) 1.58 1.75 2.00 2.29 2.72 

# B (within 3.60 Å of Li
+
) 1.52 1.70 1.95 2.25 2.68 

probability of finding the following number of Li
+
 cations within the given distance from the B of BF4

−
 

0 Li
+
 within 3.33/3.60 Å of B (SSIP) 0.15/0.11 0.12/0.08 0.07/0.04 0.03/0.01 0.01/0.00 

1 Li
+
 within 3.33/3.60 Å of B (CIP) 0.45/0.40 0.40/0.34 0.34/0.25 0.26/0.16 0.15/0.05 

2 Li
+
 within 3.33/3.60 Å of B (AGG-I) 0.32/0.37 0.37/0.41 0.44/0.46 0.46/0.44 0.45/0.34 

3 Li
+
 within 3.33/3.60 Å of B (AGG-II) 0.08/0.12 0.11/0.17 0.15/0.23 0.22/0.34 0.34/0.48 

4 Li
+
 within 3.33/3.60 Å of B (AGG-III) 0.00/0.00 0.00/0.00 0.01/0.02 0.02/0.05 0.05/0.13 

 

 

cations to the chloride/boron atom of the ClO4
−
/BF4

−
 anions. The method and reason for 

choosing the distances of 2.40 Å, 3.60 Å and 3.33 Å for LiBF4 (2.40 Å, 3.50 Å and 3.73 Å 

for LiClO4) in Table 5.1 are explained in a previous study.
13

 Comparing the results in Table 

5.1 for LiBF4 and LiClO4, LiClO4 is more dissociated than LiBF4, in agreement with the 

experimental results. 

In Table 5.1, the number of nitrogen atoms from AN coordinated to the Li
+
 cations 

(average solvation number N) is in reasonable agreement with the experimental data shown 

in Fig. 5.7 for the dilute mixtures (for which there may be considerable error in the 
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experimental results). With increasing concentration (AN:Li ≤ 10), however, there is a large 

discrepancy between the values with the MD simulation having lower values. The larger 

fraction of AGG-II and AGG-III anion coordination, as determined from the simulations (for 

LiBF4), may partially influence this discrepancy. 

Upon increasing the salt concentration in the simulation box, the BF4
−
 anions replaces AN 

molecules in the Li
+
 cation coordination shells in such a way that the average number of 

coordinated nitrogen (from AN) and fluorine atoms within 2.40 Å of the Li
+
 cations remains 

approximately constant (between 3.89 and 4.01) over the entire range of simulated salt 

concentrations (Table 5.1). It is noteworthy that the number of fluorine atoms coordinated to 

the Li
+
 cations is only slightly larger than those of boron atoms indicating that the reported 

most energetically favorable complexes of Li
+
/BF4

−
 with C2V and C3V symmetry with two 

(CIP-II) and three (CIP-III) fluorine atoms coordinating a single Li
+
 cation, respectively,

80,81
 

are not favorable in the liquid phase at higher temperature (60°C).
13

 This result indicates that 

the BF4
−
 anions predominantly coordinate each Li

+
 cation with a single fluorine atom (for 

CIP solvates). Similarly, the previous simulation analysis for EC:DMC/LiPF6 indicates that 

the coordination of PF6
−
 anions to Li

+
 cations via one fluorine atom.

82
  Table 5.1 shows the 

analogous simulation results for the (AN)n-LiClO4 mixtures, as well. 

At this time, it is not completely clear why discrepancies exist between the experimental 

results and simulations. Many challenges remain for accurately simulating systems with 

charged species. However, the simulations still provide key information about plausible 
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Figure 5.17. Representative Li
+
 cation solvate species (i.e., coordination shells) extracted 

from the MD simulations for the (AN)n-LiBF4 mixtures (n = 30, 20 and 10) at 60°C: (a) 

SSIP, (b) CIP-I, CIP-II, (c) CIP-I, (d) CIP-II, (e) CIP-I, AGG-I, (f) AGG-I, (g) CIP-I, AGG-I 

(×3), (h) CIP-I, AGG-I (×3), AGG-III, (i) CIP-I, AGG-I (×2), (j) CIP-I (×2), AGG-I and (k) 

AGG-I (×3). Solvent and BF4
−
 anions within 3.33 Å of a Li

+
 cation are shown (Li-purple, N-

blue, B-tan, F-light green).
13

 

 

solvate structures in solution which is unavailable directly from the experimental techniques 

used. For example, an examination of the solvate snapshots from the simulations (Fig. 5.17)
13

 

shows that the solvate distribution noted in Fig. 5.10 from the Raman spectroscopic data for 

the anion interactions is too simplistic. As shown in Figs. 5.17e, 5.17g, 5.17h, 5.17i and 

5.17j, aggregate clusters contain end BF4
−
 anions coordinated to a single Li

+
 cation through a 

single fluorine atom. The Raman spectroscopic data for these anions would recognize them 

as CIP-I solvates, even though these are actually part of larger AGG solvates. Another anion 
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(Figs. 5.17e) is coordinated to two Li
+
 cations, but with one of these Li

+
 cations only 

coordinated to the single anion thus differing from the dimeric or polymeric crystalline 

solvates, in which the Li
+
 cations are coordinated by two anions, that might be expected for 

AGG-I solvates. Thus, the evaluation of the experimental spectroscopic data requires some 

caution to avoid misconstruing the solution structure for a given electrolyte. Despite the 

discrepancies between the experimental and computational results, a much improved picture 

of the solvate structures in solution emerges when both results are examined in conjunction 

with one another.
13

 

 

5.5.2. (AN)n-Lithium Salt Mixtures: Dissociated Salts 

Utilizing MD simulations, the calculated solvate structures in solution were examined and 

the ionic association tendency of the salts LiPF6 and LiTFSI in AN was explored. The MD 

simulations was performed to determine the fraction of the uncoordinated (fully solvated) Li
+
 

cations and anions (PF6
−
 or TFSI

−
) and the coordination of the anions, as shown in Tables 5.2 

and 5.3.
33

 The Li
+
 cation coordination to the TFSI

−
 or PF6

−
 anions was defined as Li

+
 cations 

within 4.74 or 3.70 Å from the N or P atoms of the anions, respectively.
33 

For the (AN)n-LiPF6 mixtures, reasonable agreement is noted between the MD 

simulations (Table 5.2) and experimental data (Fig. 5.16). For the dilute mixtures, SSIP 

solvates—uncoordinated anions and fully solvated Li
+
 cations—are dominant. Fig. 5.18 

shows examples of the solvate complexes found in the simulation for the dilute mixtures (n = 
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Table 5.2. Composition of the ion coordination shell from MD simulations of (AN)n-LiPF6 

mixtures at 60°C (Note: some of the percentages do not sum to 100% due to the rounding off 

of the values).
33

 
 

LiPF6 
Property                        (AN:Li ratio): 30 20 10 5 2 

No. solvent in MD box 480 640 640 640 512 

No. LiPF6 in MD box 16 32 64 128 256 

Concentration (M) 0.58 0.87 1.67 3.06 5.89 

Molality (mol kg
-1

) 0.72 1.03 1.78 2.80 4.27 

Simulation run length
a
 (ns) 12.0 (4) 11.0 (4) 7.7 (2) 18.0 (4) 14.0 (4) 

Simulation box length (Å) 35.78 39.42 39.71 40.51 40.02 

MD density (g cm
-3

) 0.802 0.844 0.938 1.091 1.379 

Expt density (g cm
-3

) 0.814 0.842 0.936 

  Fraction of free Li (rLi–P > 3.70 Å) (SSIP) 0.66 0.61 0.47 0.30 0.06 

Fraction of free P (rLi–P > 3.70 Å) (SSIP) 0.66 0.60 0.44 0.24 0.02 

Li
+
 coordination numbers 

    # N (within 2.40 Å of Li
+
) 3.42 3.37 3.15 2.84 1.81 

# F (within 2.40 Å of Li
+
) 0.38 0.44 0.68 1.02 2.13 

# P (within 3.70 Å of Li
+
) 0.36 0.42 0.62 0.96 2.00 

      Probability of finding the following number of Li
+
 cations within the given distance from the P of PF6

−
 

0 Li
+
 within 3.50/3.70 Å of P (SSIP) 0.70/0.66 0.65/0.60 0.50/0.44 0.31/0.24 0.11/0.02 

1 Li
+
 within 3.50/3.70 Å of P (CIP) 0.29/0.33 0.34/0.38 0.46/0.50 0.56/0.58 0.34/0.24 

2 Li
+
 within 3.50/3.70 Å of P (AGG-I) 0.01/0.01 0.01/0.02 0.04/0.06 0.12/0.18 0.36/0.50 

3 Li
+
 within 3.50/3.70 Å of P (AGG-II) 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.01 0.16/0.22 

4 Li
+
 within 3.50/3.70 Å of P (AGG-III) 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00 0.02/0.02 

a
 equilibration run lengths are given in parentheses, 

b
 experimental density value in parentheses was 

extrapolated from experimental data 

 

 

30, 20 and 10).
33

 Note that bidentate coordination of the PF6
−
 anion to a Li

+
 cation (i.e., Fig. 

5.18f) is only rarely observed, as reflected by the similarity of the values for the number of 

fluorine and phosphorus atoms in close proximity (within 2.40 and 3.70 Å, respectively) to a 

Li
+
 cation (Table 5.2).

33
 For the most concentrated mixtures, the average solvation numbers 

(N) from the MD simulations (Table 5.2) and experiments (Fig. 5.7) reasonably agreed with 
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Figure 5.18. Representative Li
+
 cation solvate species (i.e., coordination shells) extracted 

from the MD simulations for the (AN)n-LiPF6 mixtures (n = 30, 20 and 10) at 60°C: (a) SSIP, 

(b) CIP-I, (c) AGG-I, (d) CIP-I (×2), (e) CIP-I, AGG-I and (f) CIP-I, CIP-II (Li-purple, N-

blue, P-orange, F-light green).
33 

 

 

each other, but there is a difference in the values for the n = 10 composition (N = 3.15 from 

the MD simulation, but ∼4 from the experimental results). It is not possible to distinguish 

between SSIP and CIP anion coordination in the experimental data for the n = 10 mixture at 

60°C (Fig. 16b), but it may be that the simulation (i.e., force fields) overpredicts the degree 

of ionic association of the electrolyte mixture, as was also true for the mixtures with LiBF4 

and perhaps LiClO4. 

For the highly concentrated (AN)n-LiTFSI mixtures, a comparison of the MD simulation 

results (Table 5.3) with the experimental data (Fig. 5.12) shows reasonable agreement. For 
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Table 5.3. Composition of the ion coordination shell from MD simulations of (AN)n-LiTFSI 

mixtures at 60°C (Note: some of the percentages do not sum to 100% due to the rounding off 

of the values).
33

 
 

LiTFSI 
Property                        (AN:Li ratio): 30 20 10 5 2 

No. solvent in MD box 480 640 640 640 512 

No. LiTFSI in MD box 16 32 64 128 256 

Concentration (M) 0.56 0.81 1.46 2.43 3.98 

Molality (mol kg
-1

) 0.72 1.03 1.78 2.80 4.27 

Simulation run length
a
 (ns) 17.3 (6) 12.2 (4) 7.0 (9) 15.3 (16) 15.0 (16) 

Simulation box length (Å) 36.30 40.35 41.74 44.38 43.11 

MD density (g cm
-3

) 0.844 0.896 1.019 1.197 1.469 

Expt density (g cm
-3

) 0.861 0.887 1.005 1.176 (1.385)
b
 

Fraction of free Li (rLi–N > 4.74 Å) (SSIP) 0.37 0.31 0.20 0.10 0.02 

Fraction of free N* (rLi–N > 4.74 Å) (SSIP) 0.36 0.27 0.16 0.06 0.01 

Li
+
 coordination numbers 

    # N** (within 2.40 Å of Li
+
) 3.00 2.88 2.63 2.23 1.45 

# O (within 2.40 Å of Li
+
) 0.83 0.97 1.24 1.67 2.49 

# N* (within 4.74 Å of Li
+
) 0.75 0.89 1.14 1.57 2.42 

      Probability of finding the following number of Li
+
 cations within the given distance from the N of TFSI

−
 

0 Li
+
 within 4.56/4.74 Å of N (SSIP) 0.41/0.36 0.32/0.27 0.25/0.16 0.10/0.06 0.02/0.01 

1 Li
+
 within 4.56/4.74 Å of N (CIP) 0.52/0.55 0.57/0.58 0.50/0.56 0.47/0.41 0.20/0.12 

2 Li
+
 within 4.56/4.74 Å of N (AGG-I) 0.07/0.10 0.11/0.14 0.22/0.25 0.36/0.42 0.45/0.41 

3 Li
+
 within 4.56/4.74 Å of N (AGG-II) 0.00/0.00 0.01/0.01 0.03/0.03 0.07/0.10 0.28/0.37 

4 Li
+
 within 4.56/4.74 Å of N (AGG-III) 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.01 0.05/0.09 

* N from TFSI
-
, ** N from AN 

a
 equilibration run lengths are given in parentheses, 

b
 experimental density value in parentheses was 

extrapolated from experimental data 

 

 

the (AN)n-LiFSI (n = 5) mixture, simulations predict that the Li
+
 cations have (on average) 

0.6 less AN coordination as compared to the (AN)n-LiPF6 (n = 5) mixture, in reasonable 

agreement with the experimental data for n = 4 (i.e., x = 0.20) where coordination of the Li
+ 

cations in the (AN)n-LiTFSI mixture contains 0.4 less AN (on average) than in the (AN)n- 
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LiPF6 mixture (Fig. 5.7). However, there is poor agreement between the MD simulations 

(Table 5.3) and experimental data (Fig. 5.14) for the dilute mixtures. The experimental data 

from the phase behavior (Fig. 5.4) and the anion spectroscopy (Figs. 5.12 and 5.14) analysis 

indicates that the LiTFSI salt is highly dissociated, although to a lesser extent than LiPF6. 

The MD simulations results, however, suggest that the majority of the TFSI
−
 anions are 

coordinated to the Li
+
 cations as CIP solvates and the solvation number of LiTFSI (Table 

5.3) is lower than that of LiClO4. No experimental evidence supports the MD simulation 

conclusion that LiTFSI is more associated than LiClO4. For the estimated experimental 

solvate distribution (Fig. 5.14), there is one potential source of error in the use of a band at 

747 cm
-1

 to estimate the fraction of CIP solvates during the band deconvolution. The QC 

calculation results
33

 suggest that this may only account for the CIP-II (bidentate) 

coordination, while the CIP-I (monodentate) coordination may be included with the SSIP 

fraction due to band overlap. Thus, a new band would need to be introduced during the 

deconvolution (for CIP-I solvates) which would change both the SSIP and CIP (i.e., CIP-II) 

band areas resulting in an increase in the fraction of SSIP coordination and decrease in the 

fraction of CIP coordination, respectively. Even so, it is still evident that the MD simulations 

predict for the dilute mixtures increased ionic association (fraction of CIP and AGG solvates) 

relative to the experimental data—this is true for all of the salts studied thus far (i.e., LiPF6, 

LiTFSI, LiClO4 and LiBF4). 
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Figure 5.19. Representative Li
+
 cation solvate species (i.e., coordination shells) extracted 

from the MD simulations for the (AN)n-LiTFSI mixtures (n = 30, 20 and 10) at 60°C: (a) C1-

SSIP, (b) C1-CIP-I, (c) C2-AGG-I, (d) C2-CIP-I, C1-CIP-II (e) C2-CIP-I (×2), C1-AGG-I, (f) 

C2-CIP-II (×2), (g) C1-CIP-II, (h) C1-AGG-I (×2), (i) C1-AGG-I, C2-AGG-I and (j) C1-CIP-I 

(×2), C1-AGG-I, C2-AGG-I, C2-AGG-II (Li-purple, N-blue, O, red, S-yellow, F-light 

green).
33 

 

 

Although there are discrepancies between the simulation and experimental results, it is 

quite informative to explore the coordination manner of the TFSI
−
 anions and the Li

+
 cations 

in the solvates from the MD simulations, as shown in Fig. 5.19.
33

 Compared to the semi- 
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spherical anions (i.e., PF6
−
, ClO4

−
 and BF4

−
), bidentate coordination of the TFSI

−
 anion is 

more common in the MD simulations (Fig. 5.19d, 5.19f and 5.19g). For instance, for the n = 

10 concentration, 12% of the TFSI
−
 anions have two oxygen atoms from the same anion 

coordinated to the same Li
+
 cation, which is similar to the observations from previous 

simulations of (EC)n-LiTFSI
83

 and (ionic liquid)n-LiTFSI
84

 mixtures. As noted above, this 

can be one possible explanation for the lower than expected experimental average solvation 

numbers for LiTFSI (as comparable to LiClO4) despite the additional experimental evidence 

(i.e., phase diagram and Raman spectroscopy of the TFSI
−
 anion coordination) which suggest 

that LiTFSI is more dissociated than LiClO4 in AN. Thus, the designation of the TFSI
−
 anion 

as “highly dissociated” may be questionable and it may be more appropriate to categorize 

this anion instead as “dissociated” with the PF6
−
 anion retaining the “highly dissociated” 

appellation.
33

 

 

5.6. Transport Properties of (AN)n-Lithium Salt Mixtures 

A systematic approach for electrolyte study has been employed to explore how solution 

structure dictates electrolyte properties.
85

 In particular, the transport properties (viscosity and 

ionic conductivity) of (AN)n-LiX mixtures with LiPF6, LiTFSI, LiClO4, LiBF4 and 

LiCF3CO2 are reported here. Widely varying ion solvation/ionic association behavior of these 

salts is directly reflected in the transport properties of the AN solutions. Utilizing the solution 

structure in concert with molecular dynamic (MD) simulations, mechanistic explanations for 
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the variability noted in the transport properties of the electrolyte mixtures are provided. 

 

5.6.1. Concentration and Density of (AN)n-LiX Mixtures 

The formula weights (g mol
-1

) of the lithium salts are: LiPF6 (151.91), LiTFSI (287.09), 

LiClO4 (106.39), LiBF4 (93.75) and LiCF3CO2 (119.96). Density data for the (AN)n-LiX 

mixtures with varying temperature and salt concentration are reported in Appendix C.
85

 The 

isothermal density data (60°C) of the (AN)n-LiX  mixtures are provided in Fig. 5.20a.
85

 It is 

helpful to relate the properties to the ratio of solvent molecules per Li
+
 cation (i.e., n or 

literature is given in terms of molarity or molality. Therefore, Fig. 5.20b shows the link 

between the concentration (n) vs. molarity (M or mol-salt dm
-3

-solution).
85

 For the 

concentrated mixtures (n < 20), the different salts result in differing molarity values for a 

fixed n concentration. As a reference point, a 1.0 M solution corresponds to a concentration 

of n ∼ 15-18 (for the AN solutions) (Fig. 5.20b). 

 

5.6.2. Viscosity of (AN)n-LiX Mixtures 

Fig. 5.21 shows the isothermal viscosity values (60°C) of the (AN)n-LiX mixtures.
85

 

Viscosity data for the (AN)n-LiX mixtures with varying temperature and salt concentration 

are reported in Appendix C. Viscosity is a measure of a fluid’s resistance to deformation 

(internal resistance to flow) by shear (or tensile) stress.
85

 From the MD simulations, the 

electrolytes studied (except for the most concentrated electrolytes) are composed principally 
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of mixtures of isolated (rather than polymeric) solvates, anions and uncoordinated solvent 

molecules.
13,33,85

 For mixtures with different concentrations and anions, the identity of these 

solvates and their distribution differ significantly. The previous MD simulation studies show 

that the most dissociated salts have a greater amount of solvent coordinated to the Li
+
 cations 

 

 

 
 

Figure 5.20. (a) Density of (AN)n-LiX mixtures at 60°C (AN/LiX (n) noted in plots) and (b) 

relationship between molarity vs. AN/LiX (n) for (AN)n-LiX mixtures.
85
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Figure 5.21. (a) Viscosity of (AN)n-LiX mixtures at 60°C (AN/LiX (n) noted in plots) and 

(b) the same data for the dilute mixtures alone. Data for concentrated mixtures with LiPF6 

and LiClO4 was not gathered as these samples crystallize during the measurements.
85

 

 

 

and thus less uncoordinated solvent.
13,33,85

 In contrast, the more associated salts have more 

uncoordinated solvent which may serve as a lubricant for the solvates thus (in part) 

contributing to the reduction in the solution viscosity. In addition, the more dissociated salts 
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will result in more charged species dispersed in solution which will also impact the viscosity 

as these species will have greater long-range electrostatic interactions with one another (i.e., 

effectively creating a charged network rather than isolated clusters of charged entities). The 

order of increasing ionic association in the (AN)n-LiX mixtures is:
13,33

 

LiPF6 < LiTFSI ≤ LiClO4 < LiBF4 << LiCF3CO2 

The observed differences in viscosity for the most dilute mixtures (i.e., n ≥ 8) agree well with 

this order (Fig. 5.21b). For the most concentrated mixtures (i.e., n ≤ 5), the viscosity values 

for the LiTFSI and LiBF4 mixtures are close, but those for the LiCF3CO2 mixtures are 

notably lower (Fig. 5.21a). The highly concentrated mixtures begin to resemble clusters of 

SSIP, CIP and AGG solvates all closely packed together (with different distributions for 

different anions), so there is little to no uncoordinated solvent separating the solvates. Thus, 

the anions surround the fully or partially solvated cations to which they are either in close 

proximity or directly coordinated. The reduction in the shielding and separation of the 

charged ions results in stronger electrostatic interactions between the ions which strongly 

dictate both the mobility and positioning of the neighboring ions (i.e., influence the manner 

in which the ions realign relative to one another). This, in turn, greatly increases the 

viscosity. In the case of the LiCF3CO2 mixtures, the salt forms concentrated AGG solvates 

(approximately one AN molecule per Li
+
 cation) in solution, even in very dilute mixtures. 

Therefore, even for the highly concentrated mixtures, there are still a sizeable amount of 

uncoordinated solvent molecules present resulting in a much lower solution viscosity than for 

the other salt mixtures. 
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5.6.3. Conductivity of (AN)n-LiX Mixtures 

Fig. 5.22 shows the variation with temperature and concentration of the ionic conductivity 

of the (AN)n-LiX mixtures.
85

 Based upon the previously reported phase behavior for (AN)n-

LiPF6, -LiClO4, -LiBF4 mixtures (Figs. 5.1 and 5.4), the rapid drops in the conductivity plots 

(Figs. 5.22a, 5.22c and 5.22d) are due to the crystallization of solvates in these mixtures. It is 

difficult to ascribe particular meaning to the data in these figures as they are quite convoluted, 

but an examination of Fig. 5.22 indicates two trends. First, the more dilute solution have 

(more) Arrhenius-like (linear) behavior, while the concentrated solutions have Vogel–

Tammann–Fulcher (VTF)-like (curved) behavior, in particular, at low temperature.
85

 The 

ionic association information mentioned above (i.e., increasing association with increasing 

concentration for these salts) suggests that increasing the ionic interactions corresponds to a 

transition from Arrhenius to VTF behavior. However, the data for the most associated salts 

(i.e., LiBF4 and LiCF3CO2) have less curvature than those for more dissociated salts (i.e., 

LiTFSI) contradicting this interpretation. Note that an alternative to the VTF description of 

conductivity has also recently been proposed using a compensated Arrhenius explanation 

where the non-Arrhenius portion of the data is attributed to the temperature dependence of 

the dielectric constant contained in an exponential prefactor.
86

 In practice, however, the fitted 

parameters from these forms of analysis provide only limited insight into conductivity 

mechanisms within electrolytes, so the detailed solution structure information provides an 

alternative for obtaining the necessary additional insight to aid in interpreting the 

conductivity data. 
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Figure 5.22. Ionic conductivity of (AN)n-LiX mixtures: (a) LiPF6, (b) LiTFSI, (c) LiClO4, 

(d) LiBF4 and (e) LiCF3CO2 (AN/LiX (n) noted in plot).
85
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Figure 5.23. Ionic conductivity of (AN)n-LiX mixtures at 60°C (AN/LiX (n) noted at the top 

of the plot).
85 

 

 

Fig. 5.23 shows the isothermal (60°C) conductivity data for the electrolyte mixtures.
85

 The 

conductivity peaks near a concentration of 1 M (or 1 m) as is observed as for most other 

electrolyte mixtures with aprotic solvents (Figs. 5.20 and 5.23).
87

 For strong electrolytes 

(with fully dissociated monovalent cations (+) and anions (–)), the conductivity of an 

electrolyte is given by: 

   |  |      |  |        [3] 

Therefore, the conductivity is a function of the charge of the charge carriers, the number of 

charge carriers (individual ions and/or solvates) which migrate in an electric field and their 

mobility. Note that when ionic association into CIP and AGG solvates occurs, this is 

complicated by the diversity of the solvates present. 
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In Fig. 5.23, the lower conductivity values for the dilute mixtures (n > 20), as compared to 

more concentrated mixtures (10 ≤ n ≤ 20), is frequently attributed to the limited number of 

charge carriers in dilute mixtures. As the salt concentration becomes greater and approaches 

the value for the peak conductivity, the number of charge carriers increases without overly 

reducing the mobility of the charge carriers. A further increase in concentration, however, 

may lead to the formation of CIP solvates and larger AGG species which both reduces the 

number of charge carriers and their mobility. Utilizing the results from the MD simulations 

and spectroscopic characterization for the mixtures, these arguments may be scrutinized. The 

snapshots taken from the simulations for the (AN)n-LiClO4 (n = 30, 20 and 10) mixtures are 

shown in Fig. 5.24.
85

 Each snapshot suggests that there are only minor differences in the

 SSIP and CIP solvate distribution (with very few AGG solvates) between the n = 30 and 20 

mixtures, whereas the distribution changes significantly between the n = 20 and 10 mixtures 

(with a significant reduction in the SSIP solvates and increase in the AGG solvates). Along 

with the changes of the solvate distribution, the separation of the solvates is largely 

eliminated for the n = 10 mixture relative to that for the n = 20 mixture (Fig. 5.24). For the n 

= 10 mixture, the anions and solvates are in close proximity to one another resulting in an 

increase in the attractive/repulsive electrostatic interactions between them, which supports 

the postulation noted above (the conductivity for these mixtures increases until about n = 14 

and then steadily declines with a further increase in salt concentration). All of the salts 

studied show a similar trend (Fig. 5.23), so the variation in the conductivity with 

concentration can be attributed to both the concentration of charge carriers and their mobility, 
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Figure 5.24. Molecular simulation snapshots of (AN)n-LiBF4 mixtures with (a) n = 30, (b) n 

= 20 and (c) n = 10 (Li-purple, N-blue, B-tan, F-light green). Uncoordinated AN has been 

removed to aid in discerning the solvates present.
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as expected. 

For a given (AN)n-LiX concentration, the variations in the magnitude of the conductivity 

is in accord with the solution structure (ion solvation, ionic association) characterization (Fig. 

5.23). The solutions with the most dissociated salt (i.e., LiPF6) have the highest conductivity 

(consisting principally of SSIP and CIP solvates), whereas the mixtures with the most 

associated salts (i.e., LiCF3CO2) have the lowest conductivity (consisting principally of AGG 

solvates). For the most concentrated mixtures (n = 3), the conductivity of all of the salt 

solutions converges (except for the solution with the highly aggregated LiCF3CO2 salt), even 

though the MD simulations results indicate that the mixtures with n = 2 still have significant 

differences in the solvate distribution between them. If the simulations accurately depict the 

interactions of such concentrated mixtures, restricted mobility (due to strong electrostatic 

interactions and clustering of the solvates) may dominate the conductivity for such 

concentrations rather than the identity of the charge carriers. 

Fig. 5.25a shows the molar conductivity data for varying salt concentration.
85

 There is no 

evident peak, but reasonably smooth curves are found for the most dilute mixtures which 

have the highest molar conductivity values (up to n = 40). If the ions are fully dissociated 

(i.e., strong electrolyte), then the molar conductivity is, in effect, the conductivity normalized 

in terms of the number of available charge carriers. But since the ions are not fully 

dissociated, this is not the case. The same trends with regard to the conductivity and anions 

are found with the most dissociated salts having the highest molar conductivity. For the 

highly concentrated mixtures (n ≤ 5), the molar conductivity values also converge, except for 
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Figure 5.25. Molar conductivity of (a) (AN)n-LiX mixtures (60°C) for varying AN/LiX (n) 

and (b) (AN)n-LiX mixtures (n = 20 - filled circles are average values, individual 

measurements shown as small open circles and n = 4 - larger open circles) with varying 

temperature.
85 

 

 

the mixtures with LiCF3CO2. Fig. 5.25b suggests that the conductivity for the (AN)n-

LiCF3CO2 (n = 20) mixture is comparable to that for the (AN)n-LiTFSI or -BF4 (n = 4) 
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mixtures (although a different temperature dependence is found) indicating how crucial the 

aggregation of the LiCF3CO2 mixtures is for lowering the solution conductivity.
85

 

 

5.6.4. Dynamics of Solvate Formation 

The dynamics of solvate formation can be provided by the MD simulations, which are 

unavailable from the experimental work performed. In the present work, simulations have 

been used as a complementary tool to support and verify the experimentally-derived 

information regarding the solution structure of (AN)n-LiX electrolytes. 

As noted for the conduction mechanisms in polymer electrolytes and water,
99,100

 the MD 

simulations for the (AN)n-LiX mixtures suggest that a dynamic shuffling transpires in which 

frequent exchanges of solvent and anions occur in a Li
+
 cation’s coordination shell.

85
 Thus, a 

given Li
+
 cation continuously transforms from one form of solvate to another. Fig. 5.26 

demonstrates this for one of the Li
+
 cations in the MD simulation from the (AN)n-LiBF4 (n = 

30) mixture.
85

 The bottom of the figure represents the different AN molecules coordinated to 

the specified Li
+
 cation and the length of time that they remain coordinated. A dot is shown if 

a particular solvent molecule remains coordinated or in close proximity to the specified 

cation (i.e., rLi-N (AN) ≤ 2.80 Å) for at least 4 ps during the 10 ps intervals. However, the dot 

does not necessarily indicate that the solvent is still coordinated to the cation at the end of the 

10 ps interval. Similarly, the “Anions” indicate that a particular BF4
-
 anion is coordinated to 

the specified Li
+
 cation (i.e., rLi-B (BF4

-
) ≤ 3.60 Å) for at least 4 ps during the 10 ps interval. 

Finally, to determine if the specified Li
+
 cation is part of a larger AGG solvate, the “Other 
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Li
+
” indicates other Li

+
 cations which are in close proximity to the specified Li

+
 cation (i.e., 

rLi-Li ≤ 4.8 Å) for at least 4 ps during the 10 ps interval (this does not indicate, however, the 

 

 

 
 

Figure 5.26. Dynamics of solvate formation for a Li
+
 cation (No. 2973) in the MD 

simulation of the (AN)n-LiBF4 (n = 30) mixture at 60°C. Full coordination for the "other Li
+
" 

cations not shown (i.e., full solvate structure).
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overall size of the AGG solvate). Initially, the Li
+
 cation is fully solvated by four AN 

molecules (i.e., a SSIP solvate), then the cation’s solvation shell rapidly exchanges numerous 

AN molecules. After approximately 170 ps, one of the coordinating solvent molecules is 

exchanged with a BF4
-
 anion which is also coordinated to another Li

+
 cation, thus forming an 

AGG solvate for approximately 30 ps, prior to forming a CIP solvate for approximately 80-

90 ps. The Li
+
 cation then becomes part of an AGG solvate which transforms over time to a 

larger aggregated cluster of ions. At about 900 ps, however, the AGG solvate once again 

becomes a CIP solvate for 100 ps or more. Throughout this evolution of the solvate species 

in which the Li
+
 cation participates, it continuously exchanges coordinating AN solvent 

molecules (48 different solvent molecules with several reentering the Li
+
 cation coordination 

shell). The anions are exchanged to a much lesser extent. The previously mentioned data 

regarding the ionic association state of the (AN)n-LiX mixtures therefore represents the 

equilibrium distribution of the solvates (or rather the anion coordination and fraction of 

coordinated solvent) for a particular lithium salt, concentration and temperature, but the 

solvates themselves continuously metamorphose into various solvate species. For a given Li
+
 

cation in the simulations, its local environment over the 1000 ps time periods can differ 

significantly from another Li
+
 cation in the same simulation mixture. Examples of the 

dynamic plots for different cations with the different salts and concentrations are provided in 

the previous study.
85

 

Fig. 5.27 shows a summary of the anions and AN residence times (τres) in the Li
+
 cation 

coordination shell from the MD simulations.
85

 For the dilute mixtures, the AN…Li
+
 cation 
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residence times are quite similar, but as the salt concentration increases (i.e., n ≤ 5) they 

become remarkably different. The order of increasing AN residence times with different 

lithium salts for the highly concentrated mixtures are (open symbols in Fig. 5.27a): 

LiTFSI > LiPF6 > LiClO4 > LiBF4 

Thus, for the mixtures with the most dissociated anions, the solvent tends to remain 

coordinated to the Li
+
 cations for a longer period of time (with the exception of the TFSI

−
 

anion). As shown in Figs. 5.26 and 5.27, the concentration dependence of the anion…Li
+
 

cation residence times is quite different from that of the AN…Li
+
 cation residence times as 

the anions remain coordinated to a given Li
+
 cation much longer than the AN solvent 

molecules. From the MD simulations, the order of increasing anion residence times is as 

follows (filled symbols in Fig. 5.27a): 

PF6
−
 < ClO4

−
 < TFSI

−
 < BF4

−
 

This order indicates that as the ionic association tendency of the anions increases, the length 

of time that the anions remain coordinated to the Li
+
 cations increases as well (except for the 

TFSI
−
 anion). In Fig. 5.27a, the residence times refer to the time in which the anion center 

(i.e., P, Cl, N or B atoms) remain in close proximity to the Li
+
 cations. Relative to the anion 

center…Li
+
 cation times (filled symbols in Fig. 5.27a), noticeably smaller (by a factor of 5 to 

15) donor atom (F or O)…Li
+
 cation residence times (filled symbols in Fig. 5.27b) suggest 

that the coordinated anions rotate multiple times (i.e., multiple donor atoms from an anion 

coordinated to a given Li
+
 cation) before the anion becomes dissociated. The differences 

between the TFSI
−
 anion and the other anions can be explained by the greater extent of 
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Figure 5.27. Anion...Li
+
 and AN...Li

+
 cation residence times in the (AN)n-LiX mixtures from 

the MD simulations: (a) filled symbols are anions, open symbols are AN and (b) filled 

symbols are anions.
85 

 

 

bidentate coordination (coordinate to the Li
+
 cations with two donor atoms rather than one) 

of the TFSI
−
 anions relative to the other anions, as well as the significant difference in 

densities (Fig. 5.20a) and thus separation between the Li
+
 cations. 

 

5.7. Conclusions 

Phase diagrams for (AN)n-LiClO4, -LiBF4, -LiTFSI and -LiPF6 mixtures were determined 
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and the phase behavior of (AN)n-LiCF3SO3 and -LiCF3CO2 mixtures was studied for 

comparison. Both the solvent and anion interactions with Li
+
 cations were examined using 

Raman spectroscopy. Based upon the spectroscopic analysis for the solvent (AN) vibrational 

bands, an average Li
+
 cation solvation number (N) in AN was determined as a function of 

salt concentration. There are significant differences in the N values with varying anions 

(PF6
−
, TFSI

−
, ClO4

−
, BF4

−
 and CF3CO2

−
) for the relatively dilute mixtures. The experimental 

vibrational band analysis and MD simulations results for each anion suggest that there are a 

diverse range of different types of solvates (i.e., SSIPs, CIPs and AGGs) in a solution. The 

combination of phase diagrams with crystalline solvate structures, Raman spectroscopic 

characterization and computational simulations greatly aids in identifying these solvates. The 

simulation results support the experimental data which indicates that LiClO4 is significantly 

more dissociated than LiBF4 in AN despite the similarity in the anion sizes and shapes. LiPF6 

and LiTFSI are found to be highly dissociated and dissociated, respectively, in dilute 

mixtures. The demonstrated results show that both the experimental and computational 

analyzes contain some measure of error. Together, however, they provide significant insight 

into the solution structure present in the electrolytes. 

The solution structure (ion solvation and ionic association) of the (AN)n-LiX mixtures can 

be directly link to the transport properties (viscosity and ion conductivity) of the mixtures. 

The viscosity variations for the mixtures with different lithium salts can be explained using 

both the ionic association behavior and the corresponding amount of uncoordinated solvent 

present. However, the ion conductivity variations and mechanisms for (AN)n-LiX mixtures 
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are determined not just by the identity of the solvates and their distribution, but also by the 

dynamics for the solvent molecules and anions in the Li
+
 cation coordination shells (i.e., the 

continuous transformation of the solvate species), as noted by the MD simulations. In 

contrast to the general expectations, the mixtures with the highest conductivity are found to 

also have the highest viscosity. These properties are thus demonstrated to not be directly 

correlated with one another (as is commonly supposed), but rather are indirectly linked 

through the solution structure. Thus, the solution structure information utilizing the 

combination of phase behavior, solvates structures, ion solvation/ionic association analysis 

and MD simulations can be a highly effective tool to understand and predict the transport 

properties of the electrolytes. 
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CHAPTER 6 

 

 

 

 

Electrolyte Solvation and Ionic Association 

II. Acetonitrile-Lithium Difluoro(oxalato)borate (LiDFOB) Mixtures 

 
 

 

 

The previous methodology is applied for the evaluation of the bulk electrolyte characteristics 

of the LiDFOB salt and for the comparison of LiDFOB to the other lithium salts studied. AN 

has been used as a model solvent. Utilizing information from a combination of methods—

i.e., the determination of the (AN)n-LiDFOB thermal phase behavior (phase diagram and the 

corresponding solvate crystal structures), a Raman spectroscopic evaluation of the 

solvation/ionic association interactions and molecular dynamics (MD) simulations—detailed 

insight into the coordination interactions of the DFOB
−
 anion has been obtained and 

explanations are readily available for the solution behavior and variability in the transport 

properties (viscosity and ionic conductivity) of AN solutions with this salt relative to other 

lithium salts. 

 

6.1. Introduction 

Lithium difluoro(oxalato)borate (LiDFOB), also known as lithium oxalyldifluoroborate 

(LiODFB), is a relatively new salt developed for lithium battery electrolytes. The DFOB
−
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anion: 

-

 

was first reported in a patent application filed in 1999 by Metallgesellschaft AG
1
 and then 

later in a publication in 2006 by the U.S. Army Research Laboratory (ARL).
2
 A number of 

publications have now been reported
3-46

 which indicate that this salt shows many useful 

properties, relative to the state-of-the-art electrolyte salt LiPF6, when used in mixed 

carbonate solvents. Most of the reported work thus far has focused on demonstrations of 

enhanced battery performance—including the improved cyclability/stabilization of electrode 

materials, such as LiFePO4 and Li4Ti5O12, at elevated temperature (60°C) and of high-voltage 

cathode materials when cycled up to 5 V—often with LiDFOB used as an additive. Much 

remains unknown, however, about the behavior of this salt in bulk electrolyte solutions. The 

present study therefore continues previous work which has examined the link between the 

solution structure (i.e., Li
+
 cation solvation and ionic association interactions) and the 

transport properties of electrolytes in depth.
47-50

 

 

6.2. Solvent-Lithium Salt Phase Behavior of (AN)n-LiDFOB Mixtures 

(AN)n-LiDFOB mixtures form two phases consisting of 3/1 and 1/1 (AN/Li) crystalline 

solvates, respectively (Fig. 6.1a).
51

 Both crystalline solvates are aggregate (AGG) structures, 

which were determined using single crystal x-ray diffraction. The structure of the 3/1 solvate 
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(i.e., AGG-Ia (AN)3:LiDFOB) was determined as part of the present work.
6
 Each Li

+
 cation 

has four-fold coordination by two AN molecules and two anions (Fig. 6.1b).
51

 The DFOB
−
 

anions are coordinated to two Li
+
 cations through the two anion carbonyl oxygen atoms 

 

 

 
 

Figure 6.1. (a) DSC heating traces (5°C min
-1

) and the corresponding phase diagram for (1-

x) AN-(x) LiDFOB mixtures and DFOB
−
…Li

+
 cation coordination in the crystalline solvates: 

(b) AGG-Ia (AN)3:LiDFOB
6
 and (c) AGG-IIa (AN)1:LiDFOB.

6,51
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resulting in linear polymeric ion chains. The anion fluorine atoms remain uncoordinated. One 

uncoordinated AN molecule is also present per Li
+
 cation. The structure of the AGG 1/1 

crystalline solvate (i.e., AGG-IIa (AN)1:LiDFOB) was also determined as part of the present 

work.
6
 Each Li

+
 cation in this solvate structure has five-fold coordination by one AN 

molecule and three anions (Fig. 6.1c).
51

 Each anion is coordinated to three Li
+
 cations 

through the carbonyl oxygen atoms, with one of the Li
+
 cations coordinated by both carbonyl 

oxygen atoms (divalent coordination), again resulting in polymeric ion chains. 

The 3/1 solvate may have a very low-energy solid-solid phase transition at -19°C prior to 

the Tm at 29°C, while the 1/1 solvate has a Tm at 91°C (Fig. 6.1a). Incongruent melting is 

observed for the (AN)n-LiDFOB mixtures (5.0 > n ≥ 3.0) with 1/1 solvate formation after the 

3/1 solvate melts. Note that although the salt has a solubility limit of about n = 2.5, at room 

temperature, single crystals of the 1/1 solvate phase grew in the concentrated mixtures. These 

crystals were isolated from the solution and analyzed separately. The resulting thermogram 

has a peak which appear to correspond to the Tm for the 3/1 solvate (Fig. 6.1a). It was 

confirmed that this was not due to contamination from the solution. One explanation for this 

may be that this peak actually corresponds to a solid-solid phase transition (at 26°C) for the 

1/1 solvate which overlaps with the Tm for the 3/1 solvate. If this is the case, then the (AN)n-

LiDFOB mixtures (3.0 > n ≥ 2.5) may have two solid-solid phase transitions for the 3/1 and 

1/1 solvates at -19°C and 26°C, respectively. 

The solid-liquid thermal phase behavior leads to the expectation that the (AN)n-LiDFOB 

mixtures are more associated than those with LiBF4, as the first crystalline solvate to form 
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from dilute (AN)n-LiBF4 solutions is a 4/1 SSIP phase (albeit with a low Tm) with 

uncoordinated anions.
47

 In contrast, the dilute mixtures with LiDFOB instead form the 

aggregated 3/1 crystalline solvate phase. This assumption about the ionic association 

tendency of the ions in dilute solution and its link to the solid-liquid phase behavior of the 

mixtures, based upon the conclusions from a previous study of the phase behavior of glyme 

solvents with various lithium salts,
52

 will be demonstrated to be incorrect in the following 

solution characterization. This indicates that the solvate formation from dilute solutions is a 

function of more than the ionic association tendency of the anions (although this factor does 

often largely govern the phase behavior). 

 

6.3. Raman Characterization of AN-Li
+
 Cation Solvation 

Based upon the previous studies,
47,48

 Raman data were collected for mixtures with 

LiDFOB at 60°C to ensure that the mixtures were homogeneous solutions (or melts) over a 

wide composition range (Fig. 6.1a). Note that the mixtures with n ≤ 3 remain supercooled 

liquids at this temperature after melting the 1/1 solvate phase at a higher temperature. From 

the Raman spectra of the AN C−C and C≡N bands, plots of the peak area for the coordinated 

and uncoordinated AN (normalized relative to the total peak area) were prepared (Fig. 6.2).
51

 

Data obtained from the integration of the peaks can then be used to determine the fraction of 

solvent molecules coordinated to Li
+
 cations (Fig. 6.2), as has been discussed in detail and 

done in the previous manuscripts in this series.
47,48

 The AN solvent Raman band at 930 cm
-1

, 

however, overlaps with that a DFOB
−
 anion Raman band.

51
 It is not possible to deconvolute 
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these bands. This explains the erratic data noted for the analysis based upon the 918, 922 and 

930 cm
-1

 bands (Fig. 6.2). Thus, only the data for the 2251, 2254 and 2277 cm
-1

 bands was 

used to determine the average solvation numbers in the present study (Fig. 6.2). 

 

 

 
 

Figure 6.2. Raman spectra at 60°C of the AN C−C stretching mode (918 cm
-1

) and C≡N 

stretching mode (2254 cm
-1

) bands for (AN)n-LiDFOB mixture (AN/LiX ratio indicated) and 

Raman spectroscopic analysis at 60°C of the solvent bands for uncoordinated AN and Li
+
 

cation coordinated AN in the (AN)n-LiDFOB mixtures. The calculated Li
+
 cation average 

solvation number (N) is shown at the top.
51
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Based upon this information and the molar ratio of AN to LiX (n), the average solvation 

number (N) variation with salt concentration for the (AN)n-LiDFOB mixtures was 

determined (Fig. 6.2). A comparison with the solvation numbers obtained for other (AN)n-

LiX mixtures is then possible. Selecting a particular composition, for the n = 4 samples (four 

AN molecules per Li
+
 cation) at 60°C, the solvation number are approximately 3.2 for LiPF6, 

2.8 for LiTFSI, 2.7 for LiClO4, 2.3 for LiDFOB, 2.1 for LiBF4 and 1.0 for LiCF3CO2.
47,48

 

This comparison indicates the following order for increasing Li
+
 cation solvation in the liquid 

phase: 

LiPF6 > LiTFSI ≥ LiClO4 > LiDFOB > LiBF4 >> LiCF3CO2 

The increasing association tendency for the anions (i.e., anion...Li
+
 cation coordination) 

results in decreasing solvation for a fixed Li
+
 cation coordination number. This is readily 

understandable if one notes that solvate crystal structures and MD simulations for the (AN)n-

LiX mixtures indicate that four-fold coordination of the Li
+
 cations by the AN molecules 

and/or anions predominates.
47-50

 

These solvation number values are the first indication that the assumption from the phase 

behavior that LiDFOB is more associated than LiBF4 is incorrect. For more dilute mixtures, 

in fact, the solvation numbers for the LiDFOB mixtures approach those for mixtures with 

LiClO4 (i.e., the slope of the N vs. xLiX variation is greater for LiDFOB than for the other 

salts). Thus, for n = 8, the solvation numbers are approximately 3.2-3.3 for LiClO4, 3.0 for 

LiDFOB and 2.5 for LiBF4.
47

 The solvation interactions thus change with concentration more 

significantly for the LiDFOB mixtures than for LiClO4 and LiBF4. 
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6.4. Raman Characterization of Ionic Association 

A detailed study which links the DFOB
−
 anion Raman band positions to various forms of 

DFOB
−
...Li

+
 cation coordination was conducted as part of the present work (Chapter 4).

6
 A 

Raman band attributed with the anion ring breathing vibrational mode, observed at 700-730 

 

 

 
 

Figure 6.3. DFOB
−
 anion band variation with concentration for the (AN)n-LiDFOB mixtures 

at (a) -80°C and (b) 60°C.
51
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cm
-1

, provides significant insight into the anion coordination. Fig. 6.3a shows the DFOB
−
 

anion band variation for this mode for (AN)n-LiDFOB mixtures with varying concentration 

at -80°C.
51

 At this temperature, all of the samples are crystalline solids. For the dilute 

mixtures (n ≥ 3.0), only a single band at 717 cm
-1

 is observed. A comparison of this plot with 

the phase diagram in Fig. 6.1a indicates that the 717 cm
-1

 band corresponds to the AGG 

phase of the crystalline (AN)3:LiDFOB solvate (Fig. 6.1b) in which the anions are 

coordinated to two Li
+
 cations (i.e., AGG-Ia).

6
 The new band which appears at 715 cm

-1
 as 

the concentration is increased further corresponding to a phase consisting of the AGG 

(AN)1:LiDFOB solvate (Fig. 6.1c) in which the anions are coordinated to three Li
+
 cations 

through the two carbonyl oxygen atoms (i.e., AGG-IIa).
6
 Interestingly, the anion vibrational 

band moves to lower (rather than higher, as is typical with other anions)
47,48

 wavenumber 

with increasing aggregation. 

In the case of the liquid (AN)n-LiDFOB mixtures at 60°C (Fig. 6.3b),
51

 broad DFOB
−
 

anion bands appear centered at approximately 711 cm
-1

 and 720-725 cm
-1

, respectively. The 

former peak is attributed to both SSIP and CIP solvates with anions which are uncoordinated 

or coordinated to a single Li
+
 cation, respectively.

6
 The very broad peak centered near 720-

725 cm
-1

 is attributed to a range of AGG solvates which can form with this anion.
6
 These 

data indicate that the ions in the dilute (AN)n-LiDFOB mixtures are reasonably dissociated 

(with SSIP and/or CIPs anion coordination). This is again contrary to the expectations from 

the phase diagram (Fig. 2a) which indicated that the solid-state solvates are highly associated 

(and thus one might expect the ions in the liquid to also be highly associated). From the 
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Raman spectroscopic data, the more concentrated mixtures appear to contain a wide variety 

of AGG solvates (from the Raman data).
6
 Unfortunately, the overlap in the SSIP and CIP 

Raman bands and the diverse range of AGG solvates that can form make it difficult to 

deconvolute the spectra (Fig. 6.3b) to identify specific distributions of anion coordination. 

The previous analysis of the Raman spectra of the DFOB
-
 anion bands for crystalline 

solvates
6
 also did not include any CIP solvates in which one of the anion fluorine atoms is 

coordinated to a Li
+
 cation. Thus, it is unknown how such CIP solvates would contribute to 

the Raman spectra for the liquid electrolytes (Fig. 6.3b). Nevertheless, it is clear that even the 

most concentrated liquid samples retain some SSIP and/or CIP anion coordination. Such CIP 

anion coordination, however, may actually correspond to anions in AGG solvates (see 

below). 

The identity of the solvate species present in solution is also a function of temperature. 

Fig. 6.4 shows the DFOB
−
 anion band variation with increasing temperature for the (AN)n-

LiDFOB (n = 7 and 4) mixtures.
51

 When these mixtures are crystalline at -80°C, only a single 

band centered at 717 cm
-1

 is observed corresponding to the AGG-Ia (AN)3:LiDFOB solvate. 

The Raman vibrational band of the DFOB
−
 anion shifts significantly, however, after the 

solid-to-liquid (melting) phase transition occurs. For the n = 7 mixture, a band centered at 

711-712 cm
-1

, corresponding to more dissociated solvates with SSIP and/or CIP anion 

coordination, is evident for the melt (liquid), as is a shoulder band centered at about 720 cm
-1

. 

This suggests that upon melting the crystalline solvate, some of the uncoordinated AN 

solvent available displaces the coordinated anions and coordinates the Li
+
 cations instead. An 
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Figure 6.4. Temperature dependence of the DFOB
−
 anion bands for the (AN)n-LiDFOB 

mixtures for (a) n = 7 and (b) n = 4 (the measurements were obtained while cooling the 

samples, thus the n = 4 mixture at -20°C is a supercooled liquid).
51 

 

 

examination of the Raman data indicates that with increasing temperature, the AGG anion 

coordination increase somewhat, while the SSIP or CIP anion coordination decreases, but 

this is not a strong function of temperature. For the n = 4 mixture, the same trend is observed. 

The solvent thus competes more effectively with the anion for Li
+
 cation coordination at 

lower temperature and ionic association therefore tends to increase with increasing 
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temperature (in the liquid state). 

 

6.5. Force Field Development and MD Simulations of (AN)n-LiDFOB 

Mixtures 

MD simulations were performed by Dr. Oleg Borodin at the Army Research Laboratory, 

through an extensive discourse which involved computational iterations to link the work 

closely with the experimental results, on AN doped with LiDFOB employing a recently 

developed, many-body polarizable APPLE&P force field for AN and AN/Li
+
, while the force 

field for the DFOB
−
 anion and DFOB

−
/Li

+
 interactions has been developed and validated in 

this work. The APPLE&P functional form was used for all bonded and non-bonded 

interactions as described elsewhere.
53

 

DFOB
−
 partial charges were fit to an electrostatic potential grid (89 x 98 x 112 points) 

around the anion calculated at the MP2/aug-cc-pvTz level with points beyond 4 Å from any 

atom and closer than 1.7 Å for oxygen, 2.3 Å for carbon, 2.0 Å for boron and 1.8 Å for 

fluorine excluded from the fit. The mean-square deviation of the electrostatic potential from 

the force field from MP2/aug-cc-pvTz values was 0.94 (kcal mol)
2
.
54

 The in-plane 

polarizability of the DFOB
-
 anion was 8.5 Å

3
 and 8.7 Å

3
 from the developed force field and 

M05-2X/aug-cc-pvTz calculations, respectively. The out-of-plane polarizability of the 

DFOB
−
 anion of 5.7 Å

3
 from the M05-2X/aug-cc-pvTz calculations was overestimated by 

the force field which yielded a value of 7.7 Å
3
 because the 1-2 (bonds) and 1-3 (bends) 
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interactions between the induced dipoles were not included in the force field. 

The DFOB
−
 anion bond lengths and natural bending angles were fit to the DFOB

−
 anion 

geometry optimized at the M05-2X/aug-cc-pvTz level. All of the repulsion-dispersion 

parameters were taken from the APPLE&P force field.
53

 The repulsion-dispersion parameters 

for the DFOB
-
/Li

+
 interactions were transferred from the EC/Li

+
 and BF4

−
/Li

+
 force fields

47,55
 

without change. 

In order to evaluate the ability of the developed force field to accurately predict the 

DFOB
−
/Li

+
 binding energies for the three geometries shown in Fig. 6.5,

51
 a set of quantum 

chemistry calculations was performed. The most accurate estimates of the DFOB
−
/Li

+
 

binding energies were obtained from the composite G4MP2 level and MP2/aug-cc-

pvTz//M05-2X/cc-pvTz shown in Table 6.1.
51

 There is good agreement between the binding 

energies obtained at these two levels thus providing fidelity in the obtained results. Li
+
 cation 

binding to both of the carbonyl oxygen atoms is the most energetically favorable coordination 

(coord-c) (Table 6.1 and Fig. 6.5). Li
+
 cation coordination to the BF2 group (coord-a) or 

etheral oxygen and BF2 group (coord-b) is much less favorable (Table 6.1 and Fig. 6.5). The 

ability of the DFT calculations to predict the DFOB
−
/Li

+
 binding energies was also briefly 

investigated, as they are much less computationally expensive than using MP2/aug-cc-pvTz 

and G4MP2. The binding energies calculated using M05-2X/6-31+G** and LC-PBE/6-

31+G** are in good agreement with the G4MP2 estimates (Table 6.1). Interestingly, the use 

of the significantly larger basis set aug-cc-pvTz resulted in worse agreement with the G4MP2 

binding energies relative to the smaller 6-31+G** basis set (Table 6.1). The worst results 
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Table 6.1. Binding energies of DFOB
−
/Li

+
 complexes (kcal mol

-1
) (see Fig. 6.1).

51
  

 

method 
coordination 

(a) (b) (c) 

G4MP2 -122.3 -119.5 -134.1 

MP2/aug-cc-pvTz 
a
 -122.2 -119.4 -135.3 

M06-L/aug-pvTz -122.9 -120.6 -137.5 

M05-2X/aug-cc-pvTz -124.7 -121.9 -139.9 

M05-2X/cc-pvTz -126.2 -123.7 -142.4 

M05-2X/6-31+G** -122.6 -119.7 -136.9 

LC-PBE/6-31+G** -122.2 -119.6 -135.6 

FF (v1) -118.7 -117.6 -133.1 

FF (v2) -118.7 -117.6 -131.4 

 
BSSE corrections 

MP2/aug-cc-pvTz 0.7 0.8 0.6 

LC-PBE/6-31+G** 0.5 0.6 0.5 
a
 M05-2X/cc-pvTz geometry was used 

 

 

 

 
 

Figure 6.5. Optimized geometries from G4MP2 calculations (bold) and the force field for the 

(a), (b) and (c) coordination noted in Table 6.1.
51
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were observed for the cc-pvTz basis set without the polarization and diffuse functions (Table 

6.1) which are expected to be important for adequately describing the anions. The basis set 

superposition errors (BSSE) were calculated from the MP2/aug-cc-pvTz and LC-ωPBE/6-

31+G** methods as 0.5-0.8 kcal mol
-1

. 

 

 

Table 6.2. MD simulation data for the (AN)n-LiDFOB mixtures at 60°C.
51

 
 

 
AN:Li ratio (n) 

Property                        30 20 10 5 

No. solvent in MD box 480 640 640 640 

No. LiDFOB in MD box 16 32 64 128 

Concentration (M) 0.58 0.86 1.65 2.98 

Molality (mol kg
-1

) 0.75 1.08 1.95 3.24 

Simulation run length (ns)_v1 22 18 48 29 

Simulation box length (Å)_v1 35.74 39.47 40.12 41.47 

Simulation run length (ns)_v2 22 22 41 38 

Simulation box length (Å)_v2 35.76 39.45 40.06 41.40 

MD density (g cm
-3

)_v1 0.800 0.834 0.912 1.040 

MD density (g cm
-3

)_v2 0.799 0.835 0.916 1.045 

Expt density (g cm
-3

) 0.798 0.824 0.896 1.014 

MD viscosity (mPa s)_v1 0.31 0.40 0.65 1.68 

MD viscosity (mPa s)_v2 0.31 0.39 0.69 1.72 

Expt viscosity (mPa s) 0.35 0.42 0.69 2.11 

MD conductivity (mS cm
-1

)_v1 36.8 46.0 45.2 40.4 

MD conductivity (mS cm
-1

)_v2 52.6 64.3 75.9 50.2 

Expt conductivity (mS cm
-1

) 35.7 41.6 41.9 30.3 

Li
+
 coordination numbers_v1:     

# N (from AN) (within 2.40 Å of 

Li
+
) 

3.14 3.03 2.74 2.37 

# O (within 2.40 Å of Li
+
) 0.61 0.71 0.96 1.23 

# F (within 2.40 Å of Li
+
) 0.05 0.07 0.12 0.22 

Li
+
 coordination numbers_v2:     

# N (from AN) (within 2.40 Å of 

Li
+
) 

3.36 3.25 3.01 2.59 

# O (within 2.40 Å of Li
+
) 0.38 0.47 0.67 0.97 

# F (within 2.40 Å of Li
+
) 0.05 0.08 0.13 0.26 
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Table 6.3. Probability matrix for DFOB
−
 anion coordination to Li

+
 cations through the anion 

carbonyl oxygen and/or fluorine donor atoms.
51

 
 

v1: AN:Li ratio = 30 AN:Li ratio = 20  v2: AN:Li ratio = 30 AN:Li ratio = 20 

O \ F 0 1 2 0 1 2  O \ F 0 1 2 0 1 2 

0 0.41 0.03 0.00 0.34 0.03 0.00  0 0.60 0.04 0.00 0.51 0.05 0.00 

1 0.49 0.02 0.00 0.53 0.03 0.00  1 0.34 0.02 0.00 0.39 0.03 0.00 

2 0.05 0.00 0.00 0.07 0.00 0.00  2 0.01 0.00 0.00 0.03 0.00 0.00 

 AN:Li ratio = 10 AN:Li ratio = 5   AN:Li ratio = 10 AN:Li ratio = 5   

0 0.18 0.03 0.00 0.08 0.02 0.00  0 0.34 0.06 0.00 0.16 0.06 0.00 

1 0.54 0.07 0.00 0.44 0.12 0.01  1 0.46 0.06 0.00 0.45 0.14 0.01 

2 0.16 0.02 0.00 0.27 0.06 0.00  2 0.07 0.01 0.00 0.15 0.04 0.00 

 

 

Geometry optimizations were performed using the developed force field parameters resulting 

in the geometries shown in Fig. 6.5. These are in good agreement with the G4MP2 values. 

The developed force field predicts the correct order for the DFOB
−
/Li


binding energies for 

coordination modes a-c (Table 6.1), but the binding energies from the force field were 

systematically low by 1.9-3.8 kcal mol
-1

, as compared to the G4MP2 calculations. This is a 

similar magnitude of underestimation of the binding energies as was observed for the EC/Li
+
 

and DMC/Li
+
 interactions in previous work.

55
 

In addition to the MD simulations (v1) performed with the DFOB
−
 anion force field noted 

above, a set of MD simulations, denoted as v2, was also performed employing a modified 

force field. In the modified force field, the repulsion between a Li
+
 cation and carbonyl 

oxygen atoms of the DFOB
−
 anion was increased resulting in a weaker DFOB

−
/Li

+
 binding 

energy by 1.8 kcal mol
-1

 for coord-c in Fig. 6.5. Notably, this difference is less than the 

difference between the G4MP2 calculations and DFT results summarized in Table 6.1. The 
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influence of this DFOB
−
/Li

+
 binding energy reduction on the structural, thermodynamic and 

transport properties was then examined. Table 6.2 compares the results for the original (v1) 

and modified (v2) force fields.
51

 The reduction of the DFOB
−
/Li

+
 binding energy resulted in 

an increase in the number of AN molecules in the first coordination shell of the Li
+
 cations 

by ~0.2 AN molecules for all of the studied concentrations and a corresponding decrease (by 

0.2-0.3) in the number of carbonyl oxygens from the DFOB
−
 anions around the Li

+
 cations. 

The corresponding decreased ionic association resulted in a higher conductivity (Table 6.2) 

despite the somewhat lower Li
+
 cation diffusion rate (not shown) in the more dissociated 

solutions for the AN:Li = 30, 20 and 10 compositions. 

Data regarding the average modes of anion coordination over the course of the simulations 

are provided in Table 6.3.
51

 According to both sets of simulations, the DFOB
−
 anions 

predominantly coordinate the Li
+
 cations through the carbonyl oxygen atoms, but 

coordination to the cations via the fluorine atoms also occurs to a lesser extent. For example, 

for the n = 20 mixture, Table 6.3 indicates that 34%/51% (v1/v2 simulations) of the anions 

are uncoordinated (SSIP coordination - Fig. 6.6a). 53%/39% of the anions are coordinated to 

a single Li
+
 cation by one of the carbonyl oxygen atoms (CIP coordination - Fig. 

6.6c,f,g,i,j,l,m), while only 3%/5% are coordinated to a single Li
+
 cation by one of the 

fluorine atoms (CIP coordination - Fig. 6.6e,i,j,m). The remaining anions have various forms 

of AGG coordination—i.e., AGG-I: 7%/3% to two Li
+
 cations by two carbonyl oxygen 

atoms (Fig. 6.6f,h,i), 3%/3% to two Li
+
 cations by one carbonyl oxygen atom and one 

fluorine atom (Fig. 6.6i,j,k) and < 1%/< 1% to two Li
+
 cations by two fluorine oxygen atoms; 
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Figure 6.6. Representative Li
+
 cation solvate species extracted from the MD simulations for 

the (AN)n-LiDFOB mixtures (n = 30, 20 and 10) at 60°C (Li-purple, N-blue, O-red, B-tan, F-

light green).
51 

 

 

AGG-II: < 1%/< 1%  to three Li
+
 cations by two carbonyl oxygen atoms and one fluorine 

atom (Fig. 6.6l,m) and < 1%/< 1% to three Li
+
 cations by one carbonyl oxygen atom and two 

fluorine atoms and AGG-III: < 1%/< 1% to four Li
+
 cations by two carbonyl oxygen atoms 

and two fluorine atoms. Note that when aggregate solvates are present, many of the anions 

that are coordinated to a single Li
+
 cation (i.e., which spectroscopically have CIP 

coordination) are actually part of larger aggregate solvates as the Li
+
 cation is coordinated by 
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more than one anion (Fig. 6.6f,g,i,j,l,m). An additional point of note is that AGG-I anion 

coordination, in which a given anion is coordinated to two Li
+
 cations, is highly unfavorable 

for two fluorine atoms (Table 6.3). Instead, this form of coordination is principally via two 

carbonyl oxygen atoms, but coordination by one carbonyl oxygen atom and one fluorine 

atom is also somewhat favorable (Table 6.3). This can perhaps be explained by both the 

energetic preference for carbonyl oxygen...Li
+
 cation coordination, as well as steric/packing 

considerations which also make it favorable (due to a more open, less clustered solvate 

structure) to aggregate the ions together via coordination bonds if the bonding occurs across 

the anion (through one carbonyl oxygen atom and one fluorine atom) rather than the closer 

packing required if the coordination is on one end alone (through both carbonyl oxygen 

atoms) (Fig. 6.6).
51

 

Snapshots of the MD simulations (v1 and v2) were created by modifying the simulation 

box results as follows—unwrapping all of the molecules/ions and applying periodic 

boundary conditions so as not to divide the solvate structures across the boundaries of the 

simulation box (thereby retaining entire solvates) and removing solvent molecules if they 

were > 2.70 Å from the Li
+
 cations (uncoordinated and not in close proximity) to facilitate 

the viewing of the solvates (Appendix C).
51

 Fig. 6.6, and the information provided in the 

Appendix C, exemplify the following features: 

(1) as for the MD simulations for other (AN)n-LiX mixtures,
47-50

 the vast majority of the 

Li
+
 cations have four-fold coordination to the AN molecules and/or anions, as noted 

above; 
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(2) the AN mixtures with LiDFOB have a similar (or somewhat lower) fraction of 

uncoordinated anions as that found for the AN mixtures with LiClO4...and thus are 

notably more dissociated than comparable mixtures with LiBF4;
47,49

 

(3) the majority of the Li
+
 cation coordination occurs via coordination bond formation 

with the DFOB
−
 anion carbonyl oxygen atoms—instead of the fluorine atoms, but the 

fluorine atoms do serve as linkages in the AGG solvates; 

(4) only rare instances of Li
+
 cation coordination to the non-carbonyl oxygen atoms of the 

DFOB
−
 anions are observed (Fig. 6.6d); and 

(5) surprisingly, bidentate coordination of a single Li
+
 cation by both of the carbonyl 

oxygen atoms of a given DFOB
−
 anion is not evident in the simulations, despite this 

being a prominent feature of LiDFOB crystalline solvates
6
—it is not clear at this time 

if this is a real feature of the liquid electrolyte mixtures or if it is instead a limitation of 

the MD simulation force field developed for this anion. 

The validity of these points is dependent upon the degree to which the force fields utilized 

accurately depict the interactions within actual (AN)n-LiDFOB mixtures. The experimental 

results do mirror the simulation conclusions well where comparisons are possible. Overall, 

there is generally reasonable agreement found between the experimentally measured and MD 

simulation calculated viscosity and conductivity values (Table 6.2), with the modified MD 

simulations (v2) predicting a systematically higher conductivity—this, however, is in accord 

with previous simulations of (AN)n-LiX mixtures with other lithium salts which also 

predicted conductivity values which exceeded the experimental values. An examination of 
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the experimental Li
+
 cation solvation and ionic association data for the (AN)n-LiDFOB 

mixtures (Figs. 6.2 and 6.3) suggests that the ions in the v1 simulations are too associated, 

whereas those for the v2 simulations may be too dissociated. The modest change to the 

DFOB
−
/Li

+
 force field binding energy, comparable to the differences noted for the different 

computational methods (Table 6.1), resulted in sizeable differences in the solvation and ionic 

association interactions (Tables 6.2 and 6.3, Appendix C). 

 

6.6. Transport Properties of (AN)n-LiDFOB Mixtures 

The relationship between the AN/LiDFOB ratio (i.e., n) and molarity is shown in Fig. 

6.7.
51

 For reference, a 1 M solution corresponds to a n = 17 composition. Density data for the 

(AN)n-LiDFOB mixtures with varying temperature are provided in the Appendix C. 

 

 

 
 

Figure 6.7. Relationship between molarity and AN/LiX (i.e., n) for (AN)n-LiX mixtures. 

Data for salts other than LiDFOB reported for comparison.
49,51
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Figure 6.8. Viscosity of the (AN)n-LiX mixtures at 60°C (AN/LiX ratio noted in plots). Data 

for salts other than LiDFOB reported for comparison.
49,51 

 

 

Viscosity data for the (AN)n-LiDFOB mixtures with varying temperature are also 

provided in the Appendix C. The isothermal viscosity values at 60°C are shown in Fig. 6.8,
51

 

along with values for the corresponding mixtures with LiPF6, LiTFSI, LiClO4, LiBF4 and 
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Table 6.4. Fraction of uncoordinated AN (i.e., rLi-N > 2.40 Å) in the MD simulations. Data 

for other salts shown for comparison.
47,48,51

 
 

 AN:Li ratio (n) 

Salt       30 20 10 5 2 

LiPF6 0.89 0.83 0.43 0.43 0.10 

LiTFSI 0.90 0.86 0.74 0.56 0.28 

LiClO4 0.90 0.85 0.72 0.51 0.17 

LiBF4 0.92 0.89 0.81 0.67 0.36 

LiCF3CO2 0.95 0.93 0.87 0.75 0.44 

LiDFOB_v1 0.90 0.85 0.73 0.53 - 

LiDFOB_v2 0.89 0.84 0.70 0.48 - 

 

 

LiCF3CO2, for comparison.
49

 This plot indicates that the viscosity values of the LiDFOB 

solutions are intermediate between those for LiClO4 and LiBF4. This is in accord with the 

evaluation results noted above which indicate that the experimental solvation numbers and 

ionic association interactions of LiDFOB are also intermediate between these salts. These 

factors are relevant as it has been suggested that the viscosity of such electrolytes is largely 

influenced by the amount of uncoordinated solvent present.
49

 Table 6.4 lists the fraction of 

the AN molecules in the simulations which are uncoordinated to the Li
+
 cations (averaged 

over the entire simulation runs).
51

 A more complete explanation for the viscosity variation, 

however, also takes into account the differences in the solvates and their populations. The 

data in Table 6.4 for LiCF3CO2 is unpublished data from an ongoing study. This work 

indicates that the ions for the mixtures with the LiCF3CO2 salt are almost entirely aggregated 

into solvated ion clusters, even for the dilute mixtures. Thus, these mixtures resemble the 

pure solvent with a few larger solvated ion clusters present. In contrast, the dilute LiPF6 and 
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Table 6.5. Comparison of experimental (from Raman spectroscopic data) and computational 

(from MD simulations) solvation numbers for the (AN)n-LiX mixtures at 60°C.
47,48,51

 
 

 LiPF6 LiClO4 LiDFOB LiBF4 

AN:Li 

ratio (n) 
Expt MD Expt MD Expt MD_v1 MD_v2 Expt MD 

10 4.35 3.15 3.34 2.80 3.18 2.74 3.01 2.54 1.94 

8 4.10 - 3.26 - 3.01 - - 2.48 - 

6 3.93 - 3.09 - 2.76 - - 2.36 - 

5 - 2.84 2.94 2.44 2.57 2.37 2.59 2.26 1.67 

4 3.27 - 2.73 - 2.33 - - 2.12 - 

 

 

LiClO4 mixtures consist principally of uncoordinated anions, fully solvated Li
+
 cations and 

solvated contact ion pairs with the LiPF6 mixtures having less ion pairs that those with 

LiClO4. In addition to the lower amount of uncoordinated solvent present (Tables 6.4 and 

6.5),
51

 these dispersed species electrostatically interact with one another to a greater extent 

than for fewer, larger and more widely separated ion clusters thus explaining the higher 

viscosity found for the more dissociated salts. The MD simulations indicate that the (AN)n-

LiDFOB mixtures have a comparable (perhaps somewhat lower) overall number of dispersed 

uncoordinated anions and solvates than the LiClO4 mixtures, as well as a comparable 

solvation number (although the experimental solvation number is lower indicating somewhat 

higher ionic association than for the LiClO4 mixtures—Table 6.5). The similar (slightly 

lower) experimental viscosity of the LiDFOB mixtures, relative to the LiClO4 mixtures, is 

therefore in accord with this explanation for the origin of the differences in the measured 

viscosity values. 

Conductivity data for the (AN)n-LiDFOB mixtures with varying temperature is provided 
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Figure 6.9. Ionic conductivity of the (a) (AN)n-LiDFOB mixtures (AN/LiX ratio (n) noted in 

plot) and the (b) (AN)n-LiX mixtures at 60°C. Data for salts other than LiDFOB reported for 

comparison.
49,51 

 

 

in Fig. 6.9a.
51

 An isothermal plot of the conductivity of the LiDFOB mixtures at 60°C is also 

shown in Fig. 6.9b, while Fig. 6.10 reports the molar conductivity of the mixtures.
51

 Data for 

other salts is included in these figures for comparison.
49

 It is interesting to note that the 
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Figure 6.10. Molar conductivity of the (a) (AN)n-LiX mixtures (60°C) for varying AN/LiX 

(n) concentrations and (b) (AN)n-LiX mixtures with varying temperature. Data for salts other 

than LiDFOB reported for comparison.
49,51 

 

 

conductivity of the LiDFOB mixtures is comparable to the conductivity of the LiClO4 

mixtures. This is perhaps surprising given that the solvation numbers for the LiDFOB 

mixtures are lower than those for the LiClO4 mixtures (Table 6.5). The explanation for this 
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may lie with the differences, noted above from the simulation results, in the number of 

uncoordinated anions, fully solvated Li
+
 cations and CIP/AGG solvates. Although the 

LiDFOB mixtures have less uncoordinated anions (on average) than is found for the LiClO4 

mixtures, the mixtures with LiDFOB have a greater number of fully solvated Li
+
 cations 

(Appendix C). This is due to the somewhat higher extent of AGG solvate formation found for 

the LiDFOB electrolytes (many of which contain more anions than Li
+
 cations thus resulting 

in negatively charged aggregates) in the MD simulations, in contrast to the LiClO4 mixtures 

which form more isolated CIP and smaller AGG solvates (which often are neutral with equal 

numbers of anions and Li
+
 cations). Thus, the total number of uncoordinated anions and fully 

solvated Li
+
 cations in the AN mixtures with LiClO4 and LiDFOB is approximately the 

same. It is reasonable to assume that these smaller charged species dominate the charged 

species participation in conduction. This implies that the (AN)n-LiDFOB electrolytes should 

have a higher Li
+
 transport number (TLi) than comparable (AN)n-LiClO4 electrolytes. The 

greater fraction of charged AGG solvates, instead of neutral CIP and AGG solvates, will also 

contribute to increasing the LiDFOB conductivity. Solvation numbers therefore only provide 

indirect information about the solvate species and their relation to conduction mechanisms. 

This discussion about solvate types/population and the relationship to the measured ionic 

conductivity, however, ignores the dynamic aspects of the solvate formation. It is therefore 

important to emphasize that the individual solvates are not static in nature—the solvates 

continuously exchange solvent molecules and anions resulting in relatively rapid 

transformations from a given solvate species to other solvate species.
49

 The information 
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obtained from the spectroscopic characterization therefore only represents the overall 

equilibrium distribution of the ion solvation and ionic association interactions. 

 

6.7. Conclusions 

The phase behavior and solution structure (solvation numbers, ionic association 

interactions and MD simulations) of (AN)n-LiDFOB electrolyte mixtures have been 

examined in detail. The salt is found to be dissociated to a similar extent as LiClO4, although 

significant differences exist between the solvates present in solution and solvation 

interactions. The associated DFOB
−
 anions tend to form AGG solvates to a greater extent 

than the associated ClO4
−
 anions (which instead largely form CIP solvates). The LiDFOB salt 

is considerably more dissociated than LiBF4 when dissolved in AN. The variations in the 

viscosity and conductivity can be directly correlated to the differences noted in the solution 

structure of these electrolytes. This study demonstrates how this electrolyte characterization 

methodology—employing several modes of experimental evaluation in concert with MD 

simulations—enables the rapid scrutiny of the behavior and properties of a given salt. 
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CHAPTER 7 

 

 

 

 

Electrolyte Solvation and Ionic Association 

III. Acetonitrile-Lithium Bis(oxlato)borate (LiFSI) Mixtures 

 
 

 

 

Utilizing the previous combination of methods, the electrolyte characteristics of the salt 

lithium bis(fluorosulfonyl)imide (LiFSI) have been evaluated and compared with those for 

the other lithium salts previously studied. As a model solvent, acetonitrile (AN) has been 

used. The information from the thermal phase behavior (phase diagram and solvate crystal 

structures), the solvation and ionic association interactions (Raman spectroscopic analysis) 

and the molecular dynamics (MD) simulations of the (AN)n-LiFSI mixtures is shown to 

provide detailed insight into the coordination interactions of the FSI
−
 anion and explanations 

for the variability in the transport property (i.e., ionic conductivity) of the AN solutions with 

this salt relative to other lithium salts. 

 

7.1. Introduction 

Lithium bis(fluorosulfonyl)imide (LiFSI or LiN(SO2F)2) has drawn significant attention in 

recent years as a strong candidate for the replacement of LiPF6. The LiFSI salt: 
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was first reported in a patent application field in 1995 which indicated a method for its 

synthesis.
1
 Its use in research studies, however, has been restricted until quite recently due to 

the limited availability and high cost of this salt. A number of publications have been 

reported about a FSI
−
 anion,

2-46
 but most of them discuss FSI-based ionic liquids instead of 

the LiFSI salt. Recent papers, however, indicate that electrolytes with LiFSI have many 

useful properties (i.e., relatively high thermal and hydrolytic stability, a comparable 

conductivity to similar electrolytes with the state-of-the-art electrolyte salt LiPF6 and wide 

liquidus range).
2-13

 It was reported that the use of the LiFSI salt in electrolytes results in 

severe corrosion of the Al current collector at high potential,
10

 but it has recently been 

demonstrated that this is likely due to chloride impurities in the salt rather than the LiFSI salt 

itself.
7
 To use LiFSI as an alternative lithium salt in advanced Li-ion batteries, however, it is 

necessary to understand the behavior of this salt in bulk electrolyte solutions. The present 

study, thus, is an extension of previous work which has scrutinized the relationship between 

the solution structure (i.e., Li
+
 cation solvation and ionic association interactions) and the 

transport properties of electrolytes in detail.
47-50

 

 

7.2. Solvent-Lithium Salt Phase Behavior of (AN)n-LiFSI Mixtures 

DSC heating traces and the corresponding phase diagrams of (AN)n-LiFSI mixtures are 
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Figure 7.1. DSC heating traces (5°C min
-1

) and the corresponding phase diagrams for (1-x) 

AN-(x) LiFSI mixtures. 

 

 

shown in Fig. 7.1. The mixtures form three different phases consisting of 6/1, 4/1 and 2/1 

(AN/Li) crystalline solvates, respectively. The structures of these solvates are not yet know. 

For the 6/1 solvate (i.e., (AN)6:LiFSI), it is possible that the Li
+
 cations are fully coordinated 

by six AN molecules (octahedral structure) with uncoordinated FSI
−
 anions, but several 

studies have suggested that it is not energetically favorable (in the gas phase) to coordinate 

more than four AN molecules to a Li
+
 cation.

51-56
 Notably, the (AN)6:LiPF6 crystalline 

solvate phase consists of Li
+
 cations fully solvated by four AN molecules, uncoordinated PF6

-
 

anions and two uncoordinated AN molecules (per Li
+
 cation).

56
 The 4/1 solvate is also likely 

to be a SSIP phase which may resemble the known structures for the SSIP (AN)4:LiClO4
57 
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and (AN)4:LiI
58

 solvates in which the Li
+
 cations are coordinated by four AN molecules with 

uncoordinated anions located between the solvated cations. The structure of the 2/1 solvate 

may consist of Li
+
 cations coordinated by two or more anion oxygen atoms and two AN 

molecules, perhaps forming an aggregate dimer. The DSC data suggest that a eutectic is 

present between the pure crystalline AN solvent and the 6/1 phase. For mixtures more 

concentrated than n = 3.5, the Tm of the 4/1 solvate decreases due to partial crystallization of 

the 4/1 solvate (the glass transition temperature (Tg) is indicated with ‘Δ’ symbols for 

partially crystalline samples and ‘×’ for fully amorphous samples in Fig. 7.1). There is no 

crystallization noted for the sample concentrations n = 2.8-2.5 and 1.50-1.00 despite the 

repeated cycling of the samples at various subambient temperatures: in these ‘crystallinity 

gaps’ (i.e., the samples remained amorphous). The crystallinity gaps can be explained by the 

fact that the nucleation and growth of ordered crystalline phases is slowed or inhibited 

altogether when the local structure in the amorphous phase does not resemble that of the 

crystalline state or when there is no favorable way to pack the solvated ions together for a 

given concentration.
59

 Endotherms at approximately -92°C and -18°C indicate solid-solid 

phase transitions for the 2/1 solvate, respectively, and the endotherms at approximately 4°C 

correspond to the Tm for this phase. Although the relatively dissociative salts LiFSI and 

LiTFSI have similar chemical structures, differences do exist in the phases formed. In 

particular, it is noteworthy that the 2/1 solvate forms in (AN)n-LiFSI mixture, while a 1/1 

solvate instead forms in (AN)n-LiTFSI mixtures (Fig. 7.1).
48
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7.3. Raman Characterization of AN-Li
+
 Cation Solvation 

As mentioned in the previous chapters, uncoordinated AN has an asymmetric C–C (ν4) 

stretching vibration band at 918 cm
-1

 and an asymmetric C≡N (ν2) stretching vibration band 

at 2254 cm
-1

, with the 922 and 2251 cm
-1

 shoulders originating from hot bands.
60,61

 When the 

electron lone-pair on the AN nitrogen atom is coordinated to a Li
+
 cation, these Raman bands 

shift to 930 and 2277 cm
-1

, respectively (Fig. 7.2).
62-64

 Raman measurements were performed 

for the mixtures with LiFSI at 60°C in which the mixtures are homogeneous solutions (or 

melts) over a wide composition range (Fig. 7.1). From the Raman spectra of the AN C–C and 

C≡N stretching bands for the (AN)n-LiFSI mixtures, plots of the peak area for the Li
+
 cation 

coordinated and uncoordinated AN (normalized relative to the total peak area) were prepared 

(Fig. 7.2). From this information and the molar ratio of AN to LiX (i.e., cAN/cLiX), the average 

solvation number (N) variation with salt concentration for the (AN)n-LiFSI mixtures was 

determined (Fig. 7.2) and compared with the solvation number data for other (AN)n-LiX 

mixtures.
47-50

 For comparison, for the n = 4 samples which consist of mixtures with four AN 

molecules per Li
+
 cation (at 60°C), the solvation numbers are approximately 3.2 for LiPF6, 

2.8 for LiFSI, 2.8 for LiTFSI, 2.7 for LiClO4, 2.3 for LiDFOB, 2.1 for LiBF4 and 1.0 for 

LiCF3CO2.
47-50

 This comparison indicates the following order for increasing Li
+
 cation 

solvation (decreasing ionic association) in the liquid phase: 

LiPF6 > LiFSI ≈ LiTFSI ≥ LiClO4 > LiDFOB > LiBF4 >> LiCF3CO2 

The decreasing association tendency for the anions (i.e., anion…Li
+
 cation coordination) 

results in increasing solvation for a fixed Li
+
 cation coordination number. This is readily 
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Figure 7.2. Raman spectra at 60°C of the AN C–C (920 cm

-1
) and CN (2250 cm

-1
) 

stretching mode bands for the (AN)n-LiFSI mixtures (AN/LiX ratio indicated) and Raman 

spectroscopic analysis at 60°C of the solvent bands for the uncoordinated and coordinated (to 

Li
+
 cations) AN in the (AN)n-LiFSI mixtures. The calculated Li

+
 cation average solvation 

number (N) is shown at the top. 

 

 

understandable considering the predominant four-fold coordination of the Li
+
 cations by the 

AN molecules and/or anions as determined from the known solvate crystal structures and 

MD simulations studies for (AN)n-LiX mixtures.
47-50,56
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As for the (AN)n-LiTFSI mixtures, the FSI
−
 anions in the (AN)n-LiFSI mixtures are able 

to adopt bidentate coordination to the Li
+
 cations due to the flexible structure of the anions, 

which makes this salt appear as associated as LiClO4 from the solvation data alone. In a later 

section, however, the MD simulations and analysis of the transport properties for the (AN)n-

LiFSI mixtures will prove that LiFSI is a more dissociated salt than LiClO4. 

 

7.4. Raman Characterization of Ionic Association 

Fig. 7.3a shows the FSI
−
 anion band variation with concentration for the (AN)n-LiFSI 

mixtures at -80°C. At this temperature, all of the samples except those in the crystallinity 

gaps are crystalline solids. For the dilute mixtures (n ≥ 4.0), two anion bands are observed 

which indicate two different solvate phases, 6/1 and 4/1, as shown in the phase diagram (Fig. 

7.1), as well as a solvent band. The FSI
−
 anion is known to be flexible with two low-energy C2 

(trans) and C1 (cis) conformers.
34,40,65

 These two conformational states likely are the origin of 

the different band positions (726 and 720 cm
-1

) for the mixtures with n = 40-6.5 and 6.0-4.5, 

even though all of these mixtures with crystalline solvate phases are likely to contain 

uncoordinated anions (i.e., SSIP solvates). Both the n = 5 and 4.5 mixtures have a Raman 

band at 720 cm
-1

 with a shoulder at 728 cm
-1

, which may be due to the different anion 

conformations in the 6/1 and 4/1 crystalline phases. The n = 4 mixture, however, has a 

Raman band at 728 cm
-1

 with a shoulder at 720 cm
-1

 which suggests that the amounts of the 

two different conformers are reversed for the n = 5 and 4.5 mixtures. In the case of the n = 3 

mixture, the band at 728 cm
-1

 and the new broad band at 740-750 cm
-1

 indicate that there is 
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Figure 7.3. FSI
−
 anion band variation with concentration in the (AN)n-LiFSI mixtures at (a)  

-80°C and (b) 60°C (The mixtures with n = 2.8, 2.5, 1.50 and 1.00 are in the crystallinity gap 

and remain either fully amorphous liquids or glassy solids at -80°C). 

 

 

partial crystallization of the 4/1 solvate phase, as well as some amorphous phase present, as 
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shown in Fig. 7.1. In the first crystallinity gap (2.4 < n < 3.0), the mixtures are liquids with 

broad Raman bands. With increasing concentration, the Raman bands shift to a higher band 

position of 741 cm
-1

 due to the crystallization of the more aggregated 2/1 solvate. For the n = 

2.4 mixture, two bands due to the 4/1 (728 cm
-1

) and 2/1 (741 cm
-1

) solvate phases are 

evident. For the second crystallinity gap (n < 1.75), the mixtures show the same trends (broad 

bands) as for the first crystallinity gap. 

In the case of the liquid phase at 60°C, the FSI
−
 anion bands for (AN)n-LiFSI mixtures 

shift consistently from 723 cm
-1

 to 752 cm
-1

 with increasing salt concentration, as shown in 

Fig. 7.3b. The FSI
−
 anion is able to coordinate Li

+
 cations in a variety of ways. This makes 

the accurate deconvolution of the anion bands for the different solvates a significant 

challenge. For dilute mixtures (n ≥ 4.0), the anion bands are observed at 723 cm
-1

 and 731 

cm
-1

 which indicates that less aggregated solvates such as SSIP and CIP are dominant. For 

the concentrated mixtures (n < 4.0), however, the anion bands shift from 739 cm
-1

 to 752 cm
-1

, 

which indicates that more aggregated solvates (AGG) are dominant. Even though it is 

difficult to determine deconvolute the anion spectra at a specific concentration, it is clear that 

the degree of ionic association increases as the concentration of the salt increases. 

The Raman band variation for the FSI
−
 anion in the crystallinity gap with changing 

temperature and concentration is shown in Fig. 7.4. Raman spectroscopy may be used to aid 

in explaining why the crystallinity gaps exist for the (AN)n-LiFSI mixtures. For the n = 3.5 

(Fig. 7.4a) and 3.0 (Fig. 7.4b) mixtures, the Raman band at 731 cm
-1

 increases as the 

temperature decreases, which indicated that the amount of less associated solvates, such as 
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Figure 7.4. Variable-temperature FSI
−
 anion band variation with concentration in the (AN)n-

LiFSI mixtures with (a) n = 3.5, (b) n = 3.0, (c) n = 2.8, (d) n = 2.5, (e) n = 2.4 and (f) n = 

2.3. 

  



 

 

217 

 

 
  



 

 

218 

 

CIPs, may dominant. In this concentration range, the mixtures are easily crystallized. 

However, at low temperature the Raman anion band peak for the n = 2.8 (Fig. 7.4c) and 2.5 

(Fig. 7.4d) mixtures, in which the nucleation and growth of ordered crystalline phases is 

slowed or inhibited altogether, shifts from about 736 cm
-1

 to 744 cm
-1

. A diverse range of 

anion coordination in terms of both anion conformations and number of Li
+
 cations 

coordinated appears to be present for these mixtures. It may be that this medley of ionic 

interactions does not resemble the coordination found in the crystalline solvate phases and 

this hinders the nucleation and subsequent growth of the crystalline phases. At low 

temperature, the more concentrated n = 2.4 (Fig. 7.4e) and 2.3 (Fig. 7.4f) mixtures have a 

substantial Raman band at 741 cm
-1

, which corresponds to the Raman band of more  

aggregated solvates (AGG). This amount of aggregated anions is sufficient to induce 

nucleation of the aggregated crystalline phase. Thus, both of these mixtures form the AGG 

2/1 solvate in this concentrated range. 

Fig. 7.5 shows the temperature dependence of the FSI
−
 anion bands in the (AN)n-LiFSI (n 

= 8 and 4) mixtures. When the n = 8 mixture is crystalline at -80°C, a single band is observed 

corresponding to the dissociated SSIP (AN)6:LiFSI solvate. When the n = 4 mixture is 

crystalized at -80°C, a band (723 cm
-1

) with both left (720 cm
-1

) and right (741 cm
-1

) 

shoulders is observed which correspond to the SSIP (AN)6:LiFSI, SSIP (AN)4:LiFSI and 

AGG (AN)2:LiFSI solvates, respectively. However, a significant Raman vibrational band 

shift for the FSI
−
 anion is observed after the solid to liquid phase transition occurs. For the n 

= 8 mixture, bands at 725 and 731 cm
-1

, corresponding to dissociated solvates, such as SSIPs 
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Figure 7.5. Temperature dependence of the FSI
−
 anion bands in the (AN)n-LiFSI mixtures 

for (a) n = 8 and (b) n = 4. 

 

 

or CIPs, are evident. Deconvolution of the Raman bands indicates that with decreasing 

temperature, the more associated anion coordination (731 cm
-1

) decreases somewhat, while 

the uncoordinated anions (725 cm
-1

) increase. For the n = 4 mixture, the same trend is 

observed, except that the concentration of associated anions (AGG, 741 cm
-1

) increases at the 

expense of the SSIP or CIP anion coordination. Again, solvation is more effective at lower 

temperature, while ionic association tends to increase with increasing temperature. 
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7.5. MD Simulations of (AN)n-LiFSI Mixtures 

MD simulations were conducted for the liquid (AN)n-LiFSI mixtures (60°C) with n = 30, 

20, 10 and 5 by Dr. Oleg Borodin at the U.S. Army Research Laboratory (ARL). A summary 

of the simulation information is provided in Table 7.1. Comparing the results in Table 7.1 

with other lithium salts studied previously, LiFSI is found to be more dissociated than 

LiClO4, but less dissociated than LiPF6, in agreement with the experimental results. For 

example, the average solvation numbers N (the number of nitrogen atoms from AN 

coordinated to the Li
+
 cations) in Table 7.1 are somewhat lower than the experimental values 

(Fig. 7.2), but they are also in reasonable agreement with the ionic association strength order. 

Examples of the coordination found for the FSI
−
 anions to the Li

+
 cations in the solvates 

from the MD simulations are shown in Fig. 7.6. The solvates (and uncoordinated anions) 

extracted from snapshots of the simulations for the (AN)n-LiFSI mixtures (n = 30 and 10) are 

also shown in Figs. C17-C22 (in Appendix C) which are visual lists of the solvates and 

uncoordinated anions in the simulation snapshots. These figures provide information about 

both the solvate distribution (at a given time) in the different simulations, as well as the 

solvate structures. The information from Figs. 7.6 and C17-C22 exemplify the following 

features: 

(1) as mentioned above, the FSI
−
 anion, like TFSI

−
, is flexible with two low-energy C1 

(cis) and C2 (trans) conformers (Figs. 7.6a and 7.6b) which result in the two different 

anion band positions for the uncoordinated anions (Fig. 7.3);
34,40,65
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Table 7.1. MD simulations data for the (AN)n-LiFSI mixtures at 60° 
 

  AN:Li ratio 

Property 30 20 10 5 

No. solvent in MD box 480 640 640 640 

No. LiFSI in MD box 16 32 64 128 

Concentration (M) 0.58 0.85 1.60 2.84 

Molality (mol kg
-1

) 0.71 0.99 1.67 2.55 

Simulation run length (ns) 23 20 16 18 

Simulation box length (Å) 35.87 39.65 40.48 42.14 

MD density (g cm
-3

) 0.816 0.859 0.957 1.114 

Expt density (g cm
-3

) 0.818 0.853 0.947 1.096 

MD conductivity (mS cm
-1

) 61.9 61.5 76.0 59.5 

Expt conductivity (mS cm
-1

) 49.9 58.5 65.5 51.3 

Fraction of free Li (rLi-N > 4.80 Å) (SSIP) 0.61 0.52 0.35 0.16 

Fraction of free N
**

 (rLi-N > 4.80 Å) (SSIP) 0.60 0.52 0.34 0.15 

Li
+
 coordination numbers  

   
# N

*
 (within 2.40 Å of Li

+
) 3.40 3.32 3.09 2.69 

# O (within 2.40 Å of Li
+
) 0.40 0.50 0.74 1.16 

# N
**

 (within 4.80 Å of Li
+
) 0.43 0.54 0.81 1.29 

Probability of finding the following number of Li
+
 within the given distance from the N of FSI

−
 

0 Li
+
 within 4.60/4.80 Å of N (SSIP) 0.64/0.60 0.56/0.52 0.39/0.34 0.19/0.18 

1 Li
+
 within 4.60/4.80 Å of N (CIP) 0.33/0.36 0.40/0.43 0.49/0.51 0.51/0.44 

2 Li
+
 within 4.60/4.80 Å of N (AGG-I) 0.02/0.03 0.04/0.05 0.11/0.14 0.26/0.30 

3 Li
+
 within 4.60/4.80 Å of N (AGG-II) 0.00/0.00 0.00/0.00 0.01/0.01 0.04/0.08 

4 Li
+
 within 4.60/4.80 Å of N (AGG-III) 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.01 

*
 N from AN, 

**
 N from FSI

−
 

 

 

(2) almost all of the Li
+
 cations have four-fold coordination to the AN molecules and/or 

anions, as is found for the MD simulations results for other (AN)n-LiX mixtures;
47-50

 

(3) essentially all of the Li
+
 cation coordination occurs via coordination bond formation 

with the FSI
−
 anion sulfonyl oxygen atoms instead of the fluorine (or nitrogen) atoms; 

(4) in contrast with semi-spherical anions such as PF6
−
, ClO4

−
 and BF4

−
, bidentate 

coordination of the FSI
−
 anion to a given Li

+
 cation in the MD simulations is not 
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uncommon (Figs. 7,6f  and 7.6k), but less bidentate coordination is found than for the 

(AN)n-LiTFSI mixtures;
47-49

 

(5) the (AN)n-LiFSI mixtures have a lower fraction of uncoordinated anions than is found 

for the AN mixtures with LiPF6, but the fraction is much higher than that for the 

(AN)n-LiClO4 mixtures—the (AN)n-LiFSI mixtures are therefore notably more 

dissociated than the (AN)n-LiClO4 mixtures and comparable in dissociation to the 

(AN)n-LiPF6 mixtures;
47-49

 and 

(6) for the most dilute mixture (n = 30), the numbers of both uncoordinated anions and 

solvated Li
+
 cations for the mixtures with LiFSI are lower than those for the 

comparable mixtures with LiPF6, but as the concentration increased (n < 10), these 

numbers for the (AN)n-LiFSI mixtures are higher than those with LiPF6 (Figs. C17-

C22). 

Note that the degree to which the MD simulation force fields utilized accurately depict the 

interactions within actual (AN)n-LiFSI mixtures determines the validity of these points. The 

MD simulation results agree well with the experimental data, but differences do exist. 

Similar to the mixtures with the other lithium salts studied previously (Table 6.5), the 

computational solvation numbers for the (AN)n-LiFSI mixtures (at 60°C) are somewhat 

lower than the experimental values (Table 7.1), which suggests that the simulations tend to 

overpredict the extent of ionic association within the electrolytes. Considering the inherent 

error associated with both sets of analyses, however, the overall trends from the experimental 

data and MD simulation results for the conductivity shows good agreement (Table 7.1). 
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Figure 7.6. Representative Li
+
 cation solvate species extracted from the MD simulations for 

the (AN)n-LiFSI mixtures (n = 30, 20 and 10) at 60°C (Li-purple, N-blue, O-red, S-yellow, 

F-light green). 

 

 

7.6. Transport Properties of (AN)n-LiFSI Mixtures 

Fig. 7.7. shows the relationship between the AN/LiFSI ratio (i.e., n) and molarity. As a 

reference, a n = 17 composition corresponds to a 1 M solution. Density data for the (AN)n-

LiFSI mixtures with varying temperature are provided in Appendix C. The viscosity 

measurements for the (AN)n-LiFSI mixtures and the comparison with other (AN)n-LiX 

mixtures are on-going. 

Fig. 7.8a shows the conductivity data for the (AN)n-LiFSI mixtures with varying 

temperature, while an isothermal (60°C) plot of the conductivity for the LiFSI mixtures is 
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Figure 7.7. Relationship between molarity and AN/LiX (i.e., n) for the (AN)-LiX mixtures. 

Data for salts other than LiFSI are reported for comparison.
49 

 

 

shown in Fig. 7.8b. The molar conductivity of the mixtures is represented in Fig. 7.9. All of 

the conductivity plots include data for other salts for comparison.
47-50

 For the diluted 

concentrations (n ≤ 24), the conductivity of the LiFSI mixtures is comparable to the 

conductivity of the LiPF6 mixtures. As the salt concentration increases, however, the 

conductivity values of the LiPF6 mixtures (10 < n < 24) are higher than those of the LiFSI 

mixtures. But for the more concentrated electrolytes, the LiFSI mixtures have a much higher 

conductivity than the LiPF6 mixtures. It is interesting that the LiFSI mixtures a peak 

conductivity value at n = 8, which is not the case for other lithium salts. For the most 

concentrated mixtures (n = 3), the conductivity of the LiFSI containing electrolyte is  

remarkably higher than the values for the other lithium salts including LiPF6. This is 

somewhat surprising given that the solvation numbers for the intermediate and concentrated 
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Figure 7.8. Ionic conductivity of the (a) (AN)n-LiFSI mixtures with varying temperature 

(AN/LiX ratio (n) noted in plot) and (b) (AN)n-LiX mixtures with varying concentration at 

60ºC. Data for salts other than LiFSI are reported for comparison.
49,50 

 

 

LiFSI mixtures (n ≤ 8) are lower than those for the LiPF6 mixtures and almost the same as 

those for the LiTFSI and LiClO4 mixtures. Similar to the (AN)n-LiTFSI mixtures, bidentate 

coordination of the FSI
−
 anion to a given Li

+
 cation, in part, may explain the lower than 
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Figure 7.9. Molar conductivity of the (a) (AN)n-LiX mixtures (60°C) for varying AN/LiX 

(n) concentrations and (b) (AN)n-LiX mixtures with varying temperature. Data for salts other 

than LiFSI reported for comparison.
49,50 

 

 

expected average solvent coordination numbers noted experimentally for LiFSI despite the 

additional experimental evidence (i.e., phase diagram and Raman spectroscopy of the FSI
−
 

anion coordination) which suggest that LiFSI is dissociated to a comparable extent to LiPF6 
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in AN. As mentioned above for the other salts mixtures studied, solvation numbers only 

provide indirect information about the solvate species and their relation to conduction 

mechanisms. It is also noteworthy that the information obtained from the spectroscopic 

characterization only indicates the overall equilibrium distribution of the ion solvation and 

ionic association interactions without considering the dynamic aspects of the solvate 

formation.
49

 

 

7.7. Conclusions 

The phase behavior and solution structure (average solvation numbers and ionic 

association interactions) of the (AN)n-LiFSI electrolyte mixtures have been scrutinized in 

detail. The LiFSI salt is found to be dissociated to a similar extent as LiPF6, although the 

average solvation numbers (N) for AN with LiFSI mixtures are somewhat lower than those 

found for AN mixtures with LiPF6, which may perhaps be due to some amount of bidentate 

coordination of the Li
+
 cations by the FSI

−
 anions. Lithium salts with both FSI

−
 and TFSI

−
 

anions show similar phase behavior with AN in that they form SSIP solvates in diluted 

mixtures and AGG solvates in concentrated mixtures. Based upon the results from the 

spectroscopic analysis and the transport properties characterization, however, the LiFSI salt 

is more dissociated than LiTFSI when dissolved in AN. As demonstrated above, the 

differences found in the solution structure of these mixtures obtained from the MD 

simulations can be directly correlated to the variations in the conductivity. Note that utilizing 

both an experimental evaluation and a computational simulation analysis, the rapid 
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examination of the properties of a given salt is possible. 
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CHAPTER 8 
 

 

 

 

Conclusion 

 
 

 

 

The goals of this research were to demonstrate new and/or improved methods for 

electrolyte characterization and to discover how ion and solvent structure influence the 

solution behavior and properties of nitrile-LiDFOB/LiFSI electrolyte mixtures. Utilizing a 

combination of methods including thermal phase behavior analysis with solvate structure 

determination, Raman vibrational spectroscopic characterization and MD simulations, 

detailed insight into the solvation and ionic association behavior was obtained and 

explanations were readily available for the solution behavior and variability in the transport 

properties (viscosity and ionic conductivity) of AN solutions with LiDFOB and LiFSI 

relative to other conventional lithium salts. MD simulations for the (AN)n-LiX mixtures 

provided additional insight into the solution structure and explored the limitations of both the 

experimental work and simulations for electrolyte characterization. 

As a preliminary study, numerous crystal structures of known and newly determined 

LiCF3SO3, LiDFOB and LiPF6 crystalline solvates were reported to provide significant 

insight into the manner in which the CF3SO3
−
, DFOB

−
 and PF6

−
 anions coordinate Li

+
 

cations. Utilizing Raman spectroscopic analyses, these solvates have been extensively 
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characterized to provide unambiguous assignments for the anion Raman bands associated 

with specific CF3SO3
−
, DFOB

−
 and PF6

−
 anion...Li

+
 cation coordination modes. This 

information serves as one of the important tools necessary for evaluating the ionic 

association interactions within electrolytes containing aprotic solvents and the LiCF3SO3, 

LiDFOB and LiPF6 salts. In particular, the vibrational spectroscopic characterization results 

for various solvents with LiCF3SO3 demonstrated that most of polarity parameters (i.e., 

dielectric constant, DN, AN and ET(30)) are, in fact, poor indicators of the effectiveness of a 

given solvent for Li
+
 cation solvation. 

Phase diagrams for AN with new and conventional lithium salt mixtures were determined. 

Raman spectroscopic analyses were performed to examine both the solvent and anion 

interactions with Li
+
 cations. Based upon the spectroscopic analysis for the solvent (AN) 

vibrational bands, the average solvation number (N) and the degree of ionic association in the 

liquid mixtures were determined. The mixtures with more weakly associating anions have a 

higher solvation number and lower degree of ionic association with the order of decreasing 

association being: 

LiPF6 > LiFSI ≈ LiTFSI ≥ LiClO4 > LiDFOB > LiBF4 >> LiCF3CO2 

The combination of phase diagrams with crystalline solvate structures, Raman spectroscopic 

analysis and MD simulations greatly aids in identifying a diverse range of different types of 

solvates (i.e., SSIPs, CIPs and AGGs) in solution. The simulation results support the 

experimental data which indicates that LiClO4 is significantly more dissociated than LiBF4 in 

AN, despite the similarity in the anion sizes and shapes. LiPF6 and LiTFSI are found to be 
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highly dissociated and dissociated, respectively, in dilute mixtures. LiDFOB is dissociated to 

a similar extent as LiClO4, and more dissociated than LiBF4 when dissolved in AN. The 

LiFSI salt is dissociated to a similar extent as LiPF6, while it is more dissociated than LiTFSI 

in AN in spite of the similar phase behavior with AN. 

The solution structure of the (AN)n-LiX mixtures can be directly linked to the transport 

properties of the mixtures. The viscosity variations for the mixtures with different lithium 

salts are explained using both the ionic association behavior and the corresponding amount of 

uncoordinated solvent present, while the ion conductivity variations and mechanisms for 

(AN)n-LiX mixtures are determined not just by the identity of the solvates and their 

distribution, but also by the dynamics for the solvent molecules and anions in the Li
+
 cation 

coordination shells, as noted by the MD simulations. In contrast to general expectations, the 

mixtures with the highest conductivity are found to also have the highest viscosity, which 

indicates that these properties are indirectly linked through the solution structure rather than 

directly correlated with one another (as is often assumed). Thus, the solution structure 

information obtained from the combination of phase behavior, solvates structures, ion 

solvation/ionic association analyses and MD simulations is highly effective for understanding 

and predicting the transport properties of the electrolytes. This study demonstrated how this 

electrolyte characterization methodology—employing several modes of experimental 

evaluation in concert with MD simulations—enables the rapid scrutiny of the behavior and 

properties of a given salt for electrolyte applications. 
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APPENDIX A 
 

 

 

 

Reassessing Polarization Parameters and Li
+
 Cation Solvation 

 
 

 

 

 
 

Figure A1. Raman spectra of the SO3
−
 stretching mode (νsSO3) for (solvent)n-LiCF3SO3 

mixtures with ether solvents. The spectra for the pure salt (black) and pure solvents (dashed) 

are shown for comparison. 
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Figure A2. Raman spectra (at 60°C) of the CF3 symmetric bending mode (δsCF3) for 

(solvent)n-LiCF3SO3 mixtures with cyclic and acyclic carbonate/ester solvents. The spectra 

for the pure salt (black) and pure solvents (dashed) are shown for comparison. 
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Figure A3. Raman spectra of the SO3
−
 stretching mode (νsSO3) for (solvent)n-LiCF3SO3 

mixtures with cyclic solvents. The spectra for the pure salt (black) and pure solvents (dashed) 

are shown for comparison. 
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Figure A4. Raman spectra of the SO3
−
 stretching mode (νsSO3) for (solvent)n-LiCF3SO3 

mixtures with acyclic carbonate/ester solvents. The spectra for the pure salt (black) and pure 

solvents (dashed) are shown for comparison. 
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Figure A5. Raman spectra of the CF3SO3
−
 anion v1 vibrational band for the SSIP crystalline 

solvates: (a) (2,9-DMPHEN)2:LiCF3SO3 and (b) (12C4)2:LiCF3SO3 (the bold curves indicate 

that solid-solid phase transition has occurred at this temperature). 
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Figure A6. Raman spectra of the CF3SO3
−
 anion v1 vibrational band for the CIP-I crystalline 

solvates: (a) (G3)1:LiCF3SO3 and (b) (PHEN)2:LiCF3SO3 (the double spaced bold curve 

indicates that the solvate melted at the temperature). 
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Figure A7. Raman spectra of the CF3SO3
−
 anion v1 vibrational band for the AGG-I 

crystalline solvates: (a) (G2)1:LiCF3SO3 and (b) (PMDETA)1:LiCF3SO3 (the double spaced 

bold curve indicates that the solvate melted at the temperature). 
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Figure A8. Raman spectra of the CF3SO3
−
 anion v1 vibrational band for the AGG-II 

crystalline solvates: (G3)1/2:LiCF3SO3, (AN)1:LiCF3SO3 and (BN)1:LiCF3SO3 (the bold 

curves indicate that the solid-solid phase transition of the solvates has occurred at this 

temperature). 
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Figure A9. Raman spectra of the CF3SO3
−
 anion v1 vibrational band for the AGG-II 

crystalline solvates: (MA)1:LiCF3SO3, (DMC)1:LiCF3SO3 and (DEC)1:LiCF3SO3 (the bold 

curve indicates that the solid-solid phase transition of the solvate has occurred at this 

temperature). 
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Figure A10. Raman spectra of the CF3SO3
−
 anion v1 vibrational band for the AGG-II 

crystalline solvates: (GBL)1:LiCF3SO3 and (EC)1:LiCF3SO3 (the bold curves indicate the 

solid-solid phase transition of the solvates has occurred at this temperature). 
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Figure A11. Raman spectra of the CF3SO3
−
 anion v1 vibrational band for the AGG-III 

crystalline solvates: pure LiCF3SO3. 

 

 

 

 
 

Figure A12. Raman spectra of the CF3SO3
−
 anion v1 vibrational band of the original solvate 

for mixture of CIP-I/AGG-II (G3)1:LiCF3SO3/(G3)1/2:LiCF3SO3. 
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Figure A13. Raman band peak positions for the CF3SO3

−
 anion v1 vibrational band for the 

different crystalline solvates. The peak positions at 1000 cm
-1

 region are unavailable for the 

SSIP (12C4)2:LiCF3SO3 and AGG-I (G2)1:LiCF3SO3 solvates.  
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APPENDIX B 
 

 

 

 

Crystalline Solvate Structures and Ionic Association Interactions 

 
 

 

 

 
 

Figure B1. Raman band peak positions for the DFOB
-
 anion symmetric carbonyl stretching 

vibrational bands for various crystalline solvates.
1
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Figure B2. Raman spectra of the DFOB

-
 anion vibrational band for the AGG-I crystalline 

solvates: AGG-Ia (AN)3:LiDFOB, AGG-Ia (DMC)3/2:LiDFOB, AGG-Ia 

(PMDETA)1:LiDFOB and AGG-Ib (SN)1:LiDFOB.
1
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Figure B3. Raman spectra of the DFOB

-
 anion vibrational band for the AGG crystalline 

solvates and pure LiDFOB salt: AGG-IIa (AN)1:LiDFOB, AGG-IIb (ADN)1:LiDFOB, AGG-

IIIa (PC)1:LiDFOB and AGG-IIIb LiDFOB.
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APPENDIX C 
 

 

 

 

Electrolyte Solvation and Ionic Association 

 
 

 

 

Crystal Structures of Solvates 
 

Crystal structures have been reported for the following solvates: (AN)4:LiClO4,
1
 

(AN)1:LiBF4,
3
 (AN)1:LiCF3SO3,

4
 (AN)1:LiTFSI,

5
 (AN)6:LiPF6

7
 and (AN)5:LiPF6.

8
 The Li

+
 

cation coordination for these solvates are reported in Figs. C1-C5 for the reader's 

convenience. 

 

 

 
 

Figure C1. Li
+
 cation coordination in the (AN)4:LiClO4 solvate crystal structure (Li-purple, 

N-blue, Cl-dark green, O-red).
1,2
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Figure C2. Li
+
 cation coordination in the (AN)1:LiBF4 solvate crystal structure (Li-purple, 

N-blue, B-tan, F-light green).
2,3

 

 

 

 

 
 

Figure C3. Li
+
 cation coordination in the (AN)1:LiCF3SO3 solvate crystal structure (Li-

purple, N-blue, S-yellow, O-red, F-light green).
2,4
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Figure C4. Li
+
 cation coordination in the (AN)1:LiTFSI solvate crystal structure (Li-purple, 

N-blue, O-red, S-yellow, F-light green).
5,6
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Figure C5. Li
+
 cation coordination in the (a) (AN)6:LiPF6 and (b) (AN)5:LiPF6 solvate 

crystal structures (Li-purple, N-blue, P-orange, F-light green).
6,7,8
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Density and Viscosity Data (Experimental): 
 

  
 

Figure C6. Density of (AN)n-LiX mixtures: (a) LiPF6, (b) LiTFSI, (c) LiClO4, (d) LiBF4 and 

(e) LiCF3CO2 (AN/LiX ratio noted in plot). In some cases, data is absent because the samples 

crystallized during the measurements.
9
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Figure C7. Viscosity of (AN)n-LiX mixtures: (a) LiPF6, (b) LiTFSI, (c) LiClO4, (d) LiBF4 

and (e) LiCF3CO2 (AN/LiX ratio noted in plot). In some cases, data is absent because the 

samples crystallized during the measurements.
9
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Figure C8. (a) Density and (b) viscosity of (AN)n-LiDFOB mixtures (AN/LiX ratio noted in 

plot).
10

 

 

 

 

 
 

Figure C9. Density of (AN)n-LiX mixtures at 60°C (AN/LiX ratio noted in plot).
9,10
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Solvate Distribution and Structures (from MD Simulations): 
 

The following figures (Figs. C10-C27) show the solvates (and uncoordinated anions) 

extracted from snapshots of the simulations (these are simply visual lists of the solvates and 

uncoordinated anions in the simulation snapshots). These figures are intended to provide the 

reader with information about both the solvate distribution (at a given time) in the different 

simulations (five are dissected in this manner for the n = 30 mixtures...and one for the n = 10 

mixtures), as well as the solvate structures (with using the program Mercury to view the 

simulation snapshots in 3-D). 

 

(AN)n-LiDFOB―Version 1 (v1): 

 

 
 

Figure C10. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 1-v1_AN-LiDFOB-e50-30-333K _solvAnion.xyz) (Li-purple, N-

blue, B-tan, F-light green, O-red).
10
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Figure C11. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 2-v1_AN-LiDFOB-e50-30-333K_solvAnion.xyz).
10

 

 

 

 

 
 

Figure C12. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 3-v1_AN-LiDFOB-e50-30-333K_solvAnion.xyz).
10 
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Figure C13. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 4-v1_AN-LiDFOB-e50-30-333K_solvAnion.xyz).
10

 

 

 

 

 
 

Figure C14. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 5-v1_AN-LiDFOB-e50-30-333K_solvAnion.xyz).
10 
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Figure C15. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 10) mixture (from file: 1-v1_AN-LiDFOB-e50-10-333K_solvAnion.xyz).
10
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(AN)n-LiDFOB―Version 1 (v2): 
 

 
 

Figure C16. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 0-v2_AN-LiDFOB-e50-30-333K_solvAnion.xyz) (Li-purple, N-

blue, B-tan, F-light green, O-red).
10

 

 

 

 

 
 

Figure C17. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 1-v2_AN-LiDFOB-e50-30-333K_solvAnion.xyz).
10
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Figure C18. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 2-v2_AN-LiDFOB-e50-30-333K_solvAnion.xyz).
10

 

 

 

 

 
 

Figure C19. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 5-v2_AN-LiDFOB-e50-30-333K_solvAnion.xyz).
10
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Figure C20. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 30) mixture (from file: 6-v2_AN-LiDFOB-e50-30-333K_solvAnion.xyz).
10
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Figure C21. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiDFOB (n 

= 10) mixture (from file: 0-v2_AN-LiDFOB-e50-10-333K_solvAnion.xyz).
10 
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(AN)n-LiFSI: 

 

 
 

Figure C22. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiFSI (n = 

30) mixture (from file: 3_AN-LiFSI-f1e24-30-333K_solvAnion.xyz) (Li-purple, N-blue, S-

yellow, F-light green, O-red). 
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Figure C23. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiFSI (n = 

30) mixture (from file: 4_AN-LiFSI-f1e24-30-333K_solvAnion.xyz) (Li-purple, N-blue, S-

yellow, F-light green, O-red). 

 

 

 

 
 

Figure C24. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiFSI (n = 

30) mixture (from file: 0_AN-LiFSI-f1e24-30-333K_solvAnion.xyz) (Li-purple, N-blue, S-

yellow, F-light green, O-red). 
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Figure C25. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiFSI (n = 

30) mixture (from file: 2_AN-LiFSI-f1e24-30-333K_solvAnion.xyz) (Li-purple, N-blue, S-

yellow, F-light green, O-red). 

 

 

 

 
 

Figure C26. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiFSI (n = 

30) mixture (from file: 1_AN-LiFSI-f1e24-30-333K_solvAnion.xyz) (Li-purple, N-blue, S-

yellow, F-light green, O-red). 
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Figure C27. Solvates extracted from the MD simulations at 60°C for the (AN)n-LiFSI (n = 

10) mixture (from file: 3_AN-LiFSI-f1e24-10-333K_solvAnion.xyz) (Li-purple, N-blue, S-

yellow, F-light green, O-red). 
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