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ABSTRACT

Lithium ion batteries are widely employed in energy storage, but the connection between
the molecular interactions in their electrolytes and the macroscopic properties remains elusive.
Across three vastly different electrolytes, speciation and dynamics were studied via linear and
nonlinear infrared spectroscopy to shed light on this relationship. The impact of mixed solvation
on ionic speciation was studied from the perspective of the anion, which revealed a significant
energetic favorability for the formation of contact ion pairs in linear carbonate solvents over
cyclic carbonates. Infrared spectroscopy and density functional theory calculations described a
complete inversion of the speciation due to solvent composition from 74% free anion in the
cyclic carbonate to 95% contact ion pair in the linear carbonate. The impact of adding a highly-
fluorinated additive on the speciation of two different electrolytes was studied via linear infrared
spectroscopy. These fluorinated co-solvents are typically considered inert species with no impact
on the speciation, but the research presented opposite trends in infrared spectroscopy, nuclear
magnetic resonance (NMR) spectroscopy, electrochemistry, and conductivity for the two
different electrolytes, indicating a change in speciation with co-solvent concentration. To explain
the interesting dependence of the change in speciation on the anion, density function theory
(DFT) calculations showed the formation of weak hydrogen bonds between the TFSI- anion and
the co-solvent; this interaction is not observed with the PF6- anion. Finally, a polyacrylonitrile
polymer gel electrolyte was investigated. The results from linear spectroscopy showed different
interactions in the electrolyte with increasing polymer concentration; polymer addition also
raised the viscosity of the sample by orders of magnitude, changing the sample composition from
a liquid electrolyte to a room-temperature gel. Interestingly, the dynamics determined from 2DIR

spectroscopy are similar across sample. A molecular picture was proposed of the nitrile side-

Vi



chains interacting at the highest polymer concentration, forming channels to facilitate the flow of
ions; these interactions were confirmed via differential scanning calorimetry. This synergistic
approach enabled the complete characterization of these complex systems from multiple
perspectives to fully understanding the unintuitive way the molecular interactions can alter the

macroscopic properties.
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CHAPTER 1. INTRODUCTION

1.1. Overview of electrolyte solvation

Lithium ion batteries have become the gold standard for energy storage with vast
applications across portable electronics, power tools, and medical devices.[1-3] In the near
future, the widespread adoption of electric vehicles and the necessity for large-scale energy
storage for power grids will further drive investment in lithium-ion battery research, focused on
systems with high stability, high efficiency, and low cost without compromising safety.[4, 5]
Each of these factors is determined in part by the electrolyte used. The electrolyte is typically
composed of a lithium salt dissolved in either an aqueous or organic solvent to dissociate the ions
and form a room temperature liquid.[6] The composition of the electrolyte is highly tunable,
accommodating different lithium salts, mixtures of solvents, and various electrolyte additives in
pursuit of enhanced properties and lower cost.[7-11] The electrolyte acts as a medium between
the positive and negative electrodes through which charge flows, so the system must
simultaneously be electrochemically stable and perform efficient charge transfer.[12] This
balancing act between improving safety, cost, and stability without sacrificing transport
properties or energy density remains the key challenge facing electrolytes, and many interesting
solutions to this conundrum have been proposed, though these resolutions frequently result in
issues unto themselves.

Lithium ion batteries have seen broad adoption for an assortment of applications, but
many questions remain unanswered about the individual interactions of the components at the
molecular level.[6] Current electrolytes for lithium ion batteries typically use of a mixture of
cyclic and linear organic carbonates as a solvent, which are chosen to counteract the pitfalls

associated with the other component, namely the high viscosity of cyclic carbonates and the low



dielectric constant of linear carbonates.[6, 12] One particularly pressing matter is the question of
what determines the preference for one solvent over another, since it has been shown that
solvating ability is not determined exclusively by dielectric constant.[13] These mixed solvents
present the possibility of preferential solvation and raise questions of whether the coordinating
solvent alters the speciation, which has significant implications for the macroscopic properties,
including conductivity and electrochemical stability.[14-18]

A solution to the poor electrochemical stability of certain electrolytes has been the
addition of fluorinated additives, which enhance the stability through the composition of the
electrode passivation layer.[19-21] Recent research calls into question whether the addition of
these fluorinated additives impacts the molecular speciation along with the electrochemical
properties.[22-26] The analysis of pseudo-concentrated electrolytes further links electrochemical
stability (a macroscopic property) with the molecular interactions. Pseudo-concentrated
electrolytes, which constitute an organic electrolyte diluted with a “non-interacting” co-solvent
to change the properties of the electrolyte, have been shown to enhance electrolyte properties,
including the electrochemical stability.[27-30] One work showed a non-monotonic trend in the
conductivity with co-solvent concentration, while the viscosity decreased linearly.[31] This
implies changes in the interactions with co-solvent addition, since the trends should both be
monotonic if the only the trend in conductivity is due to the viscosity exclusively.[32] In some
systems, the co-solvent has been shown to alter the species in solution, but this effect is not
universal, prompting the question of whether different molecular interactions are involved.[24-
26]

These concerns extend further to polymer gel electrolytes. Polymer gels are difficult to

characterize due to the assortment of potential interactions between components.[33-35] A



growing body of literature studying these systems indicates that not all polymers confer the same
properties to the corresponding gel electrolytes; if the polymer identity dictates the molecular
interactions, then no general theory can be developed accounting for the interactions in all
polymer gel electrolytes, further complicating analysis. Specifically, the addition of
polyacrylonitrile to a lithium ion electrolyte has been shown to increase the conductivity.[33]
This behavior is unexpected because interactions between the lithium cation and the well-studied
polyethylene oxide (PEO) and poly(methyl methacrylate) (PMMA) polymers result in either
lower conductivity or no change, respectively.[36, 37] Thus, an understanding of how the
molecular level interactions impact the macroscopic properties is critical for both the
enhancement of current electrolytes and the rational design of future electrolytes.

Fourier transform infrared (FTIR) spectroscopy and nuclear magnetic resonance (NMR)
spectroscopy have historically been used to identify changes in structure and dynamics, but
neither method is alone suited to the holistic study of lithium ion electrolytes. NMR spectroscopy
can resolve dynamics of proteins and polymers, but the timescales probed (nanosecond
processes, 10) are much slower than the exchange processes in these electrolytes (picosecond
processes, 1012 sec).[38, 39] FTIR spectroscopy measures structure but lacks both the time
resolution and frequency resolution of nonlinear spectroscopy, limiting its application to matters
of dynamics and complex systems with overlapping peaks.[40, 41] The combined disadvantages
of these methods rationalizes the use of two dimensional infrared (2DIR) spectroscopy to study
high-resolution structure and ultrafast dynamics simultaneously. Data from FTIR spectroscopy is
additionally taken with respect to only one frequency axis; accordingly, FTIR spectroscopy has a
lower frequency resolution than 2DIR spectroscopy, which resolves data across two frequency

axes.[38] It should also be noted that the generation of amplified femtosecond pulses upon which



2DIR spectroscopy relies was only achieved three decades ago, and the extraction of dynamics
from experimental 2DIR data is a more recent development.[42-44] Thus, the body of work
exploring systems via 2DIR spectroscopy is still limited compared to the vast selection of
literature using NMR spectroscopy, and the application of 2DIR spectroscopy would benefit
many systems with unresolved questions. Lithium ion batteries contain a multitude of
components exchanging on ultrafast timescales, each of which has the potential to interact with
one another, exactly the sort of complex system perfectly suited to analysis via 2DIR
spectroscopy.[45-51]
1.2. Previous literature
1.2.1. Dilute organic electrolytes and mixed solvation

The earliest commercial lithium ion batteries were based on a petroleum coke anode and
lithium cobalt oxide (LiCoO>) cathode.[3, 52] Much research interest has since focused on
improvements to the electrodes. Various functional cathode materials were rapidly developed,
including lithium transition-metal oxides (with nickel, cobalt, manganese, and mixtures of the
three metals employed), lithium metal phosphates, and lithium-air cathodes, which persist in
modern applications.[53-56] Anodes have undergone their own improvements with modern
materials including graphite, silicon-carbon hybrid systems, and lithium metal.[57-60] Compared
to the drastic developments in electrode enhancement, the dilute lithium-ion electrolytes used
alongside these electrodes has changed negligibly since the first generation of commercial
batteries were introduced almost three decades ago; the basic structure of lithium
hexafluorophosphate (LiPFe) dissolved in an organic carbonate solvent is untouched.[61, 62]
LiPFs was used as the lithium salt due to an assortment of desirable properties in carbonate

solvents compared to similar candidates, including strong dissociation, high conductivity, ion



mobility, and electrochemical stability.[63-65] Cyclic carbonate solvents, primarily propylene
carbonate (PC) or ethylene carbonate (EC) were chosen as electrolyte solvents due to their high
dielectric constants and compatibility with the electrodes.[66-68] In spite of these advantages,
these solvents alone are not ideal candidates, considering both the high viscosities of both
solvents and the solid nature of EC at room temperature.[66, 67] The discovery of melting point
depression in EC when mixed with a lithium salt or PC paved the way for its use as an
electrolyte solvent; modern electrolytes typically take advantage of this depression by mixing EC
with a linear carbonate, such as dimethyl carbonate, whose low viscosity combats the inherent
high viscosity of the cyclic carbonates.[69-71]

Despite the frequent use of mixed carbonate solvents in modern dilute electrolytes, few
studies have focused on the impact of multiple solvents on lithium solvation. In particular,
studies on mixed solvation from the anion perspective have been limited by the lack of simple,
isolated vibrational modes in many anions, which inhibits the study of dynamics and structural
changes and complicates interpretation of the data.[15-17] Much work has been dedicated to the
preferential solvation of lithium by one solvent over the other in binary solvent mixtures.[72-75]
The work of the Lucht group specifically highlights the contribution of linear carbonates to the
solvation shell of lithium even in the presence of free propylene carbonate; this is unexpected
due to the significant disparity in dielectric constant between the linear and cyclic
carbonates.[ 17] Moreover, density functional theory computations show lower energies for
solvation shells with one conformation of the linear carbonate.[17] In this way, a clear link
between the favorability of the lithium-solvent interaction due to solvent orientation and the

composition of the lithium solvation shell is established, but the mechanism through which the



solvents in a mixed electrolyte alter the lithium solvation structure and affect the speciation
remains unanswered.
1.2.2. Concentrated and pseudo-concentrated electrolytes

Another attempt to juggle the delicate balance between electrochemical properties and
transport properties led to the development of highly-concentrated lithium-ion electrolytes.
Anodes made of lithium metal have been proposed due to their increased capacity compared to
graphite, but the dilute organic electrolytes previously discussed are electrochemically
incompatible with these new electrodes and require the development of concentrated
electrolytes.[12, 76-78] These electrolytes do not suffer many of the problems associated with
lithium metal anodes: aluminum corrosion, dendrite formation, and growth of the solid
electrolyte interface.[6, 76-81] The disadvantages of such stability are numerous and include low
conductivity, high viscosity, and high cost due to the concentration of lithium salt.[82, 83]
Solving the issues created by concentrated electrolytes would constitute a cheaper system with
lower viscosity but which still possesses the inert electrochemical window imbued in the
concentrated structure.

This Herculean task has been surmounted by the development of pseudo-concentrated
electrolytes, formed by the dilution of concentrated electrolytes with a low viscosity co-
solvent.[23, 84-88] In principle, the co-solvent does not interact with the primary lithium
solvation shell and serves only to disrupt the rigid structure of the concentrated electrolyte,
enabling small pockets of concentrated electrolyte to flow in solution, enhancing the
conductivity.[22, 23] In spite of the exceptional properties of pseudo-concentrated electrolytes,
questions remain regarding the level of interaction between the supposedly inert co-solvent and

the electrolyte upon addition. Multiple studies show that the addition of a highly-halogenated co-



solvent to an electrolyte enhances the electrochemical stability, which is unexpected unless there
are interactions among the components.[24, 26] Furthermore, spectroscopic evidence shows
changes in the speciation with co-solvent addition for some systems and no change in speciation
for others.[24, 25] Thus, unresolved questions remain regarding the true impact of co-solvent
insertion on the solvation structure.
1.2.3. Polymer gel electrolytes

Another key problem facing current electrolytes is the choice of organic carbonates as
electrolyte solvents. The same desirable properties (ion transport and lithium salt solubility) that
make carbonate solvents excellent candidates for electrolytes contribute to their flammability,
which fuels interest in developing safer electrolyte materials.[89, 90] One solution to the issue of
flammability is the introduction of a polymer to a dilute carbonate electrolyte at the appropriate
concentration to form a polymer gel.[91-93] The gel should allow the flow of solvated lithium
ions, while stabilizing the flammable solvents. Unfortunately, the problem of characterizing the
lithium solvation shell is not limited to solutions, as the role of the polymer in these electrolytes
is still under investigation. There is significant evidence that the identity of the polymer
influences its interactions with the electrolyte with some polymers like polyethylene oxide (PEO)
dissociating ion pairs, some having no influence on the speciation like poly(methyl methacrylate)
(PMMA), and some promoting stronger interactions between the lithium and anion, as seen for
polyacrylonitrile (PAN).[33-35, 94-97] Moreover, different transport behaviors are observed
with polymer identity, where, conductivity is coupled to the chain motions of the polymer for
PEO, but the introduction of PMMA has no impact on the ion flow.[35-37, 97-103] Interestingly,
PAN shows conductivity enhancement when added to a lithium ion electrolyte, which implies

interactions between the electrolyte and polymer that are not present in other samples.[104, 105]



Probing the solvation structure of a polymer gel electrolyte is more complex than any of the
electrolytes sampled thus far; in addition to all the liquid phase interactions that occur in a dilute
electrolyte, polymer chains have the potential to interact with the cation, the anion, the solvent
molecules, and other polymer chains.[33-35]
1.3. Infrared characterization of electrolytes

The solvation structure, which denotes the number and identity of molecules situated near
the lithium cation, can distinguish between the various species in solutions, helping clarify the
interactions at the molecular level.[17] Free ion species, where the lithium ion is solvated
completely by solvent molecules and does not directly interact with the anion, produce free-
flowing charges, generally increasing the conductivity; the lack of interactions with the cation,
however, frees the anion to deposit on the electrodes, decreasing the electrochemical
stability.[12, 18, 106, 107] When the lithium cation and anion are closer in space, they have
stronger interactions and form ion pairs; the ion pair confers electrochemical stability, typically
at the expense of higher viscosity and lower conductivity.[18, 108-111] Accordingly, solvation
structure is the holy grail of characterization, as many electrolyte properties can be rationalized
by the state of the lithium cation and corresponding anion in solution. Among other methods,
nonlinear infrared spectroscopy has emerged as a pivotal tool for studying solvation structure
and dynamics due to its sensitivity to chemical environments, enhanced frequency resolution,
and ability to probe processes on picosecond timescales.[38, 112]

Two-dimensional infrared (2DIR) spectroscopy provides an unparalleled glimpse into the
solvation structure of these complex systems through a series of laser pulses which label the
vibrational frequencies and track their changes over time.[38, 112] The use of femtosecond laser

pulses enables the study of processes which are orders of magnitude faster than those resolvable



via NMR spectroscopy, underscoring the utility of 2DIR spectroscopy for characterization.[39,
113, 114] By studying the change in vibrational frequency across waiting time, structure and
dynamics can be simultaneously measured.[38, 113, 115] Understanding the processes
underlying these vibrational peaks further improves the analysis by linking the motions of the
system to the observed timescales; the peak assignment is often simplified through
complementary linear Fourier transform infrared (FTIR) spectroscopy.[116] Measurements via
linear infrared spectroscopy are much simpler to conduct and offer a convenient window into
how infrared spectra change under various conditions, including concentration and
temperature.[6, 17, 117-119] FTIR spectroscopy does not require the tedious alignment and long
data acquisition times to which 2DIR is subjected, but FTIR lacks time resolutions, which limits
its applicability for dynamics measurements. Combined, these methods offer a complete picture
of local solvation around a selected vibrational frequency, through changes at equilibrium and
non-equilibrium dynamics and structural changes. These spectroscopies have been used in
tandem to study a multitude of systems including dilute electrolytes, concentrated electrolytes,
ionic liquids, deep eutectic solvents, proteins, and polymer systems.[48-51, 119-135]
1.4. Dissertation Overview

The work herein probes the solvation structure and dynamics across three significantly
different electrolytes, linked by the importance of the lithium solvation shell to the broader
properties of the system. Across three projects, a case will be built that no component is
negligible to the structure, dynamics, and macroscopic properties of the electrolyte.

Chapter 2 focuses on the theory of linear and nonlinear infrared spectroscopy. Beginning
with the Schrodinger equation and a single wavefunction, a formalism is constructed for

considering statistical averages of molecules, the interactions of the system with laser pulses, and



a description of the polarization and molecular response, which account for the time-dependent
changes which are tracked spectroscopically and from which the 2DIR spectra originate. The
chapter closes with a description of the experimental setup and how data acquisition is
performed.

Chapter 3 chronicles the impact of a mixed solvent, composed of a linear and cyclic
carbonate, on the structure and dynamics of a dilute organic electrolyte. The lithium 4,5-dicyano-
2-trifluoromethylimidzaole (LiTDI) salt provides a unique window into the local structure via the
nitrile modes of its anion. These spectroscopically distinct modes give a direct measure of the
lithium-nitrile interactions, which are difficult to parse from the vibrational modes of other
anions. The lithium-anion interactions are shown to be highly-dependent on the choice of solvent
molecule with linear carbonates favoring the formation of ion pairs. Interestingly, the mixed
solvent system always favors a mixed lithium solvation shell, in spite of the higher dielectric
constant of the cyclic carbonate. This stabilization in the mixed system results from a
conformational change of the linear carbonate when associated with the cation, shown via DFT
computations.

Chapter 4 discusses the impact of adding 1,1,1,3,3-pentafluorobutnae (PFB), a highly-
fluorinated alkane, as a co-solvent in two dilute electrolytes comprised of two different lithium
salts. Combined characterization from FTIR, ATR, and NMR shows stronger lithium-anion
interactions for the LiPFs electrolyte and weaker interactions for the LiTFSI electrolyte with the
addition of PFB. The co-solvent addition is shown to cause different anion-dependent trends in
the electrochemical stability, which is attributed to the different speciation in the two electrolytes
via DFT computations. The origin of the different speciation is the unexpected formation of

hydrogen bonds between the TFSI anion and PFB, which is evidenced by DFT computations.
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Chapter 5 details the study of three polymer gel electrolyte systems across different
concentrations: 0% polymer, 5% polymer, and 10% polymer by mass added to a dilute
electrolyte. The interactions between the lithium cation and polymer are maximized for the 5%
concentration, reflecting nonlinear dependence on the polymer content. The viscosity of the
samples increases by orders of magnitude with the addition of polymer, but surprisingly the
dynamics are nearly identical for the three systems. A molecular picture is proposed of the
polymer chains forming channels through which the solvated cations can travel independent of
the chain motions, such that viscosity and diffusion are not related. The polymer is proposed to
form different structures with concentration, where more polymer-polymer interactions are

observed in the 10% sample than at lower concentrations; this is supported by DSC data.
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CHAPTER 2. INFRARED SPECTROSCOPY: THEORY AND
EXPERIMENTAL METHODS

The development of a proper interpretation of nonlinear infrared spectra is useful for
discussing the theory of both linear and nonlinear infrared spectroscopies. This chapter serves to
develop an intuitive understanding of the relationship between molecular motions, interactions
with the laser field, and the appearance of the experimentally-observed spectra. A description of
the density matrix is critical, as it allows the representation of an ensemble of fluctuations rather
than the fluctuations of a single oscillator via its wavefunction. The plethora of information
necessary to understand the time evolution of the density matrix is organized into Feynman
diagrams, which elegantly represent the state of the ensemble with each laser interaction. The
polarization and response functions are developed for linear and nonlinear spectra, and their
relation to the emitted signal in infrared experiments is discussed.[38] The 2DIR lineshape will
be described semiclassically using a quantum mechanical treatment of the vibrational transitions
and a classical treatment of the electric field of the laser; this semiclassical approximation
follows the convention of Kubo’s stochastic lineshape theory.[38, 136] Finally, the experimental
2DIR setup is described in depth, and the specifics of data acquisition are detailed.

2.1. Description of the density matrix
2.1.1. The wavefunction and density matrix
A pure state is any quantum state of a single molecule which can be described by a single

wavefunction. The total Hamiltonian for a pure state A (t) is comprised of two terms: the time-

independent molecular Hamiltonian A, and the time-dependent potential I (t), which describes
the perturbation of the wavefunction due to an interaction with the electric field:

A(t) = Ay + W(t)
(1)

12



where the potential I (t) is defined in terms of the electric field E(t):
W (t) = —AE(t)

E(t) = E'(t)cos(wt)
)

with the pulse envelope E’(t) including the polarization, which will be discussed later. A (t) has

a time-dependence due to the potential term I (t), so the time evolution of the wavefunction is

given by the time-dependent Schrodinger equation:

d [ .
- lW(©) = —=AO©)

3)
Because H, has no time dependence, the energy eigenstates are those derived from the time-
independent Schrodinger equation:

Hy|n) = Ey|n)

4

and the time-dependent wavefunction can be expanded in terms of the basis of Hy:
[(1)) = Lncn()|n)
)

with a time-dependent probability amplitude ¢, (t). The density operator, defined as p = |[Y )|

for a pure state, is here introduced and expanded in in the basis of Hy:

p = [P)XYl = XpmCncmln)(m|
(6)

where the wavefunction is denoted by a ket [Y) = ), c,|n) and its complex conjugate is denoted

by the bra (Y| = Y.,,ch(n|. Then the evolution of the density matrix over time is:

d d _d d
7P = g DD = (L [P) - I+ ) - (D) o

and the time-dependent evolution of a wavefunction is simply the Schrédinger equation:
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d i
Ellp)__ﬁ )

)
d _ 4 i i
(Wl = += Wl
)
By plugging (8) and (9) into (7), the time evolution of p can be rewritten:
< Lyl + ey
—p =~ AW+ = )|
i . i .
=——H —pH
F.l p+ hP
i .
= ——[H, p].
= . pl
(10)

Equation (10) is the Liouville-von Neumann equation, which describes the time evolution of the
density matrix analogously to the description of the time evolution of the wavefunction via the
Schrédinger equation.
2.1.2. Time dependence of a statistical average

The density matrix p has thus far been expressed for a pure state, but the true strength of
the density matrix lies in its ability to represent ensembles, which are more apt for condensed-
phase systems. The density matrix for a statistical average of molecules (an ensemble) is the sum

of the weighted probabilities ps of the system existing in each quantum state |;):

P = YsDs|Ps sl
(11)

where ps > 0 and by normalization ), p; = 1. If there is only one quantum state, p describes a
pure state, and equation (11) matches the definition of p introduced in equation (6); likewise, the
density matrix of a statistical ensemble can also be expanded in the basis of the molecular

Hamiltonian:

Pnm = Zspscﬁcri = (C,“::C;i)

(12)
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and the time dependence of p,,,,, for s quantum states with weighted probabilities can be

evaluated by applying the chain rule to equation (12):

) dp i dep | dcy,
Prnm = Zs d_tscncm + Zsps(d_tn Cm + Cnd_;n
dps

I .
= Zs%cncfn - E[Hlp]nm

)

(13)
where P, 1s the time derivative using Newton’s notation. The second term of equation (13) is
identical to the Liouville-von Neumann equation, while the first term denotes the average
fluctuation of the probability for each state. To understand the first term of equation (13), it is
useful to introduce the matrix elements of the density matrix. For a simple system with only
ground state |0) and first excited state |1), an interaction with a laser pulse results in (1) the
promotion of some ground state molecules to the excited state and (2) the creation of a
superposition between states |0) and |1), such that the wavefunction is now described by a linear

combination of states:

|¥) = coe Eot/M|0) + ic e~ HEat/M|1)
= co(D10) + icy (8)[1)
(14)

The density matrix is defined as p = |){(i|, so the density matrix after interaction with a laser
pulse gives:

(Poo P01)_(<C0(t)cé(t)> —i(Co(t)CI(t)))
Pro P11’ Cile(Deg®)  {ea(®)ei(®)

(15)
Looking at the diagonal terms of p, {(co(t)cg(t)) represents the average probability amplitude of
molecules being in the ground state with time; (¢, (t)c; (t)) similarly gives the average
probability of molecules occupying the first excited state. Two important conclusions can be

drawn from these diagonal terms. First, the terms describe the population of molecules in the
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ground state p,, and first excited state p;; individually; the populations are not in a
superposition state. Second, since all molecules must be in either state |0) or |1), the population

of the excited state is inversely proportional to the population of the ground state:

Poo(t) =1 —p11(2)
(16)

One consequence of this relation is population relaxation, where energy loss causes molecules in
the excited state to return to the ground state. Since the excited state population is generated by
the interaction with a laser, removing the energy source results in a decay of the excited state

population with time Ti:

p11(t) = p11(0)e~M
(17)

This sets a limit on the measurement of vibrational dynamics via nonlinear spectroscopy related
to the lifetime of the sample in the excited state.

Considering instead the anti-diagonal terms, py; and p;, depend on the average
probability of the superposition and not an individual quantum state. The interaction with the
laser pulse select via polarization all the molecules in an ensemble in-phase, such that their
vibrational frequencies are overlapped directly after the interaction. These molecules are said to
be coherent, and their coordinated oscillation generates a field measured via experiment. Since
each molecule experiences a slightly different local environment, their vibrational frequencies
are all different, and molecules with larger vibrational frequency will move faster than the rest of
the molecules, resulting in a dispersion of the coherence. As the molecules lose phase
correlation, they destructively interfere, and the emitted signal decays to zero. Just as the excited
state population decays in time, the vibrational coherence equivalently dephases with time T»:

po1 () = —icoc,eti@orte=t/T
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P1o(t) = icoc e~ Wortet/T2

(18)

With a firm understanding of how population and coherence are represented by p,
equation (13) is revisited, namely the previously untouched first term. This term characterizes
the average fluctuation of the wavefunction coefficients c, c,, which are related to the
probability of an associated state. For ¢, = ¢y, this is the change in the probability of finding a
molecule in either the ground state c¢,,c,, = cycq or excited state ¢, ¢, = ¢;c; with time; this is
simply a description of population relaxation. For ¢, # c,,, the probability changes for the
interaction terms ¢, c;, = co¢; and ¢, ¢, = €1Cy, Which are the vibrational coherences; the time-
dependent change of the coherence probability is just the dephasing of the coherences. Equation
(13) thereby accounts for the general time evolution of the density matrix (via the Liouville-von
Neumann equation), as well as the loss of coherence and decay of the excited state population
which arise from considering an ensemble.
2.1.3. The interaction picture and perturbative treatment of W(t)

In spectroscopy, the interactions between the system and the laser pulse W (t) dictate the
dynamics, and the wavefunction is described in terms of the time intervals separating the laser
pulses. To develop the density matrix in this way, the wavefunction is rewritten in the interaction

picture:

p(0)) = e TR |y, (1))
(19)

where the total wavefunction is taken with respect to a reference time t,. |(t)) depends on
A(t) = Ay + W(t), and the time evolution due to the molecular Hamiltonian is collected in the

exponential term of equation (19). Accordingly, the time evolution of wavefunction in the
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interaction picture [, (t)) is attributed to the difference A(t) — Hy = W (t). The time evolution
of the wavefunction |, (t)), described by the Schrodinger equation, depends only on the
perturbation due to interactions with the laser pulse W (t):
d R
77 ©) = = WO ()
(20)
where the perturbation has also been defined with respect to a reference time t, in the interaction

picture:

i

W, (¢) = ehﬁo(t—to)w(t) e—%ﬁo(f—to)
21)

The choice of the interaction picture simplifies the evaluation of |;(t)) in that the integration of
equation (20) over the range t, — t separates the wavefunction into the time-independent
wavefunction and time-dependent perturbation term:
Lt .
11 (1)) = [ (£o)) — ﬁfto dtW, (1) [ (1))
(22)

and the last term can be expanded by perturbation theory to include the second-order correction:

i) = i)~ . et (@) (60)

H(= D2 deaf 2 W () Wi ()l ()

(23)
or more generally, the nth-order correction describing a power series of W (¢t):
o It tn t
[P, () = Y, (t0)) + Xo=1(— ﬁ)nfto dTnftO dtp—q ftoz dty
Wi (T )Wy (tm1) - Wi (T) [, (£0))
(24)

Converting from the interaction picture to the Schrodinger picture, an intuitive explanation of the
time evolution emerges:
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oo L t n
() = OO+ T " donl ) dtnes - [
i ) i A
e—ﬁHo(t—Tn)W(Tn)e—ﬁHo(Tn—Tn—ﬂw(Tn_l)

e—%ﬁo(fz—ﬁ)w(Tl)e—%ﬁo(ﬁ—to) [W(te))
(25)

where the time dependence of the zeroth-order wavefunction comes only from propagation under

influence of the molecular Hamiltonian H,:

WO@)) = e Ty (1))
(26)

Before interaction with the laser field, the total wavefunction [ (t)) is influenced only by the

in
Lo (t~to)

molecular Hamiltonian with time evolution described by e . The first interaction with

the laser pulse occurs at T, represented as the perturbation W (t,), after which the wavefunction
again propagates until the next interaction W (t,) at 7,. The set of times [t;, T, ... T,,] and the

laser interactions W () can be used to construct Feynman diagrams, which describe pictorially
the time evolution of the wavefunction under interactions with laser fields. More interestingly, if
the density matrix rather than the wavefunction is expanded by perturbation theory, Feynman
diagrams can be drawn cataloguing the time evolution of the density matrix under all
interactions! The density matrix in the interaction picture is developed in a straightforward way

from equation (19):

[ OXY ()| = e‘%’:’o(t‘to)|lpl(t)>(¢l(t)|e+ﬁﬁo(t—to)
(27)

where the outer product |1, (£) (1, (t)] is the density matrix in the interaction picture, p;(t). In
the interaction picture, the time evolution of the wavefunction is equivalent to the Schrodinger
equation, as shown in equation (20). For the perturbative expansion of the density matrix, the
time evolution is equivalent to the Liouville-von Neumann equation, as proven in equation (10):
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d L
Zpi(®) = = (W, pr(0)]
(28)

and perturbation theory can be applied similarly to the expansion of the wavefunction to derive a

power series expansion in terms of W;(7):

(o] l t n
p© = pi(to) + Tiea (" dnf S dTaes - [0 dry

(Wi (2), Wi (Tn-n), - Wi (20), 1 (80)] -+ ]
(29)

and converting the density matrix back to the Schrodinger picture gives the unperturbed density
matrix and a power series of correction terms accounting for the time evolution due to electric

field interactions:

[ee] l t n
PO = PO + 2 (" dtaf ) ATy [ dy

L ’ A A Lp (e
e WO (2,), W) (Tma), Wi (1), p(80)] -+ T ™)

= pOW®) +Znep™(®)
(30)

Two important facts should be noted about equation (30). First, when converting p(t)
back to the Schrodinger picture ,the perturbation terms W, (7) are left in the interaction picture.
Second, the interactions between the density matrix and W, (t) are written as commutators.
Because the density matrix p = |)(i] is composed of a ket [Y) and bra (|, the perturbations
can interact with either term, and interactions from the left (acting on the kef) and from the right
(acting on the bra) must be considered.

2.1.4. Macroscopic polarization and response functions

Since the perturbation W (t) can interact with both |1) and (1| of the density matrix, it is

useful to revisit its role as an operator, defined as W (t) = —fE(t) in equation (2). The dipole

moment can operate on p, but the electric field, a scalar, cannot. Substituting this definition into
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equation (30), the electric field can be removed from the commutator, and the perturbation of p

depends only on its interaction with the dipole operator fi:

i t n T
P = (= draf Aty [ AT E @B () E(3)
i i
e T (), [ (T, [ (2), p(t)] -+ T]e 7001
(31
with the dipole operator rewritten in the interaction picture as:
() = e+%ﬁo(t—to)ﬁe—%lqo(t—to)
(32)

It is worth noting that /i is time-independent in the Schrodinger picture but time-dependent fi;(t)
in the interaction picture. The value in this substitution lies in the definition of the macroscopic

polarization:

P(t) = Tr(fip(t)) = (ip(t))
(33)

The macroscopic polarization is just the expectation value of the dipole operator, and the nth

order polarization is similarly:

P (1) = (ap™ (1))

(34)
Equation (31) defines the density matrix in terms of n perturbative interactions, such that
substitution into equation (34) gives:
i t n
PO == (=M dtal ) dtney [ 7 AT E(T)E(Tny) -+ E(7)
(A [A(Tn), [A(Tn-1), - [A(T1), p(E0)] -+ 1)
(35)

where /1 from equation 34 in the Schrédinger picture has been converted to the interaction
picture £i(t). It is also noted that all £i(7) terms are within the commutator, but the fi(t)

interaction is outside the commutator. Under the assumption that p(t,) is at equilibrium, there is
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no time evolution until 7; where the first interaction occurs; thus, equation (35) can be rewritten
with t, approaching —oo:

PO =~ ("t Tty T AT E (e s) ()

(A@[ACTn), [A(tp-1), - [A(T1), p(=00)] -+ 1])
(36)

In an analogous way to the interaction picture, it is useful to define these integrals in terms of
time intervals, which can be controlled experimentally, rather than points in time.
Tl S O
th =T, —Tg

by =T3— 13

t,=t—1,
(37)

Changing the notation leads to the integrals of equation (36), which are defined from 0 to oo, and

the nth-order polarization is:

i (o] (0] (0]
PO@) = —(=p"f, dtnfy ditny- [ dty
E(t_tn)E(t_tn_tn—l) """ E(t_tn_tn—l_"'_tl)
(A(ty + tyog + -+ t)[A(tr—q + -+ £1), - [2(0), p(=0)] -+ ])

(38)
and more generally, the nth-order macroscopic polarization is a convolution of n electric fields
with the nth-order response function, R™ (¢, -+, t;), which collects the perturbations of the
density matrix by dipole operator:

P(n)(t) = fooo dtnfooodtn—l fooodtl

E(t = tp)E(t =ty — tn_q) = E(t =ty — = — t )RM (ty, -+, t1)
(39)

with the response function:
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RO (ty, 1) = =(= )Mty + 4 DAy + -+ 1), [2(0), p(=o0)] - ])
(40)

Careful observation of the response function highlights the importance of the fi(t, + - + t;)
interaction, which as previously noted is excluded from the commutator. The final dipole
operator acts on the density matrix created by the other interactions, resulting in an emitted light

field. For linear absorption, the first-order nonlinear response is:

PO(®) = [, dtE(t — t)RD (t1)
(41)

with the linear response function defined as:

RM(t;) o« i(A(t1)[A(0), p(—=o0)])
(42)

In nonlinear spectroscopy, three laser pulses are incident on the sample, and the polarization (or
third-order nonlinear response) is the convolution of three electric fields and the third-order

response function:

PO« [ dtsf, dtyf, dtEs(t — t5)Ey(t — ts — t,)

‘Ey(t —tz —t, — ) RO (t3, 85, 1)
(43)

with

R®)(t3,t5,t1) o —i(A(t3 + ty + t)[A(t, + t1), [A(t1), [A(0), p(—o0)]]])
(44)

2.2. Constructing Feynman diagrams
2.2.1. Linear response theory and the rotating wave approximation
In principle, the macroscopic polarization is identical to the molecular response if the

envelope of the electric field E’(t) is a delta function. In practice, this does not hold because any
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experimentally generated pulse has a finite width, such that E’(t) # §(t). However, similar to
the perturbative expansion of p(t), by assuming the potential W (t) is a weak interaction, the
macroscopic polarization and electric field strength scale linearly; this is known as /inear
response theory. If linear response theory applies, the pulse envelope E’(t) for a pulse of finite
width can be approximated as the sum of several §-functions, and the macroscopic polarization

can be calculated as:

PO(R) = [, dtE(t — t)RD (t1)
(45)

which only differs from equation (41) by inclusion of the pulse envelope. The pulse envelope is
related to the electric field by:

2E'(t)cos(wt) = E'(t) (eIt + eTi@t) = E(t) + E*(t)
(46)

and substituting the electric field into equation (45) relates the polarization to both terms of the

electric field:

PO(e) = [ dty(E(t — t)) + E*(t — t))RD(ty)

(47)
The linear response function is given in its nested commutator form in equation (42), but the
expanded notation is provided here for the sake of clarity:
RV(t) = ilu(t)p(0)p(—o0)) — i{u(t)p(—0)p(0))
= iu(t)u(0)p(=0)) — i{p(=)u(0)u(t,)) us)

where the second term is the trace (u(t;)p™) of the macroscopic polarization and has
undergone cyclic permutation to form a symmetric equation. This form of the equation leads to a
straightforward interpretation of the dipole operator acting twice on the ket side of p(—o0) in the

first term and twice on the bra side in the second term. In the development of Feynman
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diagrams, this symmetry will prove critical, but first, a minor correction must be made to the
linear response function, which has thus far been written without the coherence dephasing term.

Looking at only the first term of equation (48) for simplicity:

R(l)(tl) = l(ll(tl)ﬂ(O)p(—oo)) = ie_iw01tle_t1/T2
(49)

Assuming the laser field is resonant with the vibrational transition w = wy, the polarization for

the ket interaction is:

PO(t) « ie™ @t [ " dt, E'(t — ty)e /T
+ie+i“’tfooodt1E’(t — t))e t/Tzgmi20t;
(50)

The second term has two exponential functions dependent on t;, which causes it to oscillate
much faster than the first term; this makes the second integral negligibly small. By making use of
the rotating wave approximation, the highly oscillating term is disregarded entirely, simplifying
equation (50) to:

PO(t) = [ dt,E(t — t) )RV (ty)
51

Analyzing equations (49) and (51) together, the macroscopic polarization depends on the time
ordering of the interactions, whether the dipole operator acts on the ket or bra side of p(—o0),
and whether the interacting field is E (t) o e ™'t or its complex conjugate E*(t) « e*i®t,
Algebraically, it is also of pivotal importance to track the state (population states and coherence
states) of the density matrix through each interaction. To simplify the organization of all these
details, Feynman diagrams are an outstanding tool; these will be developed in the next

subchapter, alongside a matrix representation of the evolution of p(—o0) perturbed by

interactions with the electric field.
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2.2.2. Feynman diagrams for the linear response

The matrix elements of p(—o) were introduced in equation (15) for a simple system with
a ground state |0) and excited state |1). To describe the evolution of the population and
coherence states under laser field interactions, it is useful to view the density matrix and dipole

operator as interacting matrices:

10
01
(52)
Considering only the interaction of ¢(0) on the ket side of p(—0) gives a coherence of p;:
. .0 1.1 0,_ .0 0
(53)

After the laser pulse, p evolves in time according to the influence of Hy, which is e "{®01% as only
the E (t) term survives the rotating wave approximation. The density matrix after the first

interaction is:

. 0 0
e ntp(0)p(-0) = (, e, )
(54)
Furthermore, the interaction of u(0) on the bra side of p(—o0) gives a coherence of py;:
(1 0 —ip(—io))u(o) 0 —i —ip(—<>o)u(_0))e+i‘"01t1 0 —ietiwoits
0 0 0 O 0 0
(55)
such that the density matrix after the first interaction is:
(1) _ 0 _ie+i(1)01t1
p (ie‘i“)mt1 0
(56)
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This density matrix p» describes the time evolution due to the laser field interactions; it
is not the full density matrix, which includes the unperturbed density matrix p(®, the matrix
representing all the population in the ground state. Bearing this distinction in mind, p® has no
time-dependence, so the macroscopic polarization, which develops only due to the vibrational
coherences, can be described using only p(1. Comparing the development of p with the
definition of R™ (¢,) given in equation (42) or equation (48), the u(t,) interaction on the density
matrix has not been considered. Recalling the definition of the dipole operator (equation 52), it
follows that the final laser interaction forces the system to emit a coherent field and returns p»

to the ground state:

. _i 0 1 0 0
iu(t)e @t u(0)p(—0) = G iome o)

(ie—iwo1f1 0)

0 0
(57)
This interaction occurs through the p;, coherence, and a similar matrix could be developed
through the py; coherence:
. i 0 0,0 1
—ip(=e)u(@e*@tiu(t) = sionn 0 o
_ _ie +i(l)01t1 0)
a 0 0
(58)
The definition of R™ (t,) from equation (48) can be written as the difference of two traces:
RM(ty) = iTr[u(t))u(0)p(=o0)] — i Tr{u(t)p(=0)u(0)] = Ry — R;
(59)

and taking the traces of equations (57) and (58) gives the linear response functions in terms of
E(t) and E*(t):

Rl — _ie+iw01t1
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R} = ie~iwoita

(60)
which passes through the p,; and p;( coherences:
(Poo = Po1 = Poo) = (0)0] — [0){1] = [0)0])
(Poo = P10 = Poo) = (|0)(0] = |1)0] — [0){O])
(61)

With all the proper pieces finally in play, Feynman diagrams can be developed for the linear
response described above, where both of R; and R] are represented by the Feynman diagrams in
Figure 2.1.

First examining the diagram for R, the system starts out in the ground state p = |0)(0].
At time t=0, the dipole operator p(0) acts on the ket of the density matrix, generating a |0)(1]
coherence; this is represented as the black arrow pointed toward the system. The density matrix
propagates under H, until time t=t;, when the u(t,) forces the emission of the signal, depicted as
the dashed arrow, returning the density matrix to the ground state. The same logic can be used to
analyze the Feynman diagram for R], where 1£(0) operates on the bra instead, creating a |1)(0|
coherence. One important distinction should be made regarding the arrows, which serve a dual
role in the Feynman diagrams. Arrows pointed to the system describe an excitation, and arrows
pointed away depict emission. However, the direction of the arrows provides separate
information on which electric field, E(t) or E*(t), interacts with the density matrix at each time.
E(t) is denoted by arrows pointing right and E*(t) by arrows pointing left. Paired with the
rotating wave approximation, this leads to a straightforward interpretation of the interactions.
E(t), an arrow pointing right, excites kets and stimulates emission of bras; E*(t), for which
arrows point left, excite bras and stimulate emission of kets. Feynman diagrams are convenient

tools for organizing the many parameters that dictate the time evolution of the density matrix,
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and these pictures become even more useful for tracking the third-order nonlinear response.
First, however, one additional wrinkle is introduced by multiple laser field excitations: the

direction of the emitted field must be considered.

10} <ol [0) (0l

R® R'®

Figure 2.1. Feynman diagrams for the linear response functions R; and R
2.2.3. Phase matching to collect data

The linear response function, R (t,) is comprised of two components, R, and Ri, due
to the interaction of the dipole operator £(0) on the ket or bra of the density matrix, respectively;
these are the only Feynman diagrams that survive the rotating wave approximation. For
nonlinear spectroscopy, multiple laser field interactions occur, such that several dipole operators
interact with both sides of the density matrix and produce 8 Feynman diagrams (considering only
those that survive the rotating wave approximation), which results in a complicated signal of
overlapping components, each with different information. To distinguish between the different
response function components, it is convenient to reconsider the definition of the electric field
introduced in equation (2), recognizing now that this reduced definition excludes contributions
from the wavevector k and phase ¢p. Under these considerations, E (t) becomes:

E(t) = E'(t)cos(k -7 — wt + ¢)
(62)

Recalling now the rotating wave approximation, which dictates the frequency e ~'“t or e *i®t

related to the E(t) and E*(t) interactions with the density matrix, it is seen that k and ¢ are also

fixed in similar fashion, such that E(t) and E*(t):
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E(t) e e—iwt+i¢+ik—?

E*(t) o« e+iwt—i¢)—ik~?

(63)
Considering now the third order polarization from two different pathways, producing the
response components R; and R, with pulse envelope E}:
P1(3)(t) o ei(—k1+k2+k3).Fei(—¢1+¢2+qb3)f0°°dt3fO°°dt2f0°°dtlEér(t —t)
By (E—t3 — ) E{ 7 (t — t3 — t; — )R (t3, 83, 1)
PO (¢) o« elttkila—ks)ToiC+dr=atds) [ g [ “de, [ “dt,EY (¢ — t5)
CE)T(E =ty — ) E{ (6 — t3 — t; — t)R4(ts, b5, t)
(64)

the wavevectors are different, causing the signals each to emit in a different direction. By placing
a detector in the matching direction (—kq + k, + k3 for R,), one signal can be selectively
measured. Figure 2.2 shows how two emitted signals with different wavevectors separate in

space.

R, ks R,

® @ O
L
Kk, Kk

.
ks

Figure 2.2. Illustration of the phase matching direction in 3D and 2D. Three 3 laser pulse in the
k4, k,, k3 directions are incident on the sample. The signals R; and R4 are emitted in different
directions based on their wavevectors, —kq + k, + k3 and +k; — k, — k3, respectively. The
2D picture shows the path of the beams after the same, as they would arrive on a detector.
2.2.4. Rephasing and non-rephasing signals

The pathways R; and R, from which the polarization was developed are the two signals

measured by two-dimensional infrared spectroscopy (2DIR), the rephrasing pulse sequence in

the —kq + k, + k3 direction and the non-rephasing pulse sequence in the +kq — ky — k3
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direction, respectively. To understand these terms, the full time evolution of p as it interacts with

the laser pulses is displayed for R, in equation 65 and for R; in equation 66:

0 0 itopH1H2 0 0.t
(o jemiomt) = (priomtn o)
0 0. Uuspoptipz) .
(l-e—ia)01(t3+t1) 0 — ie iwgq (t3+t1)
(65)
(1 O) l'p_u)o (O i) i) (() jetiwoits iﬂiﬂo
0 0 0 0 0 0
0 0 i1 pok2 0 0.t
(0 ie+iw01t1 - ie+i“’01f1 0) —_—
0 0. Uuspapuopz) = . B
(ie—iw01(t3—t1) 0 — ie iwgq (tz3—t1)
(66)

For Ry, 1y acts on the ket of p and makes a p;, coherence. For Ry, y, instead acts on the bra of
p and makes a py; coherence. Interaction with the second laser pulse p, then puts both systems
in the excited state. The critical difference comes from the interaction with the third pulse y,.
This results in a p; coherence for both systems, returning R, to the same state as directly after
the initial field interaction py. Conversely, R; was initially put in a py; coherence, so the
interaction with u, also converts the coherence to its converse conjugate. This distinction has
significant consequences for the dephasing of vibrational coherences with time. Each molecule
can be envisioned as a dipole vector rotating around the origin at its vibrational frequency, w.
Any changes in the environment, which change w, will also alter the rotation of the dipole,
leading to some dipoles rotating slower and some rotating faster than the average, a pictorial
portrayal of dephasing. Coherences are prepared by interactions with a laser field, and dephasing
occurs in the time period directly following. Following p for R,, the coherences dephase

following pulses py and u,. The density matrix evolution is more interesting for R;; since the
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interaction with u, converts the p,, term to the complex conjugate, the frequencies are inverted.
This results in the faster molecules now dispersed behind the average and the slower molecules
positioned in front. As time passes, when dephasing would normally occur, the faster molecules
get closer to the average, and the average precessing molecules catch up to the slowest
frequencies. At time t5, all the different molecules will be overlapped in frequency, again
generating a vibrational coherence. They have been rephased, and the macroscopic polarization
is emitted as the photon echo signal, which contains information on the dephasing of the system.
This photon echo signal is the key experimental observable of 2DIR spectroscopy, allowing the
study of changes in frequency on ultrafast timescales, and measuring the rephasing and non-
rephasing signals allows the isolation of the photon echo signal. As already presented, this
creates a problem: the R; and R, signals emit in different directions (due to their different
wavevectors). This could in principle be solved by a second detector in the +kq — ko — k3
direction, but a cheaper, more elegant solution emerges from understanding the time ordering of
the laser pulses. The final two laser fields interaction for R;, (s, p(—) Uiz ), and Ry,
(usttop(—0) Uy, ), are the same. Moreover, the first two interactions only differ by when they
occur; the electric fields and interactions with the bra or ket are otherwise indistinguishable. This
means the non-rephasing signal R, emitted in the +k, — k, — k3 is identical to the signal
emitted in the —k, + k, + k3 direction if k, preceeds k4. If the time ordering of pulses k; and
k, is inversed, the rephrasing and non-rephasing spectra for each system can be measured in the
same direction with a single detector. The third-order response components R; and R, can
therefore be written to include dephasing of both coherences as well as population relaxation,

differing only by the frequency of the initial coherence:
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Ri(ty,ty, t3) iﬂgle+lwo1f1e—t1/T2 e t2/Tig=iwoit3 o —t3/T2

Ry(ty, ty, t3) iﬂgle—iwo1t1e—f1/Tze—tz/T1e—iwo1f3e—t3/T2
(67)

2.2.5. Third-order Feynman diagrams

With the understanding that both the rephasing (—k; + k, + k3) and non-rephasing
(+kq — k; — k3) data must be measured, third-order Feynman diagrams can be developed for all
Feynman pathways. To begin, the rules for drawing Feynman diagrams, which have been
described in relation to the linear picture, are detailed:

1. Time runs from the bottom to the top of the diagram. The solid black line on the left is
the time evolution of the ket, and the solid line on the right is the time evolution of the bra.

2. Arrows toward the system represent excitation (absorption); arrows pointed away from
the system indicate emission. The final emission arrow, which returns the system to the ground
state, is dashed. Due to the rotating wave approximation, arrows pointing toward the system
always represent an up-climbing of the associated bra or ket.

3. The sign of the diagram (-1)" varies with n, the number of bra interactions, due to the
definition of the commutator. The final field interaction is not included in the commutator and
should not be counted as part of n.

4. An arrow pointing right depicts an electric field with e TlWtHHIKT ap arrow pointing

right has opposite frequency, phase, and wavevector, e tiwt-ip-iks

5. The final interaction must end in a population state, p,,,,; for nonlinear spectroscopy,
this does not have to be the ground state.
This established, the evolution of the density matrix catalogued in equation (66) can be used to
sketch the example Feynman diagram for R;. The first laser interaction u,, an E*(t) field, acts

on the bra of p, producing a p,; coherence; the coherence then decays during ti. Then p4, the
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second laser interaction, creates a population state p;, via an E(t) electric field interaction with
the ket of p (population relaxation has not been considered yet for this system; the next section
will develop full Feynman diagrams considering population relaxation and a three state system).
Next, the third laser pulse u, interacts with the bra via an E (t) field, turning the population state
into a p;, coherence. Finally, the last field interaction E*(t) interacts with the ket through the
dipole operator p3, emitting the signal and returning the system to its ground state. Each
interaction presented is charted beautifully through the Feynman diagram with the direction of
the arrows showing the signs of the interacting electric fields, the state of the system represented
as a ket and bra, and the time chronicled along the leftmost axis. The third-order Feynman
diagram for the R, pathway or any other combination of interactions could be developed
similarly. Six Feynman diagrams for the third-order polarization are plotted in Figure 2.3 (the
other diagrams either do not survive the rotating wave approximation, pass through a p,, or py,
state, or are just the complex conjugate of one of the six graphed spectra). Examining the time
axis of Figure 2.3, the timescales have been rewritten in terms of 3 time intervals, similar to the
definition in the interaction picture: 7, the coherence time between p, and pq; T, the population
time between p; and p,; and t, the coherence time between u, and pu;. These intervals define the
experimentally-controlled time delay between pulses and allow the simultaneous measurement of
structural changes and dynamics processes, as will be derived in a subsequent section. The laser
pulses can also be defined in terms of these intervals: ug, p1(7), uo(t + T), and u3(t + T + t).

Two interesting points should be noted regarding the R; and Ry pathways. If the R;, R,
R,, and R; signals were measured (excluding R; and Ry), the resulting absorptive spectrum

would have a single peak in the 2DIR spectrum. As shown in the Feynman diagrams, the R; and
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R pathways both achieve a |2)(1]| coherence state, which involves the second excited state. Due
to the anharmonicity of the vibrational potential, the frequency of the |0) to |1) transition is
smaller than the |1) to |2) transition, and the information collected from the p,; coherence
appears as a separate peak in the 2DIR spectra at a lower frequency. Thus, the pair of diagonal
peaks observed in a typical 2DIR spectrum originate from the R; and Ry pathways. Additionally,
by the third rule for drawing Feynman diagrams, both the R; and R4 pathways have a negative
sign, while the other pathways are all positive. This leads to the notation of the low-frequency
diagonal peak derived from R; and Rg as the “negative” peak; in all spectra, this peak will be

presented as blue with the “positive” diagonal peak in red.
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Figure 2.3. Third-order Feynman diagrams for the rephrasing (top) and non-rephasing (bottom)
Feynman diagrams of a three-state system.

2.3. Lineshapes in nonlinear spectroscopy
2.3.1. Kubo theory and the cumulant expansion

Kubo theory describes the dephasing of vibrational transitions semiclassically, in terms of
quantum mechanical vibrational transitions and classical solvent molecules.[136] Simply, the
frequency of a vibrational transition w for a single oscillator is time-dependent, since the solvent

molecules perturb the oscillator over time. Each oscillator in an ensemble experiences different
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time-dependent interactions with the solvent, which is the origin of dephasing. Dephasing has

t
until now been explicated added as an e Tz term to the Liouville-von Neumann equation, which

was derived as equation (29). To derive an expression for dephasing, the time evolution for a

single molecule in a py; coherence is:

Po1(t) = —iwo1 (t)Poq1(t)
(63)

and the density matrix in this during this coherence is found by integration:

po1(£) o exp(—if , woy (T)d7)
(69)

and the average density matrix can be considered, accounting for all the molecules interacting

with the solvent bath by taking the ensemble average:

po1(t) X< exp(—if; wo; ()d7) >
(70)

If the time-dependent frequency is decomposed into an average component wg; and a small

time-dependent fluctuation Swgq (t), the average density matrix becomes:

Por(t) o €100t < exp(—if § Swoy (r)d7) >
(71)

Since the density matrix has been decomposed into a time-independent average and the time-

dependent fluctuation describing dephasing, this is just part of the linear response function:

RO (1)) = ipd e @orts < exp —if " dr6wey (1) >
(72)

The transition dipole moment in equation (72) is not included in the average, reflecting the
Condon approximation derived from the Franck-Condon principle. The Condon approximation

states that the solvent motions occur on a much slower time scale than the frequency
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fluctuations, such that the transition dipole moment is time-independent on the time scale of the
frequency fluctuations. Expanding equation (71) as a cumulant expansion gives:

< exp(—ify didwe; () >= 1 —if, de(dwy; (7))

1 t t ! n ! 14
_Efofo dt'dt"(§wo1(t)6we, (T7)) + -+

(73)
and the cumulants are rewritten and expanded in terms of an arbitrary function g(t) which
consolidates the fluctuations of wy:

t 1
< exp(—if , dtéwe; (1)) >= e790 =1 - g(t) +§g2(t) + o
-g(t) ! 2
e =1-(@1MO+ 5O+ )+5G1(O +g2(O) + )" + -~
(74)

The first cumulant is the average, so g;(t) = 0. The second cumulant g, (t) is the variance, and
integration of equation (74) gives g(t), a lineshape function:

9(0) = 3 [ dv'ar" (S, (V)Swe () = [{ ] de'de (swgs (15001 (0)

(75)

The average now contains only the integrand. This average is the frequency-frequency
correlation function, C(t), which formally describes coherence dephasing. This function is
responsible for the shape of peaks in 2DIR, which will be detailed in the next subchapter.
2.3.2. Homogenous and inhomogeneous broadening

Before continuing, it is worthwhile to address the simple relationship between the time
constants for homogenous dephasing T,, population relaxation Ty, and pure dephasing T,

(caused by environmental fluctuations):

1 1 1

_:__l__
T, 2T, T;
(76)
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The frequency-frequency correlation function is rewritten in the notation introduced in
subsection 2.2.5, where time intervals 7 is the initial coherence time, T is the population time,

and t is the final coherence time:

C(t) = (6wo1(t)6we1(0))
(77)

Now possessing the lineshape function g(t), the upper and lower limits for C(t) will be
explored. Again pulling from Kubo’s stochastic theory, C(t) is written in terms of a fluctuation

amplitude Aw and correlation time 1

(bw(t)dw(0)) = Aa)ze_%
(78)

and the Kubo lineshape function is developed from the double integral of equation (78):
_t ot
gt) = Aw?t?[e" T +o= 1]
(79)
The homogeneous limit occurs when the frequency fluctuations happen very quickly relative to

time ¢. In this case, the time constant t is very small, and the product Aw - 7 < 1. Examining
g(t), the exponential goes to 0, and the % term simplifies to just t, such that the lineshape

function simplifies to:

(t) = Aw? t = ‘
=4w” " T* = —
g TS

(80)
where the pure dephasing time T, is just the reciprocal of Aw?t. The absorption A(w) can be
calculated from the definition of the linear response by substituting g(t):

RD(t) = ipd, e iworte=9®

(81)
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t
A(w) x Rf, el@=wote=90gr = Rf “ellwo-wote T

1
_ T;
(w —wp1)? + L2
T;

(82)
Two important points regarding the homogenous limit are here noted. First, the

homogeneous limit produces a Lorentzian lineshape. Second, the linewidth of the Lorentzian is

% , and by rearranging the definition of T, it can be shown that the linewidth is smaller than the
2

frequency distribution. This results in motional narrowing, where the frequencies fluctuate so
fast that the average lineshape is narrower than the distribution of frequencies.

Conversely, if the frequency fluctuations are very slow, the inhomogeneous limit applies,

wherein Aw - T > 1. The time constant 1 is necessarily large, so the % term of equation (79) goes

t2

to 0. Meanwhile, the exponential term of equation expands as 1 — % + 5580 the t terms

2
cancel, leaving g(t) = Aw? - % , which does not depend on the correlation time 1. Thus the

absorption in the inhomogeneous limit is:

o w0 Aw?
Alw) « Rfo ell@w-wo)t,—g(t) ¢ = RIO el(w—wm)te—%tzdt

_(w—wo)2
X e 24w?

(83)

which is a Gaussian function. As noted earlier, the importance of these lineshapes lies in the
Voigt shape frequently observed for linear and nonlinear infrared spectra. The Voigt function is a
convolution of a Lorentzian and a Gaussian, implying contributions from both to the lineshape.
The 2DIR spectra therefore exists between the homogenous and inhomogeneous limits, which
gives rise to spectral diffusion. Between these limits, the frequency fluctuations are slow enough
that if multiple measurements of the frequency fluctuations are made across a time delay (T, the
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population time in the convention established prior), the loss of correlation can be observed.
More quantitatively, two metrics are commonly used in the following works to characterize the
spectral diffusion: the nodal line slope and CLS analysis methods. The slope method was
developed by Cho et al. in 2003, which described the first procedure for extracting the
frequency-frequency correlation function from data using the slope the node between the positive
and negative peaks.[44] The Fayer group devised a different method in 2007, which measured
the slope through the peak maximum instead, which is beneficial when the anharmonicity is
small.[43]
2.4. Full nonlinear response

The full nonlinear response can be developed by taking into account the Ri, Rz, and R3
rephasing pathways, the R4, Rs, and R non-rephasing pathways, and a full description of the

dephasing. Explicitly including dephasing, the response functions for a two-state system are:
, T Tt
Rl,Z(Tl T, t) x ilug'le+l(u01'[e T,p~Woilp T,
° t
R4'5 (T’ T, t) X i“éle_lw°1T6_T_Ze_lwo1te_T_2
(84)

and replacing the dephasing terms with the average density matrix as done in equation (72) for

the linear response:

: t tz3+t+t
R, = ipd e iwolts—t) < exp(+if015a)01(r)dr - ift23:t12+ 'Swoq (T)dT) >

Rys = iug e i@or(tsttn) < exp(—ifot1 Swoy,(T)dT — iftt;:ttlzﬂl Swoyq (1)dT) >
(85)
Both sets of response functions can also be expanded in terms of the lineshape function via the

cumulant expansion as performed in equation (74):

Ry, = iut e 1001 (t-Dp=g(@M+g(M-g(O)-gT+D)-g(T+D+g(T+T+t)
Rys = ipd e wor(t+D)e=g(M-g(M-gO+g(+T)+g(T+0)-g(T+T+0)
(86)
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Including the R3 and R¢ pathways, which access the second excited state (now considering a
three-level system), is as simple as accounting for the anharmonic shift in their vibrational
potentials: wy; — A, where the anharmonicity is A. This results in the following additions to the
cumulant expansion:

Ri,3 = Ziﬂgl(e_iw°1(t3_t1) _ e—i((w01—A)t3—w01t1))
. e—g(t1)+g(t2)—g(t3)—g(t1+t2)—g(t2+t3)+g(t1+t2+t3)
Rise = Zngl(e—iwo1(t3+t1) — e—i((w01—A)t3+w01t1))

. e—g(tl)—g(tz)—g(t3)+g(t1+t2)+g(t2+t3)—g(t1+t2 +t3)
(87)

The sum gives the total third-order response function, and the integrated (over t and 1) sum gives
the 2DIR spectrum, measured in intensity, where the integration has Fourier transformed the

signal into the frequency domain:

S(a)-[, T, O)t) = ifoood’[fooodt[zglen(T, T, t)]e—i(a)tt'F(A)rT)
(88)

2.5. Experimental measurement
2.5.1. Ultrafast pulses and optical parametric amplification

The laser used in the following experiments was generated by a Spectra Physics Spitfire
Ace Ti:Sapphire amplifier equipped with a MaiTai SP short pulse oscillator for generating the
seed pulse and an Empower Q-switched Nd:YLF laser for pumping. The initial laser pulses are
generated by passive modelocking in the Ti-sapphire crystal. The crystal is pumped by the green
Nd:YLF laser, and the pulse is focused via the Kerr lens effect with two prisms in the cavity to
correct pulse dispersion.[42, 137-141] The output pulse is 800 nm and used as a seed pulse for
further amplification in a chirped pulse amplifier (CPA). The amplifier contains a pulse stretcher,
a cavity where the amplification occurs, and a pulse compressor, in that order. The CPA first
stretches the pulse duration, so that the intensity is lowered. This avoids damaging the

components of the amplifier with high-intensity pulses. The amplification takes place in the
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cavity, and the compressed pulse is the same wavelength as the input, 800 nm, with 1.0 W of
power and a repetition rate of 5 kHz.

Following compression, the pulse is introduced to an optical parametric amplifier (OPA),
which uses difference frequency generation to turn the 800 nm light into the desired infrared
pulses. The pulse initially hits a beam splitter, where 96% of the signal is transmitted. The other
4% is focused on the sapphire plate of the white light generator. The remaining signal hits
another beam splitter, splitting the pump into 2 components. One component, the weaker pre-
amp pump, is overlapped with the emitted white light and focused on a B-barium borate (BBO)
crystal to generate the signal and idler beams. The idler beam is then used as the seed pulse for
further amplification. The second pump component, the power-amp pump, overlaps with the
idler on the BBO crystal, amplifying the signal and idler beams. The time delay between the
beams is controlled translation-stage mounted reflectors, until sufficient stability is reached, at
which point both signal and idler beams exit the OPA and generate IR pulses through a AgGaS;
difference frequency generation (DFG) crystal. The amplification path through the OPA is
illustrated in Figure 2.4.

2.5.2. The 2DIR optics setup

The 2DIR setup used for data collection was three replica pulses focused in the box-
CARS geometry, for which the phase-matching direction was —k4 + k, + k3, as introduced in
Figure 2.2. This is not the only experimental setup possible for 2DIR, but it is commonly used
for heterodyne detection, which will be explained in the next subsection.[38, 112, 142-145] To
facilitate measurement in the box-CARS geometry, the output from the DFG crystal is split into
4 beams, which are spatially-separated. Three beams k, ko, and k3 are focused on the sample

through a lens, such that all pass through the same position of the sample. A signal is then
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emitted in the phase-matching direction and overlapped with the fourth pulse, the local oscillator,
on a beam

splitter before being dispersed on a monochromator and detected on a 64-element MCT array
detector. An optical chopper in the path of k3 is used to collect the background signal for
subtraction from the emitted signal. The sample is held in a sealed optical cell wedged between
two CaF; windows; the windows may be separated by a Teflon (or Mylar) spacer depending on
the sample and concentration. For the experimental parameters typically used, 7 is varied from -4
to +4 ps in increments of 5 fs per waiting time T. The path of the three beams and the local
oscillator is catalogued in Figure 2.5.

2.5.3. Finding time zero

Time is completely relative in a 2DIR experiment, since everything is defined with respect to

time intervals. This naturally means that the quality of the data depends on the

!

3 &
4 IU r 4
Power-amp 4% Y
o N } . pump Y £ 1
T
1
= |
, Ao-fH-----r--- €------- v
) i ' -
[ "I i 1+ White light
i ) ! I : generatnr b
1 1 Pre-amp
I pump —
1 )
1 3 h —
r 4 -
""" I p— s
’ ! € h ¢
D
BBO
crystal
\ \ reflector
Signal Tdler /
) o @y, beam splitter
3 dichoric mirror
]. lens
‘ periscope

Figure 2.4. A diagram of the optical parametric amplifier (OPA) with several critical components
shown.
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accuracy of the time delays between pulses. To measure the overlap between pulses in time, the
thermal grating signal of water is employed.[146] A pulse incident on a water sample cell heats
the sample and produces a weak signal. If one pulse is moved far away in time from the other
two, one pulse can be held constant in time while the other is scanned against it; when these
pulses overlap in time, the grating signal from water will be maximized. This procedure is then
used to overlap the other pulse as well. All the time delays are set by computer-controlled delay
stages and adjusted to accuracy within 0.2 fs.
2.5.4. Heterodyned detection

The emitted photon echo signal is weak by virtue of it being an echo signal. When
measuring the frequency fluctuations of a system, the signal measured should not be just the
photon echo but rather the interference term between the photon echo and local oscillator. This is

widely employed as heterodyned detection.[38, 144, 147] The intensity, not the electric field, for
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Figure 2.5. 2DIR optics setup, which generates three pulses from the OPA output aligned in the
box-CARS geometry.
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emitted signal will be collected by the detector, so the electric field is Fourier transformed and

the magnitude squared:

S(w) o |f (E@®) + Es(ilg(t)}eiwtdtlz
x [h(w) + Zm(fowE(t)eiwtdt . fOOOE(l) (t)el“tdt) + 1(1)(0))

sig sig
~ Io() + 2R(E(w) - ES (@)

sig
(89)
where I,(w) is the signal from the laser pulse, I S(ll 3 (w) is the signal from the photon echo, and

the middle term as the interference. The local oscillator and emitted photon echo signal are
incident on the same detector, so their individual signals, as well as the interference term, will be
detected. The photon echo signal can be neglected due to its negligibly-small contribution. To
isolate the interference term, the signal from the laser pulse must be subtracted. This is the
background collected via the optical chopper, I,(w), and the amplified photon echo can in this
way be collected and analyzed.
2.5.5. Time domain to frequency domain spectra

The experimental setup complicates the initial data processing because the use of a
monochromator leaves the data in terms of wavelength and time. To generate frequency domain
spectra, the data must first be reverse Fourier transformed (4 — t), then the entire spectra
Fourier transformed twice (7,t = w, w¢).[144, 147, 148] The reverse Fourier transform is:

S(t,T,t) = 28%.5(z, T, t)e ' ntAw,

2TC
w, = —
n /—ln
A 27cC 27C
w, = —
R Y R I )

(90)
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Once the signal is redefined in terms of only time intervals, the standard Fourier transforms are

applied in a straightforward way:

S(t,T,w,) =Y, S(t,T, t)e @t At

S(wr, T,w:) =Y. S(,T, t)e twTAT
1)

2.6. Summary

In this chapter, the theoretical background for interpreting frequency fluctuations, the
basis of 2DIR data analysis, was outlined. The formalism for depicting an ensemble of states as a
density matrix was discussed, and the linear and nonlinear response functions were developed in
terms of the interactions between laser pulses and the density matrix. Several concepts central to
data interpretation were explained in detail, among them coherences, dephasing, population
relaxation, inhomogeneous broadening, and homogeneous broadening. Experimental
considerations were examined, wherein the optics setup, the optical parametric amplifier, and
detected signal were reviewed. Finally, the method of using the Fourier transform and inverse
Fourier transform was introduced to convert the detected signal into a frequency domain signal

for further analysis.

46



CHAPTER 3. THE EFFECT OF SOLVATION SHELL STRUCTURE AND
COMPOSITION ON ION PAIR FORMATION: THE CASE STUDY OF
LITDI IN ORGANIC CARBONATES

3.1. Introduction

Lithium ion batteries have become the standard technology in energy storage over the last
25 years. While this battery technology is particularly ubiquitous to the energy demands of
portable electronics,[ 1] lithium ion batteries have also found its use in rechargeable power tools
and electric vehicles.[1, 2] Looking into the future, substantial effort is expected for
implementing lithium ion energy storage technologies in power grids.[4, 5] Thus, the rapid
global adoption of lithium ion batteries has led to considerable interest in researching new
materials and technologies to improve battery efficiency and lower costs. However, there is a
knowledge gap of the batteries currently on the market, arising from the lack of molecular level
understanding of the electrochemical components of the device.[6] More precisely, identifying
the molecular-level interactions in the electrode, electrolytes, and their interphases has remained
a grand challenge in science.[6]

Common electrolyte solvents for lithium ion batteries are comprised of a mixture of one
linear carbonate, such as dimethyl carbonate (DMC) or ethyl methyl carbonate (EMC), and one
cyclic carbonate, such as ethylene carbonate (EC), propylene carbonate (PC), or butylene
carbonate (BC).[6] Cyclic carbonates are chosen for their large dielectric constants, while linear
carbonates are utilized for their low viscosity.[6, 12] Thereby, linear and cyclic carbonates are

both critical to the design of a functional electrolyte. However, in the mixture of carbonates, each

Reprinted with permission from Rushing, J. C.; Leonik, F. M.; Kuroda, D. G., Effect of solvation
shell structure and composition on ion pair formation: The case study of litdi in organic
carbonates. J. Phys. Chem. C 2019, 123 (41), 25102-25112. Copyright 2022 Amercan Chemical
Society.
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solvent competes to solvate the lithium ion (Li+) and the anion. As such, the presence of two
different solvents has significant consequences on the solvation structure of the cation and anion.
It has been shown for commercially available electrolytes, composed of lithium
hexafluorophosphate (LiPF¢) in organic carbonates, that the structure of the Li+ solvation shell is
determined by the structure of the nearby solvent molecules.[17, 49] For example, it has been
found that linear organic carbonates form a more compact solvation shell than their cyclic
analogues. In the latter case, the solvation shell is more extended due to the interaction between
molecules in the first and second solvation shell.[ 149] In addition, it is apparent that the
solvation structure of Li+ also dictates its speciation in solution.[ 14-17] Moreover, the electrolyte
properties, such as conductivity, are drastically different depending on which solvent solvates
Li+ and its counter-ion.[82, 150, 151] While there have been previous investigations of the effect
of the solvation shell in the solvation of Li+,[17, 50, 152] questions remain about the effect of
mixed solvation on solvation structure of organic carbonate electrolytes. In particular, there are
contradictory findings regarding the mixtures of organic carbonates. For example, studies have
concluded that linear carbonates preferentially solvate Li+,[17] while others favor the cyclic
carbonate in this role.[153] Further complicating matters, other studies have concluded that
preferential solvation is concentration dependent in mixtures of organic carbonates,[ 154] but not
in mixtures of a cyclic organic carbonate and water.[155] It is also interesting that the
preferential solvation is structurally dependent,[13] but the observed order (i.e., ethylene
carbonate > dimethyl carbonate > vinylene carbonate) does not necessary follow the dielectric
constant of the solvent. In addition, it has been observed that propylene carbonate presents
dipolar ordering in solution,[ 156] indicating that solvent-solvent interactions could play a role in

the preferential solvation. Moreover, it has been recently demonstrated that solvent-solvent
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interaction are key in defining the lithium ion solvation shell structure and dynamics formed in
pure cyclic carbonates.[49, 72, 157] These conflicting results clearly illustrate the merit for
studying lithium salts in mixtures of organic carbonates.

While the preferential solvation by organic carbonates is a topic extensively studied,[72-
75] the role of the mixed solvation shell in the speciation of Li+ is a topic vastly unexplored. So
far, most studies have focused on either lithium hexafluorophosphate (LiPFs) or lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI),[17, 65, 154, 158] but the lack of simple vibrational
modes in PF¢- and TFSI- has complicated their analysis and interpretation.[17, 50, 159-160]
Thus, this study focuses on the effect of carbonate structure and composition on the speciation of

lithium 4,5-dicyano-2-(trifluoromethyl)imidazole salt (LiTDI, Scheme 3.1).
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Scheme 3.1. Structures for (a) 4,5-dicyano-2-(trifluoromethyl)imidazole (TDI-), (b) 1-ethyl-3-
methylimidazole (EMIM), (c) 1,2-butylene carbonate (BC) and (d) dimethyl carbonate (DMC).
LiTDI has been subject to many recent studies due to its potential as an alternative to

LiPFs in electrolytes. To this end, the properties of LiTDI in various electrolytes have been
explored. In particular, the physicochemical and electrochemical properties of LiTDI in solvents
such as acetonitrile,[ 161] propylene carbonate,[ 162, 163] methyl and ethyl ethers of
poly(ethylene glycol),[164] poly(ethylene oxide),[ 165] mixed carbonate solvents, [166] and ionic
liquids[167] have been studied. Other studies on LiTDI have concentrated on the interaction and
coordination of Li+ and the anion in solution,[ 168] and solvates.[169] Overall, these studies have
shown that nitrile (-CN) groups are sensitive infrared probes to the speciation of TDI-.[117, 170]

In particular, it has been derived that TDI- forms ion pairs with Li+ at low concentrations in

mixed solvents, in spite of the strong delocalization of the charge in the anion.[165] While the
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effect of a mixed solvent on the speciation of LiTDI has been studied from the conductivity and
transport number perspective,[ 165, 171] the molecular origins behind the speciation of LiTDI in
the different carbonate solutions are still unknown.

This study focuses on the speciation of LiTDI in pure linear and cyclic carbonates as well
as their mixtures using linear infrared (FTIR) and time-resolved infrared spectroscopies. Two
dimensional IR (2DIR) spectroscopy is used because it can determine the dynamics processes,
such as solvation shell reorganization and ion pair formation, on picosecond timescales, which is
well beyond the capabilities of other commonly used characterization spectroscopies, such as
NMR.[38] Furthermore, 2DIR spectroscopy also features high frequency resolution and a second
dimension, which provide one not only with the opportunity of resolving peaks not seen in linear
spectra,[ 172, 173] but also with the possibility of determining vibrational coupling among
vibrational transitions.[38, 148, 174, 175] This last feature is an essential characteristic for
correctly assigning vibrational peaks and their assignment to different species.[38, 113, 175]
These two characteristics grant 2DIR spectroscopy with unique insights into the structure and
dynamics of systems at a molecular level. In particular, 2DIR spectroscopy has been successfully
used to study the ion-ion and ion-solvent interactions in a variety of systems.[149, 176-182]
Thus, the use of FTIR and 2DIR allows us to study the structure and dynamics of LiTDI in
organic carbonates, as well as to obtain the speciation of the ion. To this end, our study of LiTDI
is focused on each pure solvent (DMC and BC) and on their mixtures. The LiTDI salt is
employed due to its well-documented sensitivity to solvent environment[183-186] and
spectrally-isolated infrared bands.[187] Our experimental results provide a molecular picture of
the anion solvation structure and dynamics, which are complemented with computational

calculations to validate the modeling of our findings.
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3.2. Methods

3.2.1. Experimental methods

3.2.1.1 Sample preparation. Lithium 4,5-dicyano-2-(trifluoromethyl)imidazole (LiTDI, Alfa
Aesar, 95% pure) was dried at 140° C for 15 hours under vacuum before use and stored in a N»-
filled glovebox. 1-ethyl-3-methylimidazolium 4,5-dicyano-2-(trifluoromethyl)imidazole
((EMIM)TDI) was synthesized in 95% purity (by NMR) according to Ref. [165]. Dimethyl
carbonate (DMC, 99+% Acros Organics), ethyl methyl carbonate (EMC, >98% TCI), propylene
carbonate (PC, 99.5% Acros Organics), and 1,2-butylene carbonate (BC, 98% TCI) were all
dried under activated 4A molecular sieves prior to use to remove water. All components were
stored in a Na-filled glovebox to minimize exposure to moisture. In addition, all solutions and
samples were prepared inside the glovebox. All samples tested <200 ppm of water after
preparation.

Sample cells were prepared in a N»-filled glovebox by sandwiching the LiTDI solution
between two CaF> windows with a 6 um spacer. The same preparation was used for both FTIR
and 2DIR sample cells for experiments in the nitrile IR stretch region (2100-2300 cm™). All
2DIR experiments were conducted at the same concentration (Xri = 0.05) because of the poor
solubility of the salt in linear carbonates (i.e., DMC and EMC). In this case, Xt; is defined as the
moles of Li+ over the total moles of Li+ and solvent. Also, FTIR sample cells used in the
carbonyl IR stretch region (1700-1900 cm™') were prepared by sandwiching the sample between
two CaF; windows without a spacer to minimize the high absorbance for the carbonyl band of
the organic carbonate.[49] The approximate path length of this latter cell is ~1-2 pum.
3.2.1.2. FTIR Spectroscopy. FTIR spectra were taken on a Bruker Tensor 27 spectrometer with

a 0.5 cm™! resolution. Forty scans were averaged for each spectrum.
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3.2.1.3. 2D IR Spectroscopy. The setup used for 2DIR experiments has been previously detailed
in the literature, so only a short description is provided here.[38, 142] The input IR pulses were
generated with a Spectra Physics Spitfire Ace Ti:sapphire amplifier at a repetition rate of 5 kHz,
in combination with an OPA-800C and difference frequency generation crystal. These input IR
pulses were then split into 3 replicas and later focused on the sample using the well-known
boxcars geometry.[143] The photon echo signal was measured in the —ki+k2+ks phase-matching
direction. A heterodyned detection was performed using a forth pulse (local oscillator). The
heterodyned signal was measured in a 64 element MCT array detector after dispersing the
heterodyned signal in a spectrometer. The photon echo signal was measured as a function of
three critical time intervals: the coherence time 1 (interval between pulses 1 and 2), the waiting
time Tw (interval between pulses 2 and 3), and the coherence time t (interval between pulse 3
and the detected signal). These time intervals were set via computer-controlled translation stages.
Here, 2D IR data were collected by scanning t time from -4 ps to +4 ps in increments of 5 fs for
each waiting time in order to collect both the rephasing and non-rephasing data by switching the
time ordering.[38] Signals were collected for waiting times from 0 to 5 ps in steps of 0.5 ps. Note
that the data collection in waiting was confined to a maximum of 5 ps due to the presence of
heating effects, seen in Figure 3.1. In all the measurements, the local oscillator always preceded
the photon echo signal by ~0.5 ps. The time domain signal, collected as function of (t,T, A() via a
monochromator-array detection, is transformed into the 2DIR spectra (®-, T, ®¢) by means of
Fourier transforms. A detailed explanation of the Fourier analysis has been described

elsewhere.[148]
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Figure 3.1. 2DIR spectra of LiTDI in DMC for waiting times 5ps, 10ps and 15ps.

3.2.2. Computational methods

3.2.2.1. DFT calculations. Density functional theory (DFT) frequency calculations were
conducted in Gaussian 09 software.[188] Geometry optimizations and frequency calculations
were conducted using DFT with B3YLP functional and the 6-311++G** basis set. This
functional and basis set has been successfully used to investigate the energetics and IR
frequencies of lithium ion solvation structures and its ion pairing.[17, 50, 162, 189, 190] Initial
molecules were built in the Avogadro software and the structures were first minimized using a
classical force field (MMFF94). All geometries were optimized in Gaussian 09. Geometry
optimizations and frequency calculations were performed in vacuum since the addition of a
dielectric continuum has been shown to not change the trends in the Li+ solvation.[191] After
minimization, molecules did not present imaginary frequencies confirming each structure as a

minimum on the potential energy surface. The energy of ion pair formation as function of

solvation shell structure and composition was computed using the same procedure as Ref. [192].

The natural bond orbital analysis (NBO) was used to calculate the atomic partial charges.[193-
195] NBO was performed at the same level of theory (B3LYP/6-311++G**) using the NBO

software implemented in Gaussian 09 software.
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3.3. Results
3.3.1. FTIR spectroscopy of single-solvent solutions

The characterization of the solvation shell of Li+ was performed by measuring the IR
spectra in the carbonyl stretch region (1700-1900 cm™ region). FTIR spectra of different
concentration solutions of LiTDI (Xr; = 0.01, 0.025, and 0.05) in DMC and BC are shown in
Figure 3.2. The IR spectra display a high-intensity band located at 1755 cm™ and at 1797 cm™!
for DMC and BC, respectively. A low frequency band, located at 1725 cm™ for DMC and at
1765 cm! for BC, rises with increasing Li+ concentration in the solution. Due to its growth with
increasing Li+ concentration, the low frequency band has been previously assigned to the
carbonyl stretch of carbonate molecules coordinated to Li+.[6, 17, 117] Similarly, the high

frequency band has been previously assigned to the free carbonyl stretch of the solvent.[6, 17,
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Figure 3.2. FTIR spectra for the carbonyl region of LiTDI as function of concentration: Xr; =
0.00 (black), 0.01 (red), 0.025 (blue), and 0.05 (pink) in DMC (left panel) and BC (right panel).
XLi = 0.00 corresponds to the sample containing (EMIM)TDI with XEMIM=0.05 Both spectra
are normalized with respect to the high frequency band.

The characterization of the TDI- solvation was performed by measuring the IR spectra in
the CN stretch region (2150-2300 cm™). Figure 3.3 shows the IR spectra of LiTDI in DMC and
BC as a function of Li+ concentration (Xri = 0.00, 0.01, 0.025, and 0.05). Note that the sample

with Xri = 0.00 corresponds to the sample containing (EMIM)TDI with Xgmmm=0.05. In both

54



carbonate solutions, a low frequency band (2230 cm™ for DMC, 2225 cm™! for BC) and a high
frequency band (2247 cm™! for DMC, 2245 cm™! for BC) are observed. The high frequency bands
grow with increasing Li+ concentration in both samples, but it always remains significantly
higher for DMC than BC solutions with equal Xvi. For comparison purposes, the FTIR spectra of

(EMIM)TDI at Xgmmv = 0.05 in DMC and BC are also displayed in Figure 3.3.
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Figure 3.3. FTIR spectra for the nitrile region of LiTDI. Left panels concentration dependence of
LiTDI for Xi =0.01, 0.025, and 0.05 in DMC (top) and BC (bottom) and (EMIM)TDI (Xvi =
0.00 and Xemmv = 0.05) for comparison. Right panels temperature dependence of LiTDI (XvLi =
0.05) in DMC (top) and BC (bottom) for 5 °C, 15 °C, and 25 °C. All spectra are normalized with
respect to the low frequency band.

Interestingly, (EMIM)TDI shows only one peak at 2225 cm™! in both solvents. Note that
the small peak at 2250 cm™ observed in the (EMIM)TDI in both solvents arises from either the
residual Li+ or an impurity from its synthesis (see methods section). While the peak position of
TDI- presents the same frequency position for (EMIM)TDI and LiTDI in BC, a shift of ~5 cm™!
is observed for the DMC solution. The difference between the CN stretch bands of TDI- in

samples containing Li+ and EMIM+ is attributed to the different speciation of the TDI- in the
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two solvents. The assignment of the CN stretch peaks is further investigated by temperature-
dependent FTIR. The IR spectra of the LiTDI samples with X1;=0.05 as function of temperature
is displayed in Figure 3.3. Both samples present two discernable changes with temperature: a
small frequency shift and a change in the ratio of absorptions between the two frequency bands,
in which the high frequency band grows with respect to the low frequency band with increasing
temperature. These spectral changes with temperature are also in agreement with the difference

spectra shown in Figure 3.4.

BC

—10C-5C
—15C-10C

0.08

0.06

DMC

., ——10C-5C
f\ ——15C-10C

0.04 |

0.02

AOD
AOD

T T T T T T T 1 T T T T T T 1
2180 2200 2220 2240 2260 2280 2300 2180 2200 2220 2240 2260 2280 2300

Frequency (cm™) Frequency (cm™)

Figure 3.4. Changes in the CN stretch spectra of BC and DMC with temperature using the
spectrum at 5°C as a reference.
3.3.2. 2DIR spectroscopy

TDI- was further investigated by measuring the 2DIR spectra. The 2D IR spectra for
LiTDI in DMC and BC are presented in Figure 3.5 for waiting times O ps, 2.5 ps, and 5 ps. As in
the FTIR spectra, two sets of peaks are observed at @ = 2230 cm™ and . = 2247 cm™! for DMC
and at o, = 2225 cm™ and . = 2245 cm™! for BC. In the 2DIR spectra, the red (positive) peaks

located in the diagonal (o= o= 2025 cm™! for DMC, w= o= 2030 cm™' for BC) represent the

56



transitions between v=0 and v=1 vibrational states, and blue (negative) peaks down shifted by
~25 ecm™! depict the transitions between v=1 to v=2 vibrational states.[38] The downshifts of the
blue peaks with respect to the red peaks denotes the anharmonic nature of CN stretch potential of
TDI- and is in agreement with other aromatic nitrile groups.[196] The 2DIR spectra also
demonstrate that the intensity of the low frequency peak is always greater than that of the higher
frequency peak in both solvents. Moreover, the high frequency peak has a larger intensity
forDMC than BC. In fact, in the latter case, the high frequency peak is substantially weaker in
the 2DIR spectra. The observed number of diagonal peaks and their intensities in the 2DIR have

the expected direct correspondence with the linear IR spectra for the two samples.
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Figure 3.5. 2D IR spectra for the nitrile region of LiTDI (Xri = 0.05) and (EMIM)TDI (Xgmm =
0.05) in DMC and BC. The presented spectra corresponds to three waiting times: 0 ps, 2.5 ps,
and 5 ps.
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The 2DIR spectra do not display significant changes in the shape of the peaks with
waiting time (Tw) besides the changes in intensity given by the vibrational population lifetime.
In other words, the peaks initially elongated along the diagonal remain nearly unchanged as Tw
progresses. A small cross peak is also present at Tw= 0 ps at [®,0]=[2230 cm™, 2250 cm™'] for
DMC, but it is not appreciable in the 2DIR of LiTDI in BC at the zero waiting time. However,
the cross peak appears to grow with increasing Tw for both DMC and BC. Moreover, the cross
peak growth in the BC sample is also corroborated by the waiting time evolution of the
integrated sections of the 2DIR spectra, represented in Figure 3.6. The presence of cross peaks is
evidence of a vibrational coupling between the two CN stretch modes of TDI- (see next

section).[38, 175, 197] For comparison, 2DIR spectroscopy was also performed on (EMIM)TDI

in DMC and BC samples. In these later samples, only one set of peaks was observed at ;
2225 cm™! irrespective of the solvent. In addition, the peaks appear to become rounder with
waiting time in both cases, contrasting with LiTDI samples where no apparent evolution is

observed with Tw.
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Figure 3.6. Integrated slice as function of waiting time for the 2DIR spectra of BC. The slices are
taken in a range of 5 cm™! from the maximum at ~2225 cm’!.
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Figure 3.7. FTIR spectra for the nitrile region of LiTDI (XLi = 0.05) as a function of solvent
composition. The mixed solvent data is representative of [X:1-X] ratios as indicated in the figure
for DMC:BC (top), PC:BC (middle) and EMC:DMC (bottom).
3.3.3. FTIR spectroscopy of binary-mixture solutions
Finally, the FTIR spectroscopy of LiTDI (Xvi = 0.05) in DMC/BC, DMC/EMC, and
BC/PC solvent mixtures were investigated (Figure 3.7). For mixtures, two bands located at 2225
cm™ and 2250 cm™! are observed with the low frequency band having a larger intensity in all
samples at all compositions. While the mixtures of linear carbonates (DMC/EMC) and cyclic
carbonates (BC/PC) do not appear to show substantial changes in the band areas with solvent

composition, the linear and cyclic mixture (DMC/BC) shows that the low frequency band shifts

its frequency position to higher values as the concentration of DMC increases in the solvent. In
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addition, there is a large change in the ratio of absorptions between the two CN stretch bands as
the solvent composition changes from pure BC to pure DMC.
3.4. Discussion
3.4.1. Pure carbonates

The speciation of TDI- is directly related to the overall solvation of Li+. Based on
previous assignments of the bands in the 1700-1900 cm™ region, the appearance of a low-
frequency band in the C=O0 stretch region (Figure 3.2) shows that some carbonates are directly
coordinated to Li+.[117] While the solvation of Li+ through the carbonyl bands is evident, the
complex nature of the carbonyl band does not allow us to conclude whether Li+ is fully solvated
by the solvent or is forming contact ion pairs.[49, 160] However, the results show that even in
the case of Li+ and TDI forming contact ion pair, the majority of Li+ must be partially solvated
by carbonates.

Table 3.1. Integrated oscillator strength for the CN stretches of TDI-

Species Sum of CN stretch Anion Band Intensities
(KM/Mole)
CIP - LiTDI(BC); 251

CIP - LiTDI(BC)x(ctDMC) | 248
CIP - LiTDI(BC)(ctDMC), | 278

CIP - LiTDI(ctDMC); 228
SSIP - Li(ctDMC)4TDI 244
Free anion - TDI(DMC)4 247

From the anion perspective, the nitrile stretch region provides a direct window to
investigate the anion. The spectra of (EMIM)TDI in both solvents (Figure 3.3) presents only one
band at 2225 cm’!. Since the imidazolium cation has a delocalized charge, it is unlikely that
EMIM+ will form contact ion pairs (CIP) with TDI- or affect its vibrational manifold.[179, 198]

Thus the band at 2225 cm’! is assigned as the free anion band in pure BC and DMC. It is
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important to note that the free anion band is comprised of two transitions, the asymmetric and
symmetric nitrile stretches.[175] The two combination modes of CN stretches are nearly-
degenerate in the free species because the solvent lacks sufficiently large and directional
interactions to break the symmetry of the molecule, but the non-degeneracy can explain the small
asymmetry of the TDI- peak towards the high frequency side. The presence of Li+ in the TDI-
solutions produces the growth of a second peak at ~2245 cm™ in DMC and BC pure solvents.
The appearance of the high frequency peak denotes the formation of contact ion pairs as
previously demonstrated.[175, 179] In the case of CIPs, the coordination of Li+ to TDI- breaks
the symmetry of the molecule, which shifts the frequency of one of the CN modes to ~20 cm’!
higher than that observed for the free ion (i.e., (EMIM)TDI solution). While the same splitting
and the growth of the high frequency band with Li+ concentration is observed for LiTDI in both
carbonates, the intensity of the high frequency band is much greater in DMC than BC solution.
While this result could be interpreted as a change in the oscillator strength of TDI- and the
different ion pairs, DFT computations in Table 3.1 show that the oscillator strength is similar for
TDI- as free ion, SSIP, and CIPs with different carbonates. Thus, the appearance of the high
frequency band shows that the structure of the organic carbonate affects the formation of contact
ion pairs, which is in agreement with previous studies.[49, 179] In particular, it shows that CIP
species are more prevalent in linear carbonates, which differs with other anions such as
hexafluorophosphate (PF6-) ions and bis(trifluoromethanesulfonyl)imide (TFSI) ions at the same
concentrations.[17, 49, 152, 159] Moreover, it has been previously shown that the charge
delocalization of the anion is not sufficient to avoid a strong interaction with the cation. For

example, the thiocyanate anion (SCN-) also shows a strong interaction with cations of different
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sizes and charge density in various environments, even though it has a relatively delocalized

charge and it is on the extreme of the Hofmeister series.[178, 179, 181, 199]

The proposed TDI speciation and IR CN stretch assignments are further tested by

computing the vibrational modes of the possible different species using DFT computations. DFT

frequency calculations of the CN stretches for free TDI-, solvent separated ion pair (SSIP), and

CIP are presented in Figure 3.8. The free anion spectrum presents two nearly overlapping

transitions located at 2312 cm™ and 2315 cm™! with similar intensities. Similarly, the SSIP

spectrum shows two overlapping modes with similar intensities. In contrast, the CIP CN stretch

modes are split into two distinct bands located at 2308 cm™ and 2331 cm!, and the intensity of

the low frequency mode is larger than that of the high frequency mode. The theoretical
calculations show that the growth of the high-frequency band in the CN region of the IR

spectrum of TDI in either solvent only evidences the formation of CIPs. In addition, they

demonstrate that the IR spectroscopy is not sensitive enough to differentiate between SSIPs and

free ions as previously observed in other ions.
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Figure 3.8. Structures and calculated vibrational frequencies for different species of anion
association: free anion, solvent-separated ion pair (SSIP), and contact ion pair (CIP).
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The experimental data as well as the DFT frequency calculations provide a reasonable
assignment of the FTIR bands of LiTDI in both solvents. However, the DFT frequency
calculations also present some ambiguity. For example, DFT computations predict that the two
CN stretches of the SSIP or free TDI- should appear at the same frequency as the low frequency
band in the CIP. Thus, it is not possible to evaluate whether LiTDI in DMC is present as a
mixture of CIPs and SSIPs or only CIPs. To this end, the spectrum of an equimolar mixture of
LiTDI and (EMIM)TDI (X1i=Xgmm=0.05) in DMC was measured. In this case, the IR spectrum
of the sample shows the same number of peaks and frequency positions as in the pure LiTDI, but
the intensity of the high frequency peak decreases by half (Figure 3.9, left). The result indicates
that LiTDI in DMC solution is composed in its majority by CIPs and that only LiTDI contributes
to the formation of CIPs in DMC. In other words, the presence of extra TDI- in the solution does
not change ion pair equilibrium (Li+ + TDI- <> LiTDI) because the anion is primarily as CIPs in
the DMC solution. In addition, it is observed that the frequency position and width of the low
frequency band of TDI- is not affected by the mixture, indicating that the difference in frequency
between the EMIM+ and Li+ samples is likely to be caused by the difference in the dielectric
constant of the solution due to the presence of the lithium salt.[202] These findings support the
assertion that LiTDI does not form free ions or SSIPs in DMC, which is in agreement with the
previous speciation of LiTDI in DMC.[179] However, our results indicate that TDI- is primarily
found as free ion or SSIP in BC solutions.

In addition, temperature-dependent FTIR performed on LiTDI (Xr; = 0.05) in DMC and
BC further supports our assignment, since it shows that the high frequency band at ~2245 cm’!
grows with increasing temperature irrespective of the solvent. This observation is in agreement

with the CIP becoming more energetically favorable at high temperature due to a decrease of the
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Gibbs free energy of CIP formation with increasing temperature.[203] The temperature
dependence of the Gibbs free energy in CIP formation is caused by the entropy term, which is
positive because solvent molecules gain in the degrees of freedom when they are removed from

the solvation shell of the ions as a consequence of ion pair formation.[203, 204]
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Figure 3.9. FTIR spectra for mixtures of LITDI/(EMIM)TDI (Xvi = 0.025) in DMC and
LiTDI/LiTFSI (XLi = 0.07) in DMC.

The structure and dynamics of TDI- in the organic carbonates were also derived from 2D
IR spectroscopic experiments. The 2DIR spectra of LiTDI in DMC and BC (Figure 3.5) show
two pairs of peaks with the lower frequency bands having higher intensity as seen in the linear
IR (Figure 3.3). However, the second dimension allows one to observe a cross peak between the
two diagonal peaks for both DMC and BC samples. The presence of a cross peak indicates a
vibrational coupling between the two nitrile stretches modes of the anion.[38, 197] In turn, the
vibrational coupling confirms that some TDI- have a broken symmetry in their nearly
degenerated CN stretches caused by the direct interaction of Li+ with TDI-. Thus, the presence
of the cross peak further confirms the formation of CIPs and their vibrational signatures. While it
is also possible that the cross peak arises from chemical exchange between SSIPs and free TDI

and CIPs,[38] the presence of the cross peak at Tw=0 makes the exchange mechanism unlikely,
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since it implies a rate of ion pair formation comparable to the IR excitation pulse duration; i.e.,
~50-60 fs.[172, 182, 205] Moreover, DFT computations predict a favorable energetics for the ion
pair formation on the order of ~50 kcal/mol (see next section), which is significantly larger than
the available thermal energy of system. In addition, the 2DIR spectra for (EMIM)TDI in either
DMC or BC at various waiting times (Figure 3.5) display only one set of peaks at 2225 cm™!, but
neither sample presents an obvious cross peak at Tw=0 ps. Thus, the cross peak seen in the 2DIR
spectra corroborates the idea that CIPs species exist in both DMC and BC samples. Furthermore,
the high frequency peak in the 2DIR spectra does not show evidence of an intraband cross peak
at longer waiting times, which indicates that this peak does not contain two CIP transitions and
only corresponds to the high frequency transition of the CIP as predicted by DFT calculations
(Figure 3.8).

The structure and dynamics of TDI- in the organic carbonates were also derived from 2D
IR spectroscopic experiments. The 2DIR spectra of LiTDI in DMC and BC (Figure 3.5) show
two pairs of peaks with the lower frequency bands having higher intensity as seen in the linear
IR (Figure 3.3). However, the second dimension allows one to observe a cross peak between the
two diagonal peaks for both DMC and BC samples. The presence of a cross peak indicates a
vibrational coupling between the two nitrile stretches modes of the anion.[38, 197] In turn, the
vibrational coupling confirms that some TDI- have a broken symmetry in their nearly
degenerated CN stretches caused by the direct interaction of Li+ with TDI-. Thus, the presence
of the cross peak further confirms the formation of CIPs and their vibrational signatures. While it
is also possible that the cross peak arises from chemical exchange between SSIPs and free TDI
and CIPs,[38] the presence of the cross peak at Tw=0 makes the exchange mechanism unlikely,

since it implies a rate of ion pair formation comparable to the IR excitation pulse duration; i.e.,
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~50-60 fs.[172, 182, 205] Moreover, DFT computations predict a favorable energetics for the ion
pair formation on the order of ~50 kcal/mol (see next section), which is significantly larger than
the available thermal energy of system.

In addition, the 2DIR spectra for (EMIM)TDI in either DMC or BC at various waiting
times (Figure 3.5) display only one set of peaks at 2225 cm!, but neither sample presents an
obvious cross peak at Tw=0 ps. Thus, the cross peak seen in the 2DIR spectra corroborates the
idea that CIPs species exist in both DMC and BC samples. Furthermore, the high frequency peak
in the 2DIR spectra does not show evidence of an intraband cross peak at longer waiting times,
which indicates that this peak does not contain two CIP transitions and only corresponds to the

high frequency transition of the CIP as predicted by DFT calculations (Figure 3.8).
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Figure 3.10. Fitting of the residual with a sine function of the form y = y0 + A.sin(2nvT + ¢).

The dynamics of TDI- is derived from the 2DIR spectra using the center line slope (CLS)
analysis.[43] The CLSs as a function of Tw for (EMIM)TDI and LiTDI in both pure DMC and
pure BC are shown in Figure 3.11. The CLSs of the free anion from the (EMIM)TDI samples
reveal an exponential decay dynamics of ~13 ps and ~12 ps (Table 3.2) for BC and DMC,

respectively. The similarity between spectral diffusion characteristic times shows that both
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systems sense similar environments. In the case of the sample containing almost all of CIP, such
as LiTDI in DMC, the peak at 2230 cm™ shows a faster dynamics than the free ion and it has an
offset (Table 3.1). While the difference in the dynamics evidences that the CN transitions might
have a different mechanism for the frequency fluctuation, the offset in the CLS is related to the
presence of multiple vibrational transitions associated to different configurations of the CIP,
which are likely to exchange with much slower time constants than the investigated time window

as previously seen for other CIPs.[172, 206]
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Figure 3.11. CLS analysis of the 2D IR bands of (EMIM)TDI (Xgmm = 0.05) and LiTDI (Xyi =
0.05) in DMC and (EMIM)TDI (Xgmm = 0.05) and LiTDI (Xt = 0.05) in BC as a function of
waiting time, Tw. Black squares correspond to (EMIM)TDI and red circles and blue triangles
relate to the low and high frequency bands of LiTDI, respectively.

Table 3.2. Time constants and amplitudes for CLS fitting. *Time constants were derived from a
linear fit (see derivation below). **Requires more than one exponential (see Figure 3.12 below).

Salt Solvent Solvent Solvent Solvent Solvent

Salt DMC DMC DMC BC BC

Salt T (ps) Ao Yo T (ps) Ao
(EMIM)TDI 12.0* 0.69 £0.01 -- 12.7* 0.662 + 0.007
LiTDI (2230 cm™) | 2.5+£0.8%* | 0.19+0.01 0.53+0.03 |23.7* 0.873 +0.008
LiTDI (2245 cm™) | >100 0.728 £0.007 | -- >100 0.58 £0.02

Moreover, the residual of the CLS fitting of the 2230 cm™ band (Figure 3.10) shows the

presence of an oscillation with a period of 9-30 cm™!, which could arise from coherent vibrational
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energy transfer of the two CN mixed modes of TDI-,[207, 208] since they are separated by ~20
cm’! in DMC. Interestingly, the CLS of the high frequency peak, located at 2247 cm™ and
assigned to one transition of the CIP, exhibits a nearly constant behavior in both DMC and BC
samples. The observed behavior might not be directly related to the solvation dynamics due to
the excitonic nature (strong coupling of the two CN stretches) of the vibrational modes. In other
words, for two strongly coupled and degenerated transitions, the vibrational Hamiltonian in the

CN site representation can be written as:

0= [w10 + Sw'(t) L(t)
B B(t) w19 + Sw?(t)

]

where w, is the frequency of the two CN stretch modes of the molecule in the site
representation, and 5(t) and Sw'(t) are the coupling constant and the frequency fluctuation of
the i site, respectively. For this vibrational Hamiltonian, the excitonic frequencies (eigenvalues)

are given by:

. = 2010+ 00N (D) + 8w(0) + V(Sw?(t) — ()2 + 4B(t)?
a 2

where w, represents the frequencies of the symmetric and asymmetric stretch combinations.
Thus, the frequencies in the exciton representation do not have a direct correspondence with
individual site frequency fluctuations. The lack of CLS change is not surprising since a similar
behavior has been previously reported for CIPs involving an anion with strong coupled
transitions.[ 172, 206] In contrast for the samples containing the TDI- mainly as free ions (i.e.,
LiTDI in BC), the low frequency transition of TDI- presents a slow, but observable, dynamics of
the CLS (Figure 3.11 and Table 3.2). The slowdown of the CLS dynamics seen in BC might be

associated to the formations of SSIPs, which limits the mobility of the solvent molecules in
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Derivation of tau from linear fit
To obtain the time constant from a slow decaying FFCF, the procedure consisted on fitting the
function a single exponential decay of the form:
y = Ae
where A is the amplitude and t is characteristic time, in logarithmic scale. In this case, the
exponential decay becomes

—t/T

log(y) = log(A) —t/t
where the slope of the linear fit is the inverse of the characteristic time.

0.70
0.68 - ]
] m 2230 cm-1 TDI-
0.66 —— Exponential 002 =
66 . 0.01 o u u
) — Exponential + constant ] -
2 0.00
0.64 - S ]l = g
] E 001 s
-0.02
(3 0'62__ 003 1 ) Expontlential +ctl>nstant I\
@) 0 2 4
0.60 0.02 — Time (ps) |
4 0.01 n = - -
0.58 - o 000 m
- g 001
0.56 - g 002 7 “a"
-0.04 r : . :
0.54 - 0 2 4
T T T v T T T Time (ps)
0 1 2 3 4 5
T (ps)

Figure 3.12. CLS fitting of the 2230 cm-1 of LiTDI in DMC. Red and blue represent the fittings
with an exponential and an exponential plus a constant, respectively. The plots on the right side
showcase the residuals of the fits.
between TDI- and Li+ and results in a slower solvent dynamics than that experienced by the free
anion. Finally, the contact ion pairing band at 2245 cm™ of LiTDI in BC shows the nearly
constant dynamics, which is in direct correspondence to the observed timescales for the CIP in
the DMC solution.
3.4.2. Solvent mixtures

In the previous section, it has been shown that the ability of LiTDI to form CIPs differs
substantially by solvent structure (i.e., linear carbonate or cyclic carbonate). Thus, the effect of

the solvent composition on the formation of CIPs is derived from the linear IR. The linear FTIR
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spectra of LiITDI (Xpi = 0.05) for various solvent mixtures shows that the CIP band at 2247 cm’!
monotonically rises with increasing DMC composition (Figure 3.7). This result is expected since
LiTDI forms a larger amount of CIPs in DMC than BC, as seen in the linear IR of the pure
solvents (Figure 3.3). However, it is apparent that the growth of the high frequency band is not
linear. The nonlinear behavior is confirmed by plotting the ratio of peak intensities for the high
and low bands as a function of solvent composition (Figure 3.13). Remarkably, the amount of
CIP appears to have two regions of linear regime. The first region comprises solvent composition
from 0 to 0.6 molar fraction of DMC and has moderated change in the CIP concentration as a
function of concentration of DMC.

In contrast, the second region ranging from 0.8 to 1 of molar fraction of DMC shows a
drastic change, where the amount of CIP is almost double while the solvent composition is only
changed by less than 10%. The result clearly indicates that the composition of the Li+ solvation
shell significantly affects the formation of CIPs in carbonate mixtures. It is also possible to infer
that the lack of cyclic carbonates capable of solvating the cation directly affect the energetics of
CIP formation. In other words, the CIP formation is promoted, or becomes energetically more

favorable, when the Li+ solvation shell is primarily composed of the linear carbonate.
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Figure 3.13. Plot of peak intensity ratio of high frequency band over low frequency band of the
CN stretch of LiTDI as a function of the solvent composition for three different solvent mixtures:
DMC:BC (black squares), BC:PC (red circles), and DMC:EMC (blue triangles). The plotted
lines are guides to the eye.
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The hypothesis of Li+ having a more favorable CIP energetics for linear carbonates is
corroborated by the ratio of the CN stretch bands of TDI- (Xii = 0.05) in mixtures of pure linear
carbonates and pure cyclic carbonates (Figure 3.7). The peak intensity ratios for the different
mixtures (Figure 3.13) reveal the compelling difference between mixtures of pure linear or pure
cyclic carbonates, where the CIP concentration remains nearly constant for different solvent
ratios of the BC/PC and DMC/EMC mixtures, versus the mixtures of linear and cyclic
carbonates, which exhibit rapid growth of CIP concentration with increasing DMC concentration
in the DMC/BC mixtures. These results confirm that the trend is the result of two distinct
carbonates (i.e., cyclic and linear) affecting differently the formation of CIPs.

I \)?\/
=
Scheme 3.2. Structure of cis-trans DMC (left) and cis-cis DMC (right).

Table 3.3. Li+ charge as a function of solvation shell composition computed by ab-initio
simulations.

Composition | Li(BC)sx | Li(BC)sx | Li(BC)4-x | Li(BC)4-x | Li(BC)s-x
(DMCO)x | (DMCO)x | (DMC)x | (DMC)x | (DMC)x
DMC 0 1 2 3 4

Li+ charge 0.67 0.67 0.67 0.67 0.69

The molecular mechanism behind the nonlinear trend seen in the CIP concentration as a
function of the solvent composition is studied by DFT computations. One potential cause for
explaining the difference in the CIP formation is the capacity of the solvent molecules to
delocalize the charge of Li+. In other words, it is expected that the solvation shell that better
delocalizes the positive charge of Li+ should be less susceptible to form CIPs. To test this
possibility, the charge of Li+ in the five possible tetrahedral solvation shells was determined

using natural bond orbital analysis (see methods section). The results (Table 3.3) show that there
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is very little change in the charge of Li+ as a function of the composition of the solvation shell.
Thus, it is unlikely that the observed trend is merely due to a charge delocalization.

Another possible explanation for the nonlinear growth of the CIP concentration in the
solvent mixture is related to the energetics of CIP formation (i.e., Li+ + TDI- «» LiTDI). It has
been previously inferred that the solvation shell composition plays a significant role in the
energetics of CIP formation.[6, 50, 157, 209] Thus, to test this possibility the energy trends for
the formation of CIP as a function of the solvation shell composition were computed using DFT
calculations. The results of these energy calculations are summarized in Figure 3.14. In addition,
Table 3.4 contains all possible solvation shells investigated. The energetics shows that the
internal energy (AE) of CIP formation is highly influenced by the composition of the solvation
shell, where larger amount of the linear carbonates in the Li+ solvation shell makes more
favorable the CIP formation. This theoretical result is in line with the experimental observations.
Moreover, the computations predict an energy difference of ~35 kJ/mol in the stabilization of the
CIP when switching from a pure BC to a pure DMC solvation shell, which explains the
difference in CIP concentration observed for LiTDI in the two pure carbonates. Additionally, the
computational results (Figure 3.14) shows that decreasing BC participation in the Li+ solvation
shell results in a non-linear decrease of AE of CIP formation.

The equilibrium constant K for CIP formation can be computed from the Gibbs free

energy as:

AH AS
K = exp(—AG/RT) = exp(—ﬁ + 7)

where AH and AS are the change in enthalpy and entropy of the reaction. Assuming that AH=AE
and that the AS is the same for all the CIP formation reactions, the ratio of the two equilibrium
constants associated with two different solvation shells is given by:
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AE; — AE;
RT )

K;/K; = exp(—
where i and j represent different conditions of the system. The value of the Ki/Ko, computed for
the different energetic values corresponding to different solvent compositions and taking as
reference the equilibrium constant of CIP formation (Ko) for pure BC, is presented in Figure
3.14. The Ki/Ky for the different equilibrium constants shows an exponential increase with
increasing DMC participation in the solvation shell, which mirrors the trend of the experimental
data (Figure 3.13). These results confirm that number and structure of the carbonate in the Li+
solvation defines the energetics of CIP formation in LiTDI. Specifically, Li+ solvation shells
with a greater concentration of DMC have the most energetically favorable CIP formation, while

higher BC content in the Li+ solvation shell convenes a stabilization to the solvation shell

against the CIP formation.
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Figure 3.14. Energy and equilibrium constant of CIP formation as a function of solvation shell
composition of the free ion. The change in internal energy is shown as black squares and the
equilibrium constant is shown in red circles.
The result predicted via DFT computations is confirmed by FTIR spectroscopic
experiments. In this case, the amount of CIP is derived from a sample containing LiTDI and
LiTFSI in DMC (Xti= 0.07 and Xtpr=0.05), where the excess of Li+ is expected to drive TDI- to

form quantitative amounts of CIP. From the areas derived from fitting the spectra of Xr;= 0.05

LiTDI in DMC, X1i= 0.05 LiTDI in BC, and Xvi= 0.07 LiTDI/LiTFSI in DMC (see Figure 3.9),
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the corresponding equilibrium constants of CIP formation were calculated. The computed
equilibrium constants from the experimental results are summarized in Table 3.5. Approximately
6% of the species in Xri= 0.05 LiTDI in DMC are free ions, while the BC sample is dominated
by free anions (74%). Thus, the experimental equilibrium constants show a change in two to
Table 3.4. Internal energy for the ion pair formation reaction as a function of the solvation shell

structure and composition. DMC structures are located in Scheme 3.2. The values in red
correspond to the lowest energy reaction for each case (Figure 3.14 of manuscript).

Reactions AE (kJ/mol)
CIP formation via BC removal AE (kJ/mol)
Li(ct-DMC)3BC+ + TDI- = Li(ct-DMC);TDI + BC -177.86
Li(ct-DMC)2(BC)2+ + TDI- = Li(ct-DMC)2(BC)TDI + BC -174.73

Li(ct-DMC)a(cc-DMC)(BC)+ + TDI- = Li(ct-DMC)x(ce-DMC)TDI + BC | -181.02
Li(ct-DMC)(cc-DMC)(BC)2+ + TDI- > Li(ct-DMC)(ce-DMC)BC)TDI + | -180.23
BC

Li(ct-DMC)(BC)s3+ + TDI- = Li(ct-DMC)(BC).TDI + BC -170.10
Li(cc-DMC)(BC)s+ + TDI- = Li(cc-DMC)(BC).TDI + BC -178.02
Li(BC)4+ + TDI- - Li(BC);TDI + BC -165.48
CIP formation via ct-DMC removal AE (kJ/mol)
Li(ct-DMC)4+ + TDI- = Li(ct-DMC);TDI + ct-DMC -178.46

Li(ct-DMC)2(cc-DMC)(BC)+ + TDI- = Li(ct-DMC)(cc-DMC)(BC)TDI + -185.01
ct-DMC

Li(ct-DMC)3(BC)+ + TDI- & Li(ct-DMC)»(BC)TDI + ct-DMC -180.16
Li(cc-DMC)(ct-DMC)(BC)2+ + TDI- = Li(cc-DMC)(BC).TDI + ¢t-DMC -182.43
Li(ct-DMC)2(BC)2+ + TDI- = Li(ct-DMC)(BC),TDI + ct-DMC -175.81
Li(ct-DMC)(BC)3+ + TDI- = Li(BC);TDI + ct-DMC -169.28
CIP formation via cc-DMC removal AE (kJ/mol)
Li(ct-DMC)3(cc-DMC)+ + TDI- = Li(ct-DMC)3TDI + cc-DMC -190.15

Li(ct-DMC)2(cc-DMC)(BC)+ + TDI- = Li(ct-DMC)(BC)TDI + cc-DMC -187.87
Li(ct-DMC)(cc-DMC)(BC),+ + TDI- = Li(ct-DMC)2(BC)TDI + cc-DMC -183.50

Li(cc-DMC)(BC);+ + TDI- = Li(BC);TDI + cc-DMC -178.29
CIP formation via ct-DMC removal and isomerization to cc-DMC AE (kJ/mol)
Li(ct-DMC)4+ + TDI- = Li(ct-DMC);TDI + cc-DMC -190.49

Li(ct-DMC)3(cc-DMC)+ + TDI- = Li(ct-DMC)2(cc-DMC)TDI + cc-DMC -199.92
Li(ct-DMC)2(cc-DMC)(BC)+ + TDI- = Li(ct-DMC)(cc-DMC)(BC)TDI + -197.04
cc-DMC

Li(ct-DMC)3(BC)+ + TDI- & Li(ct-DMC)2(BC)TDI + cc-DMC -192.20
Li(ct-DMC)(cc-DMC)(BC)o+ + TDI- = Li (cc-DMC)(BC),TDI + cc-DMC | -194.46
Li(ct-DMC)2(BC)o+ + TDI- = Li(ct-DMC)(BC),TDI + cc-DMC -187.85
Li(ct-DMC)(BC)s+ + TDI- = Li(BC);TDI + cc-DMC -181.31
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Table 3.5. Experimental fraction of free anion and equilibrium constants (Keq) derived from ratio
of FTIR areas.

XLi=0.05 LiTDI | Percent of free anion | Keq
in DMC 6% 310
in BC 74% 0.5

three orders of magnitude. This result is in line with the DFT computations where a significant
preference for CIP formation is observed for DMC over BC as seen by the computed equilibrium
constant ratio. Note that the difference between the equilibrium constants computed from DFT
and the experiments could arise from neglecting the entropic part of the Gibbs free energy, which
might not be a good approximation in the case of linear carbonates since they can undergo
conformational changes.
3.5. Summary

Our study shows that at relatively low concentration LiTDI solution, X1;=0.05 which is
approximately half the concentration of Li+ used in commercial batteries, the speciation of Li+ is
highly dependent on the solvent molecular structure. In particular, when the solvent is a linear
carbonate, the Li+ and TDI- exist predominantly as a CIP. In contrast for cyclic carbonates, Li+
and TDI- are primarily found as free ion and SSIP species. Interestingly, the speciation of Li+ is
also highly dependent on the presence of cyclic components in mixtures of linear and cyclic
carbonates. Specifically, there is a drastic increase of the CIP concentration with increasing
concentration of the linear carbonate. The molecular origin of this behavior is obtained by DFT
computations, which reveal that the energetics of ion pair formation is less favored when Li+
contains cyclic carbonates in its solvation shell. Overall, this study provides a molecular-level

picture of ion pair formation and its relation to the solvent structure and composition. Thus, the
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presented results are relevant to the energy storage industry, where mixtures of linear and cyclic

organic carbonates are commonly used for making commercial lithium ion batteries.
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CHAPTER 4. THE TALE OF A “NON-INTERACTING” ADDITIVE IN A
LITHIUM ION ELECTROLYTE: EFFECT ON IONIC SPECIATION AND
ELECTROCHEMICAL PROPERTIES

4.1. Introduction

Lithium ion batteries have become the dominant technology in portable energy storage
due to their low weight, cost efficiency, and relatively-high energy density, since their
introduction in 1991.[210] Current commercial lithium ion batteries, widely used in portable
electronics, are based on a graphite anode, which lacks sufficient energy density to support more
energy demanding applications, such as electric vehicles and power grid storage.[60, 211, 212]
To this end, lithium metal has the potential of becoming an anode material due to its
exceptionally high theoretical specific capacity (3860 mA.h.g"!') and low negative
electrochemical potential (-3.040 V vs SHE).[213] However, an anode consisting of metallic
lithium has inherent problems including dendrite formation (short-circuiting) and unmitigated
growth of the solid electrolyte interface (decreased cycling efficiency and increased
resistance).[214-216] To solve these issues, highly concentrated lithium salt electrolytes have
been proposed. These highly concentrated electrolytes not only inhibit dendrite formation, but
also have other desirable properties, such as enhanced electrochemical stability, reduced
corrosivity of the aluminum current collector, and the formation of a more stable solid electrolyte
interface, so-called SEL.[81, 82, 217] However, highly concentrated electrolytes are not free of

problems, since they have high viscosity, low ionic conductivity, and high cost, which hampers

Reprinted with permission from Rushing, J.C., Stern, C.M., Elgrishi, N., and Kuroda, D.G. Tale
of a “Non-interacting” Additive in a Lithium-Ion Electrolyte: Effect on Ionic Speciation and
Electrochemical Properties. The Journal of Physical Chemistry C, 2022, 126 (4), 2141-2150.
Copyright (2022) American Chemical Society.
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their widespread adoption.[51, 83, 218, 219] One proposed alternative to suppress dendrite
formation and reduce cost of the highly concentrated electrolyte is the introduction of a “co-
solvent”. An essential characteristic of the co-solvent should be to have minimum interactions
with the electrolyte components. In other words, the co-solvent is expected to not directly
interact with the lithium ion or its counter ion when added to the electrolyte. Previous works with
co-solvents include the use of dioxolane, water, acetonitrile, propylene carbonate, diethyl
carbonate, toluene, hydrofluroroethers, dichloromethane, hexafluoroisopropyl methyl ether, and
1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether as co-solvents to battery electrolytes.[22,
23, 28, 31, 84-88] It has been observed that in some cases the addition of co-solvents to highly
concentrated electrolytes does not result in the total disruption of rigid three-dimensional
structure and in turn creates pockets of highly concentrated electrolyte with increased
mobility.[22, 23] For these reasons, these diluted electrolytes have been described as pseudo-
concentrated electrolytes. Pseudo-concentrated electrolytes have particularly interesting
properties such as enhanced ionic conductivity, lower viscosity, and lower cost when compared
to highly concentrated electrolytes.[220] In addition, it has been recently shown the possibility of
using these electrolytes for high-voltage lithium-ion batteries.[26, 31]

Highly-halogenated co-solvents have been used to create pseudo-concentrated
electrolytes, since they are expected to lower the viscosity of the system without modifying the
preexisting interactions among components of the electrolyte due to their chemical inertness. An
example of such behavior has been demonstrated in the addition of dichloromethane to a highly
concentrated electrolyte where the co-solvent did not alter the electrolyte interfacial properties
(i.e., electrochemical stability), but decreased electrolyte viscosity.[24] However, recent work

casts doubt on the non-interacting nature of the co-solvent since it revealed that the addition of a

78



highly fluorinated ether as a co-solvent to a concentrated electrolyte resulted in change of the
interfacial and bulk properties of the electrolyte concomitant with a change in the anion
speciation in the electrolyte.[26]

The literature of pseudo-concentrated electrolytes also presents conflicting accounts of
the role of the co-solvent on the ionic speciation and interfacial and bulk properties of the diluted
electrolytes. In a work on a system composed of lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in ethyl acetate, the addition of a dichloromethane co-solvent did not appear to alter the
speciation, which exists primarily as contact ion pairs (CIP) and aggregates (AGQG) in the diluted
and pure electrolytes.[24] In contrast, an electrolyte consisting of lithium
bis(fluorosulfonyl)imide (LiFSI) in dimethyl carbonate showed that the addition of a fluorinated
co-solvent directly affects the speciation of the lithium ion by increasing the concentration of
CIPs and AGGs in the diluted electrolyte.[25] Owing to these conflicting reports, further study of
the solvation structure of the lithium ion when diluted with a “non-interactive” co-solvent is
needed.

The focus of this study is to determine the possible molecular mechanisms by which a co-
solvent affects the ionic speciation and the electrochemical properties of the system. Previous
reports indicated that the chemical nature of the anion occupies a critical role in dictating
speciation, so two different lithium salts are investigated to determine whether the identity of the
anion plays any part in directing speciation.[152, 221] To this end, two commonly used lithium
salts (lithium bis(trifluoromethanesulfonyl)imide, LiTFSI and lithium hexafluorophosphate,
LiPFs) in dimethyl carbonate (DMC) and a highly fluorinated solvent (1,1,1,3,3-
pentafluorobutane, PFB) are used (Scheme 4.1). It has been demonstrated that both lithium salts

are soluble in DMC, though not with the same degree of dissociation, and their use in previous
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spectroscopic studies of electrolytes warrants their use here as representative lithium
electrolytes.[17, 49, 50, 152, 160, 221-226] The use of PFB as co-solvent is based on the
expectation that the solvent by itself will not affect the electrochemical window of the system
due to its chemical inertness,[227, 228] but it will improve the transport properties because of its
low viscosity.[229]Moreover, PFB is structurally similar to the widely used polymer
poly(vinylidene fluoride) typically used as binder in lithium ion batteries. Hence, electrolyte
samples with varying co-solvent concentration are examined experimentally via conductivity
measurements, viscosity measurements, NMR spectroscopy, linear FTIR spectroscopy, and
cyclic voltammetry and complemented by density functional theory (DFT) computations. In
particular, previous works have shown the benefits of using IR and NMR characterizations

synergistically to study the solvation structure of the lithium ion in solution.[17, 152, 187, 224-

226, 230]
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Scheme 4.1. Chemical structures of LiTFSI, LiPFs, DMC, and PFB (from left to right).

4.2. Methods

4.2.1. Experimental methods

4.2.1.1. Sample preparation. Lithium hexafluorophosphate (LiPFg, 98% Acros Organics) was

used as received. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99%) was dried at 140 °C
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for 16 hours under vacuum before use. Both lithium salts were stored in a N»>-filled glovebox to
avoid exposure to moisture. Dimethyl carbonate (DMC, 98% Acros Organics) and 1,1,1,3,3-
pentafluorobutane (PFB, >99.5% Alfa Aesar) were dried under activated 4A molecular sieves to
remove any trace amounts of water before use and stored in a N»-filled glovebox. Additionally,
all solution preparation and sample cell assembly were conducted in the glovebox. The water
content of these samples, tested via Karl Fischer titration, was determined to be 12 ppm. The
solution concentrations in molarity and molality are included in Table 4.1.

Table 4.1. Molarity and molality of all samples tested.

1:9:0 1:9:1 1:9:3 1:9:6 1:9:9
LiTFSI 1.03M 0.92M 0.76M 0.60M 0.49M
molarity
LiPF6 1.16M 1.03M 0.83M 0.64M 0.52M
molarity
LiTFSI 0.91m 0.80m 0.65m 0.50m 0.41m
molality
LiPF6 1.04m 0.90m 0.71m 0.54m 0.44m
molality

Sample cells assembled for FTIR of the carbonyl stretch region utilized a small volume
of sample sandwiched between two CaF. windows in an O-ring sealed sample cell without a
spacer to overcome the known issue of high absorbance for the carbonyl stretch in dimethyl
carbonate; this results in a path length of approximately 1-2 um.
4.2.1.2. FTIR spectroscopy. FTIR spectra were recorded with a Bruker Tensor 27 spectrometer
with a liquid nitrogen cooled narrow band MCT detector. All samples were measured with a
resolution of 0.5 cm™' and were averaged from 40 scans at room temperature. Attenuated total
reflectance FTIR (ATR-FTIR) spectra were recorded on a Bruker Tensor 27 spectrometer

outfitted with a Pike Miracle ATR cell and diamond/ZeSn crystal. The ATR-FTIR spectra were
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captured using a deuterated triglycine sulfate (DTGS) detector with a 4 cm™! resolution, averaged
over 16 scans.

4.2.1.3. Conductivity and viscosity measurements. Conductivity and viscosity measurements
were taken with a YSI 3200 conductivity meter and a Brookfield DV-II+ Pro viscometer,
respectively.

4.2.1.4. NMR spectroscopy. Nuclear magnetic resonance spectroscopy was taken on a Bruker
AVIII 500 MHz spectrometer. Shimming was performed with a chloroform reference.
Hexafluorobenzene (C¢Fe) was used as the reference standard in all samples; sealed capillary
tubes of C¢F were inserted into each NMR tube to ensure no direct interactions occur between
the reference standard and the sample.

4.2.1.5. Electrochemical methods. Linear sweep voltammetry experiments were performed with
an SP-300 Biologic potentiostat. The scans were conducted at a 100 mV/sec scan rate. For all the
samples, the working and counter electrodes were made of platinum and Ag/Ag" was used as a
pseudo-reference electrode. For comparison to the Li/Li" standard used in much electrochemical
literature, scans were also conducted with the addition of a small amount of ferrocene (as an
absolute internal standard) and referenced versus Li/Li" using a conversion as outlined in the
literature.[231, 232] Onset potentials were determined as the intersection potential of the tangent
lines to the capacitive and faradaic currents.

4.2.2. Theoretical methods

4.2.2.1. DFT calculations. Density functional theory (DFT) calculations were performed in the
Gaussian 09 software to complement experimental NMR data.[188] Geometry optimizations and
chemical shifts were computed using the PBE functional and the 6-311++G** basis set. The

functional and basis set were chosen based on previous demonstration that they correctly model
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lithium solvation shell and their speciation in solution.[13, 152, 157, 209, 233-235] NMR
chemical shifts were calculated using the Gauge-Independent Atomic Orbital (GIAO)
method.[236]
4.3. Results
4.3.1. FTIR spectroscopy

The FTIR spectra in the carbonyl stretch region (1650-1850 cm™) for the samples
containing either LiPF¢ or LiTFSI in solvent mixtures with different molar ratios of DMC and
PFB are shown in Figure 4.1. The spectra for both samples show two bands with a 2:1 intensity
ratio separated by ~ 35 cm!. In LiTFSI samples, the high and low frequency bands are located at
1757 cm™ and 1724 cm! respectively. The initial addition of PFB slightly decreases the height
ratio between the high and low frequency bands, but it remains almost equal when the
concentration of PFB is further increased. Similar spectra are observed for the LiPF¢ samples.

However, the higher frequency band (1760 cm™) increases its intensity with the addition of PFB.
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Figure 4.1. FTIR spectra of the carbonyl stretch region for LITFSI: DMC:PFB samples (top) and
LiPFs:DMC:PFB samples (bottom) as a function of the PFB concentration.
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Moreover, the lower frequency band (1725 cm™) shows a noticeable blueshift with increasing
PFB concentration.

Complementarily, Figure 4.2 shows the ATR-FTIR spectra in the P-F stretch region for
the LiPFs samples. There are five bands at 818 cm™, 844 cm™, 857 cm!, 863 cm™!, and 885 cm™!
in these samples. While the bands at 844 cm™ and 863 cm™! are present at all compositions, the
bands at 818 cm™!, 857 cm™!, and 885 cm™! are only visible at PFB concentrations of 1:9:3
LiPFs:DMC:PFB or greater. In addition, the peaks at 844 cm™ and at 863 cm™! blueshift with
increasing PFB content, while the other three bands appear to only grow with increasing PFB

content.
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Figure 4.2. ATR-FTIR in the P-F stretch region for different LiPFs:DMC:PFB samples.
4.3.2. NMR spectroscopy and electrochemical methods
NMR experiments were also performed to investigate the anion speciation using the '°F
nuclei, since the TFSI” does not have easily identifiable vibrational modes that change with
speciation. The chemical shifts for both lithium salts in the different solvent mixtures are
presented in Figure 4.3. The '°F nuclei in LiPFs samples show a decrease of the chemical shift

with increasing concentration. Conversely, the LiTFSI samples present an up-shift in the

chemical shift with increasing PFB.

84



Additionally, the molal conductivity of LiPFs:DMC:PFB and LiTFSI:DMC:PFB samples
at several concentrations at room temperature was also studied, and the results are presented in
Figure 4.4 with respect to both PFB concentration and Li concentration. The conductivity of the
LiTFSI:DMC:PFB samples is almost constant at ~ 5 mS-cm™-m!, save for the 1:9:0 sample,
which shows slightly lower conductivity. For the LiPFs:DMC:PFB samples, the conductivity
generally shows a steady increase with PFB concentration. The viscosity measurements of all
samples are shown in Figure 4.4. The viscosity decreases with PFB concentration for all

compositions for both LiTFSI and LiPFs samples.
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Figure 4.3. Chemical shift of the °F nuclei as a function of the sample composition (bottom axis)
and molar fraction of lithium (X(Li), top axis) for both LITFSI:DMC:PFB samples (black

squares) and LiPFs:DMC:PFB samples (red circles).

Finally, the electrochemical response of the samples was also studied via cyclic
voltammetry (Figure 4.5). For this study, two different limiting PFB concentrations (1:9:0 and
1:9:9) were studied for both LiPF¢ and LiTFSI electrolytes. In the LiPFs samples, the voltage
ranges show the onset of oxidation occurs at 6.48 V vs Li/Li" for the 1:9:0 concentration and
6.47 V vs Li/Li* for 1:9:9, while in the case of LiTFSI samples, oxidation occurs at 5.94 V vs

Li/Li" for the 1:9:0 sample and 5.82 V vs Li/Li" for the 1:9:9 sample.
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Figure 4.4. Left panel contains the molal conductivities of LiPF¢/DMC/PFB (red circles) and
LiTFSI/DMC/PFB (black squares) samples with respect to sample composition (top axis) and
molar fraction of lithium (X(L1), bottom axis). Right panel depicts the viscosities for LiTFSI and
LiPF¢ samples with respect to sample composition (top axis) and molar fraction of lithium
(X(L1), bottom axis). Conductivities were taken at room temperature, 25°C. Temperature was
held at 23°C during viscosity measurements via a circulating chiller.
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Figure 4.5. Linear sweep voltammogram for 1:9:0 and 1:9:9 compositions of the
LiPFs:DMC:PFB (black and red lines, respectively) and LiTFSI:DMC:PFB (blue and magenta
lines, respectively) samples. The intersection of the dashed lines with I=0 mA/cm? provides a
qualitative difference of the onset potential. The change in current density over a varied potential
range is plotted for the oxidative scan of the first trace for each composition at a 100 mV/sec
scan rate.

4.4. Discussion
4.4.1. Ionic speciation

The carbonyl stretching mode of the organic carbonate in the electrolytes has been
previously used as a vibrational probe to study solvation shell structure and ion speciation
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because of its sensitivity to local interactions.[237-241] In our study, the carbonyl stretching
mode of DMC was used as a vibrational probe to investigate changes in the local lithium ion
environment produced by the addition of PFB concentration, since the high and low frequency
band (1757 cm™ and 1724 cm™) have been assigned to the free carbonyl and lithium coordinated
carbonyl stretches, respectively.[17, 117, 242] The linear FTIR spectra for LiTFSI and LiPFs
samples (Figure 4) show definitely different trends in association of the solvent with the lithium
ion for the two salts. In the case of the LiTFSI samples, the spectra reveal a downward trend
where the amount of free carbonate is maximized for the sample without PFB, and the first
addition of PFB slightly lowers the amount of free solvent, which then remains almost constant
for all the different PFB concentrations. This trend implies that PFB is not likely to directly
interact with Li"; this interpretation is further strengthened by DFT results (see Figure 4.6),
which predict IR signatures from the interaction between Li+ and PFB, which are not present in

the experimental data.
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Figure 4.6. Calculated IR frequencies for carbonyl region of LiTFSI (left) and LiPFg (right) ion
pair species with the addition of PFB (Scheme 4.2). The frequencies for the SSIP and CIP
species without PFB are included for comparison.

However, it appears that the addition of PFB to the LiTFSI samples actually enhances the

interaction of the organic carbonate with lithium ion. This is explained by the extremely poor
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solubility of LiTFSI in PFB, even though PFB has a larger dielectric constant than DMC.[243] In
regards to ion speciation, the changes in the carbonyl stretch band intensities indicate that in the
absence of PFB (the 1:9:0 LiTFSI sample), some CIPs are present, but the addition of PFB (the
1:9:1 sample) is sufficient to disrupt such complexes, resulting in a higher coordination of
lithium ions by carbonates, or equivalently, in the loss of intensity for the free carbonyl band
(1757 cm™). Moreover, subsequent additions of PFB do not appear to change the free carbonate
solvent molecules or the ionic speciation in the sample, since the ratio of the bands does not
change. Note that the loss in intensity of the free carbonyl band could also be attributed to a
change in the dielectric constant of the solution by the addition of PFB, but this is unlikely
because the ratio of the bands intensity remains invariant even at very large concentrations of

PFB. The solvation structures described are shown in Scheme 4.3.
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Scheme 4.3. Possible Solvation structures. Top row, from left to right: Solvated Li+, LiTFSI
SSIP, LiTFSI CIP. Bottom row, from left to right: LiPFs SSIP, LiPF¢ CIP, LiPFs 2,2-AGG,
LiPFs 1,2-AGG.

The linear IR spectra of the LiPF¢ samples (Figure 4) also show two bands in almost the

same positions as the LiTFSI samples. Compared to the bands in the latter, the carbonyl stretch
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bands are blueshifted by 1 cm™ and 3 cm™, respectively. Interestingly, the trend observed for the
peak intensity of the LiTFSI samples is completely different for the LiPFs samples, where a
sustained growth of the free carbonyl band is observed with increasing PFB concentration. The
trend in the carbonyl bands shows that more free solvent molecules are generated with increasing
concentration of PFB. While the addition of PFB could significantly alter the oscillator strength
of the carbonyl mode of DMC, this effect should be also noticeable in the LiPF6 samples.
However, the PFB addition to the LiPF6 samples only produces a small solvatochromic shift of
the carbonyl stretch frequency.[244] Thus changes in the environment do not appear to be caused
by substantial change in the transition dipole magnitude of the carbonyl stretch. The effect of
PFB can be explained by an increase in the interaction between the lithium ion and its counter
ion, which results in more CIPs and AGGs in the LiPFs samples with increasing PFB
concentration. The formation of more CIPs and AGGs is also supported by the broadening
revealed in the high-frequency band with increasing PFB concentration, which may denote
additional vibrational modes from CIPs or AGGs contributing to the high-frequency band.[50]
This is reflected in the IR frequencies calculated from density functional theory (Figure 4.7),
which shows that the high-frequency carbonyl band observed for the free species overlaps with
bands predicted for the SSIP, CIP, and 2,2-aggregate species (structures B, C, and D in Scheme
4.4). Furthermore, previous experimental and computational studies on LiPF¢ in DMC suggest
that the solution exists primarily SSIPs, such that stronger Li-anion interactions would result in
aggregate species. [49, 50, 149]

The change in the speciation of the PFs ion is further deduced from ATR-FTIR
spectroscopy. The P-F stretches of the anion in the LiPF¢ in DMC/PFB samples (Figure 4.2)

show that, in the absence of PFB (1:9:0 sample), the ATR-IR spectrum presents two broad
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bands, one at 840 cm™! and a second one at 860 cm™!. This latter band has been previously linked
to the presence of SSIPs.[17, 49, 152] At higher concentrations of PFB (1:9:3 and higher), three
additional bands appear at 820 cm™', 857 cm™ and 885 cm™!, suggesting a change in the ionic
speciation of PF¢™ . The proposed change in speciation is in agreement with a previous report
which showed the appearance and growth of the same side P-F stretch bands at high
concentrations of LiPF¢ in organic carbonates, where the interaction between the lithium ion and

its counter ion is enhanced by concentration.[50]

¥ g2 W

Scheme 4.2. Contact ion pair with the explicit carbonates and PFB in the solvation shell. From
left to right: LiPFs CIP, LiPFs SSIP, LiTFSI CIP, LiTFSI SSIP.
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Figure 4.7. Calculated IR frequencies for the carbonyl stretch of the solvent for LiPFs and
LiTFSI species without addition of PFB (all species are shown in Scheme 4.4).

Moreover, this previous study also assigned the same P-F stretch bands, observed for the
1:9:3 samples and beyond, to the formation of aggregates.[50] Hence, the LiPFs/DMC/PFB
samples show increased ionic interactions with higher PFB concentrations. This behavior is in

agreement with the increase in free carbonate molecules seen in the carbonyl stretch band for the
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samples with high PFB concentrations.[26] DFT frequency calculations for the different LiPFg

species validate our assignment, since the P-F stretch region (Figure 4.8) has a better agreement
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Figure 4.8. Calculated IR frequencies in the P-F stretching region for different LiPF¢ speciation
(Scheme 4.4).
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Scheme 4.4. All species 1nvest1gate via DFT computations: Free PF¢ anion (A), LiPFs SSIP (B),
LiPFs CIP (C), LiPFs 2,2-AGG (D), LiPFs 1,2-AGG (E), solvated Li" cation (F), free TFSI-
anion (G), LiTSFI CIP (H), and LiTFSI SSIP (I).

for frequencies of the free anion and the SSIP than for those of the CIP. Furthermore, the
calculations also reveal the IR bands seen in FTIR (Figure 4) and the three additional IR bands
observed in ATR (Figure 4.2) spectra with increasing PFB concentration are better represented

by the carbonyl and P-F stretches arising from the 2,2-aggregate, rather than from the 1,2-

aggregate (structures D and E in Scheme 4.4). In summary, the change in the speciation of PF¢
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is consistent with behavior in pseudo-concentrated electrolytes, wherein the presence of a non-
interacting co-solvent strengthens the cation-anion interactions.[25, 26]

The anion speciation was also inferred from the fluorine nuclei chemical shifts. As seen
in the IR spectroscopic data, the LiTFSI and LiPF¢ samples present opposite trends for the
change in the chemical shift (Figure 4.3). While the PF¢ fluorine nuclei decrease their chemical
shift (increasingly shielding) with PFB concentration, the TFSI fluorine atoms increase their
chemical shift (less shielding). From the perspective of the sample concentration, an increase in
the lithium concentration should lead to a decrease of the chemical shift (increasingly shielding)
due to the stronger interaction between the anion and the cation as previously demonstrated for a
TFSI-based ionic liquid doped with LiTFSI.[245] DFT calculations (Figure 4.9) validates the
concentration effect in the NMR chemical shift since the formation of a CIP results in a decrease
of the chemical shift (more shielded) of anion fluorine nuclei in either sample. Moreover, the
addition of an explicit solvation shell for Li* does not modify the chemical shift trend (Figure
4.9). Hence, the DFT results confirm our interpretation of the IR data for both the PF¢ and TFST"
. In other words, the addition of PFB to the LiPFs sample leads to a stronger lithium-anion
interaction, resulting in more shielding of the fluorine nuclei (lower chemical shift) and more
free carbonates. In contrast, the addition of PFB to the LiTFSI sample results in a weaker
interaction between the cation and TFSI, or equivalently, higher chemical shift (less shielding)
in agreement with disappearance of free carbonates in the sample as seen from the IR results.

So far, two key conclusions can be extracted from the experimental IR and NMR data and the
computational results. First, the addition of PFB appears to affect the Li-anion interaction
differently for the two samples. Second, the presence of the co-solvent has a stronger effect on

the formation of CIPs and AGGs than lowering the lithium concentration. Hence, the addition of
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the co-solvent affects the speciation of the two electrolytes differently, which points to different
molecular interactions between PFB and either anion. DFT calculations (see Table 4.2) revealed
that the interaction between the most energetically favored conformation of TFSI and PFB is

favored by ~3.6 kJ/mol over the interaction between PFs" and PFB (see Scheme 4.5).
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Figure 4.9. Calculated NMR shielding for the addition of Li* to PFs” and TFSI- anions. Left
panel without solvent, and middle and right panels with explicit solvent (as shown in Scheme
4.4).

Previous work has shown the existence of weak hydrogen bonds between C-H donors
and the O atom of acceptors.[246-250] These CH...O hydrogen bonds have energetics on the
order of 1 kcal/mol, different C-H bond lengths as compared to non-forming hydrogen bonded
species, and nearly linear CH...O geometries.[246, 247, 251, 252] The PFB-TFSI interaction
show similar energetics of ~0.86 kcal/mol to the CH...O hydrogen bond. Additionally, bond
lengths for the C-H bonds of PFB and C-H-O bond angles (Table 4.3) mirror results previously
seen in other systems (see ref. [251] and [247], respectively). Thus, the DFT results strongly
suggest that the formation of weak hydrogen bonds between PFB and the TFSI” might be the

cause for the dissociation of the CIPs in the LiTFSI/DMC samples. Overall, the

juxtaposing results from IR, NMR, and DFT data provide a unified picture of the molecular-level
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interactions in these systems. The IR experiments show more free solvent molecules with
increasing co-solvent concentration for the LiPFs/DMC system due to enhanced interactions
between the PF¢™ and the lithium cation. Conversely, for the LITFSI/DMC system, there is a
slight loss of free solvent molecules with the initial introduction of PFB, indicating that the co-
solvent dissociates ion pairs (SSIPs and CIPs) and forces the carbonate solvent to solvate Li'. In
the case of the PF¢ sample, the enhanced cation-anion interactions are also observed through
both the down shift of fluorine chemical shift and the appearance of new bands in the P-F stretch
IR region. In contrast, the weakening of Li'-anion interaction produced by the presence of the
co-solvent in the LITFSI/DMC sample is directly observed from the up shift of the fluorine
chemical shift. The NMR and IR spectra for these samples calculated with DFT strengthen the
interpretation of these interactions, denoting the existence of free TFSI" and SSIPs in the LiTFSI
samples and free PF¢", SSIP, and 2,2-aggregate species in the LiPFs samples.
4.4.2. Macroscopic properties

The electrophysico-chemical properties of these systems also present interesting trends.
The molal conductivity of both systems shows that the value remains nearly constant with a
slight increase for those samples containing PFB for the LiTFSI samples. In contrast, the LiPFg
samples present a maximum around the 1:9:6 sample, but all the samples containing PFB have a
larger conductivity than the pure electrolyte (1:9:0 sample). In these electrolytes, the
conductivity mechanism is expected to be driven by the mobility of free ions, the viscosity, and
the lithium salt concentration.[6] The formation of CIPs and AGGs should limit the number of
charge carriers and thereby lower the conductivity of the system. However, the addition of a co-

solvent to an electrolyte not only changes the number of charged species, but also alters the
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viscosity of the system. Thus, a lower viscosity in the sample should facilitate a faster diffusion

of the charge carriers, which is observed behavior for pseudo-concentrated electrolytes.[23, 25]

A ¢ B C D
¥, W
4 BF¥ EXR

Scheme 4.4. The atomistic structures used to investigate the hydrogen bond energetics for each
anion (Table 4.2).

Table 4.2. Energetics for the interaction between PFB and each anion (Scheme 4.5).

Interaction AE . AE . AE
(vs cis-cis TFSI-) | (vs cis-trans TFSI-) | (vs PF¢ )
(A)PFB(H) --- ccTFSI(O) -51.43 kJ/mol -48.05 kJ/mol -
(B) PFB(H) --- ccTFSI(O) -53.84 kJ/mol -50.45 kJ/mol -
(C) PFB(H) --- ¢tTFSI(O and N) | -59.02 kJ/mol -55.64 kJ/mol -
(D) PFB(H) --- PFs(F) - - -55.40 kJ/mol

Table 4.3. C-H bond lengths and bond angles (C-H-O and C-H-N) for the most favorable TFSI-
PFB interaction (C in Scheme 4.5). C-H bond lengths in non-interacting TFSI- are included for
comparison.

Sample C-H bond length | C-H bond length | C-H-O bond C-H-N bond
(CH») (CH3) angle angle

TFSI- 1.0921 A 1.0908 A --- ---

TFSI-PFB 1.0955 A 1.0922 A 165° 170°

The viscosity of the studied electrolytes as a function of the PFB concentration in either
sample displays a monotonic decrease of the viscosity with the addition of co-solvent. Since
viscosity and conductivity are inversely related, a monotonic decrease in viscosity should be
reflected as an increase in the conductivity when the ionic speciation in the sample remains

unaltered. This is the case for the LiTFSI samples, where the addition of PFB leads to a linear
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increase in the conductivity. However, the trend does not explain the conductivity of the LiPFs
samples, which exhibits nonlinear behavior, likely due to a change in the ionic speciation as
previously concluded.[253] Moreover, the viscosity of the LiPF¢ samples does not follow an
ideal behavior in which the viscosity of the system is defined exclusively by the viscosity of the
components and their molar fractions. The non-ideal behavior is seen when comparing the real
and ideal viscosity of the mixtures (Figure 4.10), in which the latter was computed using the
viscosity of the pure electrolytes and pure PFB.[228] In this case, it is observed that the
experimental viscosities for the LiTFSI samples matches well with the value of the viscosity
predicted for the ideal case. In contrast, the experimental viscosity for the LiPFs samples presents
a much lower value than that of the ideal case. Thus, the viscosity evidences a change in the
cohesive forces of the electrolyte likely arising from the change in the ionic speciation of the
LiPF¢ sample due to the presence of PFB.

The effect of dilution in the samples on the ion transport is better observed using the
viscosity weighted conductivity (Walden product, Figure 4.10) as a function of the PFB
concentration. Because the Walden product removes the viscosity effect, one can use this metric
to evaluate the changes in the number of charge carriers.[254] For the LiTFSI sample, the
Walden product (Figure 4.10) decreases monotonically, since it is directly influenced by the
change in the number of charge carriers produced by the addition of the co-solvent; i.e., dilution.
Contrarily, the Walden product (Figure 4.10) for the LiPFs samples does not follow the same
trend as LiTFSI, indicating that there is another underlying molecular mechanism, beyond simple
dilution, altering the properties of the system. This mechanism is the change in ionic speciation
of the two systems as derived from the IR and NMR experiments. Hence, the Walden products

assert that PFB plays a different role in the solvation of these LiPF¢ and LiTFSI electrolytes and
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their dilutions. In the case of the LiTFSI system, PFB has a minimal effect on the conductivity of
the system and only serves as a co-solvent, while in the LiPF¢ system, PFB creates a pseudo-
concentrated electrolyte with enhanced conductivity by altering the ionic speciation of the

electrolytes; i.e., creating more aggregates.

Sample composition (Li salt:DMC:PFB) Sample composition (Li salt:DMC:PFB)
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Figure 4.10. Left panel depicts the measured and calculated viscosities for LiTFSI/DMC/PFB
(black full and crossed squares) and LiPF¢/DMC/PFB (red full and crossed circles) samples.
Right panel shows the Walden product for LiTFSI and LiPFs samples at all compositions.
Finally, the effect of PFB on the electrochemical stability of the electrolyte was also
evaluated from cyclic voltammetry. It has been previously shown that there is a relationship
between enhanced ionic conductivity and a change in electrochemical stability of the
electrolytes, in which a higher concentration of the lithium salt typically leads to larger
electrochemical stability.[82, 85, 87] The linear sweep voltammogram (Figure 4.5) for LiPFs
sample without (1:9:0) and with (1:9:9) PFB shows that the onset potential for oxidation is 6.48
V and 6.47 V for the two samples, respectively. The results indicate a negligible (~ 10 mV)
change in the electrochemical window upon addition of PFB for the LiPFs electrolyte. The
LiTFSI samples show a completely different behavior, where the onset oxidation potential is

found to be 5.94 V and 5.82 V for the pure (1:9:0) and diluted (1:9:9) sample, respectively. Thus

in the LiTFSI electrolyte, the electrochemical stability window is reduced by ~120 mV when
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PFB is added. Addition of PFB lowers the oxidative current densities in both electrolytes,
however the effect of PFB addition on the onset potentials differs depending on the lithium salt
in the electrolyte. The electrochemical results appear to be conflicting, but the change in the bulk
ionic speciation of the samples explains the observed electrochemical behavior, since it has been
previously observed that an increase in the cation-anion interaction leads to a larger
electrochemical window of the electrolyte.[82, 108]

Table 4.4. The HOMO-LUMO gap, computed via DFT, for different species of LiTFSI and
LiPFs.

Species HOMO-LUMO
gap
Free TFSI 2.51eV
LiTFSI SSIP 7.23 eV
LiTFSI CIP 7.51eV
Free PF¢ 392eV
LiPFs SSIP 8.10 eV
LiPF¢ CIP 8.57eV
LiPFs 2,2-AGG | 8.05eV
LiPFs 1,2-AGG | 4.98 eV

To find a possible link and rationalize the effect of the bulk ionic speciation on the
observed electrochemical behavior, the HOMO-LUMO gap of the different ionic species
deduced from the experiments is calculated using DFT computations (see methods). This method
is used because it has been previously shown that the HOMO-LUMO gap is correlated with the
electrochemical stability.[255-257] The HOMO-LUMO gap for the free anion, SSIP, and CIP of
both salts, as well as aggregate species are shown in Table 4.4. In the species related to LiTFSI,
the HOMO-LUMO gap is found to be similar for the CIP and SSIP, but significantly smaller for
the free TFSI". A similar trend is seen for the LiPF¢ species (free PFs < 1,2-AGG < 2,2-AGG =
SSIP = CIP), albeit the consideration of aggregates as previously demonstrated. Thus, the

electrochemical data allow us to deduce the same molecular mechanism resulting from the
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addition of PFB to the two electrolytes. In the case of the LiTFSI sample, a weaker interaction
between Li" and its counter ion resulting in less ion pairs (both SSIPs and CIPs) and more free
ions is observed when PFB is added. These changes in speciation cause a decrease in the
electrochemical window. In contrast, the addition of the co-solvent leads to a stronger Li-anion
interaction in the LiPFs electrolyte, which leads to the formation of more CIP and AGGs in the
sample and maintains the electrochemical window constant. Overall, the contrasting behaviors
observed in the electrochemical stability of the samples reflect a shift in speciation toward more
free ions (with reduced electrochemical stability) in the case of the LiTFSI electrolytes and a
shift towards aggregates (with similar electrochemical stability) in the case of the LiPFs
electrolytes.
4.5. Summary

Two non-aqueous lithium ion electrolytes and their dilutions with a co-solvent were
characterized using experimental and computational methods. Complementary IR and NMR
spectroscopies showed a different speciation for the two electrolytes with increasing
concentration of the co-solvent. In the case of the LiPFs electrolyte, the anion forms aggregates
when PFB is added, while the addition of co-solvent actually dissociates CIPs in the LiTFSI
electrolyte. The change in the speciation is also observed in the different electrophysico-
chemical properties of the systems. The stronger Li-anion interactions in the LiPF¢ electrolyte
result in a higher conductivity, lower viscosity, and no change in the electrochemical window
with the addition of the co-solvent. In contrast, the conductivity of the LiTFSI electrolyte
remains fairly constant irrespective of the PFB concentration, while the addition of co-solvent
decreases both the viscosity and the electrochemical window. The lower oxidative stability is in

agreement with the change in the speciation and their computed electrochemical stability via the
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HOMO-LUMO gap. The difference in speciation appears to be caused by the formation of a
strong hydrogen bond between the TFSI™ and the co-solvent. In short, this study establishes that
the addition of a co-solvent, usually considered inert, can alter ionic speciation of the electrolyte
species, and attempts to improve the transport properties through a decrease in viscosity could

inadvertently impact the electrochemical properties of the system.
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CHAPTER 5. INTERESTING STRUCTURE AND UNUSUAL DYNAMICS:
IMPACT OF POLYMER CONCENTRATION ON PROPERTIES OF A
POLYMER GEL ELECTROLYTE

5.1. Introduction

In the decades since their introduction, lithium ion batteries have emerged as the
dominant energy storage technology for modern applications such as portable electronics,
electric vehicles, and energy storage for power grids.[1, 2, 5, 6, 12] However, serious safety
concerns remain concerning the flammable carbonate solvents used in many commercial non-
aqueous lithium ion electrolytes, which has led to substantial interest in the development of safer
alternatives.[258, 259] One solution to these pressing safety concerns has been the development
of gel polymer electrolytes (GPEs), wherein a non-aqueous lithium ion electrolyte is suspended
within a polymer matrix that stabilizes the system.[91-93] The complex composition of these
electrolytes raises heretofore unanswered questions about the interactions within the system and
how the electrolyte properties are impacted.

A survey of past research prompts the question of whether the polymer in these gels
systems acts as an inert, stabilizing scaffold for the electrolyte or whether interactions with the
polymer actually alter the physical and chemical properties of the system. Indeed, there is
evidence to suggest that the identity of the polymer plays a key role in dictating its interactions
with the electrolyte, such that different properties can be expected from gels electrolytes
comprised of different polymers. Several studies have highlighted the different effects of three
commonly-used polymers for electrolytes: polyethylene oxide (PEO), poly(methyl methacrylate)
(PMMA), and polyacrylonitrile (PAN). In PAN polymer gel electrolytes, greater formation of
ion pairs has been observed.[33, 34, 97] Conversely, PEO gels dissociate the lithium salt better

than organic nonaqueous electrolytes, such that less ion pairs are found in a PEO-based gel.[94,
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95] In contrast, no changes in speciation are observed for the polymer gels comprised of
PMMA.[35, 96] The three polymers also display different lithium transport behavior. In PMMA
gels, the addition of the polymer has no impact on ion dynamics, such that no interactions
between the lithium and polymer are expected.[35, 37, 97, 99, 102, 103] Contrarily, in PEO gels,
the lithium conductivity is shown to be coupled to the segmental motions of the polymer
chain.[36, 98, 100, 101] Accordingly, PMMA and PEO fulfill opposite roles in their
corresponding gels as an inert host with no impact on dynamics and an interacting medium
whose chain motions directly impact the flow of ions, respectively. Interestingly, PAN occupies
a role between these two extremes, wherein the polymer has clear interactions with the
electrolyte, but the conductivity of the system is independent of the segmental motions of the
polymer backbone.[33, 103-105] Of particular interest, it has previously been observed that the
addition of PAN to a liquid lithium ion electrolyte increases the conductivity, which points to the
polymer not only interacting with the electrolyte, but also playing an active role in enhancing
conductivity.[33]

It remains unclear what molecular-level changes in the PAN gel lead to the enhanced
conductivity. The decoupling of the diffusive behavior from the segmental motions of the
polymer, observed for PMMA gels, implies the conductivity is controlled by diffusion, but this
effect alone does not explain the observed increase in conductivity.[37, 103] It has been
proposed that stronger dissociation of the lithium salt by the plasticizer plays a part in the larger
conductivity observed in gel electrolytes.[260] However, this explanation is at odds with another
study which found that interactions between the lithium and nitrile groups of polymer
simultaneously enhanced the conductivity and promoted the formation of ion pairs.[33] The role

of PAN in facilitating LiClO4 ion pair formation is backed by multiple other studies, citing a

102



much weaker perturbation of the anion by the PAN nitriles compared to the plasticizer.[34, 261,
262] A separate Raman study showed that the polymer enhances the ion-solvent interactions.[97]
Furthermore, the increased conductivity has been justified on the basis of a hopping mechanism,
where the dissociated Li+ moves between positions along both the polymer backbone and the
solvent separate from the anion.[104, 261, 262] This complicates interpretation, since several
studies have shown that the presence of PAN strengthens ion pair formation in these electrolytes
and that the anion appears predominantly within the vicinity of the cation.[34, 97] Another work
argued that the enhanced conductivity is the result of greater mobility of the anion rather than the
cation, since the cation presents a similar transference number for several different salts.[263]
This matches one interpretation of the ion transport, wherein the lithium ion is confined to
jumping along the polymer chain, but the anion moves outside the channel in the gel state.[262]
Further conflicts surround the solvent interactions in these gels. Some research suggests strong
dipolar interactions between the polymer nitriles and cyclic carbonates, leading to preferential
solvation of the PAN nitriles instead of the cation.[96, 264, 265] Other research indicates Li+
interacts with both the solvent and nitrile groups of the polymer in gel electrolytes.[104, 261,
266] Accordingly, the ability of the lithium to associate with both polymer and solvent could
explain the increased ion mobility, but the variety of interactions available to the lithium cation
complicates interpretation, creating a murky molecular picture.

The conflicting interpretations of the association within the gels warrant further
exploration of the structure and dynamics in these complex systems. In this work, a polymer gel
electrolyte comprised of a lithium-ion electrolyte dispersed in a polyacrylonitrile (PAN) polymer
matrix was proposed, and its properties were studied with various experimental methods. Three

electrolyte samples of lithium perchlorate (LiClO4) dissolved in a cyclic carbonate mixture
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(EC:PC 1:1 by mass) with 0%, 5%, and 10% polyacrylonitrile by weight were studied to
determine the effect of polymer content on the structure and properties of the system (Scheme
5.1). The nitrile stretch has been previously utilized to study structure in polymer electrolytes,
implicating it as a useful probe for investigating structural changes around the functional group
of the polymer.[34, 104, 261, 262, 267] Structure and picosecond dynamics were further
explored using 2DIR spectroscopy with lithium thiocyanate (LiSCN) as a vibrational probe. The
thiocyanate ion has previously been used as an infrared probe due to the strong infrared
absorption and long vibrational lifetime of its nitrile mode and its small size, which enables the
anion to probe confined domains without steric hindrance.[120, 133, 268, 269] In addition to
infrared characterization, viscosity testing and differential scanning calorimetry were performed
to supplement the results. DSC is a powerful technique for studying the structure of polymers,
and the use of modulated DSC bears the distinct advantage of distinguishing between the kinetic
and thermal transitions contributing to the total heat flow.[33, 265, 270-273] A picture of the

differences in molecular structure with increasing polymer concentration is proposed.

QRN * S

Scheme 5.1. Structures of all substances used. From left to right: lithium perchlorate (LiClOs),
ethylene carbonate (EC), propylene carbonate (PC), polyacrylonitrile (PAN), and lithium
thiocyanate (LiSCN).
5.2. Methods
5.2.1. Sample preparation

To remove any dust or contaminants, polyacrylonitrile (PAN, Scientific Polymer

Products, MW ~150,000) was dissolved in dimethylformamide, then the resulting solution was

filtered through a syringe filter with a 0.2 pm PTFE membrane into 18MQ water. The polymer

104



was then dried at 39C in a vacuum oven for 24 hours. Lithium perchlorate (LiCIO4, Aldrich) was
dried at 140C in a vacuum oven for 24 hours prior to use. Propylene carbonate (PC, Acros
Organics, 99.5%) was dried under activated 4A molecular sieves prior to use. Ethylene carbonate
(EC, Acros Organics, 99+%) was used as received without further purification. All reagents and
prepared samples were stored in a N»-filled glovebox. Sample cells utilized in FTIR and 2DIR
spectroscopy comprised a small amount of sample compressed between two CaF> window with
no spacer hosted in an O-ring sealed sample cell. All sample cells were prepared in a glovebox
purged with nitrogen. The three concentrations studied via 2DIR spectroscopy contained 0%
PAN, 5% PAN, and 10% PAN by mass; the ratio of lithium salt to coordinating units (solvent +
polymer) was kept constant across samples.

5.2.2. FTIR spectroscopy.

FTIR spectra were recorded on a Bruker Tensor 27 spectrometer outfitted with a mercury
cadmium telluride (MCT) detector cooled via liquid nitrogen. The same 0.5 cm™' resolution was
used for each sample, and all measurements were averaged from 40 scans. All standard
measurements were taken at room temperature. For temperature-dependent FTIR measurements,
the sample was held between two CaF; windows in a Harrick temperature-controlled sample cell,
which was attached to a Pharmacia Biotech circulating bath.

5.2.3. Two-dimensional (2D) IR spectroscopy.

The setup used for recording 2DIR spectroscopy measurements has been described
previously in the literature, so only a short summary is provided here.[38, 142] A Ti:sapphire
amplifier (comprised of a Spectra Physics Mai Tai oscillator and Spitfire Ace regenerative
amplifier) with a 5 kHz repetition rate was used in conjunction with an optical parametric

amplifier (OPA-800C) and difference frequency generation crystal to give broadband infrared
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pulses. Three replica IR pulses were focused on the sample in the boxcars geometry, generating
the photon echo signal in the phase matching direction -k; + k2 + k3, which was subsequently
overlapped with a fourth local oscillator pulse for heterodyne detection.[38] After dispersion on a
Triax monochromator, the heterodyned signal was measured by a 64 element MCT array
detector (Infrared Systems Development). The signal was measured with respect to three time
intervals: the coherence time 7 (the separation between pulses 1 and 2), the waiting time Ty (the
separation between pulse 2 and 3), and the coherence time ¢ (the separation between pulse 3 and
the signal). Each interval was set via computer-controlled translation stages. For each waiting
time, 2DIR spectra were collected by scanning 7 from -4 ps to +4 ps with a 5 fs step; both the
rephrasing and nonrephasing data were collected by switching the time ordering.[38] The local
oscillator always preceded the detected signal by ~0.7 ps. Spectra were collected for waiting
times ranging from 0 to 100 ps in an exponential timestep (22 total steps). The time domain
signal, collected as a function of (z, Tw, 4¢) via a monochromator-array detection, was
transformed into the 2DIR spectra (w+, T, @) via Fourier transforms, which has been thoroughly
detailed elsewhere.[148]

5.2.4. Viscosity measurements.

Viscosity measurements were recorded on a Brookfield DV-II+ Pro viscometer. The low
viscosity samples (0% PAN and 5% PAN) were measured with the SPE-40 spindle, while the
higher viscosity sample (10% PAN) necessitated the use of the SPE-52 spindle.

5.2.5. Differential scanning calorimetry.

Differential scanning calorimetry (DSC) measurements were performed on a Discovery

DSC 250 (TA Instruments) using an empty pan as reference. The samples (~10 mg) were

hermitically sealed in alodined aluminum pans using a sample encapsulation press, and all
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samples were prepared inside a nitrogen-purged glovebox to minimize exposure to moisture. The
DSC samples were cooled to -40 °C and allowed to equilibrate for 5 minutes before heating at a
rate of 3 °C per minute until 140 °C. The system was purged with nitrogen at a rate of 50
mL/min.
5.3. Results
5.3.1. FTIR spectroscopy

The FTIR spectra for the polymer nitrile region (2210-2290 cm-1) for three polymer gel
samples with varying concentration of lithium salt are shown in Figure 5.1. For all samples, the
spectra show a low frequency band at 2244 cm-1, which is here used for normalization. With the
addition of lithium salt, a higher frequency band is observed at 2270 cm-1; this band grows with
lithium salt concentration and is not present at all in the electrolyte sample without lithium salt
(0:30:26:2.5). These two bands are separated by 26 cm-1, and neither shows an appreciable shift
in frequency with salt concentration. The intensity of the bands varies significantly with lithium
salt concentration. In the 7:30:26:2.5 sample, the intensity of the high frequency band is lower
than the low frequency band. However, for the 14:30:26:2.5 sample, the intensities are inverted

with a greater intensity for the high frequency band.
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Figure 5.1. FTIR spectra of the nitrile stretch region for LiC104:EC:PC:PAN samples as a
function of lithium salt concentration.
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Concentration-dependent FTIR of the polymer nitrile region was also taken with respect
to the polymer concentration to observe the effect of varying the polymer content. These samples
were characterized by percent mass of polymer from 2.5% through 15% PAN with the ratio of
lithium salt to coordinating unit (polymer + solvents) held constant (the molar concentration is 7
LiClOg4 : 56-X EC+PC : X PAN, where the solvent is inversely scaled with PAN concentration).
The resulting spectra are given in Figure 5.2. Each spectrum showed two infrared bands: an
intense, low frequency band at 2244 cm-1 and a higher frequency band with less intensity at
2269 cm-1. The data was normalized with respect to the low frequency band, which appears to
broaden slightly with increasing polymer concentration. Interestingly, the high frequency band
changes with polymer concentration but not monotonically. The high frequency band grows with
polymer concentration until a maximum for 5% PAN, then the intensity decreases through 15%

PAN.
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Figure 5.2. FTIR spectra of the nitrile stretch region for LiC104:EC:PC:PAN samples as a
function of PAN concentration.

Temperature-dependent FTIR spectra were taken for the 5% and 10% polymer samples to
compare the effect of changing temperature at different concentrations. This data is compiled in
Figure 5.3. Both samples present the same peaks observed in the concentration-dependent FTIR
spectra: an intense low frequency peak at 2244 cm-1 and a weaker, high frequency peak at 2270

cm-1. Comparing the two spectra, both spectra are redshifted with increasing temperature. The
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high frequency band is more intense in the 5% sample at all temperatures, and the high
frequency band also exhibits greater change with temperature in the 5% sample than observed
for the 10% sample. The intensity of the high frequency band grows with temperature in the 5%

sample but loses intensity in the 10% sample.
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Figure 5.3. FTIR spectra for the nitrile stretch region for LiCIO4:EC:PC:PAN samples as a
function of temperature. Left panel depicts the 5% PAN sample, while right panel depicts the
10% PAN sample.
5.3.2. 2DIR spectroscopy

Two-dimensional infrared (2DIR) spectroscopy was also used to study the system at three
concentrations: 0% PAN (pure electrolyte), 5% PAN, and 10% PAN by mass. Structure and
dynamics were probed as a function of waiting time Tw using a small amount of lithium
thiocyanate (LiSCN). Figure 5.4 shows the 2DIR spectra across Ty for the different polymer
concentrations. The red positive peaks located along the diagonal at [w: = 2076 cm™ , o = 2072
cm™!] arise from the transitions between the ground state (v = 0) and the first excited state (v = 1),
while the negative blue peaks positioned at [ = 2076 cm™ , ¢ = 2046 cm'] represent the
transitions between the first excited state (v = 1) and second excited state (v =2).[38] The blue
peaks are redshifted by 26 cm™ for each sample due to the anharmonicity of the nitrile stretch in
thiocyanate, as previously observed.[198] Both peaks for the 10% PAN sample are slightly

blueshifted to [ = 2078 cm™ , o =2076 cm™'] and [w. = 2077 cm™ , &= 2051 cm™'] compared

to the lower concentration samples. For all three concentrations, the frequencies are initially
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elongated along the diagonal (black line where ®. = @), and the peaks broaden with increasing
waiting time, losing the initial tilt along the diagonal. As molecules move in solution, there is a
loss of correlation between the initial (pump, ®.) and final (probe, ®) frequencies; this spectral
diffusion alters the 2DIR spectra, resulting in the broadening observed in Figure 5.4 with Ty.[38]
The pure electrolyte sample appears to decorrelate slightly faster than the other samples,
adopting a more upright peak shape at 70 ps than either sample with polymer possesses.

Otherwise, the data is similar for the three concentrations through Ty = 70 ps.
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Figure 5.4. 2DIR spectra for 0% PAN (top row), 5% PAN (middle row), and 10% PAN (bottom
row) as a function of waiting time, Tw. The plotted spectra (from left to right) were captured at
Tw = 0ps, 10 ps, 40.2 ps, and 69.7 ps.
5.4. Discussion
5.4.1. Structure and dynamics

The FTIR spectra in Figure 5.1 show the nitrile stretch region of the polymer as a
function of lithium salt concentration. Two bands are detected in the polymer nitrile region, one
of which grows with increasing lithium salt concentration; these bands are assigned to the free

nitrile stretch (low frequency, 2244 cm-1) and the nitrile stretch coordinated to the lithium cation
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(high frequency, 2269 cm-1) in accordance with the assignments made in previous studies.[34,
104, 266, 274, 275] The concentration of lithium salt controls the equilibrium between free and
coordinated nitrile, since the intensity of the coordinated band changes with concentration of
lithium salt.[261, 262, 266] Conversely, the FTIR spectra collected by varying the polymer
concentration (Figure 5.2) show that a majority of the polymer nitrile groups exist as free species
regardless of concentration; there is no polymer concentration that favors the formation of more
coordinated nitriles than free, in contrast to the trend from lithium salt concentration. Previous
literature has noted the concentration-dependent Raman and FTIR data of similar gels, but the
concentrations used herein are unreported.[34, 96, 261, 266] Moreover, the coordination of
nitrile groups is not monotonically linked to polymer concentration. The high frequency band,
denoting the coordination of the polymer nitrile to the cation, is maximized for the 5% polymer
sample, and the intensity decreases for all concentrations greater or lower than 5% polymer.
Thus, the addition of more polymer past 5% mass does not result in further coordination to the
lithium cation but instead in the presence of more free nitrile bands. Increasing the polymer
concentration does not continuously enhance the coordination as seen when increasing the
lithium salt concentration. Non-monotonic coordination has been reported previously for a
LiClO4:PC:PAN electrolyte; however, the polymer concentration was much higher than the
present study.[261] This unusual trend cannot be explained by concentration alone and likely
denotes additional structural differences. The temperature-dependent FTIR spectra underscore
this result, showing opposite trends in the growth of the coordinated band with temperature
(Figure 5.3). At 5% polymer concentration, the coordinated nitrile band grows with temperature;
at 10% polymer concentration, the coordinated band shrinks with temperature. This interesting

result implies a structural change with temperature in the 5% sample to enhance lithium-polymer
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interactions, which is not seen at higher polymer concentrations. To probe these underlying
differences, differential scanning calorimetry (DSC) measurements were taken for the 5% and
10% polymer samples, the results of which are listed in Figure 5.5. For the 5% polymer gel, the
DSC results show two changes in the heat flow in the range of 50-100°C, separated by 10°C,
both of which are derived from the non-reversing heat flow, indicating kinetic processes
underlying both transitions. The DSC results for the 10% polymer gel reveal two transitions
instead separated by 40°C. When the heat flow is decomposed into reversing and non-reversing
components, one feature is due to the non-reversing heat flow, while the other represents the
reversing heat flow. In contrast to the 5% polymer sample, the 10% gel manifests a large change
in the reversing heat flow, associated with thermal changes. The extra thermal peak implies the
melting of a structure only present in the 10% PAN sample, while the extra kinetic peak in the
5% PAN sample suggests greater mobility of the polymer nitriles. These key differences bolster

the interpretation of different structures with polymer concentration.
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Figure 5.5. Differential scanning calorimetry results. Comparison of DSC for 5% and 10%
samples, adjusted to the same scale (top). Modulated DSC of the 5% sample (bottom left).
Modulated DSC of the 10% sample (bottom middle). Modulated DSC of PAN without
electrolyte (bottom right).

112



The linear FTIR spectrum of the thiocyanate stretch (Figure 5.6) looks similar at each
concentration probed. Analysis of the spectrum shows no change in the central vibrational
frequency with increasing polymer concentration, indicating that the average environment sensed
by the thiocyanate is the same regardless of sample. Voigt modeling reveals a slight broadening
in the absorbance for the 10% PAN concentration (see Figure 5.6). The width of the IR spectrum
is related to the distribution of environments sampled, so the thiocyanate appears to sense
environments at the 10% PAN concentration that were not present at lower concentrations.[136,
276, 277] However, previous research shows that the nitrile stretch frequency is sensitive to
structural changes in the local environment, so any structural changes sensed by the probe should
be reflected in both the broadening of the width and a shift in the central frequency.[205, 278-
279] The underlying cause of this broadening (dynamics vs structural changes) cannot be

distinguished by FTIR spectroscopy, which necessitates the use of ultrafast 2DIR spectroscopy.
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Figure 5.6. FTIR spectra (left) of the nitrile region of the thiocyanate ion as a function of
polymer concentration. The full width at half maxima (FWHM) from the Voigt fitting of each
sample is also listed in the table (right).

The time evolution of the 2DIR spectra (Figure 5.4), characterized by the frequency-
frequency correlation function (FFCF), shows the loss of correlation between the initial (w:) and

final () frequencies with Tyw.[38, 136, 277, 280] This decorrelation reflects changes in the

dynamics or the environment, i.e., spectral diffusion.[38] The loss of correlation is analyzed by
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the nodal line slope method (Figure 5.7) and provides the characteristic timescales of the motions
sensed by the SCN- probe.[281] The fitted FFCF in Table 5.1 shows that the SCN- probe senses
two distinct timescales: one motion occurs within 3 ps (t1), and the other motion takes 30 ps for
the pure electrolyte and 60 ps for both polymer samples, an order of magnitude slower (t2).
Previous studies using SCN- to probe ionic liquids and glyme-based electrolytes have attributed
similar motions to two different processes: the short rattling-in-cage motions and the longer
reorganization of the complex.[123, 133] Similarly, the dynamics in these systems is ascribed to
two processes: a fast, restricted motion of SCN- near the lithium cation and a slower total
reorganization of the system. The restricted motion has the same characteristic time regardless of
sample, while the reorganization motion is faster in the pure electrolyte (0% PAN) than either
polymer sample, which matches the observation of slightly faster decorrelation in the 2DIR
spectra of the 0% sample (Figure 5.4). Surprisingly, doubling the polymer concentration does not

impact the reorganization dynamics.
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Figure 5.7. Decay of the nodal line slope for the 0% PAN (black), 5% PAN (red), and 10% PAN
(blue) samples as a function of waiting time, Ty.

To explain the significance of the dynamics results, Figure 5.8 shows the physical appearance of
all three samples: pure electrolyte, 5% polymer sample, and 10% polymer sample. At room
temperature, the pure electrolyte is a flowing liquid, the 5% sample is a viscous liquid, and the
10% sample is a gel. The dynamics therefore implies similar motions for the liquid phase 5%

sample and the gel 10% sample. It is also worth noting that the 10% sample has less coordinated
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nitrile groups than the 5% sample (evidenced by Figure 5.2) with little impact on the dynamics.
The measured viscosity, showcased in Table 5.3, further complicates the interpretation of these
systems. The viscosity of the 5% polymer sample is two orders of magnitude greater than the
pure electrolyte, yet the dynamics do not reflect a substantial slowdown in the dynamics. In
addition, the viscosity of the 10% sample is roughly two orders of magnitude greater than the
already high-viscosity 5% sample, and their dynamics are nearly identical. Increasing the
polymer concentration leads to completely different morphologies and a drastic increase in
viscosity, but the polymer concentration has little impact on the system dynamics.

Table 5.1. Characteristic times t; (fast motion) and t> (slow motion) calculated from the NLS
analysis of the experimental 2DIR spectra.

Sample t1 (ps) t2 (ps)
0% PAN 3.1+£0.3 32+3
5% PAN 34+04 57+6
10% PAN 3.1£0.6 67+9

Table 5.2. Full fitting parameters for the nodal line slope analysis of the experimental 2DIR
spectra (Figure 5.4). t1 and to are the characteristic times of the two distinct motions, and A and
A are their amplitudes, respectively. The decay of the frequency-frequency correlation function
with waiting time Ty was fit with an exponential of the form:

~Tw ~Tw

y= Aetn + Aye tz.
Sample t1 (ps) Aj t2 (ps) Ao
0% 3.1+0.3 0.6+0.1 32+3 0.5+0.1
5% 34+04 0.6 £0.1 57+6 0.5+0.1
10% 3.1£0.6 0.5+0.1 67+9 0.5+0.1

Table 5.3. The viscosity of each sample collected at 20 °C.

Sample Viscosity (cP)
0% PAN 11.9 cP

5% PAN 2965 cP

10% PAN >93,000 cP

115




Figure 5.8. Images of all three samples: 0% PAN (top), 5% PAN (middle), 10% PAN (bottom).
A connection has been proposed between the time scale of the structural reorganization
and the viscosity in imidazolium ionic liquids, which is rationalized by a simple Stokes-Einstein

diffusion model.[133, 282] If the viscosity ratio matches the ratio of vibrational lifetimes, the
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reorganization of the complex is the initiating event which activates diffusion and hence controls

the viscosity. For the PAN samples, the dynamics ratios (1.8 for (S)—ZO , 1.2 for 15(:;/0

) differ

o L . 5% 10%
significantly from the viscosity ratios (250 for 0% 31 for o
0 0

), suggesting that the ion motions
are decoupled from the bulk viscosity.[37, 99, 102, 283] To explain this, the polymer is proposed
to form channels with the polymer sidechains oriented along the perimeter of the cavity, while
the solvated Li+ travels through the center of the channel. Previous modeling of PAN showed
intramolecular repulsion between parallel adjacent nitriles forcing the adoption of an irregular
helix to minimize nitrile-nitrile interactions.[284, 285] Additionally, previous studies showed the
transition from a hexagonal to orthorhombic packing of PAN chains with the addition of PC,
which results in cavities large enough for the intercalation of solvent molecules into the polymer
matrix.[265, 271] The mobility of Li+ through these helical tunnels is further supported by
previous studies, so the Li+ diffusion should depend on the solvent diffusion rather than the
mobility of the polymer.[286-288] The diffusion is thereby decoupled from the bulk viscosity as
expected from the discrepancy between the dynamics and viscosity ratios.[37, 102] Previous
studies in PMMA electrolytes showed the system behaves like a liquid electrolyte held in a
polymer matrix at low PMMA concentration (<30% wt. PMMA), while at high polymer
concentration (>30 wt. PMMA), interactions between polymer and electrolyte increase the
viscosity, thereby decreasing the conductivity.[99, 283] Neither picture matches the reported
behavior for PAN gel electrolytes, where the addition of PAN to a liquid electrolyte enhances the
conductivity; this suggests that interactions between the polymer nitriles and Li+ play an
important role in strengthening the conductivity.[33] One study proposed the formation of a

complex between Li+ and PAN nitriles above a concentration ratio (0.7 PAN:LiClO4 by mass),

where ion mobility depends on both solvent diffusion and Li+ hopping along polymer chains,
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while at lower PAN concentration, ion mobility is related only to diffusion.[289] However, the
proportion of cations coordinated to the nitriles is small (5%, see Figure 5.9), which contradicts
the proposal of a strong transport contribution from Li+ hopping.[290] Instead, the proposed
mobility involves a partially solvated lithium interacting with the polymer nitriles while diffusing
thorough the cavity. The motion of the cation is still dependent on solvent diffusion, but this
favorable interaction with the polymer sidechains could explain the enhanced conductivity
through solvating the lithium to facilitate faster diffusion. Previous work has posited the cation is
solvated by the polymer nitrile and multiple solvent molecules; in addition, a computational
study showed a strong preference for lithium binding to EC over PMMA but similar preference
for EC and PAN.[33, 34, 96, 289]

To summarize the results thus far presented: first, the interactions between the lithium
cation and polymer are not monotically enhanced by higher polymer concentration but are rather
maximized for the 5% polymer sample. Second, the different concentrations present opposite
trends in Li-polymer interaction with temperature, implying different structures in the polymer
samples, which is supported by DSC results. Third, the SCN- senses two dynamics processes: a
fast caged motion in the vicinity of the cation and a slower reorganization of the complex.
Fourth, increasing the polymer concentration has drastic consequences on the sample topology
and viscosity but little impact on the dynamics at the molecular level, which suggests the
motions are decoupled from the bulk viscosity. To clarify the complex interactions leading to
these results, a molecular picture is proposed in the following section.

5.4.2 Molecular picture
In developing a description of the interactions at the molecular level, it is conducive to re-

examine all characterization data presented thus far in tandem. Comparing Figure 5.1 and Figure
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5.2, the ratio of free nitrile to coordinated nitrile exhibits stronger changes as a function of
lithium concentration rather than polymer content. At the maximum concentration of coordinated
nitriles (5% PAN sample) in Figure 5.2, only 12% of the nitriles are coordinated to lithium (see
Figure 5.9). Comparison with Figure 5.3 indicates that this speciation changes only marginally
with temperature; most of the polymer nitriles remain uncoordinated to lithium. Since the
concentration of lithium salt is constant across polymer samples, an apparent contradiction
presents itself: as nitriles become increasingly available with higher polymer concentration, how
can the sample have less interactions between the lithium cation and polymer nitrile?
Furthermore, as discussed above, the 5% PAN and 10% PAN samples display opposite
coordination behavior with temperature (Figure 5.3). This paints a picture of two distinctly
different systems; the 5% sample has more lithium-nitrile interactions and gains even more with
increasing temperature, while the 10% sample has less lithium-nitrile interactions and loses even
more as a function of temperature. The broadening of the FTIR spectrum for LiSCN in the 10%
sample also evidenced different structures, since the dynamics were identical for the two
polymer samples. Combined, these results indicate that some of the lithium cations are
interacting with either the solvent or the perchlorate anion in place of the polymer nitrile and that
the favorability of these interactions is dependent on both polymer concentration and
temperature. It has been shown previously that that the nitrile-solvent interactions in
polyacrylonitrile gel systems are favored over interactions between the nitrile and lithium cation,
which informs the interpretation of the molecular species.[34, 96, 264, 265] Interactions between
the polymer nitriles and solvent molecules are rationalized via the amount of free nitrile present
at all concentrations of polymer, as well as previously observed dipolar ordering of carbonate

solvents with polar functional groups along the polymer backbone.[34, 264, 265] The dynamics
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of these two systems is identical, implying that the cation diffuses the same way in both samples
regardless of polymer concentration and coordination; however, the interactions described thus
far also do not account for the large discrepancy in viscosity.
To explain the increase in viscosity, interactions between nitriles of adjacent polymer chains are
proposed at 10% PAN concentration; this should lead to a rigid polymer framework without
changing the diffusion. The 10% sample has twice the polymer content of the 5% sample, so
interactions between nitriles should be more favorable at higher concentration. Moreover,
interactions between nitriles solves the apparent mystery of less Li-polymer interactions with
higher polymer content. This molecular picture is supported by the DSC results, which showed
different underlying processes contributing to the total heat flow for the 5% PAN and 10% PAN
samples. A large thermal process occurs in the 10% sample, which matches the thermogram for
pure PAN (see Figure 5.5) indicating the breaking of nitrile-nitrile interactions. In the 5%
sample, a kinetic change is present at higher temperature; greater free rotation of the polymer
sidechains would explain well the ability of Li+ to form more interactions with the nitriles with
temperature. This kinetic peak is not observed in the 10% sample due to the more rigid, ordered
structure imposed through nitrile-nitrile interactions. The differences in molecular structure
across polymer concentration are illustrated in Scheme 5.2. Ions diffuse freely in the 0% polymer
sample. The presence of polymer chains only slightly hinders diffusion in the 5% sample. For the
10% PAN sample, the high polymer concentration allows the formation of rationale behind the
similar dynamics across samples in spite of large changes in viscosity.

Previous work suggests that a lithium coordinated to a nitrile will also be solvated

by multiple EC/PC, while a single solvent molecule is sufficient to solvate an uncoordinated
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Scheme 5.2. Cartoon depiction of molecular structure with increasing polymer concentration.
The PAN concentration increases from 0% (left) to 5% (center) to 10% (right) by mass.
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Figure 5.9. FTIR spectra (left) of the polymer nitrile stretch region for the 5% PAN sample, fit
with 2 Voigt profiles. The fitting parameters are given in the table (right). The area of each peak
gives a qualitative assessment of the speciation in solution; however, this disregards the
contribution of the transition dipole moment, pjj, to the lineshape. To more accurately describe
the species, the ratio of the transition dipole moments was taken from the work of Chen [320]:
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The Voigt fittings attribute 33% of the total area to the coordinated peak. The molar
concentration of the sample is 7:30:26:6 LiClO4:EC:PC:PAN. The area of the coordinated peak
is divided by the ratio of transition dipole moments to give the correct amount of coordinated

nitriles:

33% _ 11 6%
285 70

The amount of coordinated nitriles can then be used to calculate the amount of lithium cations

coordinated to the nitriles, since the concentrations of both are known:
x 11.6% X 11.6% 0.696 7= 4.9 ~ 59
o, 100% 6 100% X=X °

Only 5% of the lithium cations in the 5% sample are coordinated to the polymer nitriles; it is
therefore unlikely that the Li+ hopping mechanism contributes significantly to the ion transport.
It is noted that the 5% sample has the most coordination of all concentrations. Additionally, this
calculation assumes each coordinated Li+ to interact with only one nitrile; in reality, the cation
may interact with multiple nitriles, such that the percentage of interacting cations is even smaller.
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nitrile.[33, 265, 271] The 5% sample, which has more lithium-nitrile interactions, should have
less available free solvent than the 10% sample. Previous research has found cyclic carbonates in
two different environments within gel electrolytes: as coordinated solvent molecules, which
interact with the polymer and cation, and as a confined domain of solvent molecules trapped
within the interior of the polymer chain, which experiences no interactions with the lithium salt
nor polymer nitriles.[33] Interestingly, the amount of solvent trapped in the interior cavity
changes with concentration: as the ratio of PAN:lithium salt increases, less solvent molecules are
trapped in the interior. This matches nicely the description of the 10% PAN sample, where less
confined solvent molecules interact with the polymer nitriles and lithium cations, minimizing
direct interactions between the lithium and polymer from both sides. The 5% sample, with more
solvent molecules confined to the interior of the polymer channels, sees more lithium-nitrile
interactions, which is reflected in the linear IR results (Figure 5.2). Additionally, several studies
indicate that among the interactions described, interactions between the polymer nitrile and
carbonate solvents are most favored, as opposed to lithium-polymer or lithium-solvent
interactions.[96, 264, 265] This reflects an important consequence of the solvent confinement on
the samples at different concentrations. With increasing temperature, both the 5% and 10% PAN
samples should dissociate ion pairs into free ions. The 10% PAN sample has more free solvent,
which solvates the dissociated lithium, mitigating lithium-nitrile interactions. In the 5% PAN
sample, more solvent is confined to the interior of the sample, such that excess solvent is not
present. Thus, the lack of nitrile-solvent interactions enables the newly-freed lithium cations to
interact with the polymer instead. The enhanced lithium-nitrile interactions depend not on
polymer concentration but on solvent confinement, explaining the unusual non-monotonic

behavior of the FTIR spectra with polymer content (Figure 5.2).
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5.5. Summary

Two polymer electrolytes and an organic lithium ion electrolyte were characterized via
experimental methods, and a molecular description of the interactions was proposed. FTIR
spectroscopy revealed non-monotonic coordination between the lithium and polymer with
polymer concentration, and opposite coordination trends were observed with temperature. The
viscosities of these samples differed by orders of magnitude, and the state changed drastically
from a flowing liquid electrolyte (0% PAN) to a viscous liquid (5% PAN) to a solid gel (10%
PAN); interestingly, the dynamics of these three systems were not significantly different. These
cumulative findings were rationalized via a molecular picture wherein the lithium cation interacts
with both the solvent and the polymer nitriles. The solvent exists in two domains: as an
interacting species with both the nitriles and cations and as a confined species which only
interacts with other solvent molecules. Ion transport, coupled to the solvent diffusion, is
proposed to occur through channels formed by parallel polymer chains. The ion motions are
independent of the polymer motions, which rationalizes the similar dynamics in spite of the
different viscosities. The lithium polymer interactions differ across concentration due to both
differences in solvent confinement as well as nitrile-nitrile interactions within the 10% PAN
sample. DSC results further supported different interactions at the molecular level with

increasing polymer concentration.
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CHAPTER 6. CONCLUSIONS

The impact of different molecular interactions on the macroscopic properties was
explored across three different lithium ion electrolytes with unexpected results. The molecular
speciation changed dramatically as a function of solvent composition. The ratio of linear to
cyclic carbonates predicted an exponential preference for the formation of contact ion pairs, such
that the species completely inverted from 74% free anion to 95% contact ion pair. A highly
fluorinated co-solvent was added to two different lithium ion electrolytes, which displayed
opposite trends from spectroscopic data and electrochemical properties with co-solvent
concentration; critically, the only difference between the electrolytes was the choice of anion.
The anion identity proved crucial in directing the speciation; one anion selectively formed
hydrogen bonds with the co-solvent, which impacted its association to the lithium cation. This
anion-dependent interaction dictates the species in solution, resulting in completely different
electrolyte properties. The impact of polymer concentration on electrolyte properties was further
scrutinized. The viscosity of the samples increased by several orders of magnitude with polymer
concentration as expected; however, the dynamics derived from 2DIR spectroscopy interestingly
show similar dynamics across all concentrations. This surprising result implies that the ion flow
is identical in a liquid electrolyte and a gel, in spite of their different viscosities. The high
concentration gel sample is proposed to form channels that facilitate ion flow, explaining the
unusual dynamics. The study of these three electrolytes highlights the importance of
characterizing the interactions of each electrolyte component and the far-reaching consequences

of individual interactions on the macroscopic properties of the electrolyte.
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