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ABSTRACT 

Organic carbonates are integral to the desirable properties of commercial lithium ion batteries due 

to their high dielectric constants. However, the high viscosity of organic carbonates requires the 

use of mixtures containing a cyclic and a linear carbonate. In binary mixtures, the linear and cyclic 

organic carbonates compete to solvate the lithium salt. While the preferential solvation has been 

extensively studied, the effect of the mixed solvation on the ionic speciation of the lithium ion is 

a topic which has not been studied in detail. In this study, infrared spectroscopies and ab-initio 

chemical computations are utilized to study the change in the solvation structure and dynamics as 

a function of solvent composition for the model system: lithium 4,5-dicyano-2-

(trifluoromethyl)imidazole (LiTDI). The TDI- nitrile bands are used to probe the changes in the 

ion speciation as well as in the molecular environment, since nitriles are known to be good and 

sensitive IR spectroscopic reporters of the environment. Our experimental finding shows that the 

anion forms contact ion pairs, but the amount of contact ion pairs is strongly dependent on the type 

of carbonate. In particular, TDI- has strong propensity of forming contact ion pairs in linear 

carbonates, while in cyclic carbonates is primarily not directly interacting with Li+. The dynamics 

of the environment support our speciation of the anion in both solvents. In addition, the 

concentration of contact ion pairs shows a monotonic and non-linear increase with the 

concentration of linear carbonate in the mixture. Ab-initio computations reveal that the non-linear 

behavior is related to the energetics of ion pair formation, which appears to be much more 

favorable when the lithium solvation shell does not contain cyclic carbonates. Overall, our results 

show that the concentration of linear carbonates in a mixture of organic carbonates directly 

influences the speciation of the lithium ion.  
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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.3-4 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.5 More precisely, identifying the molecular-level interactions in the 

electrode, electrolytes, and their interphases has remained a grand challenge in science.5 

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).5 Cyclic carbonates are chosen for their large dielectric constants, while linear 

carbonates are utilized for their low viscosity.5-6 Thereby, linear and cyclic carbonates are both 

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

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 (LiPF6) in organic carbonates, that the structure of the Li+ solvation shell is 

determined by the structure of the nearby solvent molecules.7-8 For example, it has been found that 
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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.9 In addition, it is apparent that the solvation structure of Li+ also 

dictates its speciation in solution.8,10-12  Moreover, the electrolyte properties, such as conductivity, 

are drastically different depending on which solvent solvates Li+ and its counter-ion.13-15 While 

there have been previous investigations of the effect of the solvation shell in the solvation of 

Li+,8,16-17 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+,8 while others favor the cyclic carbonate in this role.18-19 Further complicating matters, 

other studies have concluded that preferential solvation is concentration dependent in mixtures of 

organic carbonates,20 but not in mixtures of a cyclic organic carbonate and water.21 It is also 

interesting that the preferential solvation is structurally dependent,22 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,23 indicating that solvent-solvent interactions could play a role 

in the preferential solvation. Moreover, it has been recently demonstrated that solvent-solvent 

interaction are key in defining the lithium ion solvation shell structure and dynamics formed in 

pure cyclic carbonates.7,24-25 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,25-28 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 (LiPF6) or lithium 
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bis(trifluoromethanesulfonyl)imide (LiTFSI),8,20,29-30 but the lack of simple vibrational modes in 

PF6- and TFSI- has complicated their analysis and interpretation.8,17,31-32 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 1).  

 

Scheme 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 LiPF6 

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,33 propylene carbonate,34-35 methyl and ethyl ethers of poly(ethylene glycol),36 

poly(ethylene oxide),37 mixed carbonate solvents, 38 and ionic liquids39 have been studied. Other 

studies on LiTDI have concentrated on the interaction and coordination of Li+ and the anion in 

solution,40 and solvates.41 Overall, these studies have shown that nitrile (-CN) groups are sensitive 

infrared probes to the speciation of TDI-.42-43 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.38 While the effect of a mixed solvent on the speciation of LiTDI has been 

studied from the conductivity and transport number perspective,38,44 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, 
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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.45 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,46-47 but also with the possibility of determining vibrational coupling among vibrational 

transitions.45,48-50 This last feature is an essential characteristic for correctly assigning vibrational 

peaks and their assignment to different species.45,50-51 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.9,52-58 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 

environment59-62 and spectrally-isolated infrared bands.63 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. 

METHODS 

 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 N2-filled 

glovebox. 1-ethyl-3-methylimidazolium 4,5-dicyano-2-(trifluoromethyl)imidazole ((EMIM)TDI) 

was synthesized in 95% purity (by NMR) according to Ref. 39. 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 
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molecular sieves prior to use to remove water. All components were stored in a N2-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 N2-filled glovebox by sandwiching the LiTDI solution 

between two CaF2
 windows with a 6 μm spacer. The same preparation was used for both FTIR and 

2DIR sample cells for experiments in the nitrile IR stretch region (2100-2300 cm-1). All 2DIR 

experiments were conducted at the same concentration (ΧLi = 0.05) because of the poor solubility 

of the salt in linear carbonates (i.e., DMC and EMC). In this case, XLi 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-1) were prepared by sandwiching the sample between two CaF2 windows 

without a spacer to minimize the high absorbance for the carbonyl band of the organic carbonate.7 

The approximate path length of this latter cell is ~1-2 m. 

FTIR Spectroscopy. FTIR spectra were taken on a Bruker Tensor 27 spectrometer with a 0.5 cm-

1 resolution. Forty scans were averaged for each spectrum. 

2D IR Spectroscopy. The setup used for 2DIR experiments has been previously detailed in the 

literature, so only a short description is provided here.45,64 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.65 The 

photon echo signal was measured in the –k1+k2+k3 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: 
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the coherence time τ (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 τ 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.45 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 (see supporting information). 

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 (τ,T, t) via a monochromator-array detection, is 

transformed into the 2DIR spectra (ωτ, T, ωt) by means of Fourier transforms. A detailed 

explanation of the Fourier analysis has been described elsewhere.48 

DFT calculations. Density functional theory (DFT) frequency calculations were conducted in 

Gaussian 09 software.66 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.8,17,34,67-68 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.69 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. 70. The natural bond orbital analysis (NBO) was used to calculate the atomic 
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partial charges.71-73 NBO was performed at the same level of theory (B3LYP/6-311++G**) using 

the NBO software implemented in Gaussian 09 software. 

RESULTS 

The characterization of the solvation shell of Li+ was performed by measuring the IR spectra in 

the carbonyl stretch region (1700-1900 cm-1 region). FTIR spectra of different concentration 

solutions of LiTDI (ΧLi = 0.01, 0.025, and 0.05) in DMC and BC are shown in Figure 1. The IR 

spectra display a high-intensity band located at 1755 cm-1 and at 1797 cm-1 for DMC and BC, 

respectively. A low frequency band, located at 1725 cm-1 for DMC and at 1765 cm-1 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+.5,8,42 Similarly, the high frequency band has been 

previously assigned to the free carbonyl stretch of the solvent.5,8,42 

 

Figure 1. FTIR spectra for the carbonyl region of LiTDI as function of concentration: ΧLi = 0.00 

(black), 0.01 (red), 0.025 (blue), and 0.05 (pink) in DMC (left panel) and BC (right panel). ΧLi = 

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-1). Figure 2 shows the IR spectra of LiTDI in DMC and BC 

as a function of Li+ concentration (ΧLi = 0.00, 0.01, 0.025, and 0.05). Note that the sample with 
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ΧLi = 0.00 corresponds to the sample containing (EMIM)TDI with XEMIM=0.05. In both carbonate 

solutions, a low frequency band (2230 cm-1 for DMC, 2225 cm-1 for BC) and a high frequency 

band (2247 cm-1 for DMC, 2245 cm-1 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 XLi. For comparison purposes, the FTIR spectra of (EMIM)TDI at 

ΧEMIM = 0.05 in DMC and BC are also displayed in Figure 2. Interestingly, (EMIM)TDI shows 

only one peak at 2225 cm-1 in both solvents. Note that the small peak at 2250 cm-1 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-1 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 two solvents. 

 

Figure 2. FTIR spectra for the nitrile region of LiTDI. Left panels concentration dependence of 

LiTDI for ΧLi = 0.01, 0.025, and 0.05 in DMC (top) and BC (bottom) and (EMIM)TDI (ΧLi = 0.00 

and ΧEMIM = 0.05) for comparison. Right panels temperature dependence of LiTDI (ΧLi = 0.05) in 
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DMC (top) and BC (bottom) for 5 °C, 15 °C, and 25 °C. All spectra are normalized with respect 

to the low frequency band. 

The assignment of the CN stretch peaks is further investigated by temperature-dependent 

FTIR. The IR spectra of the LiTDI samples with ΧLi=0.05 as function of temperature is displayed 

in Figure 2. 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 (see supporting 

information). 

TDI- was further investigated by measuring the 2DIR spectra. The 2D IR spectra for LiTDI 

in DMC and BC are presented in Figure 3 for waiting times 0 ps, 2.5 ps, and 5 ps. As in the FTIR 

spectra, two sets of peaks are observed at ωτ = 2230 cm-1 and ωτ = 2247 cm-1 for DMC and at ωτ 

= 2225 cm-1 and ωτ = 2245 cm-1 for BC. In the 2DIR spectra, the red (positive) peaks located in 

the diagonal (ω= ωt = 2025 cm-1 for  DMC, ω= ωt = 2030 cm-1 for BC) represent the transitions 

between ν=0 and ν=1 vibrational states, and blue (negative) peaks down shifted by ~25 cm-1 depict 

the transitions between ν=1 to ν=2 vibrational states.45 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.74 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 for DMC 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. 2D IR spectra for the nitrile region of LiTDI (ΧLi = 0.05) and (EMIM)TDI (ΧEMIM = 

0.05) in DMC and BC. The presented spectra corresponds to three waiting times: 0 ps, 2.5 ps, and 

5 ps. 

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 [ωτ,ωt]=[2230 cm-1, 2250 cm-1] 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 (see supporting information). The presence of cross peaks is evidence of a vibrational 

coupling between the two CN stretch modes of TDI- (see next section).45,50,75 For comparison, 

2DIR spectroscopy was also performed on (EMIM)TDI in DMC and BC samples. In these later 
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samples, only one set of peaks was observed at ωτ = 2225 cm-1 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. 

Finally, the FTIR spectroscopy of LiTDI (ΧLi = 0.05) in DMC/BC, DMC/EMC, and BC/PC 

solvent mixtures were investigated (Figure 4). For mixtures, two bands located at 2225 cm-1 and 

2250 cm-1 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 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. 
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Figure 4. FTIR spectra for the nitrile region of LiTDI (ΧLi = 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). 

DISCUSSION 

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-1 region, the appearance of a low-frequency band 

in the C=O stretch region (Figure 1) shows that some carbonates are directly coordinated to Li+.42 

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 
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forming contact ion pairs.7,32 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.  

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 2) presents only one 

band at 2225 cm-1. 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.39,76 Thus 

the band at 2225 cm-1 is assigned as the free anion band in pure BC and DMC. It is important to 

note that the free anion band is comprised of two transitions, the asymmetric and symmetric nitrile 

stretches.34  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-1 in DMC and BC pure solvents. The appearance of the high frequency peak 

denotes the formation of contact ion pairs as previously demonstrated.34,38 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-1 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 show that the oscillator 

strength is similar for TDI- as free ion, SSIP, and CIPs with different carbonates (see supporting 

information). 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 



16 

 

studies.7,38 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.7-8,16,31 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 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.54-55,57,77 

 

Figure 5. Structures and calculated vibrational frequencies for different species of anion 

association: free anion, solvent-separated ion pair (SSIP), and contact ion pair (CIP). 

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 5. The free anion spectrum presents two nearly overlapping transitions 

located at 2312 cm-1 and 2315 cm-1 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-1 and 2331 cm-1, and the intensity of the low frequency 

mode is larger than that of the high frequency mode. The theoretical calculations show that the 
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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. 

78-80 

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 (ΧLi=XEMIM=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 (see supporting information). 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.81 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.38 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 
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(ΧLi = 0.05) in DMC and BC further supports our assignment, since it shows that the high 

frequency band at ~2245 cm-1 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 Gibbs free energy of CIP formation with increasing 

temperature.82 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.82-83 

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) show two 

pairs of peaks with the lower frequency bands having higher intensity as seen in the linear IR 

(Figure 2). 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.45,75 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,45 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., ~50-60 fs.46,58,84 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) display 
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only one set of peaks at 2225 cm-1, 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 5).  

 The dynamics of TDI- is derived from the 2DIR spectra using the center line slope (CLS) 

analysis.85 The CLSs as a function of TW for (EMIM)TDI and LiTDI in both pure DMC and pure 

BC are shown in Figure 6. The CLSs of the free anion from the (EMIM)TDI samples reveal an 

exponential decay dynamics of ~13 ps and ~12 ps (Table 1) for BC and DMC, respectively. The 

similarity between spectral diffusion characteristic times shows that both 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-1 shows a faster dynamics than the free ion and it has an offset (Table 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.46,86 Moreover, the residual of the CLS fitting of the 2230 cm-1 band shows the presence of 

an oscillation with a period of 9-30 cm-1, which could arise from coherent vibrational energy 

transfer of the two CN mixed modes of TDI-,87-88 since they are separated by ~20 cm-1 in DMC. 

Interestingly, the CLS of the high frequency peak, located at 2247 cm-1 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 
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nature (strong coupling of the two CN stretches) of the vibrational modes. In other words, for two 

strong coupled and degenerated transitions, the vibrational Hamiltonian in the CN site 

representation can be written as: 

𝐻̂ = [
𝜔10 + 𝛿𝜔1(𝑡) 𝛽(𝑡)

𝛽(𝑡) 𝜔10 + 𝛿𝜔2(𝑡)
] 

where 𝜔10 is the frequency of the two CN stretch modes of the molecule in the site representation, 

and 𝛽(𝑡) and 𝛿𝜔𝑖(𝑡) are the coupling constant and the frequency fluctuation of the ith site, 

respectively. For this vibrational Hamiltonian, the excitonic frequencies (eigenvalues) are given 

by: 

𝜔± =
2𝜔10 + 𝛿𝜔1(𝑡) + 𝛿𝜔2(𝑡) ± √(𝛿𝜔2(𝑡) − 𝛿𝜔1(𝑡))

2
+ 4𝛽(𝑡)2

2
 

where 𝜔± 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.46,86 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 6 and 

Table 1). 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 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-1 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. 



21 

 

 
 

Figure 6. CLS analysis of the 2D IR bands of (EMIM)TDI (ΧEMIM = 0.05) and LiTDI (ΧLi = 0.05) 

in DMC and (EMIM)TDI (ΧEMIM = 0.05) and LiTDI (ΧLi = 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. 

Salt Solvent 

DMC BC 

τ (ps) A0 y0 τ (ps) A0 

(EMIM)TDI 12.0* 0.69 ± 0.01 -- 12.7* 0.662 ± 0.007 

LiTDI (2230 cm-1) 2.5 ± 0.8** 0.19 ± 0.01 0.53 ± 0.03 23.7* 0.873 ± 0.008 

LiTDI (2245 cm-1) >100 0.728 ± 0.007 -- >100 0.58 ± 0.02 

Table 1. Time constants and amplitudes for CLS fitting. *Time constants were derived from a 

linear fit (see supporting information). **Requires more than one exponential (see supporting 

information). 

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 spectra 

of LiTDI (ΧLi = 0.05) for various solvent mixtures shows that the CIP band at 2247 cm-1 

monotonically rises with increasing DMC composition (Figure 4). 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 2). 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 



22 

 

as a function of solvent composition (Figure 7). 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.  

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- (ΧLi = 0.05) in mixtures of pure linear 

carbonates and pure cyclic carbonates (Figure 4). The peak intensity ratios for the different 

mixtures (Figure 7) 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.  
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Figure 7. 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. 

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 2) show that there 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. 

 Solvation shell structure 

Li(BC)4-X(DMC)X 

0 1 2 3 4 

Li+ charge 0.67 0.67 0.67 0.67 0.69 

Table 2. Li+ charge as a function of solvation shell composition computed by ab-initio simulations. 

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 
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energetics of CIP formation.5,17,24,89 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 8. In addition, a table containing 

all possible solvation shells investigated can be found in the supporting information. The 

energetics shows that the internal energy (E) 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 8) shows that decreasing BC participation in the 

Li+ solvation shell results in a non-linear decrease of ΔE of CIP formation. 

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

as: 

𝐾 = 𝑒𝑥𝑝(−∆𝐺/𝑅𝑇) = 𝑒𝑥𝑝 (−
∆𝐻

𝑅𝑇
+
∆𝑆

𝑅
) 

where H and S are the change in enthalpy and entropy of the reaction. Assuming that H≈E 

and that the S 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: 

𝐾𝑖 𝐾𝑗⁄ = 𝑒𝑥𝑝 (−
∆𝐸𝑖 − ∆𝐸𝑗

𝑅𝑇
) 

where i and j represent different conditions of the system. The value of the Ki/K0, computed for 

the different energetic values corresponding to different solvent compositions and taking as 
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reference the equilibrium constant of CIP formation (K0) for pure BC, is presented in Figure 8. 

The Ki/K0 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 

7). 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.       

 
  

Figure 8. 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 (XLi = 0.07 and XTDI=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 XLi = 0.05 

LiTDI in DMC, XLi = 0.05 LiTDI in BC, and XLi = 0.07 LiTDI/LiTFSI in DMC (see supporting 

information), the corresponding equilibrium constants of CIP formation were calculated. The 

computed equilibrium constants from the experimental results are summarized in Table 3. 

Approximately 6% of the species in XLi = 0.05 LiTDI in DMC are free ions, while the BC sample 
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is dominated by free anions (74%). Thus, the experimental equilibrium constants show a change 

in two to 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. 

XLi = 0.05 LiTDI Percent of free anion Keq 

in DMC 6% 310 

in BC 74% 0.5 

Table 3. Experimental fraction of free anion and equilibrium constants (Keq) derived from ratio of 

FTIR areas. 

SUMMARY 

Our study shows that at relatively low concentration LiTDI solution, XLi=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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