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Abstract 
 

In highly concentrated salt solutions, the water hydrogen bond (H-bond) network is 

completely disrupted by the presence of ions. Water is forced to restructure as dictated by the 

water-ion and ion-ion interactions. Using ultrafast polarization-selective pump-probe 

spectroscopy (PSPP) of the OD stretch of dilute HOD, we demonstrate that the limited water-

water H-bonding present in concentrated lithium chloride solutions (up to 4 waters per ion pair) 

is, on average, stronger than that occurring in bulk water. Furthermore, information on the 

orientational dynamics and the angular restriction of water H-bonded to both water oxygens and 

chloride anions were obtained through analysis of the frequency-dependent anisotropy decays. It 

was found that the water showed increasing restriction and slowing at frequencies correlated 

with strong H-bonding when the salt concentration was increased. The angular restriction of the 

water molecules and strengthening of water-water H-bonds are due to the formation of a water-

ion network not present in bulk water and dilute salt solutions. Finally, the structural evolution of 

the ionic medium was observed through spectral diffusion of the OD stretch using 2D IR 

spectroscopy. Compared to pure water, there is significant slowing of the biexponential spectral 

diffusion dynamics. The slowest component of the spectral diffusion, 13 ps, is virtually identical 

to the time for complete orientation randomization of HOD measured with the PSPP 

experiments. This result suggests that the slowest component of the spectral diffusion reflects 

rearrangement of water molecules in the water-ion network. 
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I. Introduction 

The dynamical interactions between water and ions are of fundamental importance to 

many chemical and biological processes. Water is known to have many unique physical 

characteristics due to its extensive hydrogen bond (H-bond) network. The solvation of ions 

reorganizes this network, affecting many of water’s properties, including its conductivity, 

viscosity, molecular diffusion and its ability to solvate molecules such as proteins.1 Basic 

knowledge of the effects of ions on the structure and dynamics of water aids in the understanding 

of a broad range of processes that occur in nature and in the development of new technologies.  

For many years, aqueous salt solutions have been examined through a variety of 

techniques, including Raman,2 NMR,3 and dielectric relaxation spectroscopy,4 X-ray and neutron 

scattering and molecular dynamics simulations.5 Of the many experimental techniques, ultrafast 

IR spectroscopy provides the sensitivity and the time resolution for the measurement of 

structural dynamics in aqueous salt solutions. Direct observations of the effects of ions on the 

structure and dynamics of water have been obtained with ultrafast IR experiments through the 

use of the OD vibrational stretch of dilute HOD, in solution. These experiments provided details 

on the impact of the cation and anion, specific ion effects, and the range of water-ion interactions 

in solution.6-14 Ionic probes such as SCN-, 3NO , and 3CO  have also been used to examine 

structural dynamics from the perspective of the ion as well as investigate the formation, and 

structure of ion pairs and clusters.15-18 

Highly-concentrated salt solutions have been receiving increasing attention due to their 

potential use as electrolytes in energy storage devices.19-21 “Water-in-salt” electrolytes are a 

safer, more environmentally-friendly alternative to organic solvents used in conventional Li+-ion 

batteries, and also have a larger stability window than their dilute “salt-in-water” counterparts.22-
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24 These electrolytes are typically around 2-3 water molecules per ion pair, and contain an 

inorganic cation like Li+, Na+, or Zn2+, and a larger organic anion.22-27 Other highly concentrated 

solutions are also important in chemical processing, e.g., of aluminum, and radioactive waste.28-

30 At these concentrations, the structure of water is very different from that of the bulk liquid. 

While water typically forms ~4 H-bonds with other water molecules giving rise to a tetrahedral 

H-bond network,31-32 in concentrated salt solutions, most of these bonds are dedicated to 

solvating the ions, completely disrupting the water-water H-bond network. Moreover, there is 

not enough water to fully solvate the ions, leading to the formation of contact and water-

mediated ion pairs and aggregates in solution.33-34 At extremely high salt concentrations studied 

here, extended salt/water networks are probably a better description for the ionic system. The 

nature of highly concentrated salt solutions is profoundly different from dilute solutions, and 

they are fundamentally interesting and technologically important. 

 Lithium chloride (LiCl) is an excellent system for investigating concentrated electrolyte 

solutions as it is a simple halide salt that has a solubility just below 3 water molecules per ion 

pair. X-ray and neutron diffraction, in combination with molecular dynamics simulations, have 

been used to examine the restructuring and ion clustering that occur in aqueous LiCl solutions.5, 

34-36 Recently, the structural dynamics of water and ions in aqueous LiCl solutions were observed 

via two dimensional infrared (2D IR) spectral diffusion experiments on the nitrile stretch of the 

neutral organic probe, methyl thiocyanate (MeSCN).37 This required careful analysis of the 2D 

line shapes from the 2D IR experiment, as MeSCN undergoes chemical exchange processes in 

addition to its interactions with water and the Li+ cation, which complicates the extraction of 

spectral diffusion dynamics from the experiment.38 Spectral diffusion of the CN stretch of 

MeSCN showed a component of ~40 ps, which was interpreted as the time for water-ion network 
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randomization. The CN stretch has strong, well-documented first order Stark coupling.39-41 The 

Stark effect and the long nitrile vibrational lifetime makes the spectral diffusion of the CN 

stretch sensitive to the relatively slow changes in electric fields associated with the water-ion 

network randomization. 

Here, we present a complimentary study to provide direct information on the water 

structure and dynamics present in concentrated LiCl solutions by looking directly at water 

through measurements of the OD stretch of dilute HOD. In addition to the spectral diffusion 

dynamics measured via the 2D IR experiments, direct information on the water reorientation and 

H-bond structure is obtained from polarization-sensitive pump-probe experiments (PSPP). These 

experiments reveal additional aspects of the structure and dynamics of the highly concentrated 

solutions through water H-bond interactions with both water and chloride anions that result in 

restricted angular motions.  

II. Experimental Methods 

A. Sample Preparation 

Lithium chloride (anhydrous, >99%) was purchased from Sigma-Aldrich and used 

without further purification. LiCl was stored in a dry-box purged of water vapor until ready for 

use. LiCl aqueous solutions were prepared in the molar ratios of 1-4, 1-5, and 1-6 LiCl to H2O. 

Solutions were also prepared with 5% HOD in H2O for use in the nonlinear experiments. The 

solutions were sandwiched between two CaF2 windows, 1 in. diameter, using a Teflon spacer 

that was 12 µm thick. Linear IR absorption spectra were measured using a Thermo Scientific 

iS50 FT-IR spectrometer with a resolution setting of 0.5 cm-1. The chamber of the spectrometer 

was purged to minimize background absorption of IR active atmospheric gases, such as carbon 
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dioxide and water vapor. Solutions prepared with H2O were used to isolate the linear spectrum of 

the OD stretch in the aqueous salt solutions via background subtraction.  

B. Laser System and Nonlinear IR Experiments 

The nonlinear experiments were performed using a laser system that has been described 

previously in detail.42 Briefly, a Ti:Sapphire oscillator/regenerative amplifier system was used to 

pump an optical parametric amplifier to generate mid-infrared pulses, centered at ~4 µm with a 

pulse duration of ~65 fs. The pulses are then split into 2 or 4 pulses and passed through an 

interferometric system of precision delay stages. The pulses are focused and crossed in the 

sample using off-axis parabolic reflectors to generate the nonlinear signal of interest. The signal 

is frequency-resolved and heterodyne-detected using a monochromator equipped with a 32 pixel 

mercury cadmium telluride array detector configured as a spectrograph.  

For the PSPP experiments, the pulse is split into a strong pump pulse and a weaker probe 

pulse. The pump pulse is linearly polarized +45° relative to the probe pulse, which is 

horizontally polarized (0°). Immediately after the sample, a computer-controlled polarizer is used 

to resolve the nonlinear-signal either parallel (+45°) or perpendicular (-45°) to the pump pulse 

and a second polarizer just prior to the monochromator is used to return the signal polarization to 

0°. This polarization scheme enables the detection of the parallel and perpendicular signals in a 

manner that avoids polarization bias from the diffraction grating in the spectrograph. The parallel 

and perpendicular signals, S||(t) and S(t), respectively, can be used to obtain the population 

relaxation, P(t), and the anisotropy, r(t), which is related to the second order Legendre 

polynomial orientational correlation function, C2(t), using the following equations: 

( ) [ ( ) 2 ( )]/ 3P t S t S t          (1) 
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The relaxation of the vibrational energy absorbed by the OD stretch of HOD also induces an 

isotropic, long-lived, heating signal in the PSPP experiment. To accurately measure the 

observables of interest, the heating signal was removed using a well-documented procedure.43-44 

 In the 2D IR experiments, the IR pulse is split into 3 pump pulses and a local oscillator 

pulse (LO). The 3 pulses are crossed in the box-CARS geometry, generating the nonlinear, echo 

signal in a distinct, but known, direction. The nonlinear signal is then overlapped with the LO for 

heterodyne detection. In this experiment, the first two pulses label and store the initial 

frequencies of the probe molecules. Scanning the time delay, , between pulses 1 and 2 produces 

interferograms at each frequency detected by the array. A numerical Fourier transformation of 

the interferograms gives data along the horizontal axis, ωτ, in the 2D spectrum. After a delay, Tw, 

following the second pulse, the third pulse generates the vibrational echo, which reports the final 

frequencies of the probe molecules after structural evolution of the system occurs during the Tw 

period. The spectrograph frequency-resolves the echo/LO pulse, which acts as an experimental 

Fourier transform that generates the data along the vertical axis, ωm, in the 2D spectrum. For 

short Tw periods, the 2D line shape is elongated along the diagonal as the initial frequencies are 

significantly correlated with the final frequencies. For longer Tw, structural rearrangements in the 

ionic solution cause decorrelation of the initial and final frequencies, making the 2D line shape 

rounder. The change in shape with Tw is used to determine the time constants associated with the 

structural evolution of the system. The center line slope (CLS) method is used to determine the 

normalized frequency-frequency correlation function, from which the complete FFCF is 

calculated.45-47 
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III. Results and Discussion 

A. Linear Spectra 

The OD stretch of HOD in H2O is sensitive to the wide range of H-bonding 

configurations present in the water H-bond network, as demonstrated by its broad absorption 

spectrum shown in Figure 1. Within the vibrational spectrum, stronger and/or more water H-

bonds are observed at lower frequencies (red shifted) while weaker and/or fewer H-bonds are 

observed at higher frequencies (blue shifted). When salt is added, the pure water H-bond network 

reorganizes to solvate the ions. Water-ion interactions lead to a modification of the OD stretch 

spectrum. H-bonding between the chloride anion and HOD has a significant effect on the 

position and width of the spectrum. Anion-associated water populations often appear on the high 

frequency side of the vibrational spectrum resulting in an overall blue shift. This is the case for 

chloride because water-chloride H-bonding is weak compared to water-water H-bonding due to 

the lower charge density of the anion. The effects of H-bonding to halides have been 

characterized by measuring the absorption spectrum of the OD stretch of HOD in various halide 

salt solutions. It is observed that the mode shifts more towards higher frequencies as the charge 

density of the halide ion decreases.48-50 Notably, fluoride is the only halide anion that leads to a 

red shift of the OD spectrum.49-53 Large organic anions, like bistrifilimide ( 2NTf  ),54-55 

hexafluorophosphate ( 6PF ),56-57 and tetrafluoroborate ( 4BF ),8, 58 which have very diffuse 

charge, give rise to large spectral shifts to higher frequency, > +100 cm-1, compared to the OD 

stretch in bulk water absorption spectrum which is peaked at 2509 cm-1. It was also found that 

the cation has a role in determining the OD stretch spectrum, though it is a more subtle effect.13 

 The absorption spectra of the OD stretch of HOD in concentrated LiCl solutions are 

shown in Figure 1. The small features around 2350 cm-1 are due to trace atmospheric CO2 
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remaining in the FT-IR sample compartment. As salt is added to the solution, the OD stretch 

spectrum increasingly shifts from 2509 cm-1 to 2527 cm-1. The shift is caused by the presence of 

water interacting with chloride anions (chloride-associated population), which arises from the 

solvation of LiCl. As the concentration of LiCl increases, the center of the overall spectrum 

approaches the center of the chloride-associated spectrum, as it becomes a larger fraction of the 

water H-bonding interactions. This is shown in Figure 1, where the concentration increases from 

bulk water to an intermediate concentration, 1-16, and then to high concentrations. The 1-6 to 1-

4 concentrations are virtually identical, though the 1-4 concentration shows very slight 

narrowing on the wings of the spectrum. 

When there is a large spectral shift caused by the water-anion H-bonding interaction, the 

anion-associated spectrum can be resolved from the water-associated spectrum and its 

characteristics determined through peak fitting. However, due to the small spectral shift caused 

by the chloride anion, demonstrated by the ~20 cm-1 shift in the overall spectrum at the highest 

concentrations, it is not possible to separate the anion-associated spectrum using the linear 

spectra. To resolve the water-chloride and water-water spectral features, the differences in the 

vibrational lifetimes of the two species were employed, as described in the next section. 

B. Vibrational Relaxation 

The population decays calculated from the PSPP experiments (Eq. 1) are measurements 

of the vibrational relaxation of the probe molecule to the ground state following excitation. The 

vibrational lifetime is a measure of how quickly the energy absorbed by the vibrational mode is 

dissipated into lower energy intramolecular and bath modes.59 Vibrational relaxation is thus 

sensitive to the coupling of the probe to its surrounding environment. If there are distinct local 
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interactions between the probe and the medium, then there can be differences in the coupling of 

the vibrational energy to the bath, giving rise to multi-exponential population decays. 

The normalized frequency-dependent population decays of the OD stretch of HOD in 1-5 

LiCl solution are shown in Figure 2. The vibrational relaxation at each frequency fits well to a 

biexponential decay, indicating that there are two distinguishable populations present in the salt 

solution. The two decay components are from the presence of both water-water and water-

chloride H-bonding as discussed in the previous section. The lifetimes of these populations for 

the different concentrations are provided in Table 1. Based on previous findings, the fast 

component can be attributed to the water-associated population, while the slow component is the 

chloride-associated population.6, 12-13 The longer time constant reflects a weaker coupling of the 

OD stretch vibrational mode to the medium and is much longer than observed in pure water. In 

the more extreme case of very dilute water (isolated water molecules) in a room-temperature 

ionic liquid, the lifetime of the anion-associated water is tens of picoseconds.54 With increasing 

concentration of salt, there is an observable increase in the lifetime of the anion-associated 

population, while the lifetime of the water-associated population was observed to be independent 

of the concentration for the concentrations studied but slightly faster than the lifetime of HOD in 

bulk water.  

The frequency-dependent amplitudes determined from the biexponential fits are shown in 

Figure 3. These amplitudes map out the contributions of the water-water and water-anion H-

bonds to the overall OD stretch absorption spectrum. The amplitudes are normalized to the 

maximum value of the overall pump-probe signal, similar to the normalized linear spectra in 

Figure 1. Due to the difference of the vibrational lifetimes of the two species, the overlapping 

contributions can be separated into individual component spectra, that is the lifetime amplitude 
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spectra (LAS). The frequency range of the LAS is limited at the lower frequencies due to the 

presence of the 1-2 transition, which is a result of excited state absorption in the third-order 

nonlinear experiment. In contrast, the 0-1 transition is a result of ground state bleach and 

stimulated emission. Therefore, these two transitions occur with opposite signs and cancel each 

other where they overlap in frequency. Moreover, the 0-1 and 1-2 transitions relax with the same 

vibrational lifetime, thus, they cannot be resolved through multi-exponential fitting.  

As noted in the previous section and shown in Figure 3, the water-chloride population 

(with the longer lifetime) is shifted to higher frequencies compared to bulk water due to weaker 

H-bonding between water and the chloride anion. A Gaussian fit to the water-chloride spectrum 

indicates that it is centered at 2530 cm-1, slightly higher than the center of the total linear 

absorption spectrum (Figure 1). The shape of the water-chloride spectrum is largely unchanged 

with concentration, though, like the linear spectra, the highest concentration has some narrowing 

on the wings of the transition. It is also observed that the water-water spectrum is shifted to 

lower frequencies (2492 cm-1), compared to bulk water (2509 cm-1) and the shape and position 

remain virtually identical for the concentrations studied. The water-water component of the 1-5 

LiCl solution is compared to the frequency-dependent amplitudes from population decays of 

HOD in bulk water in Figure 4. The spectral shift of the water-water population in the salt 

solutions indicates that the H-bonding interaction is stronger, on average, than that observed in 

bulk water. A red shift also occurs when a water hydroxyl H-bonds to a fluoride anion, though 

the shift is even larger for fluoride. The fluoride-associated population shows a spectral shift of 

the OD stretch, which is ~ 60 cm-1 (~2450 cm-1).51-52 This frequency shift is often attributed to 

fluoride being “structure-making” ion in the Hofmeister series, whereas the other halides are 

borderline, if not “structure-breaking” ions. However, since the red shift is observed in the water-
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associated population of the LiCl solution, the enhanced H-bond strength is more comparable to 

the water interactions found in ice, which has a highly ordered H-bond network.60-61  

Molecular dynamics (MD) simulations have indicated that in highly concentrated LiCl 

solutions, there are many contact ion pairs and clusters as well as solvent-shared and solvent-

separated ion pairs.5, 34-35 (While the term clusters is frequently used in the literature, there is a 

continuous network of water and ions with different local arrangements.) Thus, it can be 

concluded that the frequency shift of the water-water spectrum is due to the formation of larger 

water-ion structures that foster stronger interactions between the water molecules. Most of the 

water-water interactions that occur in these solutions are of the form of solvent-separated ion 

pairs, where two water molecules act as the bridge between oppositely-charged ions. Formations 

such as these can possibly strengthen an H-bond by increasing the partial charges of the H-bond 

donor and acceptor through electrostatic interactions between the water lone pairs and the ions. 

Evidence of such interactions was found in recent classical MD simulations, where strengthening 

of the H-bond shared between water molecules in the first and second solvation shell of ions was 

observed when the H-bond donor is directly interacting with the cation or the H-bond acceptor is 

directly interacting with an anion.62 

C. Orientational Relaxation 

The anisotropy calculated from the PSPP experiments, as described in Eq. 2, is a measure 

of the water orientational dynamics. It is proportional to the second order Legendre polynomial 

orientational correlation function, C2(t), which describes the decorrelation of the orientation of 

the transition dipole (OD bond vector) as the probe reorients in angular space. At time, t = 0, the 

initial anisotropic orientational distribution of OD bonds excited by the pump pulse and their 

final orientations are perfectly correlated, giving an anisotropy value of 0.4. As time proceeds, 
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the OD bonds reorient, leading to complete decorrelation once the ensemble of HOD molecules 

has sampled all angles, corresponding to an anisotropy value of 0. Although the OD bond 

direction is measured in the experiment, orientational relaxation requires reorientation of the 

entire HOD molecule. In the bulk liquid, water reorients via jump reorientation, which involves 

the concerted rearrangement of many water molecules.63 While the OD vibrational frequency 

and lifetime are principally determined by the interactions of the OD, the reorientation of HOD is 

more global, likely involving multiple ions and water molecules. 

The anisotropy decays of HOD in the various LiCl solutions near the center frequency are 

shown in Figure 5. The experimental data begins at ~250 fs because the finite pulse duration of 

the overlapping pump and probe pulse generates a strong, non-resonant signal from the sample 

that obscures the data at short time delays. The frequency-dependent anisotropy decays of each 

concentration were fit to biexponential functions, sharing the time constants across all 

frequencies. Fitting the decays at each frequency individually yielded time constants that were 

the same within experimental error. The results of the curve fitting are given in Table 2. When 

the fits are extrapolated back to t = 0, the decays begin slightly below 0.4. This is due to fast 

inertial motions (<100 fs) of the water molecules, which have time dependence that cannot be 

experimentally resolved because of the pulse duration.64  

The orientational relaxation of HOD in bulk water fits well to a single exponential decay 

with a reorientation time constant of 2.6 ps.6, 44 In the salt solutions, the orientational dynamics 

are much slower than observed in bulk water and have two timescales for reorientation. These 

two time constants can be understood using the wobbling-in-a-cone model.65-67 The first time 

constant, t1, describes reorientation in a restricted angular space defined by a cone of half-angle, 

θc. The second, longer time constant, t2, describes the complete angular diffusion occurring 
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following the release of constraints that restricted the short time angular motion. The second time 

constant corresponds to the time for complete randomization of the transition dipole direction. 

When wobbling-in-a-cone dynamics occur, the orientational correlation function is given by:  

2 2
2 2 2( ) [ (1 ) exp( / )]exp( / )c mC t S S t t t t           (3) 

where, tc is the restricted (cone) angular diffusion time constant, tm is the final complete angular 

diffusion time constant, (
1

6m
m

t
D

 , where Dm is the orientational diffusion constant), and S2 is 

the generalized order parameter given by: 
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The orientational correlation time constants in the wobbling-in-a-cone model are related to the 

time constants t1 and t2 of the biexponential decay by 1 1 1
1 2( )ct t t    and tm = t2. The restricted 

angular diffusion constant, Dc, depends on both tc and θc and can be described for  θc < 30° by,  
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In the results presented, the full expression for any cone angle is used to calculate the diffusion 

constant as described in the literature, although the differences from the use of Eq. 5 are 

negligible.67 

For the concentrations studied, the time constants from the biexponential fit to the 

anisotropy do not vary, giving a wobbling time, tc = 2 ps and a free diffusion time constant, tm = 

12 ps. The free diffusion reorientation is noticeably slower than in bulk water, which is in line 

with previous measurements of aqueous salt solutions.6, 12-13 Even though the time constants are 

essentially identical at each concentration, it is evident that there are differences in the shapes of 

the decays caused by changes in the wobbling cone angle, θc, with concentration. The frequency-
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dependent cone angles are presented in Figure 6. As the salt concentration is reduced, there is an 

overall increase in the cone angles across all frequencies, implying that there is more freedom to 

reorient at short time when the H-bonds are intact for the more dilute salt solutions. Figure 6 also 

shows that the frequency dependence of the cone angles vary with concentration. The change in 

cone angles with frequency is well described by a linear fit. As the concentration decreases, the 

slope of the cone angles with frequency also decreases. The time constants and diffusion 

constants are given in Table 2 as well as the average cone angle and the slope for each LiCl 

solution. 

As described in the previous section, the frequency is correlated to the strength of the OD 

bond. At the highest concentration studied, there is a wide range of cone angles observed for 

different H-bond strengths, with the ODs with strong H-bonds (lower frequencies) being more 

restricted than those with weaker H-bonds. As the concentration decreases (see Fig. 6), there is a 

much smaller range of angles, decreasing from ~7° for the 1-4 concentration to ~3° for the 1-6 

concentration over the same frequency range (range of H-bond strengths). Furthermore, since tc 

is frequency-independent, the diffusion constant, Dc, follows the same trends (see Eq. 5); there is 

a wider range of cone orientational diffusion constants at higher concentration, with smaller 

diffusion constants observed for stronger H-bonds. At lower concentrations, the cone 

orientational diffusion constants vary much less with H-bond strength (frequency).  

Though wobbling-in-a-cone dynamics have been reported for HOD in a range of salt 

solutions,6, 12-13, 19 frequency-dependence of the cone angles has not been reported for simple salt 

solutions. Most simple salts have limited solubility, so it is possible that the large frequency-

dependence observed here, which becomes relatively small by 1-6 molar ratio, may not have 

been present in previous studies. A wide range of cone angles has been observed for 1-2.5 
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LiNTf2 solution (ion pairs per H2O) and 1-0.66 EmimNTf2 ionic liquid in agreement with the 1-4 

LiCl results presented here, but no concentration-dependent studies were performed.55 These 

results suggest that it is possible that the frequency dependence is present for other highly 

concentrated salt solutions. For 1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquids of 

various alkyl chain lengths, while there was strong variation in the cone angle across frequency, 

it was observed that the ratio of ion pairs to water did not have a significant effect on the 

frequency dependence.58 

The concentration dependence indicates that the H-bond strength is not the only factor 

determining the cone angle. Another possible factor is steric hindrance in the salt solution from 

structural ordering induced by the high concentration of salts. Previous PSPP experiments of 

molecular probes confined in the free volume elements of amorphous polymers have been used 

to determine the size distribution of the free volume regions based on the variation of the cone 

angles.68-69 Though water is not “confined” in a given space as in the polymers, it is not hard to 

visualize water angularly constrained by structural features such as ion crowding at these high 

concentrations. The simplest examples are water involved in solvent-shared and separated ion 

pairs. When acting as a bridge between Li+ and Cl- ions, water would be expected to be highly 

constrained, resulting in slow reorientation. The observed restructuring of the solution appears to 

have a large effect on the angular space available for water molecules undergoing strong H-

bonding interactions. The observed restriction of the cone angles is likely due to the formation of 

extended water-ion network structures (extended aggregation) rather than ion pairs since MD 

simulations indicate that there is a significant number of ion pairs even at the lowest 

concentration studied here. At the high concentrations studied here, ion pairs will not exist in 
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isolation surrounded by water, but rather as one component of an extended system of water-ion 

configurations. 

D. Spectral Diffusion 

Spectral diffusion is the fluctuation of the vibrational frequencies of probe molecules’ 

vibrational transition due to structural evolution of their surrounding environment. From the 2D 

IR experiment (described in Section III), spectral diffusion dynamics can be measured from the 

time dependence of the 2D vibrational spectra. The change in shape of the 2D spectrum with Tw 

can be seen in Figure 7, which displays 2D spectra of the OD stretch of HOD in 1-5 LiCl 

solution at two times, Tw = 1 and 10 ps. In the figure, the red band along the diagonal (dashed 

line) corresponds to the 0-1 vibrational transition (which is generally used for analysis), while 

the blue band that is off-diagonal arises from the 1-2 transition. The time dependence of the 

spectral diffusion is obtained from analysis of the shape change of the 2D spectrum with Tw. This 

analysis is done using the CLS method, which gives the normalized frequency-frequency 

correlation function (FFCF).45-46 The FFCF obtained from analysis is the probability that the 

vibrational probe at an initial frequency (ωτ) is at the same frequency at a later time (ωm), 

averaged over all probe molecules. The CLS(Tw) begins at 1 and decays to zero at sufficiently 

long time due to the time evolution of the probe frequencies caused by spectral diffusion 

(structural evolution).  

The complete FFCF is typically described using the Kubo model:70-71 

2 2FFCF=C ( ) ](0) ( ) (0) exp[ /i i
i

tt t                (5) 

where, ( ) ( )t t      is the frequency fluctuation as a function of time, i  is the frequency 

fluctuation amplitude, and i  is the decay time constant for the ith component of the frequency 
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fluctuations. The homogeneous linewidth, 
2

1

T
  , which has contributions from ultrafast 

dephasing processes as well as the vibrational lifetime and the orientational relaxation, can also 

be observed as the deviation of the CLS(0) value from 1. In the limit 1i i  , the ith component 

is motionally-narrowed and contributes to the homogeneous linewidth. Homogeneous dephasing 

in water systems usually dominates the homogeneous linewidth. By using both the CLS(Tw) 

decay and the linear absorption spectrum, the complete FFCF, including the homogeneous 

linewidth can be determined.45-46, 72 

 The CLS(Tw) decays of the OD stretch of HOD in the LiCl solutions are shown in Figure 

8. These decays effectively reflect the spectral diffusion of the chloride-associated population, 

because, as indicated by the population amplitudes (Fig. 3) and the short lifetime (~1.2 ps), the 

water-associated population only makes a small contribution to the 2D IR signal. In addition, the 

CLS analysis is performed on data around the peak of the 2D spectrum, which is further 

dominated by the chloride-associated population. Chemical exchange between the two 

populations is possible, which would result in the growth of off-diagonal peaks, and has been 

seen in 2D IR experiments of HOD in perchlorate and 4BF salt solutions.8-9 However, there is no 

evidence of off-diagonal peak, suggesting that the exchange processes occur on a timescale too 

long to be observed in the experiments. A biexponential function provides the best fits to the 

CLS(Tw) decays, demonstrating that spectral diffusion occurs via two structural processes. The 

parameters for the full FFCF were calculated based on the fits and are presented in Table 3.  

The CLS(Tw) decay of HOD in bulk water also has two decay components with time 

constants of 0.4 and 1.7 ps (also presented in Table 3). Molecular dynamics simulations have 

shown that the fast time constant is mainly a result of fluctuations in the H-bond length with 

some contributions from angular fluctuations, while the slower time constant is a result of 
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breaking and making H-bonds, which leads to complete randomization of the H-bond network.73-

74 With the addition of LiCl, it is likely that the structural processes remain the same but they are 

much slower, with a fast component of 1.2 ps and a slow component of 13 ps. The slowing of the 

spectral diffusion in concentrated LiCl solutions compared to pure water dynamics are in line 

with previous measurements of HOD in lower concentration aqueous salt solutions.6, 13 The time 

constants for the LiCl solutions are independent of concentration within experimental error, and 

the main difference between solutions is the amplitude of each component of the overall decay as 

quantified by the i s presented in Table 3. It is worth noting that the slow component of the 

anisotropy (Table 2) and the slow component of the CLS decay (Table 3) are essentially the 

same within experimental error. Though the FFCF and C2(t) are different correlation functions, 

the same dynamical process, i.e. the breaking and making of H-bonds and jump reorientation, is 

responsible for the decays in bulk water. The dynamical observables measured using the two 

experiments are not necessarily the same. For example, HOD in bulk water has reorientation 

time of 2.6 ps while its slowest spectral diffusion time constant is 1.7 ps. 2D IR experiments on 

HOD in lower concentration salt solutions than those studied here, also display spectral diffusion 

times that are faster than the reorientation time.13 In bulk water, while orientational relaxation 

requires jump reorientation, spectral diffusion can occur through the rearrangement of H-bonds 

of surrounding water molecules bonded to the HOD, which change the strengths of the H-bonds, 

and therefore the frequency of the OD, without the HOD molecule itself undergoing jump 

reorientation. In a similar vein, recent simulations show that a component of spectral diffusion is 

associated with breaking an H-bond and then reforming the same H-bond.75 Though, if an H-

bond to HOD breaks and reforms without the other associated water molecules changing their 

configurations, there would be no frequency change. The virtually identical slowest components 
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of the spectral diffusion and orientational relaxation timescales measured here may be an 

indication that, in these very high concentration salt solutions, the slow spectral diffusion is 

dominated by reorientation. 

 Spectral diffusion dynamics of aqueous LiCl solutions over the same range of 

concentrations were recently measured using the nitrile stretch of MeSCN.37 This probe was 

shown to be a good reporter of the water spectral diffusion, reproducing the bulk water spectral 

diffusion time constants.38 The spectrum of the CN stretch is very narrow (~20 cm-1) and has two 

peaks, one that arises when water is bound to the N lone pair and the other when Li+ is bound. 

The CN stretch vibrational lifetime is long, ~30 ps, allowing the observation of chemical 

exchange, i.e., water replacing the Li+ bound to N and Li+ replacing water. The time constants 

for water replacing Li+ range from 92 ps to 154 ps as the concentration is decreased from 1-4 to 

1-6, and for Li+ replacing water go from 42 ps to 59 ps.38 

There are significant differences between the spectral diffusion measured using the CN 

stretch of MeSCN and the OD stretch of HOD as vibrational probes. The MeSCN probe reported 

three spectral diffusion decay processes.37 The first two decay components were thought to be 

slower versions of the spectral diffusion processes observed in bulk water. While the first time 

constant (~1.2 ps) is very similar for the CN and OD probes, the second time constant is 

significantly longer for HOD,~13 ps, than it is for MeSCN, 4 ± 1 ps. In addition, MeSCN 

reported a third, long time component of ~40 ps that was not observed with HOD. Within 

experimental error, the CN spectral diffusion was the same whether water or Li+ was bound to 

the N lone pair. The error bars for the CN results were large enough that, regardless of the 

concentration or which species was bound to the N lone pair, the dynamics all overlapped. The 

orientational relaxation times of MeSCN range from ~15 ps to ~8 ps as the concentration is 
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reduced from 1-4 to 1-6 with water bound and from ~54 ps to ~36 ps when Li+ is bound.38 

Again, the ~4 ps spectral diffusion time for the CN is independent of concentration and whether 

water or Li+ is bound to the CN. Therefore, orientational relaxation is not responsible for the 

spectral diffusion. 

A major difference between the interactions of the CN probe and the OD probe with their 

surroundings is that CN displays a strong, well-documented first order Stark effect.39-41 Electric 

fields produced by the medium have a major effect on the vibrational frequencies of the nitriles. 

In contrast, the frequencies of OD hydroxyl moieties are dominated by the H-bond interactions. 

For CN, the first spectral diffusion component is likely caused by the H-bond length fluctuations 

of the species bound to the N lone pair (water or Li+). For the OD of HOD, fluctuations of the H-

bond to the chloride cause this component of the spectral diffusion. For the second component, 

fast fluctuations of the sea of ions and water surrounding the MeSCN produce fast electric field 

fluctuations, which in turn produce frequency fluctuations through first order Stark coupling.  

The inhomogeneous distribution of electric fields will contribution to the portion of the 

inhomogeneous broadening (2) associated with the ~4 ps time scale. Interactions with the 

MeSCN other than the Stark coupling can also contribute to 2.  Simulations of SeCN in bulk 

water showed that interactions with water in different orientations about the CN bond 

contributed to inhomogeneous broadening and spectral diffusion.76 The combined fluctuations of 

the Stark effect and other interactions can result in the ~4 ps spectral diffusion time, 2.  In 

contrast, the frequency of the OD of HOD H-bonded to chloride is mainly sensitive to the H-

bonding configuration. Jump reorientation will break and remake new H-bonds producing 

frequency changes, which occur on a timescale of 13 ± 1 ps. 
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The CN stretch of MeSCN has a much longer lifetime (~30 ps) than the OD stretch of 

HOD (~5 ps). Could the triexponential decay of the CN FFCF compared to the biexponential 

decay for the OD be caused by the short OD lifetime preventing the observation of a longer time 

scale spectral diffusion component? We found that the inclusion of a third slow component in the 

CLS decay of HOD or an offset, did not improve the fit to the data. The Aikaike statistical test 

was used to determine if a triexponential function produced a statistically significant 

improvement in the fit compared the biexponential decay. The results showed that the 

biexponential fit is substantially preferred over the triexponential model.  

 The third time constant found using the CN probe is ~40 ps and is independent of 

concentration within the relatively large error bars.37 The ~40 ps component was ascribed to first 

order Stark coupling to the fluctuating electric fields produced by the water-ion network, 

implying that this is the time constant for the complete randomization of the network.  As 

mentioned above, and shown in several simulations studies,77-79 other types of intermolecular 

interactions in addition to Stark coupling can contribute to inhomogeneous broadening and 

spectral diffusion. Here, we compared spectral diffusion measured by two vibrational probes in 

the identical LiCl solutions, MeSCN, which has strong first order Stark coupling and HOD, 

which does not. The absence of the long time constant from the decays observed with HOD 

supports the assignment37 of the long time component of the MeSCN spectral diffusion to the 

randomization of the water-ion network. 

IV. Concluding Remarks 

We have investigated the effects of very high LiCl concentrations on the structure and 

dynamics of water in salt solutions through the use of the OD stretch of isotopically dilute HOD 

as a vibrational probe. At these high concentrations, the presence of ion pairing and clustering is 
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significant, resulting in a continuous network of water-ion structures. This structural organization 

produces substantial changes in the properties of the medium compared to bulk water and low 

concentration salt solutions. 

Vibrational relaxation, which is sensitive to the coupling of the vibrational mode of the 

OD probe to its local environment, was used to separate the OD stretch absorption spectrum into 

contributions from water-water and water-anion interactions. Through this separation, the 

average H-bond strength of these interactions can be determined from the center frequency of the 

corresponding spectra. While the chloride-associated water population (OD H-bonded to 

chloride) was shifted to higher frequencies (weaker H-bonds than bulk water), in agreement with 

previous experiments, it was found that the water-associated population (OD H-bonded to a 

water oxygen) was notably shifted to lower frequencies, indicating that the water-water H-bond 

interaction in concentrated LiCl solutions is on average stronger than those in bulk water. The 

enhanced H-bond strength of these interactions, in response to the high salt content in solution, 

has an impact on water’s properties such as viscosity and diffusion. The configuration of the 

LiCl ions near the interacting water molecules affect the partial charges of the H-bond donor and 

H-acceptor in a manner which strengthen the H-bonds.62  

Through careful analysis of the anisotropy from the PSPP experiments, reorientation 

dynamics and angular restriction about the intact water H-bond were observed. At the high LiCl 

concentrations studied, it was found that there is a wide range of dynamics and angular 

restrictions, which vary with the OD stretch frequency. The dynamics and restrictions were 

quantified using the wobbling-in-a-cone model, which gave the restricted diffusion constants and 

wobbling cone angles. More strongly H-bonded water molecules showed much slower diffusion 

and more angular restriction. The magnitude and frequency dependence of the restrictions 
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decreased as the molar ratio was reduced from 1-4 to 1-6, becoming almost frequency-

independent at the lower concentration. These observations can be rationalized as increasing 

steric hindrance with increasing salt concentration caused by more structural ordering. The 

wobbling cone angles increase at all frequencies studied as the water content increases, probably 

as a result of structures less crowded with ions. The stiff structures imparted by the ions have a 

particularly notable effect on more strongly H-bonded waters, similar to the results obtained 

from the vibrational relaxation measurements.  

Spectral diffusion dynamics (structural fluctuations) sensed by the OD stretch of HOD in 

the LiCl solutions were also measured using 2D IR spectroscopy. In bulk water, spectral 

diffusion arises on a very fast time scale most likely from the local fluctuations of the H-bond 

length and on a slower time scale from breaking and making H-bonds leading to the complete 

randomization of the water H-bond network. In the LiCl solutions, these processes are 

significantly slower than in bulk water and dilute salt solutions. While the time constants for the 

two processes showed no change with salt content within experimental error at these high 

concentrations, the frequency fluctuation amplitudes indicated that the H-bond reorganization 

plays a more dominant role in the inhomogeneous broadening of the vibrational mode as the salt 

concentration increases. The slowest component of the spectral diffusion, ~13 ps, is essentially 

identical to the time for complete orientational relaxation measured with the PSPP anisotropy 

decay measurements. The near identity of the slowest component of the spectral diffusion and 

the time for complete orientational relaxation suggests that this spectral diffusion component 

reflects rearrangement of water molecules in the water-ion network. 

 In summary, we have provided detailed insights into the influence of water-ion networks 

on the dynamics and structure of water in very concentrated LiCl solutions. These experiments 
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provide a step toward understanding water-ion, ion-ion, and water-water interactions in water-in-

salt electrolytes. Previous experiments and simulations on specific cations and anions have 

reported trends in the angular restriction and the enhancement of the H-bond strength.12-13, 62 

However, the frequency dependence of the cone angles and the H-bond strength at high 

concentrations have not been thoroughly investigated. In future experiments, the concentration 

range of LiCl will be extended and ab initio MD simulations (currently in progress) will be used 

to obtain increased molecular level information on structure and dynamics. The experiments and 

simulations will also be applied to other ionic systems. 
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Tables 
 
Table 1. Observed lifetimes from fits to the population decays of the OD stretch of HOD in bulk 
water and in aqueous LiCl solutions. 

Solution tw ta 
1-4 1.3 ± 0.1 6.4 ± 0.1 
1-5 1.1 ± 0.1 5.5± 0.1 
1-6 1.0 ± 0.1 5.2 ± 0.1 

Bulk water 1.8 ± 0.1 - 
tw - lifetime of the water-associated population; ta - lifetime of the anion-associated population 
 
 
Table 2. Fit parameters for the anisotropy of the OD stretch of HOD in bulk water and aqueous 
LiCl solutions using wobbling-in-a-cone analysis for restricted orientational relaxation.  

Solution t1 tc 
1

cD  (ps) a,b θc (slope)a tm = t2 (ps) 1
mD  (ps) 

1-4 1.6 ± 0.2 1.9 ± 0.2 34 ± 6 26 (0.11) 12 ± 1 72 ± 6 
1-5 1.6 ± 0.1 2.0 ± 0.2 30 ± 4 28 (0.08) 10 ± 1 60 ± 6 
1-6 1.8 ± 0.1 2.2 ± 0.2 28 ± 1 32 (0.04) 11 ± 1 66 ± 6 

Bulk water - - - - 2.6 ± 0.1 15.6 ± 0.6 
aaverage across all frequencies; b error bars are the standard deviation across all frequencies 
 
 
Table 3. Complete FFCF parameters from the CLS decays and the linear absorption spectra65 of 
the OD stretch of HOD in bulk water and in Aqueous LiCl solutions.  

Sample  (cm-1) Δ1 (cm-1) 1 (ps) Δ2 (cm-1) 2 (ps) 

1-4 54 ± 5 35 ± 2 1.2 ± 0.1 43 ± 2 13 ± 1 

1-5 55 ± 5 39 ± 2 1.1 ± 0.1 37 ± 2 13 ± 1 

1-6 57 ± 4 41 ± 2 1.1 ± 0.1 32 ± 2 12 ± 1 

Bulk water 67 ± 4 43 ± 2 0.4 ± 0.1 31 ± 2 1.7 ± 0.1 
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Figure Captions 

Figure 1. Background subtracted and normalized linear absorption spectra of the OD stretch of 

HOD in bulk water and in aqueous LiCl solutions of concentrations, 1-4, 1-5, 1-6, and 1-16 (ion 

pairs to water).  The three very high concentrations have almost identical spectra. 

Figure 2. Normalized, frequency-dependent vibrational relaxation of the OD stretch of HOD in 

1-5 LiCl aqueous solution. 

Figure 3. Frequency-dependent population amplitudes (Lifetime Amplitude Spectra) at t = 0 of 

the water-associated and chloride-associated HOD populations determined from the 

biexponential curve fitting of the vibrational relaxation as described in the text.  

Figure 4. Comparison of the OD stretch water-associated Lifetime Amplitude Spectrum of the 1-

5 LiCl aqueous solution and bulk water.  

Figure 5. Anisotropy decays of the OD stretch of HOD in aqueous LiCl solutions with 

concentrations, 1-4, 1-5, and 1-6 at the center frequency 2527 cm-1. 

Figure 6. Frequency-dependent cone angles determined from the wobbling-in-a-cone analysis of 

the measured anisotropy decays of HOD in aqueous LiCl solutions. Error bars are the standard 

deviation after analyzing three individual experiments for each concentration. Solid lines are a 

linear fit to the cone angles at each concentration.  

Figure 7. Representative 2D IR spectra of the OD stretch of HOD in 1-5 aqueous LiCl solution 

at two waiting times, Tw = 1 ps and 10 ps. The spectral diffusion dynamics are obtained from 

analysis of the change in shape of the spectra with Tw. 

Figure 8. CLS(Tw) decays (points) (spectral diffusion dynamics) and their corresponding fits 

(solid lines) for the OD stretch of HOD in aqueous LiCl solutions. 
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Figure 7. 
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Figure 8. 
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