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ABSTRACT

Ultrafast polarization-selective pump-probe experiments, conducted on the OD stretch of dilute HOD, are reported for LiCl/H,O solutions
ranging from 1-24 to 1-128 (ion pairs—water molecules), 2.3-0.4 m. The results are compared to prior and revised experiments on 1-4 to
1-16 concentrations, 13.9-3.5 m. Vibrational population relaxation and anisotropy decays were measured for hydroxyls hydrogen-bonded
to chlorides (HBCs). In contrast to higher salt concentrations, at <~1-32 (1.7 m salt), the HBC population relaxation times and anisotropy
decays are concentration independent. 1-32 marks a transition from high concentrations of ion pairs, clusters, and ion networks to concen-
trations of ion pairs low enough not to affect observable molecular level dynamics. At a concentration of approximately 1-32 and lower salt
concentrations, chemical exchange is responsible for HBC anisotropy decay and plays a role in population relaxation. Wavelength-dependent
population relaxation was used to obtain lifetime amplitude spectra (LAS), which show distinct species that are not observable with FT-IR. At
very high salt concentrations, e.g., 1-6, there are no “pure” water regions, and the LAS has two bands: HBCs and hydroxyls of water oxygens
solvating Li*. At lower salt concentrations, there is also a “pure” water band in the LAS. The HBC band shape is concentration independent
from 1-4 to 1-128.
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I. INTRODUCTION per molecule.”” This H-bond network is constantly reorganizing.

Anisotropy decay (orientational randomization) occurs in pure
13
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The solubilities of salts in water vary greatly. Lithium chloride,
the subject of the present study, is highly soluble with a maxi-
mum solubility at room temperature of 18 molal." At the highest
concentrations, insufficient water exists to fully solvate cations and
anions. Rather than isolated solvated ions, LiCl and other highly
soluble salts form solvent separated ion pairs, contact ion pairs,
ion/water clusters, and extended ion/water cluster networks at very
high concentrations.”” At low salt concentrations, Li* and Cl~ can
be fully solvated and separated by intervening water molecules. At
these lower concentrations, Li* is solvated by ~4 water oxygens and
Cl™ by ~6-8 hydroxyls."’

Pure water at room temperature forms an approximately tetra-
hedral H-bond network in which a water’s oxygen lone pairs are
H-bond acceptors, and each water molecule’s pair of hydroxyls
are H-bond donors. Therefore, water can form up to 4 H-bonds

water as a single exponential with a time constant of 2.6 ps.'”
Orientational randomization happens through jump reorientation
rather than small-step angular diffusion."” When ions are intro-
duced, e.g., LiCl, the H-bond network is modified by the sol-
vation of the jons. Studies using x-ray and neutron diffraction
experiments in conjunction with molecular dynamics (MD) sim-
ulations have demonstrated that water molecules will orient their
dipoles toward cations, i.e., oxygen lone pairs will associate with
Li*; the hydroxyls will form H-bonds with the CI~ anions.””"
The dynamics of aqueous ionic solutions have been studied with
MD simulations,'®"® NMR,'? dielectric relaxation,”’ and ultrafast
infrared (IR) spectroscopy.'*' **

Ultrafast IR polarization-selective pump-probe (PSPP) spec-
troscopy was employed here to investigate the dynamics of hydrox-
yls in LiCl solutions over a wide range of concentrations. The
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experiments were conducted on the OD stretch of dilute HOD in
the ion/water solutions to eliminate vibrational excitation transfer
among the OH moieties.”” The PSPP experiments measure excited
vibrational population and anisotropy decays of the OD mode
following ultrafast IR excitation.

Over a very wide LiCl concentration range, i.e., solution con-
centrations from 1-4 (one ion pair to four water molecules, 13.9 m)
to 1-16 studied previously, and revised here,””** and 1-24 to 1-128
(0.43 m) in the current study, the FT-IR absorption spectra of the
OD stretch are featureless and change only slightly with concentra-
tion. Therefore, the FT-IR spectra do not provide information on
the structure and dynamics of the water species in the ion/water
solutions and how water dynamics change with concentration. It is
necessary to move beyond linear absorption spectroscopy to inves-
tigate the distinct populations of water in these solutions. Nonlinear
lifetime amplitude spectroscopy can provide spectra that are inac-
cessible using linear spectroscopy. As reported previously, at the
highest concentrations, the population decays are biexponentials
that change as a function of frequency across the inhomogeneously
broadened absorption band.””** The decay time constants are inde-
pendent of frequency, but the amplitudes of the two decay compo-
nents change systematically. Plotting the amplitudes vs frequency for
the two decays produces two lifetime amplitude spectra (LAS). These
spectra are hydroxyls (OD) bound to chloride anions, Cl"- - -DOH
(HBCs), and lithium cation-perturbed hydroxyls bound to water
oxygens, Li*- - -OHD- - -OH, (LPHs). In the very high concentration
range, there is no pure water spectrum (P) in the LAS because there
are too few water molecules to have the extended H-bond structure
that gives rise to the pure water spectrum.

For salt concentrations <~1-32, there is sufficient water for
some “pure” water to exist. Pure water, in this context, means a
sufficient number of water molecules H-bonded to each other to
form regions of extended H-bond networks characteristic of pure
water. Here, the high (blue) frequencies of the PSPP population
decays, where there is negligible contribution from the LPH, are fit
with biexponentials with one component held at the known pure
water lifetime. At these relatively low salt concentrations, the LPH
band, which is at the lower (redder) frequencies, cannot be measured
because of overlap with the large absorption of the first to second
excited state (1-2) transition of the pure water and because the vibra-
tional lifetime of the LPH is almost the same as that of pure water.
Thus, the LAS for these concentrations have two peaks: a large pure
water band and a much smaller HBC band. A remarkable result is
that the HBC spectra are independent of the salt concentration from
1-4 (water-in-salt) to 1-128 (salt-in-water). The HBC spectra do not
change within experimental error even though the system goes from
very crowded networks of ions and water to hydroxyls solvating
chloride ions, separated from other ions by intervening water.

While the HBC spectra do not change with concentration, the
population relaxation times do. As the salt concentration decreases,
the population relaxation times of the hydroxyls H-bonded to chlo-
rides become faster until the salt concentration is <~1-32. The
HBC population relaxation time is constant for concentrations
<~1-32 (1.7 m).

As mentioned above, the pure water anisotropy decay is a single
exponential with a time constant of 2.6 + 0.1 ps. There is a differ-
ence in the fundamental nature of the hydroxyl anisotropy between
the very high salt concentrations (1-4 to ~1-16) and the lower salt
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concentrations. As reported previously, the orientation anisotropy
decays, r(t), are biexponentials for very high salt concentrations.”””’
The fast time scale orientational relaxation results from restricted
angular sampling, i.e., wobbling-in-a-cone (WIC),” *’ in which
hydroxyls can only sample limited ranges of angles, the cone of
angles. The liquid’s structural relaxation on a longer timescale
enables complete orientational randomization.

At salt concentrations <~1-32 (1.7 m), the anisotropy process
involves a pure water population of hydroxyls undergoing jump
reorientation, while the anisotropy decay of hydroxyls bound to
chlorides occurs via chemical exchange. The chemical exchange rate
is governed by the hydrogen bond strengths of the waters bound to
chlorides and by the population of pure water as the exchange part-
ner. Another salt solution, anion BF,~, for which the spectrum of
the hydroxyl bound to the anion has a peak that is separated from
the water band (weaker hydrogen bonds), was studied using 2D IR
spectroscopy, and its anion/water chemical exchange time constant
was reported.”’ From this chemical exchange time and DFT calcu-
lations of the energy required for waters H-bonded to Cl~ and BF,;~
to dissociate from these anions, the chemical exchange time of water
bound to chlorides in the LiCl solutions was assessed. The popu-
lation and anisotropy decays of HBCs in the lower concentration
solutions are explained using the equations that govern chemical
exchange and the calculated HBC chemical exchange time.

Il. EXPERIMENTAL METHODS
A. Sample preparation

Samples were prepared from anhydrous LiCl salt (>99%) used
as received from Sigma-Aldrich. The salt was stored in a dry box
and continuously purged with dry air before use to prevent mois-
ture absorption. Nonlinear experiments were performed on a range
of concentrations of aqueous LiCl solutions with molar ratios of
1-10, 1-24, 1-32, 1-48, 1-64, 1-96, and 1-128. The samples were
prepared by adding D,O to give 5% HOD in H,O. The OD stretch
is an excellent probe for water dynamics as it is a local vibrational
mode distinct from the OH stretching region of pure water.”” At a
molar concentration of 5%, HOD is sufficiently dilute to avoid res-
onant vibrational energy transfer and has a negligible effect on the
structure and dynamical properties of H,0.'"'**"

The solutions were placed in a sample cell with two calcium
fluoride windows separated by a 12 ym spacer, which sets the path
length. An FT-IR spectrometer purged with dry N and set to a reso-
lution of 0.5 cm™" was used to take linear spectra. The linear spectra
of samples prepared with only H,O were subtracted from the HOD
spectra to give background-free linear spectra of the OD stretch.
Nonlinear experiments were run three times, with fresh samples
prepared for each run.

B. Laser system and nonlinear experiments

A detailed description of the laser system used to perform non-
linear IR experiments was given previously.”® Briefly, a Ti:sapphire
oscillator seeds a regenerative amplifier operating at 2 kHz, which
pumps an optical parametric amplifier (OPA). The OPA output
is difference mixed in an AgGaS; crystal, generating mid-infrared
(mid-IR) pulses centered at ~4 ym and with a pulse duration
of ~65 fs.
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For PSPP experiments, the mid-IR pulses were split into strong
pump and weak probe pulses, which were crossed in the sample. The
pump beam was chopped at 1 kHz, and the signal is the difference
between the probe intensity with the pump on and the pump off.
The probe was horizontally polarized (0°), and the pump was polar-
ized at +45° relative to the probe. After the sample, the probe was
resolved using a computer-controlled polarizer cycling between par-
allel (+45°) and perpendicular (—45°) polarizations relative to the
pump. A final polarizer before the monochromator sets the polar-
ized signal to approximately horizontal. This polarizer was adjusted
until the spectra of the probe beams at +45° and —45° were identical,
eliminating polarization bias from the diffraction grating.

The resulting parallel, S (¢), and perpendicular, S, (¢), signals
were analyzed to determine the population relaxation, P(t), and
anisotropy decay, (t), using

Sy(1) = e™7(1+0.8Cy (1)), (1)

S.(t) = e "(1-04Cy (1)), )

where 7 is the vibrational lifetime for a single component sys-
tem and C,(¢) is the second-order Legendre polynomial anisotropy
correlation function. From Egs. (1) and (2),

P(1) = £[5)(1) + 25.(1)], 3)

_ S”(t) - SJ_(t) _
r(t) = 50+ 28.(1) 0.4C,(2). (4)
P(t) is the excited state vibrational population relaxation for a
system with any number of decay components. There is also a long-
lived isotropic heating signal that arises from vibrational relaxation.
This heating signal is removed from the data using the standard
method.”"

Ill. RESULTS AND DISCUSSION
A. Linear spectra

The linear FT-IR spectra of aqueous LiCl solutions at con-
centrations ranging from 1-4 to 1-128, an ion pair per n water
molecules and for pure water are shown in Fig. 1.

Pure water produces a wide, inhomogeneously broadened band
centered at 2509 cm™' with a full width at half maximum (FWHM)
of 160 cm™' (black curve). Increasing H-bond strength shifts the
OD hydroxyl stretch to lower frequency (redshifted). When LiCl is
added, the OD band is shifted to higher frequencies (blueshifted).
This shift results from the water-anion interactions.”"””’° Figure S1
shows the peak centers as a function of ion mole fraction (IMF),
demonstrating a larger blueshift with increasing salt concentration.
Figure S2 shows the peak widths vs IMF. On average, water—chloride
H-bonds are weaker than H-bonds in pure water. The subensemble
of hydroxyls (ODs) H-bonded to chlorides produces a blueshifted
band, but the shift is insufficient to produce a distinct peak.”’
For some anions, the differences between the water-water and
water-anion interactions are sufficiently large that distinct peaks
appear on the blue side of the water spectrum.”””* *’

The Li* also changes the OD spectrum. Water oxygens sol-
vate Li*. The high charge density lithium cation withdraws electron
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FIG. 1. Normalized and background subtracted linear absorption spectra of the
OD stretch of HOD in pure water and aqueous LiCl solutions of molar ratios
1-4,23 1-16,24 1-32, 1-48, 1-64, 1-96, and 1-128 (ion pair per water molecules).
The inset shows the small changes at concentrations 1-64 and 1-128 as they
approach pure water.

density from the solvating water oxygens, which, in turn, withdraws
electron density from the hydroxyl OHs and ODs. The lithium-
perturbed hydroxyls form stronger H-bonds to water oxygens.
Therefore, the subensemble of LPHs H-bonded to water oxygens has
a redshifted band. However, the shift is relatively small and does not
offset the blueshift caused by the hydroxyls H-bonded to chlorides.
The result of water interacting with Li* and Cl” is a featureless band
that is blueshifted at the highest salt concentrations.

B. Lifetime amplitude spectra

The excited vibrational population of the OD stretch of dilute
HOD in pure H,O decays as a single exponential with a decay time
constant (lifetime) of 1.8 + 0.1 ps.'? In very high concentration LiCl
solutions (water-in-salt), there is no “pure” water. At very high salt
concentrations 1-4 to 1-16, the decays are biexponentials. At these
concentrations, the population decays are given by

P(t) = ALPH()L)e_t/T“’” +AHBC(A)e_t/THEC. )

P(t) changes with the wavelength, A, because the amplitudes, Arpy
and Apggc, depend on A. The time constants are independent of
wavelength. As the wavelength goes from the blue side of the
absorption line to the red side, Aupc decreases and Arpy increases.

Figure 2 shows fits to three population decays at a subset of
all the frequencies studied for a concentration of 1-5. The fits (red
curves) have the same time constants; only the amplitudes with
frequency vary.

The plots of amplitudes as a function of wavelength are the LAS
(Lifetime Amplitude Spectra). This paper used an improved method
for determining the vibrational lifetimes, which avoids contamina-
tion by spectral diffusion. The method did not change the high salt
concentration LAS significantly. However, the lithium-perturbed
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FIG. 2. Vibrational population relaxation of the OD stretch of HOD in a 1-5 LiCl
solution at three frequencies. The red curves are biexponential fits to the data.

hydroxyls bound to water oxygens lifetime was determined to be
much closer to that of pure water than previously reported.””** The
lifetimes at all concentrations are discussed below and are presented
in Table S1.

No water molecules have environments equivalent to pure
water at very high salt concentrations. Consider a single water
molecule H-bonded to four other water molecules. If those four
surrounding molecules interact with ions, even the central water
molecule will not behave as it would in pure water. For example,
orientational relaxation is a jump reorientation process involving
a water molecule, its surrounding H-bonded water molecules, and
additional water beyond those.'* In pure water, these waters undergo
concerted H-bond rearrangement, resulting in a particular hydroxyl
(an OD in the measurements) jumping to a new orientation with
a change in direction of ~60°.'* So, a central water molecule sur-
rounded by four waters interacting with ions will not reorient in
the same manner as it would in pure water because the surround-
ing water molecules are H-bonded to ions rather than more water
molecules.

In lower salt concentration solutions, a Li" is to be solvated by
~4 oxygens and a Cl~ is to be solvated by ~6 hydroxyls.” ” In a con-
centration of 1-4, the four water molecules have four oxygens and
eight hydroxyls. There are too few water molecules to form pockets
of pure water. For 1-16, there are 16 oxygens and 32 hydroxyls. Four
oxygens solvating a Li* will generate 8 lithium perturbed hydrox-
yls. The 6 hydroxyls bound to chloride will affect another 6 oxygens.
There can be a small number of water molecules not being directly
perturbed by ions, but this small number of water molecules is insuf-
ficient to form regions with H-bond networks that resemble pure
water.

For very high salt concentration samples, the absence of pure
water makes it possible to determine the LAS of both the LPH and
HBC populations. Figure 3 shows LAS for a high salt concentra-
tion. The LAS does not extend to the red because the negative going
1-2 vibrational transition begins to significantly interfere with the

ARTICLE pubs.aip.org/aipl/jcp
0.8
pure water 1-5 —LpPH

@ 07+ peak | /7 HBC
-E \
S 06t / \
e
8 05¢ 2 \
N—’ 7 \
3 04} / \
= )/ \
'g_i 03F r L7 - \
S 02} ) )
wn P N\
S oo . S

00 1 1 1 1 =
2400 2450 2500 2550 2600 2650
frequency (cm™)

FIG. 3. LAS spectra of high salt concentration (1-5) LiCl solutions. Gaussian fits
(black dashed) to the blue side of the HBC (light blue) and LPH (red) spectra for
1-5 concentration, with the fits extended to the red sides of the lines.

0-1 spectra. The peak of the pure water spectrum is centered at
2509 cm™! (green line).”*** The HBC spectra are blueshifted rela-
tive to pure water, and the LPH spectra are redshifted. The blueshift
of the HBC spectra shows that the H-bonds to chloride are weaker
on average than those in pure water.”’ The LPHs make stronger
H-bonds to water oxygens because of the increase in their fractional
positive charges. The spectra were fit to Gaussian functions, and the
fits were extended to the red so that the shifts of the spectra relative
to pure water are apparent. A Gaussian function fits the spectrum
of pure water well on the blue side of the line and approximately
halfway down the red side. The hydroxyl transition dipoles become
larger due to stronger hydrogen bonding as the wavelength becomes
longer.*! The increased transition dipole on the red side of the spec-
trum produces a non-Gaussian tail to the red. A red tail is likely
present in LPH and HBC spectra, but the LAS cannot access this
part of the spectra because of overlaps with the 1-2 transitions.

The non-Condon effect results in larger transition dipoles on
the red sides of the lines.*' The subensembles that make up the spec-
tra are not pumped identically. Molecules absorbing on the red side
of the line have larger transition dipoles, resulting in more excited
states than in the ground state equilibrium population distribution.
The higher concentration of excited states on the red side of the line
causes short-time spectral diffusion from red to blue that brings the
excited state populations to their equilibrium population distribu-
tions.”” The extent and nature of the spectral diffusion affect the
line amplitudes. To avoid the influence of the time-dependent spec-
tral diffusion on the PSPP measurements, the fits to the population
decays began several picoseconds after ¢ = 0. This method was also
used for the previously reported 1-4 to 1-16 concentrations, yielding
a slightly longer time constant of ~1.7 ps for the lithium perturbed
hydroxyl component, very close to that of pure water.

The solvation differs at low salt concentrations. For example, a
1-64 concentration has 64 oxygens and 128 hydroxyls per ion pair.
Then, with 4 oxygens solvating Li", creating 8 LPHs and 6 HBCs,
14 hydroxyls are directly affected, and 10 oxygens are affected.
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That leaves many water molecules essentially unaffected. At ~1-32
(1.7 m), there are still enough water molecules to have first and sec-
ond water solvation shells. However, there may still be ion pairs at a
1-32 concentration and even the lower salt concentrations. As dis-
cussed below, the observables are not affected within experimental
error up to a moderate concentration of ion pairs. At higher salt
concentrations, the observables change.

There is no pure water region for high salt concentration data,
i.e., 1-4 through 1-16 and possibly 1-24. Two species contribute to
the LAS. For concentrations of 1-32 through 1-128, there is a high
concentration of pure water hydroxyls (P). In addition, hydroxyls
are bound to chloride, and lithium-perturbed hydroxyls are bound
to other waters. Therefore, in principle, three species contribute to
the LAS. The population decay is described by

P(t) = Ap(M)e /™ + Ap(V)e ™ + Appc(V)e /™. (6)

However, even at 1-32, P is much larger than the other two compo-
nents and dominates the LAS. From experiments on pure water, 7p
= 1.8 + 0.1 ps.””*' The LPH population relaxation time is essentially
the same, ~1.7 ps (see Table S1). The similarity in the lifetimes is not
a problem for obtaining the LPH spectrum at high salt concentra-
tions because there is no spectral band from pure water. However,
because the LAS is obtained by plotting the amplitude coefficients of
the decays with different time constants, it is not possible to obtain
the LPH LAS at low salt concentrations. As discussed below, the
relaxation time for the HBC population is significantly longer than
that of pure water. In addition, the spectrum is blueshifted relative
to pure water. By fitting P(¢) data on the blue side of the spectrum to
a biexponential representing the second and third terms in Eq. (6),
we obtained the HBC LAS.

Figure 4 shows the plots of the population decays for concen-
trations 1-32 (4A) and 1-64 (4B) fit with biexponentials for three
wavelengths. In the biexponential fits, the decay time constant for
the pure water component is fixed at its known value, 7p = 1.8 ps.
The results of the fits at many wavelengths give the HBC population
decay time constant, 7y = 3.5 + 0.1 ps. As discussed in detail below,
Ty has contributions from the vibrational lifetime and the chemical
exchange time.

Figure 5(a) shows the HBC spectra for lower salt concentra-
tions. As the salt concentration decreases, the size of the HBC band
relative to the pure water band decreases. The plot shows the HBC
relative amplitudes obtained in the experiments.

Figure 5(b) displays the HBC LAS for the 1-48 concentration
and the pure water, P, LAS spectrum. Because pure water is a sin-
gle species, we can accurately measure the 0-1 spectrum and know
the vibrational anharmonic shift of the 1-2 spectrum. From this
information, we can remove a portion of the 1-2 contribution and
obtain the 0-1 spectrum to lower frequencies. In Fig. 5(b), the
blueshift of the HBC band relative to the P band is evident.

Figure 6(a) shows all the normalized HBC spectra for lower
salt concentrations 1-32 to 1-128. They are identical within a small
experimental error. The spectrum of hydroxyls bound to chlorides
does not change over this concentration range. Figure 6(b) shows
some high salt concentration spectra, 1-4, 1-16, and 1-24, and some
low salt concentration spectra, 1-64 and 1-128. They are identi-
cal within error. In the supplementary material, Fig. S3 shows all
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FIG. 4. Vibrational population relaxation of the OD stretch of HOD in (a) 1-32
LiCl solution and (b) 1-64 LiCl solution at three frequencies. The red curves are
biexponential fits to the data.

18 20

11 concentrations from 1-4 to 1-128. They are identical within
experimental error.

The identity of the HBC spectra over such a wide concentration
range is remarkable. At 1-4, there are far too few water molecules to
fully solvate the ions. At 1-128, there is more than sufficient water
to solvate the ions and have them, on average, separated by many
additional solvation shells. Nonetheless, the HBC LAS are identi-
cal. At 1-4 and other high salt concentrations, the waters solvating
chlorides are in environments dense with other ions. The primary
determinant of the frequency is the actual H-bond strength of the
hydroxyl, which, in this case, is bonded to chlorides. At low salt con-
centrations, <~1-32, the HBC waters will be H-bonded, on average,
to three other water molecules. Increasing the water concentration
does not change the spectrum.

An interesting question is why the low and high salt concen-
tration solutions have identical HBC spectra. The answer may lie in
how the vibrational frequency of hydroxyls H-bonded to a halogen
is affected by charge density. For hydroxyls bound to the series of
halogens, F~, CI”, Br™, and I, the hydroxyl vibrational frequency
shifts to a higher frequency (blue) as the size of the halogen increases
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FIG. 5. LAS HBC spectra for low salt concentrations. (a) Various low salt con-
centration spectra. (b) Comparison of the HBC LAS spectrum for the 1-48
concentration and pure water.

because the charge density decreases.”” A decrease in charge den-
sity causes a blueshift, while an increase in charge density causes a
redshift.

Many chlorides will be fully solvated at lower salt concentra-
tions, <1-32. However, at 1-32, there is likely to be a non-negligible
number of ion pairs, both solvent separated ion pairs (SSIP) and
contact ion pairs (CIP). In an SSIP, a Li* is solvated by an oxy-
gen with one of its hydroxyls bound to a CI” and three other water
oxygens. The Li* will withdraw electron density from the oxygens,
which, in turn, will withdraw electron density from its hydrogens,
including the hydrogen associated with the CI™. The result will be
a somewhat stronger H-bond to the Cl™ and a redshift. The HBCs
involved in SSIPs will have their hydroxyl stretching mode slightly
redshifted. An Li* forming a CIP will withdraw electron density
from the CI', affecting the remaining HBCs. This reduced electron
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FIG. 6. (a) HBC LAS normalized spectra for low salt concentration samples, 1-32
to 1-128. The spectra have the same shape. (b) Several low and high salt concen-
tration HBC LAS normalized spectra. The concentrations range from 13.9 m (1-4)
to 0.4 m (1-128). Nonetheless, they all have the same shapes.

density will weaken the H-bonds, causing a blue vibrational fre-
quency shift. The weakening of the H-bonds may be relatively small
asthe Li* still has three oxygens solvating it, which are richer sources
of electron density, and all five of the other hydroxyls solvating the
chloride will donate some electron density to the Cl™. Therefore, the
blueshift may not be large.

The effect of having SSIP and CIP at moderate salt concentra-
tions, 1-32, can be that a fraction of the hydroxyls have small redshift
and blueshift relative to a hydroxyl bound to a Cl™ fully solvated by
water. If the shifts are small, they will not change the LAS within
error. As the salt concentration is further reduced from 1 to 32, the
fraction of CI” forming an ion pair decreases, and the ion pair influ-
ence on the spectrum decreases. Figure 6(a) shows no evidence of a
concentration dependence in the spectra within experimental error,
which is consistent with the above discussion.

The additional question is why the moderately low and high salt
concentration spectra are the same [Fig. 6(b)]. At 1-4, chlorides can-
not have complete water solvent shells or be solvated by five water
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molecules and a single Li*. Each chloride’s solvation shell can con-
tain multiple ion pairs, both SSIPs and CIPs.”” An SSIP shifts the
hydroxyl vibration somewhat to the red, and the CIP shifts it some-
what to the blue. With a CI™ having several ion pair types, the shifts
will tend to balance out. In Fig. 6(b), the 1-4 and 1-128 spectra
look virtually identical. For the 1-128 concentration, there will be
very few ion pairs, while 1-4 will have multiple ion pairs for each
chloride. At lower salt concentrations, most CI~ will be fully sol-
vated by water, but some will form SSIPs and CIPs. The two types of
pairs shift the spectra in opposite directions. If the shifts are small,
they are not observable within the experimental error. At higher salt
concentrations, the chlorides will form many ion pairs. These may
balance each other out and, again, not produce observable shifts. The
above is a reasonable hypothesis, which explains our observations.
The AIMD simulations of moderate to high concentration LiCl solu-
tions, which can determine the HBC vibrational frequencies, would
be capable of testing this hypothesis.

C. Population relaxation

Equation (5) is used to describe P(t) for high salt concentrations
at which there are only two species, lithium-perturbed hydroxyls and
hydroxyls bound to chloride. These have distinct population relax-
ation times; both P(f)s were obtained (Table S1). Examples of the
data and fits are shown in Fig. 2. Equation (6) describes the popula-
tion decay for low salt concentrations with three species: LPH, P, and
HBC. At low salt concentrations, P is the main species. As discussed
above, the relaxation time of the LPH is almost the same as that of
P and cannot be resolved at concentrations with significant P con-
centration. Therefore, only the HBC and P relaxation times can be
obtained at low salt concentrations. For both high and low salt con-
centrations, the population decay is biexponential with the following
form:

P(t) = aPi(t) + bP,(t). (7)
Specifically for low salt concentrations, the decay is
P(t) = Ap(A)e ™ + Appc(N)e ™, (8)

By making measurements on the blue side of the line, there is little
or no influence from the redshifted LPH spectrum. Its amplitude is
low, and the decay constant is not distinguishable from the P decay
constant.

The P lifetime is known accurately from measurements on pure
water. It is 1.8 ps. Biexponential decays at many wavelengths were
measured on the blue side of the absorption line. One decay time
constant is fixed at 1.8 ps, and the other parameters are allowed to
float. Examples of the data and fits can be seen in Fig. 4. The HBC
decay time as a function of concentration was determined from 1-4
to 1-128.

Figure 7 shows a plot of the data. Table S1 gives the HBC pop-
ulation relaxation times for 11 concentrations from 1-4 to 1-128.
As seen in the plot and the table, the HBC population relaxation
times, tupc, become faster as the salt concentration decreases. At low
salt concentrations, the relaxation time is independent of concentra-
tion. The decay constants are the same beginning at a concentration
of 1-32 (1.7 m) within experimental error. At lower concentra-
tions, the chemical exchange of hydroxyls dissociating from Cl~, as
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FIG. 7. HBC hydroxyl (OD) stretch population decay as a function of concentration.
As the salt concentration decreases, the population decay is faster until a con-
centration of 1-32 (1.7 m). The lifetimes are independent of concentration within
experimental error for salt concentrations <1-32 (1.7 m).

detailed below, becomes relevant and combines with the vibrational
lifetime to give the observed HBC population decay time. Nonethe-
less, the presence of chemical exchange does not change the fact
that the observed relaxation times are concentration independent
within experimental error for salt concentrations <1-32. A method
for determining the vibrational lifetime from the observed popula-
tion relaxation time and the chemical exchange time is presented
below.

The lifetime is sensitive to the local environment. The hydroxyl
stretch, in this case, the OD stretch of HOD, relaxes by transfer-
ring its vibrational energy into a combination of intramolecular and
intermolecular modes."” In H,O, the OD stretch of HOD has a fre-
quency of 2509 cm™'. The HOD bend frequency is 1480 cm™.**
The bend plus a rocking libration has a frequency of 1850 cm™'.**
Then, for example, the stretch can relax by creating two quanta of
the bending mode and annihilating one or more solution contin-
uum modes (phonons) to conserve energy. Or it could relax into the
bend + rocking mode and create one or more phonons to conserve
energy.

The HBC OD stretch lifetime relaxation pathways will dif-
fer significantly when an OD is H-bonded to a chloride because
the chloride has no accepting modes that can participate in the
intermolecular component of energy conservation in the relaxation
process. Therefore, even in the low salt concentration limit, the HBC
OD lifetime will differ from the pure water value of 1.8 ps. In addi-
tion, the observed population decay is the lifetime decay with an
additional contribution from chemical exchange.

The first solvation shell of a chloride consists of ~6 water
molecules H-bonded to the CI”. Water molecules H-bonded to chlo-
ride will dissociate, and water molecules in the second solvation shell
will form H-bonds with the chloride, becoming part of the first sol-
vation shell. Because the system is in equilibrium, the rates of water
molecules dissociating from the chloride and associating with the
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chloride are the same. This switching of water molecules H-bonded
to chlorides is chemical exchange.

D. Chemical exchange

The chemical exchange is illustrated in Fig. 8. Water hydrox-
yls bound to other water molecules exchange to become bound
to chlorides and vice versa. At the same time, the excited popula-
tions are decreasing due to their vibrational lifetimes. In previous
publications,”””* the LiCl high salt concentration range, 1-4 to 1-16
(13.9-3.5m), was studied. At these concentrations, there is no region
of pure water. Without a population of pure water and a rela-
tively small number of water molecules overall, chemical exchange
becomes so slow compared to the vibrational lifetimes that it does
not affect the population decay [Eq. (3)] or the anisotropy decay
[Eq. (4)]. At lower salt concentrations, <1-32, chemical exchange
plays a role in both dynamical processes.

The orientational relaxation in pure water is a single expo-
nential with a 2.6 + 0.1 ps time constant.'"'* As discussed briefly
above and described in detail previously, in contrast to pure water,
the decays in the high concentration LiCl solutions are biexpo-
nentials, indicative of two processes contributing to water reorien-
tation.”* Water molecules are components of extended ion/water
networks.”””* In high salt concentrations solutions, very crowded
ion environments, r(t) [Eq. (4)] is determined by all the interac-
tions of HOD with its surroundings.'”'”***’ In concentrations 1-4
through 1-16 and possibly 1-24, the two processes contributing to
orientational dynamics are described using the wobbling-in-a-cone
model.”"** In this model, water molecules undergo restricted angu-
lar diffusion at short times, wobbling in a cone of angles, which gives
rise to the fast component of the biexponential decays. The wobbling
is followed by the structural evolution of the surrounding medium,
which enables complete orientational randomization on a longer
timescale, the slow component of the biexponential.””*”* The con-
centration dependence of the cone angles, wobbling time constants,
and complete orientational relaxation time constants were presented
previously.”**

A substantial amount of pure water exists at <1-32 salt con-
centrations. Pure water undergoes orientational randomization as a

m

Chemical exchange

e -

vib. lifetime vib. lifetime
rate constant rate constant
U |
—

Chloride-bound

Water-bound

FIG. 8. Diagram of the chemical exchange dynamics present in the samples.
Ny and Np are the populations of ODs initially bound to chloride and water,
respectively. Npy is the population of hydroxyls initially bound to water after they
become bound to chlorides, and vice versa for Nyp. Exchange occurs with the
rate constants kyp and kpy; vibrational lifetime decays occur with the lifetime rate
constants kp and ky.
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single exponential process via the jump reorientation mechanism.'*
The jump angle is ~60°. Here, we assume that the water not asso-
ciated with ions undergoes orientational relaxation in the same
manner as pure water with the same orientational relaxation time
of 2.6 ps. We further assume that when a water molecule dissociates
from being H-bonded to a CI, it does so with the same mecha-
nism. 2D IR angularly resolved chemical exchange experiments in
aqueous ClO4~ solutions observing the OD stretch of HOD showed
that the exchange from water H-bonded to ClO4 s to H-bonded
to water molecules occurs with jumps of ~49 + 4°, very similar to
pure water.”’ In those experiments and chemical exchange experi-
ments with BF4~ as the anion,’’ the anions were chosen because the
vibrational spectra of water H-bonded to the anions were shifted far
enough to the blue to have distinct peaks in the absorption spec-
trum. The shift is caused by very weak H-bonding to these anions.
The separated water and water bound to anion spectra made it pos-
sible to perform 2D-IR chemical exchange experiments.’”"’ These
experiments observe the growth of off-diagonal peaks in the 2D IR
spectrum. The growth was analyzed to yield the exchange rates. In
those experiments, the role that exchange played in the anisotropy
decays of the water H-bonded to the anions was not addressed.

In this study, the water H-bonded to Cl™ has a blueshift, but it is
insufficient to give a distinct spectrum (see Fig. 1). Nonetheless, we
can address issues associated with chemical exchange and examine
the effects of exchange on the population and anisotropy decays.

Previous papers have given the equations that describe chemi-
cal exchange and the exchange’s effects on the populations involved
in 2D IR chemical exchange experiments.’”""*" The kinetics are
illustrated in Fig. 8. 2D IR experiments have been performed on
salt solutions when the two species that are exchanging can be
resolved in an FT-IR spectrum.””*"** Using 2D IR experiments that
observe the growth of off-diagonal peaks in the spectra to measure
the exchange kinetics, water/anion chemical exchange times for salt
solutions were reported.‘%“'m’l(' In one study, a solution of NaBF,
was found to have an ion-to-water exchange (dissociation) time
of 7 ps.

The known hydroxyl dissociation time from BF,~ and density
function theoretical calculations (Gaussian 16 quantum chemistry
package at the B3LYP/6-31+G(d,p) level of theory with the SMD
implicit solvent model of water) were used to obtain the dissocia-
tion time of a hydroxyl from CI”. The same procedure was used
to determine the change in free energy for a hydroxyl leaving the
first solvation shell of each anion. The details and figures are given
in the supplementary material. The optimized structure and energy
were determined for six hydroxyls bound to Cl™ and four hydrox-
yls bound to BF, with implicit water solvation.”” One hydroxyl was
moved a small step (0.1 A) away from the anion, and then, the entire
structure was re-optimized. This procedure, i.e., a small step and
then structure optimization, which increased the energy, was contin-
ued until the energy plateaued (see Fig. S4). The dissociation energy
is the difference between the plateau energy and the energy of the
initial optimized structure.

The following equation was used to obtain the dissociation time
of a hydroxyl from CI":

J AGar kT

Ta- = EAGBF’ JkT TBF; - 9
4
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The superscript d indicates dissociation time. The BF,~ hydroxyl
dissociation time is 7 ps.”” The CI” and BF;~ hydroxyl dissoci-
ation energies are 2.10 kcal/mol and 1.96 kcal/mol, respectively.
Equation (9) gives a Cl™ dissociation time of 9 ps. The electronic
structure calculations give AGs, but the entropy changes are only for
the species involved in the calculations. Because an implicit water
solvent was used, there is no molecular second solvation shell. The
water molecules H-bonded to the anion comprise the first solvation
shell. The second solvation shell is composed of water molecules that
do not interact directly with the anion. We are making an approxi-
mation that a water molecule moving from the anion’s first solvation
shell into the pure water second solvation shell of CI~ or BF4~ pro-
duces essentially the same change in entropy. Then, this component
of the entropy change in AG for the two anions is the same and
divides out. As discussed below, an error in the dissociation time of
a hydroxyl from CI™ affects the numerical value of the lifetime, but
it is a mild effect. The primary purpose here is to show the chem-
ical exchange’s role in the measured dynamical observables and to
illustrate the mechanism for the orientation relaxation of hydroxyls
bound to chlorides.

To investigate the influence of chemical exchange on the HBC
population relaxation, P(f), and the anisotropy decay, r(t), we
employ a set of coupled kinetic equations [Eqs. (S1)-(S7) of the
supplementary material], which implement the schematic shown
in Fig. 8.*° The solutions were used to calculate the observables of
interest here.”’

1. The role of chemical exchange in population
relaxation

In Sec. III B, the population relaxation decays composed of
pure water hydroxyls and hydroxyls bound to chloride were fit as
biexponentials (see Fig. 4). The HBC population decayed with a
time constant of 3.5 ps. This decay time is a combination of the
vibrational lifetime and a contribution from chemical exchange.
Adding a chemical exchange component makes the observed pop-
ulation decay, P(t), faster than the vibrational lifetime. Using the
chemical exchange time constant for HBCs to become pure waters,
tup = 9 ps, and Egs. (S1)-(S7), it was determined that the HBC
vibrational lifetime for all concentrations <1-32 is 4.3 ps.

Figure 9 shows a comparison of an analytical 3.5 ps exponen-
tial decay (black squares) with the results of the chemical exchange
model calculation of the decays for concentrations of 1-32 (red solid
curve) and 1-64 (blue dashed curve).

The exchange model curves are the results of fits to the exper-
imental biexponential P(¢) curves. In the fits, there is only one
adjustable parameter, the HBC vibrational lifetime. All the other
parameters are known. Consider the concentration of 1-32. The
number of water molecules H-bonded to a chloride is taken to be 6,
which is Ng. Ny does not change as the salt concentration decreases.
These six water molecules are the first solvation shell of the chlorides.
There are also four water molecules solvating the Li*. Therefore, on
average, there are 22 water molecules not in either of the ion’s first
solvation shells. So, Np, the “pure” water population, is 22. Twenty-
two water molecules are more than sufficient to form the second
solvation shell. For lower salt concentrations, e.g., 1-64, there are
substantially more water molecules not in the first solvation shell
of either ion. Np increases as the salt concentration decreases. For
a concentration of 1-n, Np is n — 10. The rate constant, kp, is the
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FIG. 9. An analytical 3.5 ps analytical exponential decay curve (black squares)
representing the HBC component of the biexponential population decay (Fig. 4)
and the results of the exchange model calculation of the HBC portion of the
decay for concentrations 1-32 (red solid curve) and 1-64 (blue dashed curve).
The exchange model decay curves have two contributions: the vibrational lifetime
and the exchange of water hydroxyls H-bonded to chlorides to hydroxyls H-bonded
to water molecules.

inverse of the pure water hydroxyl (OD) lifetime, kp = 1/1.8 ps
=0.56 ps”'; kup = 1/9 ps = 0.11 ps~". The system is in equilibrium.
Thus, the rate from H to HP equals the rate from P to PH, Nykup
= Npkpy. We know Ny (6) and kgyp (0.11 ps_l), which are constant
at all concentrations <1-32, as shown by the identity of the 1-32
and 1-64 curves in Fig. 9. We also know Np for all concentrations.
Therefore, we know kpy at all concentrations.

We used the exchange model to fit the experimental P(t) curves
(see Fig. 4) at many wavelengths and concentrations. There is only
one adjustable parameter, ki = 1/7y, where g is the hydroxyl (OD)
bound to chloride vibrational lifetime. The fits to many wavelengths
and all concentrations give 7y = 4.3 £ 0.2 ps. As shown in Fig. 9,
the exchange model with the constants enumerated above does an
excellent job reproducing the observed 3.5 ps decay found when fit-
ting a biexponential to the P(¢) data. The 9 ps HBC dissociation time
is approximate. However, while the exact value makes a difference
in the HBC vibrational lifetime extracted from the calculations, the
result is not highly sensitive. For example, if 7p = 14 ps rather than
9 ps, the resulting lifetime of hydroxyls bound to chlorides is 4.0 ps
rather than 4.3 ps. The exchange time cannot be shorter than the
observed 3.5 ps population relaxation time, nor can it be so long
that it becomes too slow (>20 ps) to account for the orientational
relaxation.

2. The role of chemical exchange
in anisotropy relaxation

Anisotropy decay, (t), is usually caused by molecular reorien-
tation. For hydroxyls (OD) bound to chlorides, reorientation, which
causes the molecular transition dipole under observation to ran-
domize its direction, will not occur. A chloride’s first solvation shell
consists of six H-bonded water molecules. These six water molecules
are H-bonded to the surrounding water molecules that comprise the
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FIG. 10. lllustration of the time dependence of the anisotropy evolution of HBCs.
The pump pulse initially excites a Cos? distribution (blue) of HBCs. It maintains
its shape but decays in amplitude because of the vibrational lifetime and chemical
exchange, H to HP. A spherical distribution of orientations grows due to chemical
exchange, P to PH, i.e., water not associated with an ion (the Npy population)
becomes H-bonded to a chloride.

second solvation shell. A chloride with its first solvation shell will not
rotate as an intact unit as a molecule in solution would.

Figure 10 schematically illustrates the chemical exchange
mechanism for the HBCs’ anisotropy decay. At ¢ = 0, the pump pulse
produces a Cos® distribution of vibrationally excited HBCs (blue dis-
tributions). These HBCs will not undergo anisotropy decay through
orientation randomization. The amplitude of the Cos® distribu-
tion will decay because of the vibrational lifetime and the chemical
exchange H — HP. After the time intervals 1, 2, 3, and 4, the Cos®
distribution shrinks, but the reduction in amplitude does not cause
anisotropy decay.

After t = 0, initially excited pure water molecules will exchange
and become HBCs, P — PH. We assume that the PHs have random
distributions (red) for several reasons. First, the pure water (HOD
in H,O) orientational relaxation rate, 2.6 ps, is fast compared to
the exchange time. Therefore, on average, the pure water, P, will
have undergone substantial anisotropy decay before it exchanges to
become a PH. In addition, the exchange process will cause orienta-
tional changes of the incoming hydroxyls. The incoming hydroxyl
is unlikely to associate with the chloride with its O-D bond vector
directly along the same axis as it previously had as pure water. It will
then change the orientation to maximize the H-bond strength and
accommodate the other HBCs already attached to the surface. The
fast water reorientation and the angular changes accompanying the
H-bond formation support the use of the model of the random PH
distribution (red spheres in Fig. 10).

The result is that at any time ¢, the HBC component of
the anisotropy is determined by the sum of a perfectly orientated
subensemble, the Hs, and a perfectly random subensemble, the
PHs. The aligned subensemble shrinks as time progresses, and the
random subensemble grows initially before shrinking due to the life-
time. The time-dependent sum of these two distributions causes the
anisotropy decay.

There are three components in calculating the parallel and per-
pendicular anisotropy decays. First, there is the pure water. The
parameters are known from previous studies on bulk water. The
vibrational lifetime is 1.8 ps, and the orientational relaxation time
constant is 2.6 ps.'””'’ The other two components were discussed
in connection with the schematic in Fig. 10. The initially excited
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HBCs produce the polarized contribution that decays in ampli-
tude from the lifetime decay and H — HP chemical exchange, but
it does not undergo relaxation of its initial anisotropy. The third
component is the exchange of P — PH. As discussed above, the
PHs are an isotropic subensemble, which adds to the polarized H
subensemble (see Fig. 10).

Equations (S1)-(S7), with the exchange and lifetime decays for
the salt concentrations <1-32, were employed to fit the population
decays and give the HBC lifetime of 4.3 ps. To model S (¢) and S, (¢),
Egs. (1) and (2) were used. The Ng component is perfectly polarized.
Then, c§’ (t) =1 for all . The Npy component has no polarization,
so C2¥(t) = 0 for all . Using these relations gives

NH(t) NPH(t)

Sﬁx(t) = ISNH(t) +NPH(t) NH(t) + NPH(t) > (10)

ex N _ Nu(t) Npu(t)

S (1) =060 + Now(8) T N (6) + Nem(ey” V)
(S[(t) - ST (1) /1.2 = G5 (1), (12)

The time dependence of C,(¢) enters through the amplitudes of Ny
and Npy, which are determined by the chemical exchange equations.
The data are calculated by adding the exchange terms (denoted with
the superscript ex) to the pure water orientational relaxation terms
(denoted with the superscript p) for which the lifetime (1.8 ps) and
the orientational relaxation time (2.6 ps) are known,

$h(e) = e (14 0.8/, (13)

Sh(t) = e (1 - 0.4e71%0). (14)
Then, the functions used to analyze the data are

Si(t) = POSIH'(t) +HoS|[" (1), (15)

SL(t) = PoS5 (1) + HoS'(2). (16)

Py and H) are the relative numbers of pure water molecules to HBCs
ata given frequency, which were determined from the LAS described
above. In calculating S (t) and S, (t) with Egs. (15) and (16), there
are no adjustable parameters other than scaling the experimental
data for comparison with the calculations.

Figure 11 shows the S, (t) and S () data for two concentra-
tions (black squares) and the no adjustable parameter calculations
(red curves). Given that there are no adjustable parameters, the
agreement between the data and the corresponding calculated curve
is very good for the datasets shown in Fig. 11, and the agreement is
the same for all wavelengths and salt concentrations <1-32. These
results demonstrate that the chemical exchange model (Fig. 10) for
the anisotropy decay of the hydroxyls H-bonded to chlorides is con-
sistent with the experimental data. Previous 2D IR experiments that
studied water exchange to and from anions did not address the
anisotropy decays of the hydroxyls bound to the anions.””"’ Tt is
noteworthy that chemical exchange information can be extracted
from experiments in which the hydroxyls bound to anions do not
give rise to a distinct peak in the absorption spectra. A distinct
peak remains a prerequisite for 2D IR chemical exchange experi-
ments. However, a reasonable value of the H — HP exchange time
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FIG. 11. (a) and (b) are the perpendic-
ular and parallel polarization data (black
squares) for concentration 1-32, and (c)
and (d) are the perpendicular and par-
. allel polarization data (black squares)

for concentration 1-64. The red dashed
curves are the no adjustable parameter
calculations using the model illustrated
in Fig. 10 and the exchange equa-
tions (S1)—(S7). The agreement between
the no adjustable parameter calculations
and the data is very good.
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is necessary for the analysis presented here. We determined the
H — HP exchange time from the previously measured exchange time
for BF4~ using DFT calculations.

Returning to the possible presence of ion pairs at lower concen-
trations (<1-32) at which the population and the anisotropy decays
are independent of concentration, the observables used here cannot
determine if there are ion pairs. By varying the population num-
bers, for example, reducing Ny(t = 0) from 6 (which assumes full
solvation) to 5.4, which assumes 60% of chlorides are involved in
an ion pair, the fits to the decays are not noticeably changed. As
the salt concentration is reduced from 1-32 to 1-128, the chlo-
ride fraction involved in ion pairs will decrease. Even without using
the exchange model, Fig. 7 shows that the HBC components of the
biexponential decays are independent of concentration. These
results do not demonstrate the absence of ion pairing for concen-
trations <1-32. They only indicate that the dynamics of the HBCs
observed in the experiments are not sensitive to a moderate or small
extent of ion pairing. The situation is different for high salt con-
centrations at which there is little water. Both the population and
anisotropy decays are affected by extensive ion pairing.

IV. CONCLUDING REMARKS

We examined the dynamic of water molecules solvating chlo-
ride anion in LiCl solutions with ultrafast IR experiments on the
hydroxyl stretch (OD stretch of dilute HOD in H,0O). The pri-
mary focus was on the low end of high concentration salt solutions
(0.4-1.7 m). The results were compared to prior and new experi-
ments on very high salt concentration (2.3-13.9 m) solutions. The
total range of concentrations studied spans water-in-salt solutions
to much lower salt concentration, salt-in-water solutions. Popula-
tion and anisotropy decays were measured. For LiCl solutions with
salt concentrations <1-32 (one LiCl per 32 water molecules, 1.7 m),
the population and anisotropy decays of hydroxyls H-bonded to

chlorides (HBCs) are concentration independent. An important
question is what concentration marks the beginning of low salt con-
centration solutions. The answer is that the transition in terms of the
water population lifetime dynamics occurs at a relatively high LiCl
concentration, ~1.7 m. 1.7 m is the concentration at which a substan-
tial fraction of solvated chlorides are surrounded by environments
that are not distinguishable from those of pure water. There can still
be some ion pairing for salt concentrations of <1-32, but the extent is
too small to influence the dynamic observables within experimental
error. The dynamic observable change for salt concentrations >1-32
is significant (see Fig. 7). At these high concentrations, the amount of
water is small, and the extent of ion pair is large, so the typical envi-
ronment of a chloride ion is substantially different from that of pure
water.

Measurements of the population decays as a function of wave-
length were used to obtain Lifetime Amplitude Spectra (LAS). At
the highest concentrations, the LAS show two distinct spectra. One
spectrum is for HBCs. This spectrum is blueshifted relative to
hydroxyls of pure water. The other is from hydroxyls of oxygens
solvating Li*. This spectrum is redshifted compared to that of pure
water. There are so few water molecules at very high concentra-
tions that no pure water LAS exists. At lower concentrations, the
pure water band is prominent. This band arises from collections
of water molecules that are sufficiently large to have the extended
H-bond network characteristic of pure water. It subsumes the peak
from water molecules solvating Li* because the OD stretch lifetime
of these water molecules is almost identical to the pure water OD
lifetime. However, the significantly blueshifted HBC band is still
readily observable (see Fig. 5). Therefore, the HBC LAS spectrum
can be measured over the entire concentration range, 13.9-0.4 m
(1-4 to 1-128), and dynamical experiments can be conducted on
the HBCs at lower concentrations where the hydroxyls of water
molecules solvating Li* cannot be accessed. A remarkable result is
that the hydroxyls solvating Cl™ spectra are the same within a small
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experimental error for the entire concentration range (see Figs. 6 and
S$3). This result is unsurprising for lower salt concentrations, <1-32.
The dynamic observables are also independent of concentration.
However, the chlorides are involved in multiple ion pair interac-
tions at high concentrations that contain little water. It was argued
that some of these interactions blueshift the hydroxyl spectrum, and
some cause a redshift. It was hypothesized that these multiple inter-
actions essentially cancel, leaving the spectrum unchanged within
experimental error.

The dynamic observables were analyzed using chemical
exchange theory in the lower concentration range, <1-32. The pop-
ulation decay results from the vibrational lifetime relaxation of the
initially excited HBCs to the ground vibrational state and chemical
exchange, H — HP, in which hydroxyls H-bonded to chlorides disso-
ciate and join the pure water subensemble. Data analysis showed that
the observed population decay of 3.5 ps results from a 4.3 ps lifetime
and a 9 ps chemical exchange component. The fits to the popula-
tion relaxation had only one adjustable parameter, the vibrational
lifetime.

Analysis of the influence of chemical exchange on the
anisotropy decay is more complex. The model is embodied in Fig. 10.
At t =0, vibrationally excited HBCs have maximum anisotropy, with
the orientational correlation function, C; = 1 (a Cos? distribution).
This subensemble does not undergo anisotropy decay, but its magni-
tude decreases due to the vibrational lifetime and the H — HP chem-
ical exchange. The P — PH chemical exchange adds a completely
depolarized subensemble, C, = 0, to the total ensemble, increas-
ing in relative magnitude as time increases. The time-dependent
sum of these two subensembles determines the anisotropy as time
increases, resulting in a decay of the anisotropy. The anisotropy
data could be reproduced with this model with no adjustable
parameters.

The results presented here show that LiCl aqueous solutions’
molecular level dynamical properties stop changing as the LiCl
concentration was lowered below ~1.7 m (<1-32). An important
distinction needs to be made between molecular-level properties
and bulk properties. Bulk properties, such as the viscosity, the
density, and the dielectric constant, continue to change as the
salt concentration is reduced below 1.7 m.”°” These properties
depend on the presence of ions. At lower concentrations, the bulk
properties change because there are fewer non-interacting ions,
not because the solvated ion molecular level surroundings are
changing.

SUPPLEMENTARY MATERIAL

See the supplementary material for FTIR peak centers and
widths as a function of ion mole fraction, the LAS spectra of
HBCs for 11 concentrations from 139 to 0.4 m, a table of
observed vibrational lifetimes from fits to the population relax-
ation, density functional theory calculations, and chemical exchange
equations.
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