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ABSTRACT: Concentrated acid solutions, particularly HCI, have
been studied extensively to examine the proton hopping and
infrared spectral signatures of hydronium ions. Much less attention
has been given to the structural dynamics of concentrated HCI
solutions. Here, we apply optical heterodyne detected—optical Kerr
effect (OHD-OKE) measurements to examine HCI concentration-
dependent dynamics from moderate (0.8 m) to very high (15.5 m)
concentrations and compare the results to the dynamics of NaCl
solutions, as Na* is similar in size to the hydronium cation. Both
HCI and NaCl OHD-OKE signals decay as triexponentials at all
concentrations, in contrast to pure water, which decays as a
biexponential. Two remarkable features of the HCl dynamics are
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the following: (1) the bulk viscosity is linearly related to the slowest decay constant, t;, and (2) the concentration-dependent proton

hopping times, determined by ab initio MD simulations and 2D
literature, fall on the same line as the slowest structural dynamics

IR chemical exchange experiments, both obtained from the
relaxation time, t;, within experimental error. The structural

dynamics of hydronium/chloride/water clusters, with relaxation times t,, are responsible for the concentration dependence of
microscopic property of proton hopping and the macroscopic bulk viscosity. The slowest time constant (t;), which does not have a
counterpart in pure water, is 3 ps at 0.8 m and increases by a factor of ~2 by 15.5 m. The two fastest HCI decay constants, ¢, and t,,
are similar to those of pure water and increase mildly with the concentration.

B I. INTRODUCTION

Acid solutions have been studied extensively to understand
their fundamental nature' > and because of their central roles
in technological applications such as water purification, fuel
cells, and regeneration of ion exchange resins as well as in the
food, textile, metal, and rubber industries.*”” Since proton
diffusion was shown to be the main feature that gives rise to
the bulk properties of acid solutions, most of the fundamental
research in this area has focused on the properties and
dynamics of the proton transfer.*”"® Protons in, eg, HCI
solutions diffuse much faster than small cations in salt
solutions, such as NaCl, or water molecules because protons
move through the relay mechanism instead of diffusion by the
vehicular mechanism associated with metal cations.'*"> The
relay mechanism involves the transfer of a proton from a
hydronium cation to an adjacent water molecule.'® While
hydronium also undergoes translational diffusion as the entire
cation (vehicular mechanism), fast proton hopping between
adjacent water molecules is typically the major contributor to
proton transport.17

There has been a great deal of experimental and theoretical
research on determining local structures that protons form in
water, how a proton is transferred from one water molecule to
another, and how to study proton transfer and the structure of
the hydrated hydronium cation.'”~** Frequently, experiments
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and theory have been directed toward examining concentrated
HCI solutions as a model system for their simplicity and
importance in industrial applications. Both time-independent
measurements including infrared’* and X-ray absorption
spectroscopy”*® together with techniques studying proton
transfer dynamics, like ultrafast infrared spectroscopy,”’ > and
theory, including Monte Carlo, density functional, ab initio
molecular orbital and dynamics simulations,”**™** have been
used to describe structures and parameters that determine the
proton transfer mechanism. Though still a subject of extensive
debate, these techniques have contributed to developing
qualitative and quantitative descriptions of Eigen and Zundel
structures of solvated hydronium and time scales of proton
displacement as a function of ion concentration.”

Because of a distinct focus on proton transport in acid
solutions, less attention has been directed to studying the
overall structural dynamics of the liquid, ie., the complex,
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transient system of solvated hydronium cations, anions, and
water molecules. Theoretical models, neutron and X-ray
diffraction experiments,zs’g’zt_36 X-ray, IR,>” Raman, and
terahertz spectroscopy techniques™® "> have been used to
describe concentration-dependent solvation shells around ions
semiquantitatively. However, the results vary remarkably,
depending on the technique used. These results are especially
limited at ion concentrations approaching saturation, where
there is insufficient water to ensure complete solvation of
individual ions or even ion pairs.*”** It is generally accepted
that the complicated interplay between ions and relatively few
water molecules modifies the water hydrogen bonding
networks, affects proton hopping, and alters the physicochem-
ical properties of the solutions. However, no detailed
quantitative experiments on the dynamics of the microscale
structures and their relation to bulk properties or proton
hopping have been reported.

Here, we present the results on the structural dynamics of
HCI solutions over a broad concentration range using optical
heterodyne detected—optical Kerr effect (OHD-OKE) experi-
ments. The OHD-OKE experiment provides the polar-
izability—polarizability time correlation function, reflecting
the collective structural dynamics of the entire HCI solution.
OHD-OKE experiments have been previously carried out on
moderately concentrated HCI solutions (<3 M) and revealed
time scales for structural rearrangement as a function of
concentration.”> Another study involving OHD-OKE measure-
ments of more concentrated HCI solutions focused on the
overall intensity of the signal as a way to quantify the extent of
nonspherical symmetry within the sample, i.e., the importance
of ordered water molecules in solvation shells and the
hydrogen bonding network.”® The experiments presented
here are conducted on HCI solutions that range from
moderately high (0.8 m) to very high (15.5 m) concentrations.
Below, we will discuss time scales of the hydronium/chloride/
water network relaxation as a function of ion concentration
and demonstrate that the slowest component of the
concentration-dependent picosecond time scale structural
dynamics of HCI solutions underlies both the macroscopic
property of the bulk viscosity and the microscopic property of
proton hopping.

For comparison, experiments were also performed on NaCl
solutions as Na" is the closest cation in size to hydronium.
However, NaCl is not nearly as soluble in water as HCL
Nonetheless, the comparisons show significant differences and
similarities between HCI and NaCl solutions at similar
concentrations. OHD-OKE experiments on pure water give
biexponential decays.”” Both the HCl and NaCl moderate to
high concentration solutions studied here exhibit decays that
are triexponentials. The fastest time constants for HCl and
NaCl are almost the same as those of pure water at the lowest
concentrations and have very mild concentration depend-
encies. The second time constants have values near that of
pure water at the lowest concentrations and become gradually
slower with an increasing concentration. The third slowest
time constant, t;, which has no counterpart in pure water, is
particularly interesting. It has a steeper concentration depend-
ence. Simulations from the literature®>*" and comparisons to
experimental and theoretical studies of LiCI'** discussed
below suggest that the dynamics with time constant t;
correspond to structural relaxation of hydronium/chloride/
water clusters and, at the higher concentration, an extended
ion/water network.

B Il. EXPERIMENTAL PROCEDURES

A. Sample Preparation. Hydrochloric acid (HCl, 36.5% to
38.0%, w/w), sodium chloride (anhydrous, > 99%), and deionized
ultrafiltered water were acquired from Fisher Chemical. All materials
were used as received. The sample concentrations were prepared
gravimetrically at room temperature. The samples were filtered
through a 0.02 um filter into a 1 cm path length glass cuvette for
higher concentrations, >4 m, and into a 4 cm glass cell for the lower
concentrations, <4 m. The cells were sealed with Teflon stoppers. All
the experiments were performed in a temperature-controlled room at
24.4 °C with a tolerance of +0.1 °C.

The HCI concentration range studied was 0.8 to 15.5 m. These
molalities correspond to ion mole fractions (IMF) from 0.03 to 0.54,
as one HCl molecule corresponds to two ions. However, when HCl is
added to water, one water associates with a proton to form a
hydronium. Therefore, the number of water molecules is n — 1, where
n is the number of water molecules added to form the solution. Thus,
for 1 HCl per 10 water molecules, the IMF is 2/11 = 0.18 (note that
for NaCl, it will be 2/12 = 0.17).

Bulk viscosity values of HCI and NaCl solutions used in this paper
were obtained from the literature.””"’

B. Optical Heterodyne Detected—Optical Kerr Effect
Experimental Setup. The OHD-OKE experiment is a nonresonant
pump—probe experiment with a strong pump and a weak probe pulse.
The electric field of the pump induces an oscillating macroscopic
polarization along a direction determined by the local anisotropic
polarizability of the ion/water structures. The induced oscillating
dipoles of the local structures couple to the pump pulse’s electric field
and produce a minute structural modification, resulting in a small shift
of the polarizability toward the direction of the pump’s electric field.
The alignment causes a small transient birefringence in the sample,
which decays due to the dynamical relaxation and eventual
randomization of the ion/water structures. The resulting signal,SZ_SG
following integration, yields the polarizability-polarizability correlation
function. Linear response theory”’ states that a system, initially in
thermal equilibrium, will relax from a small perturbation by the
system’s thermal equilibrium fluctuations. Therefore, the time-
dependent polarizability—polarizability correlation function, measured
using the OHD-OKE technique, provides the thermal equilibrium
structural dynamics of the HCI and NaCl aqueous solutions.

The OHD-OKE experimental system has been described in detail
previously.”**® Briefly, ultrafast pulses were generated by a 90 MHz
Ti:sapphire oscillator, which was used to seed a 5 kHz Ti:sapphire
regenerative amplifier. The pulse duration was adjusted to be ~200 fs
for the shorter time data and 2.5 ps (fwhm) for the longer time data
using a linear chirped pulse compressor. Using longer pulses for the
slower decaying portions of the data improved the signal-to-noise
ratio. The intense pump and weaker probe pulse were produced by
using a 98%/2% beam splitter. The linearly polarized pump pulse
introduced a transient birefringence along the axis of its electric field
vector. The weaker probe pulse, with the polarization set at 45°
relative to the pump pulse, was used to measure the birefringence.
The probe was passed through crossed polarizers, one before and one
after the sample. The pump-pulse-induced birefringence causes
depolarization of the probe pulse, resulting in some transmission
through the second polarizer. As structural relaxation occurs in the
sample, the birefringence decays, and transmission through the
second polarizer decreases. Therefore, the time dependence of the
depolarization caused by the pump pulse is measured.

To improve the signal-to-noise ratio and reduce the interference of
scattered pump light with the signal, heterodyne detection with phase
and polarization cycling was used.”” The total phase and polarization
cycling was a four-shot sequence repeating at 1.25 kHz. A balanced
detector pair was used with a reference pulse going into one
photodiode and the probe/signal pulse going into the other. The
difference between the two signals was amplified. The reference pulse
amplitude was adjusted to almost eliminate the local oscillator
intensity of the heterodyned probe/signal pulse, leaving mainly the
heterodyned signal. The heterodyned signal was measured with a
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lock-in amplifier at a modulation frequency of 1.25 kHz. The timing Aty
of the probe pulse was scanned with a computer-controlled delay C = At + AL + At
stage. The pump intensity was reduced until no dependence on the 1 272 373
pump power was observed in the recorded data. A,t,
C, =

W 1Il. RESULTS AND DISCUSSION Ay + Aty + Aty

A. HCI Solutions. Figure 1 displays some of the OHD- _ Ast,
OKE signal decay curves taken on pure water and HCI 37 Aty + Aty + Agty (3)
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Figure 1. Selected OHD-OKE signal decays of moderate to high

concentration HCI solutions and decay of pure water. The decays are
normalized at 1 ps. The complete set of decays is shown in Figure SI.

solutions as a function of concentration. The complete set of
decay curves, measured over the concentration range from 0.8
to 15.5 m (IMF from 0.03 to 0.54), is shown in the Supporting
Information (SI), Figure S1. The amplitudes of the decays can
be observed over three to four orders of magnitude except for
pure water, which produces a much weaker signal than the HCI
solutions due to its smaller anisotropic polarizability. As the
ion concentration is increased, the signal intensity also
increased.

The OHD-OKE data for HCI solutions at all concentrations
studied fit well to triexponential decay functions:

r(t) = R(t)
= Ajexp(—t/t) + Arexp(—t/t,) + Asexp(—t/t;)

(1)
where R(t) is the decaying OHD-OKE signal (the time
derivative of the polarizability—polarizability correlation
function), the t’s are the decay time constants, and A/’s are
the associated amplitudes. The integration of eq 1 gives the
polarizability—polarizability correlation:

R(t) = Atiexp(—t/t;) + A tyexp(—t/t,)
+ Astiexp(—t/t;) (2)

Because the sign of the signal in the experiments is arbitrary,
we take R(t) to be positive. The prefactors in eq 2 can be
normalized and relabeled in the following manner:

The C/s sum to 1 and represent the fractional amplitudes,
i.e., the normalized relative fractions associated with each time
component.

Figure 2 shows the decay time constants t|, t,, and t,
obtained from the OHD-OKE signal decays of HCI solutions

7
W HCI T
6_ o/
A
S5F
2 4
N
N3_
2t ; t
1 ° 7 7
-'—-—-—r—!——l'_‘i—é_i'_H_ﬁ—i_
O.I....I....I....I....I....I...
0.0 0.1 0.2 0.3 0.4 0.5

ion mole fraction

Figure 2. Time constants obtained from the triexponential decay fits
to the OHD-OKE signal decays of HCI solutions at different
concentrations (ion mole fractions).

as a function of the ion mole fraction. The pure water OHD-
OKE signal decays as a biexponential, with ¢, = 0.52 and ¢, =
1.3 ps. The value of ¢, in the HCI solutions increases to only
0.6 ps at the highest acid concentration. The black line through
the data is a linear fit with a slope of only 0.31 + 0.06 ps/IMF.
t, has a mild slope of 1.94 + 0.1 ps/IMF and increases by ~1
ps over the same concentration range. t;, which does not occur
in pure water, has a significantly larger slope of 5.95 + 0.1 ps/
IMF, ~3 times greater than that of t,, and increases by ~3 ps
from IMF = 0.03 to 0.54.

A recent OHD-OKE study of the concentration-dependent
dynamics in aqueous LiCl solutions for moderate to very high
concentrations found that the solutions also had two fast
components closely related to those of pure water."® The
fastest, t,, had a pure water value of ~0.5 ps, which was almost
constant across a wide concentration range within exper-
imental error. t, had a pure water value of ~1.3 ps at the lowest
concentrations studied, which increased gradually with
increasing concentration. The HCl and NaCl (discussed
below) solutions studied here showed similar behavior.
Comparison of the experimental LiCl data to structural
simulations from the literature® showed that the two fast
decay components correspond to the dynamics related to
solvated Li*/Cl™ contact ion pairs. In contrast, the slow
components, which are not present in pure water, are

https://doi.org/10.1021/jacs.3c11620
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associated with the dynamics of large ion—water clusters and
the extended ion/water network. The slowest component of
the LiCl OHD-OKE decay data has a slope of 29 ps/IMF,
which is much greater than that of HCI and almost identical to
that of NaCl, as discussed below.

Equation 3 gives the normalized fractional amplitudes of the
time components of the polarizability—polarizability time
correlation function. In Figure 3, the coefficients are plotted
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Figure 3. Fractional amplitudes obtained from the triexponential
decay fits to the OHD-OKE signal decays of HCI solutions at
different concentrations (ion mole fractions). Cpy = C; + C,, the sum
of the amplitudes of the two fastest decay components. Cy,,, = C;, the
amplitude of the slowest decay component.

in the following manner. Cg = C; + C, reflects the fraction of
the total decay that is water-like in the sense that in the limit of
IMF = 0, Cg, = 1, i.e,, only ¢, and ¢, exist in pure water. The
slower dynamics, which are not present in pure water, are Cy,,
= C; (see Figure S2 for plots of C;, C,, and C; individually).

This type of grouping was found to be very useful in
analyzing the LiCl data and for comparison to simulations.*’
As the HCI IMF increases, the relative fractions of the decay
that are Cgg decrease and Cg,,, increase. However, at IMF =
~0.2, the trend changes. Cy,; and Cy,,, stop changing (plateau)
with increasing IMF within experimental error. The plateaus
do not imply that the numbers of ion/water structures that give
rise to the fast (t; and t,) and slow (f;) dynamics with
coefficients Cg and Cy,,, are constant with increasing IMF.
The plateaus only show that the ratio of the Cg and Cy,,
amplitudes of the components of the polarizability-polar-
izability time correlation function is not changing with
concentration.

To understand these results qualitatively, it is useful to think
about structural changes within the sample as the concen-
tration of the acid increases. Only at the lowest IMFs studied
are there some water molecules that can be considered to be
like those in pure water. At the lowest HCIl concentration
studied (IMF = 0.03), there are n = ~67 water molecules per
hydronium/chloride pair. This number is sufficient to solvate
the ions and have water—water hydrogen bonding config-
urations that do not include ions and are outside the ion first
solvation shell. For IMF = 0.2, n = 9. It takes 6—8 hydroxyls to
solvate an isolated Cl™ and three water molecules to solvate an
isolated hydronium.él’é2 Therefore, at IMF > 0.2, pure water-

like configurations will not be possible, as the lack of solvating
water molecules will result in an extended network of ions and
shared water molecules with a variety of hydronium/chloride/
water local cluster configurations.

The IMF range over which C,, decreases and Cy,,, increases
(with the slopes of F1.5 + 0.2 au/IMF) is the range where
there are sufficient water molecules to have some groupings
that are like pure water, but these vanish as the IMF increases.
The plateaus shown in Figure 3, i.e, constant Cgg/Cy,,, are
not found in experiments on LiCL*® There, as the LiCl IMF
increases, both Cg, and Cg,, change linearly (with slopes of
F1.48 + 0.01 au/IMF) over the entire LiCl concentration
range of IMF from 0.06 to 0.38 that was studied. This
concentration range encompasses the region where HCI C
and Cy,,, become independent of the IMF.

For LiCl, it was shown by comparison to simulations that
Ct,: is associated with solvated contact ion pairs, and Cy,,, is
related to large ion/water clusters.”*” If this correlation
between the LiCl C, and Cy,,, structures also applies to HCI,
then the initial HCI slopes, which for IMF < 0.2 are very
similar to the corresponding slopes in LiCl solutions, would
indicate a decrease in solvated hydronium/Cl™ ion pairs and an
increase in larger hydronium/chloride/water clusters. At
higher IMFs, the clusters would form a continuous ion/water
network as there are too few water molecules to separate one
cluster from another. The clusters would have different local
structures. Both the fast and slow dynamics become slower
with increasing concentration (see Figure 2), indicating that
the forms of the cluster structures are changing.

The nature of species in HCI solutions at moderate to high
concentrations has been studied experimentally and theoret-
ically by using various techniques. Recent high level density
functional theory molecular dynamics simulations have been
applied to a wide range of HCI concentrations from 2.5 m
(IMF = ~0.1) to 16 m (IMF = ~0.56)."" This concentration
range is similar to that studied here. The simulations were
combined with X-ray absorption fine structure experiments
(MD-EXAFS) to provide a detailed depiction of HCI
concentration-dependent solution structures.”>*! In addition,
terahertz spectroscopy has been used extensively to uncover
the signatures of ion pairing in concentrated salt solutions. The
works of Havenith and co-workers provided evidence that
chloride anions tend to form ion pairs in salts and acids,
especially as the concentration increases.”**” Most chloride
and hydronium ions form contact ion pairs (Cl™-H;0") at
higher concentrations.”> The presence of contact ion pairs is
smaller but still significant at lower concentrations, e.g,, 2.5 m
(~0.1 IMF). A recent study by Voth and co-workers®* showed
that chloride ions posed an entropic barrier to proton hopping
that increases with greater HCI concentration. At higher HCI
concentrations, the relay mechanism of proton diffusion was
shown to be suppressed by the presence of chloride ions
forming contact ion pairs, with protons instead fluctuating
between adjacent waters. These simulation results are
consistent with the discussion of Figure 3, given above, in
which, within the nonplateau range of IMF < 0.2, there are
sufficient water molecules to form solvation shells for ions and
contact ion pairs. However, at the higher concentrations, there
are insufficient water molecules to give rise to a significant
number of solvent-separated ion pairs or small ion/water
clusters separated from each other by water. Therefore, at high
concentrations, IMF > 0.2, it is more appropriate to view the
solution as consisting of large hydronium/CI™/water clusters

https://doi.org/10.1021/jacs.3c11620
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that are locally varied in structure and form a continuous ion/
water network, as in the description of highly concentrated
LiCl solutions.

B. NaCl Solutions. To distinguish the effects of proton
transfer in the OHD-OKE data of the HCI solutions, NaCl
solutions were investigated over a concentration range up to
the limit of saturation (IMF = 0.18). Na* is similar in size to a
hydronium cation. The OHD-OKE signals of NaCl solutions
also decay as triexponential functions at all concentrations
studied, as shown in SI Figure S3. The three time constants as
a function of NaCl IMF are shown in Figure 4. The lines

- m NaCl
® 1
A

t (ps)

N W kA N
T

0.00 0.05 0.10 0.15 0.20
ion mole fraction

Figure 4. Time constants obtained from the triexponential decay fits
to the decays of the OHD-OKE signal of NaCl solutions at different
concentrations (ion mole fractions).

through the data are linear fits with slopes of 2.1 + 0.5, 5.1 +
0.9, and 30 + 1.6 ps/IMF for t,, t,, and t;, respectively. These
slopes are much steeper than the corresponding HCI slopes
and comparable to those in LiCl solutions. The ¢; values for
NaCl at the lowest and highest concentrations studied are 2.9
(IMF = 0.03) and 7.2 ps (IMF = 0.18). In contrast to HCI, t,
in NaCl solutions changes significantly over a relatively small
concentration range.

The NaCl concentration dependencies of the correlation
time fractional amplitudes, Cgy = C; + C, and Cy,,, = Cs, are
shown in Figure SS5. Individual amplitudes of all components
can be found in Figure S4. The lines through the data are linear
fits with the Cy, slope equal to —0.43 + 0.04 au/IMF, and the
Cqow Slope is the same with the opposite sign. Unlike the
equivalent data for HCI] shown in Figure 3, where Cgy and
Cqow decay to plateaus, the corresponding amplitudes in NaCl
solutions continue to decay monotonically over the limited
concentration range studied. The initial decays of the HCI
amplitudes cover about the same range as the total NaCl data.
Over this range, the HCI slopes are +1.5 au/IMF, roughly 3-
fold greater than those of NaCl. Even though t; becomes
substantially longer with increasing concentration of NaCl
(Figure 4), the fraction of the dynamics that has the t; time
constant (Cy,,,) increases very little (Figure SS), 7%, over the
concentration range, which approaches the solubility limit. In
contrast to the LiCI** or HCI, which, as discussed above, tend
to form contact ion pairs even at the lower ends of the
concentration ranges studied, it has been shown that NaCl
almost exclusively forms water-separated ion pairs.”> As the

concentration increases, the number of water separated Na*/
CI™ pairs increases. This growth in water-separated ion pairs
may be responsible for the lengthening of ¢, and t,, but they do
not contribute to Cgy,,. As the concentration approaches the
solubility limit of 10 water molecules per ion pair (IMF =
0.18), it becomes difficult to form water-separated ion pairs
that are fully isolated from each other by water molecules. A
small fraction of contact ion pairs (not water-separated) and
larger clusters form, giving rise to the amplitude of Cg,,. At
just above an IMF of 0.18, it is possible that the clustering of
contact ion pairs cannot be supported in solution, leading to
crystallization.

C. Bulk Viscosity. The differences between salt and HCI
solutions are also evident from their concentration-dependent
viscosities. Figure 5 shows the concentration dependencies of
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Figure S. Viscosity of aqueous LiCl, HCI, and NaCl solutions as a
function of salt/acid concentration (ion mole fraction). Values are
obtained from Mao et al,®® Nishikata et al,>° and Ozbek et al,”’
respectively.

the viscosities of the HCIl, NaCl, and LiCl solutions. The
viscosity of HCl is essentially linear with respect to the IMF.
NaCl has a much greater increase in viscosity over the
accessible range up to IMF = ~0.18, just below its solubility
limit. The comparatively low solubility of NaCl does not cause
the difference between HCI and NaCl LiCl is soluble to a
much higher concentration, and NaCl follows the same trend
at lower concentrations. The concentration-dependent vis-
cosities of the salts and HCI have very different functional
forms.

Recent OHD-OKE studies found that the bulk viscosities of
LiCl and LiBr** solutions are linearly related to the correlation
time of the slow decay components of the polarizability—
polarizability time correlation function, defined as the weighted
sum of the time constants not present in pure water.**®” In
these studies, the concentration dependences of LiCl and LiBr
solutions were investigated, and the temperature dependences
of two concentrations of LiCl were studied.”” Similar to NaCl
studied here, the two fast decays, ¢, and t,, were water-like in
the sense that their values approached the water values when
the concentration went to zero and they did not change a great
deal with concentration. However, for the LiCl and LiBr
systems, two slow time constants (t3 and t4) were not present
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in bulk water. These four components of the polarizability-
polarizability time correlation function were divided into two
groups: Cg, and Cg,,,. With the slow correlation time defined
as 75" = Gty + Cyty. The 75°" concentration dependences and
the two temperature dependences all showed a linear
correlation with the viscosities. Moreover, all four sets of
viscosity vs 70 points fell on the same line. For LiCl
concentration dependence, comparison to simulations from
the literature®® showed that Cg,,, and therefore, t, and t, arose
from the dynamics of large ion/water clusters. The simulations
showed that the clusters increase in size with an increasing
concentration.

For NaCl OHD-OKE decays, the slow correlation time is
defined as 7°" = C,t3; there is only one slow component. The
relationship between the NaCl viscosity and 75" is shown in
Figure 6. Like LiCl and LiBr, the viscosity of NaCl is directly

L8 zoovps) =y, NaCl

1.6

1.4

viscosity (cP)

1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6

7™ (ps)

Figure 6. Viscosity of NaCl solutions as a function of the correlation
time. Viscosities were obtained from Ozbek et al.*" The black line is a
linear fit to the data.

proportional to 72", which shows that the increase in viscosity
with increasing concentration is determined by the rise in the
relative fraction of the slow dynamics, C;, and the increase in
the corresponding time constant, ;.

Figure S shows that the concentration dependence of the
viscosity of HCl is very different from that of NaCl and LiClL
(Figure S6 shows a plot of the HCl viscosity vs concentration.)
In contrast to the salt solutions, the linear relationship between
72" and the HCI viscosity does not hold (see Figure S7).
However, there is a direct relationship between the HCI
solution viscosity and its dynamics, as shown in Figure 7. The
bulk viscosity is linearly dependent on ; alone (see Figure 2)
over the entire HCI concentration range studied rather than a
correlation time 75" = C,t;. The relation holds at the lower
concentrations where Cj is increasing with concentration and
at the higher concentrations where C; is independent of
concentration. The viscosity of HCI solutions is determined by
the structural dynamics of the hydronium/Cl™/water config-
urations that relax with time constant ¢;, independent of the
fraction of the dynamics that relax on faster time scales.

D. Proton Hopping. The experiments show that a bulk
property, viscosity, is linearly correlated with the slowest
hydronium/Cl™/water relaxation time, t;. One of the most
important features of HCI solutions and acids in general is

12360

2.0

1.8

1.6

1.4

viscosity (cP)

1.2

30 35 40 45 50 55 60 6.5
t; (ps)

Figure 7. Viscosity of HCI solutions plotted as a function of the
slowest decay time component, t;. The blue line is a linear fit to the
data.

proton hopping. Fast proton diffusion in acid solutions occurs
via the relay mechanism.®® A hydronium proton transfers to a
hydrogen-bonded water molecule. Following the proton hop,
the original hydronium becomes a water molecule and the
water molecule that received the proton becomes a hydronium.
In acid solutions, the proton mainly moves without the
necessity of physical diffusion of the entire cation, in contrast
to the vehicular mechanism, which is the sole mechanism in
salt solutions.””

The three hydrogens in hydronium that are bound to an
oxygen are only weakly bound. Any one of them can hop to an
H-bonded water molecule. Because the potential energy well
for the position of each hydrogen is shallow, the hydrogens
rapidly fluctuate about their average bound positions due to
thermal fluctuations of the surrounding medium. A sufficiently
large fluctuation of one of the hydrogen’s potentials will raise
its energy and lower the energy for the hydrogen to be bound
to an adjacent H-bonded oxygen, resulting in a proton hop.
For hydronium in water at very low concentration, there is
evidence that the same H-bond network rearrangements that
occur in pure water produce the potential fluctuations that
induce proton hopping.”’

Figure 8 displays time constants for three distinct types of
data vs IMF. The purple circles are direct ultrafast 2D IR
chemical exchange spectroscopy measurements of the proton
hopping time in concentrated HCL”” The green squares are
the results of ab initio molecular dynamics simulations of
proton hopping in concentrated HCL?” (Note that there are
no error bars for the simulated proton hopping time
constants.) The blue triangles are the t; values measured
with the OHD-OKE experiments (see Figure 2). The orange
line is the linear fit to the t; values, the same line as that shown
in Figure 2. Although there is scatter in the various types of
data, Figure 8 provides evidence that the concentration-
dependent proton hopping time is the same as t;, the slowest
time constant for the hydronium/Cl™/water structural
relaxation. As discussed further below, the data in Figure 8
indicate that structural relaxation with time constant t; is
responsible for the potential fluctuations that cause proton

hopping.
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Figure 8. Slowest decay time component from OHD-OKE data of
HCI solutions, t;, and proton hopping times from ab initio molecular
dynamics simulations and 2D IR measurements plotted as a function
of the HCI concentration (ion mole fraction).*”

The fastest decay component, t; (see Figure 2), is ~0.5 ps
and changes very little over the entire concentration range. 2D
IR experiments on pure water have a 0.4 + 0.1 ps decay
component that, simulations show, is caused by very local H-
bond fluctuations, mainly in O—H bond lengths.”””" 2D IR
and OHD-OKE measure different time correlation functions. If
both measure the structural dynamics of the same process, the
time constants would be expected to be similar. Then, the data
suggest that ¢, reflects H-bond length fluctuations. The 2D IR
measurements also have a slower component of 1.7 + 0.3 ps
that simulations show involves the rearrangements of the H-
bond network in pure water. Likewise, in the OHD-OKE
experiments, t, is 1.3 + 0.2 ps in pure water. It slows with an
increasing HCI concentration to ~2.3 ps. It is possible that t, is
also caused by water H-bond rearrangements that slow with
the increasing presence of hydronium and CI”. However, as
shown in Figure 2, neither t, nor t, track the proton hopping
experiments or simulations. As discussed above, t; has no
counterpart in pure water and involves hydronium/CI™/water
cluster structural fluctuation. As the HCI concentration (IMF)
increases, t;, the 2D IR proton hopping experiments, and the
ab initio MD simulations display the same dependence on the
IMF, within error.

E. Proton Hopping, Bulk Viscosity, and the Slowest
Time Constant, t;. Structural relaxation with the time
constant t; plays a central role in the properties of
concentrated HCI solutions. The novel observation in this
study is that the t; structural relaxation was shown to underlie
the macroscopic bulk viscosity (Figure 7) and microscopic
proton hopping (Figure 8). An important question that needs
to be addressed is whether the OHD-OKE method directly
observes the proton hopping time as t;, or does t; reflect the
structural relaxation that induces proton hopping? To answer
this question, the relationship of t; to proton hopping and bulk
viscosity is considered below.

The polarizability anisotropies of a hydronium cation and a
water molecule will differ. When a proton hops, the local
direction of the principal axis of the polarizability anisotropy
can change. Figure 8 indicates that the proton hopping time

and t; are the same over a wide range of concentrations,
perhaps indicating that ¢; is a direct measure of the proton
hopping time. The alternate explanation is that f; is the time
scale for structural relaxation of hydronium/chloride/water
clusters that generate the fluctuating potentials that induce
proton hopping.

Another consideration that favors structural relaxation
driving proton hopping is the source of the OHD-OKE signal.
The local hydronium, chloride, and water structures will
constantly undergo fluctuations involving translational and
orientational motions. These can be viewed as a random walk
in the structure configuration space. The local structures
(clusters) have anisotropic polarizability. The electric field of
the pump pulse couples to this anisotropic polarizability,
skewing the random walk, causing the principal axis of the local
polarizability tensor to align very slightly with the electric field
of the pump pulse. The alignment produces the transient
birefringence observed in the experiments. Following the pump
pulse, the birefringence decays as the structures randomize
with the slowest time constant, t;. For t; to result from proton
hopping, the pump pulse electric field would need to induce
anisotropic proton hopping. Protons would have to hop to H-
bonded water molecules in a preferential direction to produce
birefringence. The OHD-OKE measurements of HCI, NaCl,
and LiCl are different in their details, but the qualitative nature
of the signals is similar. The fast decays (¢, and t,) in HCI are
not related to proton hopping, as seen from their IMF
dependence in Figure 2, but they are very similar to those in
NaCl and LiCL*® For the t; of the HCI solutions to be caused
by proton hopping, it would be necessary for the birefringences
caused by fast and slow relaxations to be generated by entirely
different mechanisms. In contrast, in chloride salts, the fast and
slow relaxations are caused by the same mechanism, the
coupling of the pump pulse electric field to the ion/water
structural relaxation. Comparison to the NaCl and LiCl data
shows that it would be unphysical for the HCI signal decaying
with time constant t; to be caused by proton hopping alone;
instead, the comparison supports the mechanism that ¢; is a
measure of structural relaxation.

The linear dependence of the bulk viscosity on t; also
supports the mechanism that t; structural evolution is
responsible for both the viscosity and proton hopping.
Theoretical descriptions of liquid viscosity vary,”” but they
generally involve thermal equilibrium structural fluctuations. In
the Eyring theory of viscosity,” in a single component
molecular liquid under thermal equilibrium conditions,
molecules randomly exchange places via rotations and
translations, which is spatially isotropic. This process is a
type of molecular random walk. The molecular exchange is no
longer random under an externally applied force, e.g, gravity.
The random walk becomes biased in the direction of the force,
resulting in net flow. In the hydronium/chloride/water
solutions, there are no identical molecules undergoing a biased
walk upon application of a force. In analogy to a simple
molecular liquid, the viscosity will be determined by a force
causing a directional bias in the structural relaxation of local
ion/water clusters, resulting in a net flow. In this picture, the
viscosity is linearly dependent on t; because t; is the cluster
structural relaxation time, and the structural relaxation
becomes directionally biased under the application of a force.
For viscosity to be dependent solely on proton hopping, it
would be necessary for an externally applied force, such as
gravity, to produce anisotropic proton hopping. Further,
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proton hopping is responsible for fast proton diffusion through
the relay mechanism. The mechanism specifically involves
proton diffusion without physical diffusion of the hydronium
cations (vehicular mechanism).

Based on the arguments given above, we conclude that
structural relaxation of local hydronium/chloride/water
clusters with the time constant f; generates potential
fluctuations of hydronium hydrogens that are responsible for
proton hopping. These same cluster structural fluctuations
enable translational diffusion and directional translation under
the application of a force. Then, both changes in proton
hopping and the bulk viscosity have the same cause, the
structural relaxation with time constant t;.

A reasonable question is why does the concentration-
dependent viscosity track the concentration dependence of the
slowest time constant for HCI while the viscosities in the salt
solutions track the correlation times? Although we cannot
answer this question now, there are two significant differences
between salt and HCI solutions. All salt solutions studied have
monatomic cations, while the HCI has a polyatomic hydro-
nium cation. To the best of our knowledge, the five salt studies
and this HCI study are the only ones that have examined
relationships between the bulk viscosities and slow compo-
nents of the picosecond time scale structural relaxation. The
relationship between the bulk viscosity and the structural
relaxation of salts with polyatomic cations remains an open
question.

The fundamental difference between the hydronium cation
and monatomic and polyatomic salt solution cations may be
more critical. The slowest relaxation in the salt solutions
involves the translation of ions and orientational changes of ion
clusters. In addition to these processes, another structural
change occurs in HCI solutions. Consider a hydronium*/Cl~
contact ion pair. The relaxation with time constant t;
modulates the potential, inducing a proton to hop. The CI7,
which was paired with the hydronium cation with a strong
electrostatic interaction, is suddenly solvated by a neutral water
molecule with a different hydroxyl configuration. The proton-
accepting water, which may have been weakly H-bonded to a
CI', is suddenly a cation with three rather than two hydroxyls.
In contrast to the salt solutions, structural fluctuations cause an
evolution of the structure and induce sudden structural
changes. This change in the location of the positive charge
will drive relaxation to new configurations. This difference
between the structural relaxations of salt and HCI solutions
might be responsible for the different relationships between
their microscopic dynamics and the bulk viscosity. Studies of
salts with polyatomic cations and other acids should clarify the
relationships between the bulk viscosities and structural
dynamics.

B V. CONCLUDING REMARKS

We have presented a detailed study of the structural dynamics
of HCI from a moderate to very high concentration. The most
important aspects of this work involve the slow structural
dynamics, characterized by the time constant t;. Simulations of
HCI and comparisons of prior LiCl experimental results and
LiCl simulations support the assignment of ¢; to the structural
relaxation of hydronium/chloride/water clusters. At moder-
ately high through very high concentrations, there is an
insufficient number of water molecules to solvate and separate
these clusters. Therefore, the solution will form extended
hydronium/chloride/water networks.
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The structural relaxation of hydronium/chloride/water
clusters with concentration-dependent time constant ¢; governs
important properties of HCl solutions, both microscopic and
macroscopic. We found that the bulk viscosity is linearly
dependent on t; (see Figure 7). The extended network is
composed of local clusters with a variety of structures. The
relaxation of the local structures requires random orientational
and translational motions. With the application of a directional
force such as gravity, the motions are no longer random and
the result is flow. As cluster relaxation slows with increasing
concentration, the viscosity increases linearly with the
relaxation time. The concentration dependence of the slow
time scale structural relaxation is responsible for the
concentration dependence of bulk viscosity.

The results also indicate that the cluster structural relaxation
governs the proton hopping time. The concentration depend-
encies (IMF) of t; and the simulated and measured proton
hopping time fall on the same line (see Figure 8). Although the
experimental and simulated hopping data are limited, this
correlation of t; with the proton hopping times shows that the
cluster structural relaxation gives rise to the hydroxyl
hydrogens” potential fluctuations that induce proton hopping.
As the concentration increases, the hydronium/chloride/water
cluster relaxation, with time constant t;, becomes slower and
proton hopping tracks this slowing. The net result of the
experiments and analysis is that in moderate to highly
concentrated HCI solutions, the slowest component of the
dynamics, i.e., cluster dynamics, underpins important macro-
scopic and microscopic properties.
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