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ABSTRACT: Extensive use of sulfuric acid in technological
applications calls for knowledge of its molecular scale properties.
Here, we report a study of aqueous sulfuric acid solutions across a
broad concentration range using optical heterodyne-detected
optical Kerr effect (OHD-OKE) experiments and ab initio
molecular dynamics (AIMD) simulations. The OHD-OKE experi-
ments measured the time derivative of the polarizability—
polarizability correlation function (PPCF). By comparison of
distinct components of the OKE signal to the excess proton
identity correlation functions calculated from AIMD simulations, it
was found that the experimental t; components quantitatively
agreed with the proton hopping time from one water to another,
which suggested that the origin of t; was associated with proton
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hopping. The proton hopping distances within the t; time scale were used to determine the proton hopping diffusion constants at
several concentrations. Using information from the literature and the Nernst—Einstein conductivity equation, it was shown that the
vehicular mechanism was insufficient to describe the conductivity. The experimental concentration-dependent conductivities were
reproduced by adding the AIMD proton hopping contribution to the conductivity, and proton hopping was shown to be the
dominant component of the conductivity. Finally, the experimental concentration-dependent function, C;/t;, where C; is the
amplitude coeflicient of the third PPCF component, closely tracked the concentration dependence of the hopping component of the

conductivity.

1. INTRODUCTION

The exceptional solubility and conductivity of sulfuric acid in
water make it an important component in the transition
toward renewable energy production. In addition to its
countless industrial applications,’ sulfuric acid is one of the
main components of redox flow batteries,” a technology
increasingly used in large-scale energy storage facilities. As the
generating capacity of intermittent sustainable energy sources
such as wind and solar grows, so does the need for energy
storage.” As a result, the properties of redox flow batteries as a
function of electrolyte composition are under intense study.”
However, the role of sulfuric acid is primarily optimized
empirically rather than through an intricate interplay among
molecular-level structures and dynamics that give rise to
desirable properties.’”® As the advancements in batteries rely
more and more on a detailed understanding of molecular
dynamics, methods to characterize microscale processes are
essential. While previous extensive experimental and theoreti-
cal work provides methods to characterize and predict the
properties of dilute acid solutions,” "> highly concentrated
solutions required for industrial applications are still lacking
reliable theories to explain the dynamics of ion solvation,
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proton transfer, and molecular interactions in poorly solvating
environments.

A great deal of experimental work has been done on
concentrated acid solutions to provide a basis for theoretical
simulations. Early physical chemistry measurements provided
thermodynamic quantities as well as bulk properties of the
solutions such as conductivity, viscosity, and heat ca-
pacity."*™'¢ Structural techniques like XRD, photoelectron
spectroscopy, and X-ray and neutron scattering experiments
estimated fractions of ionic species, radial distribution
functions and solvation environments of the ions.'”~** Infrared
absorption and Raman spectroscopy techniques have been
used extensively to study low-temperature nonbulk solvated,
surface-adsorbed, or hydrated sulfuric acid gas-phase clus-
ters.”>~>® These experiments can resolve individual vibrations
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of different species at very high resolution, providing detailed
insight into molecular structure. As a way to evaluate the time-
resolved behavior of species in concentrated acid solutions,
NMR-based techniques like pulse field gradient, chemical shift,
or diffusion coefficient measurements contribute to under-
standing the time scales of ion diffusivity.”” ™' Recent
advancements in ultrafast spectroscopy have opened new
avenues for investigating fast molecular processes, facilitating
the direct observation of molecular dynamics on femtosecond
to picosecond time scales. 2D IR spectroscopy has been
employed in hydrochloric and nitric acid studies, revealing
time scales of ion pairing and proton transfer; optical Kerr
effect experiments on structurally similar liquid sulfur dioxide
provided timeframes for total orientational relaxation.’* > At
present, most current knowledge and hypotheses about
ultrafast sulfuric acid dynamics are based on simulations.

Observation of molecular level dynamics is particularly
useful in conjunction with ab initio molecular dynamics
(AIMD) simulations. Initial theoretical work focused on
hydration, ionization, and proton dynamics in sulfuric acid.
The studies examined gas-phase clusters, which do not include
the effects of extended hydrogen bond networks.'"**~**
Recent work by Sippola, Niskanen et al, Bazak et al, and
others, through application and optimization of AIMD and
DFT simulations, found correlations between viscosity and
conductivity of solutions, described proton hopping mecha-
nisms, simulated a range of spectroscopic features and
suggested specific structures that dominate solutions as the
concentration of the acid increases.'”*"*"*97*

In the studies presented below, we use previous literature,
AIMD simulations, and optical heterodyne-detected optical
Kerr effect (OHD-OKE) experiments to determine the time
dependence of dynamic processes of aqueous sulfuric acid
solutions. From the experimental decays of polarizability—
polarizability correlation function (PPCF), we identify specific
components related to bulk water-like dynamics (¢, and t,),
time scales of proton hopping (t;) and provide a hypothesis for
the origin of the slowest decay component (t,) emerging at the
concentrations with fewer than 4 water molecules per sulfuric
acid. By comparing experimental results to our AIMD
simulations, we were able to paint a comprehensive picture
of ultrafast microscale dynamics in concentrated H,SO,
solutions and provide a molecular-level description of bulk
physicochemical properties like viscosity and conductivity.

2. EXPERIMENTAL AND SIMULATION METHODS

2.1. Experimental Methods. 98.08% sulfuric acid (ACS grade)
was purchased from Fisher and was used as received. Aqueous acid
solutions were prepared gravimetrically using deionized, ultrafiltered
water from Fisher. Samples were transferred to 1 cm path-length glass
cuvettes, sealed, and used immediately at the controlled temperature
of 24.4 °C for the OHD-OKE measurements. Experimental viscosities
and conductivities of the solutions were obtained from the
literature.'

OHD-OKE experiments used a home-built optical system featuring
a Ti:sapphire oscillator seeding a regenerative amplifier (S kHz, 120 fs
pulses). Amplified pulses were split into a pump and a probe by a
98%/2% beam splitter. The pump and probe pulses were crossed in
the sample. The linearly polarized pump induces transient
birefringence in the sample. The probe pulse passes through crossed
polarizers, one before and one after the sample. Heterodyned
detection, phase, and polarization cycling were used for better
sensitivity and signal-to-noise ratio. The phase of the probe pulse local
oscillator was switched between + and — every other shot and the
pump’s polarization was rotated 90° every two shots. This four-shot

cycle enables signal processing with a lock-in amplifier and reduces
scattered light. The signal reports the derivative of PPCF as a function
of the delay time between the pump and probe pulses.*> A detailed
description of the experimental system and detection scheme is
published.**** Experiments were conducted with 120 fs pulses and
chirped 2 ps pulses to capture the faster and slower-decaying portion
of the dynamics. Short and long pulse data sets were collected in
triplicate for each sample, merged with an in-house program,
normalized, and fit to tetra-exponential decays. Each merged data
set was fit individually using the Levenberg—Marquardt algorithm
with 1/y; weighting. The average and standard deviation of the fitted
time constants and amplitudes were calculated to provide error bars.

2.2. AIMD Simulation Methods. The AIMD simulations based
on electronic density functional theory (DFT) were conducted with
the CP2K software package.**” The simulations were conducted
with the revPBE*** generalized gradient approximation (GGA) DFT
level with the Grimme DFT-D3 correction with zero damping.*® A
hybrid Gaussian and plane-wave (GPW) method®' was employed in
the QUICKSTEP module*®* using the TZV2P-MOLOPT-GTH
basis set’” and Goedecker—Teter—Hutter (GTH) pseudopoten-
tials>>** with a plane-wave cutoff kinetic energy of 400 Ry. The
target accuracy of the self-consistent field (SCF) was 1.0 X 107° using
the orbital transformation (OT) method.>> All simulations were
conducted in a constant NVT ensemble with the temperature
controlled at 298 K using the Nosé-Hoover thermostat with an update
frequency of 100 fs. The time step of the AIMD simulations was 0.5
fs. For acid concentrations of 0.54, 3.0, and 5.3 M, the initial
simulation boxes contain 2, 8, and 16 HSO, 7, 2, 8, and 16 H;0%, and
199, 122, and 114 water molecules, respectively. To match
experimental densities, the cubic box sizes were set to be 18.2 A,
164 A, 17.1 A, respectively.56 The initial configurations were prepared
with PACKMOL.”” The systems were first equilibrated using classical
MD simulations for 10 ns. Force fields parameters for HSO, ~, H;0",
and water were taken from the work by Canales et al,,>® Biswas,*” and
Wau et al,,”° respectively. Bonds involving hydrogen atoms in the ions
were restrained using the SHAKE algorithm. All classical MD
simulations were performed using the LAMMPS MD software.®’ The
last snapshots of classical MD simulations were used to start AIMD
simulations. First, all AIMD simulations were equilibrated for 15 ps.
The production runs for the three systems were then 100 ps long
each. The trajectories from the production runs were collected every
10 time steps, namely S fs, and used for further analyses. All snapshots
were rendered using the VMD software package.””

3. EXPERIMENTAL RESULTS AND DISCUSSION

In the OHD-OKE experiments, before the arrival of the pump pulse,
the sample polarizability is macroscopically isotropic. However, on a
local distance scale, sulfuric acid/water clusters will have anisotropic
polarizabilities. The pump pulse induces an oscillating polarization
along the principal axis of the anisotropic polarizability, which
interacts with the pump pulse electric field, causing a very slight
skewing of the local structure polarizability toward the direction of the
pump E-field polarization. The minute alignment of the local
structures with the pump polarization direction produces a macro-
scopic birefringence in the sample. The birefringence decay was
detected as the delay time between the pump and probe pulses
increases. In accord with linear response theory, the relaxation is
caused by the equilibrium thermal functions of the medium.
Therefore, the OHD-OK decay measures the times and amplitudes
of components of the equilibrium fluctuations as the pump-induced
birefringence decays.

Figure 1 shows OHD-OKE signal decay data for pure water and
different sulfuric acid concentrations from 0.5 to 18.3 M. As the
concentration of sulfuric acid increases, the decay of the OKE signal
slows significantly because of the strong interactions of water
molecules with various dissociated sulfuric acid species, i.e., H;O7,
HSO,™, and SO, % Above ~14 M, the concentration of undissociated
H,S0, increases rapidly and becomes the dominant species (the
Supporting Information, Figure Sl).(’3
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Figure 1. OHD-OKE decay data for various concentrations of sulfuric L‘!..%
acid in water from 0.5 to 18.3 M and pure water on a log—log plot. 8 04r
The data cover four decades of amplitude decay and times from o
subpicosecond to 400 ps. 6
a 02r
A~
The OHD-OKE data for the H,SO, solutions at all concentrations
studied fit well to tetraexponential decay functions 0.0 - . ) ) ;

r(t) = R'(t)
= Ajexp(—t/t)) + Ayexp(—t/t,) + Asexp(—t/t;)
+ Agexp(—t/t,) (1)

where R'(t) is the decaying OHD-OKE signal (the time derivative of
the polarizability—polarizability correlation function), the #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) = Aitiexp(—t/t) + A trexp(—t/t,) + Astyexp(—t/ts)
+ Agtyexp(—t/t,) ()

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

- At
TOAL + AL + Aty + A, (3)

The C/s, which sum to 1, are the correlation coefficients, i.e., the
normalized relative fractions of the PPCF associated with each time
component.

The time constants and PPCF coefficients are shown in Figure
2A,B (points; the connecting curves are guides to the eye.) The four
time constants divide into two groups of two.

The two fast time constants, t, and t,, are similar to their pure water
values, approaching the pure water values as the sulfuric acid
concentration is reduced toward zero. The pure water decay (Figure
1, gray curve) decays as a biexponential. The pure water time
constants and correlation coeflicients are shown on the graphs at 0.0
concentration. ¢, is 0.52 ps in pure water. It is unchanged until 11 M,
where it begins to increase, reaching 0.78 ps at 18.3 M. t, is 1.3 ps in
pure water and increases starting at 3 M, reaching a value of 3.6 ps at
18.3 M. The pure water values are very similar to 2D IR sggectral
diffusion measured time constants, which are 0.4 and 1.7 ps.**®* Pure
water MD simulations of spectral diffusion show that the fast
component is mainly hydrogen bond length fluctuations (oxygen —
oxygen separation fluctuations of O---H—0), and the slow component
is randomization of the H-bond network.®* Although OHD-OKE and
2D IR measure different correlation functions, the similarities in the
time constants suggest that they reflect the same dynamics. Figure 2B
shows the coefficients (sum normalized to 1). The coefficients C; and
C, drop as the sulfuric acid concentration is increased. At higher
sulfuric acid concentrations, the remaining water hydroxyls will

0 2 4 6 8 10 12 14 16 18
H,SO, concentration (M)

Figure 2. Decomposition of the polarizability—polarizability correla-
tion function (PPCF) decays into four components of the tetra-
exponential decays. (A) The decay times as a function of
concertation. (B) The amplitudes (coefficients of the PPCF) of the
four components with their sum normalized to 1. The two fastest
components have corresponding decays in pure water. The two
slower decays do not have corresponding decays in pure water.

increasingly make H-bonds to sulfuric acid hydroxyls, which can be
responsible for the increasing decay times.

The remaining decay components, t; and t,, do not have
counterparts in pure water. As shown in Figure 2A, t; increases
from 3 to 17.2 ps over the concentration range from 0.5 to 18.3 M,
and ¢, increases from 9.1 to 53.8 ps over the same concentration
range. Figure 2B shows that C; increases initially, reaching a
maximum value at ~ 7 M, then decreases, while C, increases
monotonically. C, gains significant amplitude when C; peaks and
continues to increase as C; decreases. In the following section, these
specific features will be discussed in the light of AIMD simulations.

In contrast to a simple acid like hydrochloric acid, sulfuric acid has
significantly higher solubility and a more complex structure, resulting
in a wider variety of ions and moieties, ranging from SO,* to
undissociated H,SO,. At very high concentrations, species like
H,S0," can exist.”> While well-established dissociation constants
can be used to predict ion ratios in low concentration solutions,
specific ions, their lifetimes, and their fractions are hard to determine
at higher concentrations. There are MD simulations at midrange to
high concentrations, but they give varying results.”* It is generally
agreed that H,SO, is a strong acid, fully dissociated at low to
midrange concentrations, resulting in H* and HSO,~ ions. H" will be
in the form of hydrated excess proton, i.e., hydronium cations.” The
second dissociation constant is relatively small, about 1 order of
magnitude greater than weak organic acids, so SO, is only present
to a small extent. It peaks in concentration at ~8 M (Figure S1). As
the sulfuric acid concentration approaches the solubility limit, ions,
including hydronium, decrease in concentration, as there are
insufficient water molecules for solvation or to form hydronium.

4. AIMD SIMULATION RESULTS AND ANALYSIS

AIMD simulations can provide valuable insight into the
solution structures and dynamics at the molecular level.%® To
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Figure 3. Probability density distribution plots for hydrogen bonds formed by (A) protonated oxygen in bisulfate and water, (B) unprotonated
oxygen in bisulfate or sulfate and water, (C) hydronium and water, and (D) water and water, in 5.3 M sulfuric acid solutions. The probability
density is normalized such that the integral over the entire 2D domain satisfies ), y AxAy-P(x, y) = 1, where P(x,y) is the probability density at

bin center x and y, and Ax, Ay are the corresponding bin widths. In the current plot, Ax and Ay are 0.05 A and 0.5°, respectively. “OS”, “OSH”,
and “HS” represent unprotonated oxygen atoms in sulfate or bisulfate, protonated oxygen atoms in bisulfate, and hydrogen atoms in bisulfate. “OH”

“« >

and “HH” represent oxygen atoms and hydrogen atoms in hydronium. “OW” and “HW” represent water’s oxygen and hydrogen atoms.
Representative configurations of each kind of hydrogen bond are shown in each plot’s insets, where hydrogen bonds are highlighted in dashed red
lines. Oxygen nuclei are red, hydrogen nuclei are white, and sulfur nuclei are yellow.

understand the solvation nature of sulfuric acid solutions and
the origin of various time scales observed in the OHD-OKE
measurements, the AIMD simulations described earlier were
performed for three concentrations: 0.54, 3.0, and 5.3 M. As
mentioned above, t, and t, have their counterparts in pure
water. On the other hand, t; and ¢, are new components
existing exclusively in sulfuric acid solutions. Because t,
represents slow structural motions with time scales of tens of
picoseconds, it is hard to capture them quantitatively with
computationally demanding AIMD simulations. Therefore, our
AIMD simulations mainly focused on identifying the origin of
the t; time scales. A previous study on the hydrated excess
proton in water (aka hydronium H;0*) has shown, in
agreement with experimental results, that its dominant solvated
structure is a “distorted” Eigen cation, HoO,", which
continuously undergoes a “special pair dance.“””’° In the
special pair dance, one of the H-bonds formed between the
three water molecules in the first solvation shell, and the inner
hydronium core is shorter and stronger than the other two,
forming the “special pair.” The identity of the special pair
interchanges rapidly within the three equivalent hydrated (H-
bonded) water molecules on a subpicosecond time scale. Due
to the dynamic and delocalized nature of the hydrated excess
proton in water, the term "hydronium” cation (the classical,
quasi-static interpretation) does not accurately describe this
entity. Instead, it is better understood as a "hydronium-like”
hydrated excess proton structure which consistently undergoes
proton hops from one water molecule to another. In the
following context, this structure could be referred to as a
hydronium-like hydrated excess proton, but for conciseness, we

27723

will use the term hydronium, keeping in mind the more
detailed definition, which describes a dynamic structure, rather
than a static, classical hydronium cation.

However, the case of sulfuric acid solutions is more
complicated. In sulfuric acid solutions at low concentrations,
there are two possible acceptors of excess protons-water
molecules, forming hydronium and sulfate SO,™* anions
forming bisulfate HSO,™ anions. To assign the excess protons
to the appropriate acceptor, we stipulated that an excess proton
belongs to its closest oxygen atom, either water molecule
oxygen atoms or sulfate anion oxygen atoms. A proton hopping
event occurs when there is a change in the closest oxygen atom
associated with an excess proton from one oxygen atom to
another.

First, we explored the solvation structures of different ions,
especially the formation of H-bonds by ions and water
molecules. The definition of eligible H-bonds can be found in
the Supporting Information (SI).

Anions (bisulfate and sulfate) can form two types of
hydrogen bonds with water, as illustrated in Figure 3A,B. In
the first type, depicted in the inset of Figure 3A, protonated
oxygen atoms in bisulfate ions (OSHs) act as H-bond donors,
while water oxygen atoms (OWs) act as H-bond acceptors. In
the second type, shown in the inset of Figure 3B, oxygen atoms
(OSs) in sulfate/bisulfate ions act as H-bond acceptors, with
water oxygen atoms serving as H-bond donors. As shown in
Figure 3C, hydronium typically forms three H-bonds with
water by donating its three hydrogen atoms (HHs) to OWs.
To compare the strength of different types of hydrogen bonds,
we calculated the probability density distributions as a function

https://doi.org/10.1021/jacs.5c06194
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of the distance between donors and acceptors and the angles
formed by hydrogens, donors, and acceptors. The results of the
5.3 M solutions are shown in Figure 3. The results of the 0.5
and 3.0 M solutions are in the Supporting Information. A
comparison between Figure 3AB shows that OSHs form
stronger hydrogen bonds with OWs than OSs with OWs. The
strengths are indicated by the shorter distance (2.58 A vs 2.78
A), smaller angle (7.3° vs 8.8°), and higher probability density
(0.29 vs 0.12). Similar observations were made when
comparing hydronium and water, where the most likely
distance (2.48 A vs 2.73 A), angle (4.8° vs 8.3°), and highest
probability density (0.38 vs 0.15) follow the same trend. These
findings suggest that protonated oxygens (OSHs and hydro-
nium oxygens, OHs) form stronger hydrogen bonds to
mitigate the stronger electrostatic interactions resulting from
the additional positive charges.

We then calculated the hydronium identity correlation
functions, defined below

NI00)
o (X, h(0)) 4)

where h; (t) is 1 if the ith water oxygen is protonated (namely
hydronium oxygen) at time f and 0 otherwise, and (e)
represents the ensemble average. The hydronium identity
correlation functions exhibit a rapid decay in the first 0.5 ps
due to proton rattling between hydronium and water
molecules. The permanent proton hopping contributes to
the subsequent decay. To extract the lifetime of hydronium ¢y

, we did a single exponential fit, C(t) = ae”t/ fol to the

intermediate time region (1.0 to 3.0 ps). The lifetime of
hydronium is the average time a proton resides on the same
water oxygen, i.e., before a proton hop occurs. This does not
mean that all proton hops occur exactly at this time; rather, it is
an ensemble average over faster and slower events. Thus, the
hydronium lifetime represents how frequently, on average, the
proton hops from one water molecule to another.

The correlation function of the 0.54 M solution and its
exponential fit are shown in Figure 4A. The correlation
functions for all three concentrations are in Figure S3.

The lifetime values of hydronium for the concentrations of
0.54, 3.0, and 5.3 M are 3.4, 4.5, and 5.4 ps, respectively. Figure
4B shows these values are very close to the experimental
OHD-OKE t; values, demonstrating the correlation between t;
and the average hydronium to water proton hopping times.

To further investigate the dynamics of hydronium, we
calculated the correlation functions of hydronium-water H-
bonds, as shown in Figure S4. Applying the single exponential
fitting methodology to the H-bond correlation functions, the
OH—-OW H-bond lifetime values were found to be 3.0, 4.8,
and 5.0 ps, which are very close to the hydronium lifetime
values. This similarity suggests that proton hopping and H-
bond rearrangement are strongly correlated dynamic processes.

The proton hopping process is also strongly coupled with
the rearrangement of the surrounding H-bond network. An
additional AIMD simulation was performed at the 0.54 M
concentration to examine the effect of proton hopping on
OH-OW H-bonds. During this simulation, the identities of
the hydronium ions were maintained (ie., no hopping
allowed) by constraining the bond lengths of the initial
hydroniums from the beginning. The resulting OH—OW H-
bond correlation function in this constrained AIMD
simulation, together with the one of unconstrained simulation,
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Figure 4. (A) AIMD simulation results for hydronium-oxygen
identity correlation function on a semilog plot. This correlation
function describes the transfer of a proton from hydronium to a
hydrogen bonded water molecule, i.e., proton hopping. The decay is
for 0.54 M solution. The red line is the exponential fit to the decay.
The time constant is 3.4 ps. (B) A plot of t; decay constants from the
OHD-OKE experiments (black points) and the AIMD hydronium-
oxygen identity correlation function decay time constants (red points)
for several concentrations. These results demonstrate that ¢; is the
time constant for proton hopping, which is accurately determined by
the AIMD simulations.

is shown in Figure S5. With hydronium identity change
prohibited, over 80% of OH—OW hydrogen bonds stay intact
for 10 ps. This result is unsurprising, considering the strong
OH—-OW H-bond strength shown in Figure 3C. Without
proton hopping, the H-bond rearrangement around hydro-
nium is greatly limited. In fact, a proton hopping event is
always accompanied by a rearrangement of the H-bonds
involving hydronium and its solvation water molecules, as well
as in the broader local solvent network. This dynamic interplay
is characteristic of the Grotthuss mechanism. For example, a
proton transfer event, where the excess proton hops from the
initial hydronium oxygen to the resulting hydronium oxygen,
involves a reduction in the coordination number of the
resulting hydronium oxygen (from 4-fold to 3-fold), while the
initial hydronium may increase its coordination by accepting a
weak H-bond on its lone pair side just prior to the transfer.
This behavior is illustrated in the Figure S6 and aligns with
previous findings by Berkelbach et al.”' and Tse et al.”* Our
results reinforce the view that proton hopping is tightly
coupled with the significant H-bond network rearrangements™
occurring on the t; time scale.
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The Grotthuss mechanism, namely proton hopping, affects
the surrounding H-bond relaxation dynamics and may
contribute significantly to the diffusivity of hydrated excess
protons. Compared to other monovalent cations, hydronium
exhibits a significantly higher diffusion rate, for example, H" 9.3
X 107 cm? s7' vs Na* 1.3 X 107° cm® s™' at room
temperature.”” There are two mechanisms of hydronium’s
diffusion in aqueous solutions: (i) the vehicular diffusion, in
which the hydronium identity does not change and the
hydronium diffuses as a whole, and (ii) the proton hopping
diffusion, in which the excess proton hops from one water
oxygen to another and the hydronium identity changes as a
result. To quantify the contribution of proton hopping
diffusion to the total diffusion of hydronium, we calculated
the mean square displacements (MSDs) of hydroniums due to
proton hopping within their lifetimes, as described above.
Additional details about the calculations of MSDs due to
proton hopping are found in the Supporting Information. The
MSDs due to hydronium proton hopping within their lifetimes
are 12.06 A2 8.55 A2 and 8.03 A2 for concentrations of 0.54,
3.0, and 5.3 M, respectively. While the lifetime of hydronium
increases with higher concentrations, the MSDs caused by
proton hopping decrease, indicating fewer proton hopping
events within the hydronium lifetimes. This supposition is
confirmed by histograms of the number of hopping events
within the hydronium lifetime, as shown in Figure S12. In a
0.54 M solution, hydronium ions have approximately a 50%
probability of experiencing at least two proton hopping events
within their lifetime. In contrast, the probabilities in 3.0 and
5.3 M solutions are roughly 35% and 30%, respectively.

5. COMPARISONS BETWEEN EXPERIMENTAL AND
SIMULATION RESULTS

In the previous section, one component of the PPCF was
demonstrated to be associated with the transfer of a proton from
hydronium to a hydrogen bonded water molecule (hydronium
identity correlation function). As discussed above, the decay times of
the hydronium identity correlation function simulated at three
concentrations agree very well with the OHD-OKE t; component
at the respective concentrations, as shown in Figure 4B. The
simulated values are 3.4, 4.5, and 5.4 ps, and the experimental values
for almost the same concentrations are 3.1, 4.1, and 5.1 ps. The
quality of the agreement validates the simulations and identifies t; as
the proton hopping time. The OH—OW H-bond correlation
functions of unconstrained and constrained AIMD simulations also
demonstrate that the proton hopping process is correlated with the
surrounding H-bond network rearrangement.

Variations in the concentrations of the dissociated species and their
dynamics as the concentration increases affect properties on the
molecular scale, which result in significant changes in bulk solution
properties. One important bulk property is the conductivity. For an
ionic solution, the conductivity, which is associated with ion
diffusivity, can be described by the Nernst—Einstein equation’*

DCZ?
=l
i ©)

where D; is the diffusion constant of the ith ionic species, C; is the
carrier density (concentration), Z; is the elementary charge, R is the
molar gas constant, and T is the absolute temperature. The sum is
over all species. For transport in which the ion diffusion is the result of
the ions moving through the solution, i.e., the vehicular mechanism,
the diffusion constant can be obtained with reasonable accuracy from
the Stokes—Einstein Equation
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where kg is Boltzmann’s constant, g; is the radius of the ith diffusing
ion, and 7 is the viscosity. Therefore, the conductivity for the
vehicular mechanism is inversely proportional to the viscosity (Figure
S2) and proportional to the carrier density, i, charged species’
concentrations (Figure S1). While the Nernst—Einstein and Stokes—
Einstein equations offer a practical approximation for the vehicular
contribution to conductivity, their validity can diminish at high ionic
strengths due to strong ion—ion correlations, local solvent structuring,
and deviations from ideal spherical behavior.”*”® These factors may
lead to overestimated diffusion coefficients and conductivity, thereby
contributing to the slight overestimation of the total conductivity
observed in our study, as discussed below. Although MD simulations
can be used to directly compute conductivity using the Einstein
equation,® this approach is not suitable in the context of our AIMD
study. Conductivity is a collective property that requires extensive
sampling to achieve statistical convergence,®’ which is unfeasible with
the relatively short ~100 ps time scale of AIMD simulations.
Therefore, in this work, we adhere to conductivity estimates derived
from the Nernst—Einstein and Stokes—Einstein equations.

When proton hopping is included, the protons have two diffusion
constants: the vehicular hydronium diffusion constant and the proton
hopping diffusion constant. The proton hopping diffusion constant is
obtained using

_ MSD(ty)

e (7)

Here, MSD(%;) is the MSD of hydroniums resulting from proton
hopping within their lifetimes, t;, as described in Section 4.

Figure SA shows the experimental conductivity values (black
points) and the calculated vehicular contributions to the conductivity
for HSO,™ (blue points), SO, (green points), the hydronium
vehicular contribution (purple points) for the three concentrations
used for the AIMD simulations. The viscosity vs sulfuric acid
concentration and its inverse are shown in Figure S2A,B, respectivelg.
The radii for the three species were obtained from the literature.””
The orange points are the sum of the three contributions (see eq S).
These results show that the vehicular mechanism accounts for
approximately one-third of the total conductivity for the three
concentrations studied.

Figure SB includes the contribution from proton hopping, as shown
by the red points. The hydronium concentrations were calculated
using the AIMD simulations (square points in Figure S1) for the
hopping conductivity. The AIMD concentrations are close to the
experimental concentrations compiled from the literature, much of
which uses spectroscopic methods from the late 1940s. These
concentrations are appropriate for comparison with the MSD hopping
calculations. The orange points are again the sum of the contributions
but now include the hopping contribution. The addition of the
hopping contribution brings the calculated conductivities quite close
to the experimental conductivities, with a consistent overestimation.

The overestimation of the total conductivity is probably caused by
errors in determining the vehicular contributions from all species. The
proton hopping contributions were calculated from AIMD
simulations and the experimental ¢;. The simulations of the proton
hopping times at the three sulfuric acid concentrations of 0.54, 3, and
5.3 M are very close to the measured t; values (Figure 4B). Using
AIMD simulations, the concentrations of the three ionic species at the
three sulfuric acid concentrations were determined. They are very
close to the reported values, as shown in Figure S1. Given that the
hopping times and the concentrations are in good agreement with
experiments, the hopping MSDs, which depend on the hopping times
and the spatial distribution of ions, should also be accurate.

The vehicular diffusion constants for the three ions were obtained
using the Stokes—Einstein equation, which assumes spherical particles
with stick boundary conditions. While reasonably accurate, there can
be deviations from the SE results in these concentrated ionic solutions
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Figure S. (A) The experimental conductivity (black points) for the
three concentrations studied with the AIMD simulations. Calculated
contributions to the vehicular conductivity of the various charged
species and the total calculated vehicular conductivity (orange
points). Vehicular conductivity does not account for the experimental
conductivity. (B) The experimental conductivity (black points), the
calculated contributions to the vehicular conductivity of the various
charged species, and the calculated proton hopping contribution to
the conductivity (red points). The total calculated conductivity
(orange points) reproduces the experimental conductivity well. The
proton hopping contributions are larger than the sum of the vehicular
contributions.

with extensive H-bonding. In addition, some studies have suggested a
small but non-negligible anticorrelation between proton hopping
diffusion and proton vehicular diffusion and ion pairing at higher
concentrations.””** These effects could lead to the slowing of
vehicular diffusion.

To match the experimental conductivity, the vehicular contribution
was scaled by 0.81, with the hopping contribution left unchanged.
The scaling factor was determined so that the sum of vehicular and
hopping-associated conductivity best agreed with the experimental
data points at the three concentrations at which the AIMD
calculations were performed. We assume that this scaling factor
applies at all concentrations. Figure 6 shows the vehicular
contribution to the conductivity at all concentrations (blue points)
scaled by 0.81. The scaled vehicular conductivity was subtracted from
the experimental conductivity (black points) to provide a reasonable
approximation of the hopping contribution to the conductivity at all
concentrations (red points). The green points are the AIMD hopping
conductivities at the three calculated concentrations with no
adjustments. The inputs are the AIMD calculated MSD and the
experimentally measured hopping times, t;, to give the diffusion
constants and the AIMD calculated concentrations. The fact that the
green points fall on the hopping curve (red points) demonstrates the
procedure’s accuracy, ie, scaling and subtracting the vehicular
component of the conductivity from the experimental conductivity
to give the hopping contribution to the conductivity. The hopping
conductivity curve is accurate from low concentration to the
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Figure 6. Experimental conductivity (black points). The vehicular
contribution to conductivity (blue points) was calculated using the
same method as that used for Figure S (see text). The red points are
the proton hopping contribution to the conductivity obtained by
subtracting the vehicular contribution for the experimental con-
ductivity.

conductivity peak and somewhat higher sulfuric acid concentrations.
It should be a reasonable but untested approximation up to ~16 M.
At all but the highest concentration (>16 M), proton hopping is the
main contribution to the total conductivity.

The AIMD simulations demonstrate that the OHD-OKE time
constant t; is the proton hopping time (see Figure 4B). C, is the
coefficient of t; in the PPCF (see eq 3). C; reflects the contribution to
the PPCF that comes from proton hopping. Figure 7 compares the
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Figure 7. Proton hopping contribution to the conductivity from
Figure 6 (black points, left axis) and C,/t; from the OHD-OKE
experiments (red points, right axis). (Figure 2) as a function of
concentration.

concentration dependence of the proton hopping contribution to the
conductivity (black points; see red points Figure 6) and a plot of the
function C;/t; (red points), which was scaled to match the maximum
amplitude of the hopping conductivity curve. The C;/t; plot is
remarkably close to the proton hopping contribution to the
conductivity. The hopping conductivity is proportional to the
hopping diffusion constants times the hydronium concentrations
(eq S). The hopping diffusion constant, Dy (eq 7), is proportional to
the MSD divided by t;. These relations suggest that C; is proportional
to the hopping MSD times the hydronium concentration. From the
AIMD simulations, we know that t; is the hopping time. The hopping
causes the decay of the third component of the PPCF. Then, the
amplitude of this component is related to how far the Figure 6 shows
that the conductivity peaks at 5.5 M sulfuric acid concentration. The
AIMD simulations in Figures SB and 6 show that the major
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contribution to the conductivity is caused by hydronium to water
proton hopping. There is an interesting and compelling hypothesis for
the peak conductivity concentration. Figure 8A shows the number of
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Figure 8. (A) A semilog plot of he number of water molecules per
sulfuric acid as a function of the sulfuric acid concentration. (B) The
number of hydronium per sulfuric acid as a function of the sulfuric
acid concentration. (C) The number of water molecules per
hydronium as a function of the sulfuric acid concentration. The
dashed red line is the sulfuric acid concentration at which the
conductivity peaks.

water molecules per sulfuric acid. The red dashed line is the
concentration of the peak of the conductivity. Note the proton hops
and how many hydroniums there are that give rise to the hopping
semilog scale. The ratio is dropping rapidly and is down over an order
of magnitude by 5.5 M. However, Figure 8B shows that the number of
hydroniums per sulfuric acid is changing gradually around 5.5 M
sulfuric acid. Hydronium is essential for proton hopping. As the
sulfuric acid concentration increases well above the peak in the
conductivity (Figure 6), there is still a significant amount of
hydronium. For example, there is ~ 1 hydronium per sulfuric acid
at 11.5 M.

The explanation is illustrated in Figure 8C. The number of water
molecules per hydronium drops rapidly. At 5.5 M sulfuric acid, there

are 4.5 water molecules per hydronium. It takes 3 water molecules to
form a hydronium’s first H-bonded solvation shell. At 5.5 molar
sulfuric acid, almost all of the water is tied up solvating hydronium. At
7 M, there are only 3 waters per hydronium. At 5.5 M, the
concentration of hydroniums is still rapidly increasing (See Figure
S1). It does not peak until 14 M. Although, at the higher
concentrations, protons can be solvated by both water and HSO,™.
These contact ion pairs may be responsible for the slowest
component of the tetra-exponential OHD-OKE decay. The C,
coeflicient is very small below 5 M, and increases rapidly for higher
concentrations (see Figure 2B).

Above 5.5 M, it will be increasingly difficult for a proton to hop to a
water as most water molecules are part of another hydronium
solvation shell. The water molecules will not be uniformly distributed,
so proton hopping can occur. However, for long-range diffusion,
which is necessary for conductivity, a type of percolation problem will
occur. There will be pockets of hydroniums with water enabling
hopping. However, as connections among these pockets become
increasingly scarce and the sizes of these pockets decrease,
conductivity will fall off. The peak in the conductivity, 5.5 M, occurs
when there are just slightly more water molecules than needed to
solvate the hydroniums, which is consistent with the hypothesis.

6. CONCLUDING REMARKS

This paper described the investigation of sulfuric acid’s
molecular-level properties using ultrafast optical heterodyne
detected optical Kerr effect (OHD-OKE) experiments and
AIMD simulations to identify specific nanoscopic dynamics
and structures. Molecular level dynamics and chemical
constituents determine bulk properties. Here, we used the
results of the experiments and simulations to address the
molecular-level processes responsible for bulk conductivity.

The OHD-OKE experiments were conducted over the 0.5 to
18.3 M concentration range. At the lowest concentrations, the
number of water molecules greatly exceeds the number of
sulfuric acids. At the highest concentration, there is only one
water per ten sulfuric acids. Tetra-exponential decays were
observed at all sulfuric acid concentration. In the sulfuric acid
solutions, the two fast decays, t; and t,, are closely related to
their pure water counterparts. In addition, two much slower
decays, t; and t,, do not occur in pure water.

t; is of particular interest here because it falls in the time
range that is amenable to detailed analysis with the AIMD
simulations. The AIMD simulations were used to determine
the identity correlation functions of the hydronium-like
hydrated excess proton and its lifetimes at three concen-
trations, 0.54 M, 3.0 M, and 5.3 M. The calculated excess
proton (hydronium-like structure) lifetimes are in excellent
agreement with the measured t; decay times (see Figure 4).
Through detailed analysis, the simulations conclusively identify
t; as the hydronium-like excess proton hopping time from one
water to another.

The solvation structures of different ions were explored
through AIMD simulations, revealing that protonated oxygens
(i.e., protonated oxygens in bisulfate ions and hydronium
oxygens) form stronger hydrogen bonds compared to
unprotonated oxygens. To better understand hydronium-like
hydrated excess proton dynamics, we analyzed the correlation
functions of hydronium-water hydrogen bonds, revealing
lifetimes comparable to that of hydrated excess proton itself.
Additional AIMD simulations at 0.54 M showed that
constraining proton hopping significantly suppresses H-bond
rearrangement, with over 80% of OH—OW bonds remaining
intact for 10 ps. These findings highlighted the critical role of
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proton transfer in facilitating local hydrogen-bond network
dynamics.

A method was implemented to determine the proton
hopping MSD using the AIMD simulations. The MSD and
the experimental hopping time, t;, were used to determine the
proton hopping diffusion constant at the three concentrations.
The diffusion constants were combined with the AIMD
determined hydronium-like hydrated excess proton concen-
trations. The proton hopping contributions to the total
conductivities were calculated using the Nernst—Einstein
equation. Stokes—Einstein equation was used to calculate the
vehicular diffusion constants. The diffusion constant and
literature values of the concentrations of the ions as a function
of sulfuric acid concentration were used to determine the
vehicular contribution from all ions to the conductivity.
Adding the proton hopping and vehicular portions of the
conductivity gave the total conductivity for the three
concentrations used for the AIMD simulations.

Figures S and 6 show the results of these calculations. The
total calculated conductivity is close to the experimental
conductivity but slightly too large. It was assumed that the
error was due to the vehicular conductivity and the
anticorrelation between hopping diffusion and vehicular
diffusion of the hydrated excess protons (hydronium-like
structures). The vehicular conductivity was scaled by 0.81, so
the results gave the experimental conductivity at the three
concentrations used for the simulations when added to the
proton hopping conductivity. The accuracy of this procedure,
at least through the peak of the conductivity, was demonstrated
by the agreement of the green points on the hopping
conductivity curve that were calculated with no adjustable
parameters using the results of the AIMD simulations and the
experimental value of t;.

The third term of the polarizability—polarizability correla-
tion function is the proton hopping exponential decay, t;, with
coeflicient C;. Figure 7 shows that sulfuric acid concentration
dependence of the function C,;/t; comes very close to
matching the experimental conductivity curve from 0.5 to 16
M when the former is scaled to match the peak of the
conductivity curve (see Figure 7). This result implies that C; is
proportional to the proton hopping MSD times the hydronium
concentration.

The net result of this study is an increased molecular level
understanding of the structural dynamics of sulfuric acid
solutions and the relationship of the dynamics and structures
to the bulk conductivity.
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