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Abstract: The properties of the water network in concentrated ~ chemistry of aerosols, particularly those originating from
HCI acid pools in nanometer-sized reverse nonionic micelles — marine environments.”" In each case the chemistry or phase
were probed with TeraHertz absorption, dielectric relaxation  of the interfacial region and the dimensional constraints of the
spectroscopy, and reactive force field simulations capable of  confinement can directly impact the water structure and
describing proton hopping mechanisms. We identify that only ~ dynamical transport mechanisms that can extend far from the
at a critical micelle size of W, =9 do solvated proton complexes  surfaces themselves.
form in the water pool, accompanied by a change in Fundamental studies of confined water dynamics have
mechanism from Grotthuss forward shuttling to one that  relied on the self-assembly of reverse micelles (RMs) in which
favors local oscillatory hopping. This is due to a preference for ~ the amphiphilic nature of surfactants in a nonpolar solvent
H* and CI" ions to adsorb to the micelle interface, together with ~ organizes to encapsulate a water pool.*"*""l The surfactant
an acid concentration effect that causes a “traffic jam” in which ~ headgroups of RMs can be changed to model charged or
the short-circuiting of the hydrogen-bonding motif of the  nonionic interfaces,’*?” the chemical composition of the
hydronium ion decreases the forward hopping rate throughout ~ aqueous water pool can be altered to include salt and organic
the water interior even as the micelle size increases. These  content,*"? and the size of the water pool can be easily tuned
findings have implications for atmospheric chemistry, bio-  through the relation W,=[H,O]/[surfactant].!'>'] But in
chemical and biophysical environments, and energy materials,  nearly all cases single particle and collective measures of
as transport of protons vital to these processes can be  water dynamics are found to be suppressed under confine-
suppressed due to confinement, aggregation, and/or concen-  ment, including that of proton diffusion.”?! Seminal theo-
tration. retical work from a number of research groups®>-! have
considered the mobility of a single solvated proton in bulk
Introduction liquid water beyond the “structural diffusion” description put
forward by Grotthuss.”>*! A range of motion and timescales
Water within confined environments creates a perturbed — are operative,*"! including the fast and local oscillatory
hydrogen bonding network compared to the homogeneous motions (proton rattling) as well as vehicular (Brownian
bulk water phase, changing the electrostatic,['l structural,”’  motion) diffusion, but overall it is found to be dominated by
and dynamics®! properties of the liquid. How confinement the forward proton hopping mechanism through extended
and interfaces alter solvated proton dynamics relative to the  solvated hydronium complexes of the Eigen (H,O,") and
bulk phase is a critical factor in our understanding of Zundel (HsO,") motifs.”?"! In the so-called “special partner
important chemical and biological processes including proton  dance”**3 the proton circulates through the 3 water
transport at membrane surfaces, ™ for synthetic membranes  molecules of the relatively long-lived Eigen complex, punc-
used in fuel cells and separations,”* and the acidic interfacial ~ tuated by favoring just one special pair partner that must
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Figure 1. Structure of the nonionic surfactant IGEPAL CO-520. a) The reverse micelle surfactant is a polyether with a polar alcoholic group head
group and a nonpolar chain incorporating an aromatic unit. b) The reverse micelle system with the pure water or HCl acidic pools encapsulated

by the surfactants (in gray) and solvated in cyclohexane (in light green).

experience a reduction in coordination number to allow the
proton charge defect to migrate,* " while the coordination
shell at the hydronium site is completed as it transfers the
proton to a neighboring water.”®! Experimental studies using
ultrafast vibrational® and 2D-IR spectroscopy™“! have
emphasized the importance of Zundel structures as being
a crucial configuration in proton transport on short time-
scales, but overall the low barrier to transformation between
Eigen and Zundel states makes this structural distinction
somewhat subtle, and may be better described as proton
rattling between the two Eigen and Zundel extremes before
a productive proton transfer occurs.?**"4]

Even so, the proton diffusion timescales and mechanisms
can change under confinement as shown previously for water
confined in reverse micelles composed of ionic®! and non-
ionic®! surfactants. Furthermore, many experimental studies
of proton transport mechanisms have used concentrated acid
solutions to create the source of hydronium ions.*?! While the
effect of hydronium concentration on solvated proton dy-
namics have been investigated in bulk solution!*! it has not
been thoroughly investigated under confinement using re-
verse micelles. Here we use a reactive force field, ReaxFF/C-
GeM,**l embedded in a non-reactive model of the nonionic
surfactant IGEPAL CO-520 RM (Figure 1a), that together
matches the experimental conditions of TeraHertz (THz) and
dielectric relaxation (DR) spectroscopies as a function of HCI
acid concentration and size of the reverse micelle (Figure 1b).
THz spectroscopy is sensitive to the water network modes as
well as to the solvated proton complex, and vibrational bands
corresponding to the specific hydrated ions such as chloride
have been identified.***”! The DR measurements allow us to
estimate Debye relaxation timescales in different regions of
the water pool and to provide a measure of conductivity in
solution.

From these experiments we determine that there is near
complete suppression of proton transport below a critical
micelle size of W,=9, while above this size solvated

complexes of the proton form, along with a plateauing of
DC conductance that we interpret as a stagnation in proton
transfer rates even though the water pool is enlarged.
Bolstered by the fact that our theoretical model shows
excellent validation against these experiments we have
discovered another explanation and counter-intuitive result
that the Grotthuss proton hopping decreases with increasing
RM size, and instead switches to a localized oscillatory
hopping mechanism at and above the critical micelle size of
W, =09. This mechanistic change is due to an increase in the
hydronium numbers that accumulate and stay at the interface
with their CI” counter ion, and thus short-circuiting the
hydrogen-bonded network through which protons hop over
longer distances in 3D. Instead the 2D interfacial hydrogen-
bonded network creates a “traffic jam” that shifts a majority
of the protons to favor the localized oscillatory hopping
mechanism as the RM size increases and/or as the acid
concentration increases. The traffic jam refers to the obstruc-
tion to forward motion due to the loss of the full hydrogen-
bonding motif of the hydrated Eigen complex arising from
strong association with the polar interface.

Results

Previous studies have shown that only one water environ-
ment is present for smaller RMs, in which water molecules
interact with the surfactant headgroup, that is, interfacial
water, while for larger micelle sizes an inner core with more
bulk-like water properties forms in addition to the interfacial
water.***! For the 1 M HCI acid solutions that are the source
of protons, we have used THz-TDS and FTIR measurements
to ascertain the properties of water in the presence of the
dissociated ions CI- and H;O™ ions as a function of RM size.

The difference between the absorption spectra for RMs
filled with pure water or 1 M HCI after subtraction of the
absorption spectra of the minimum size reverse micelle
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without any water (W;=0 with only cyclohexane) [Equa-
tion (1)]:

Aay, (v,c) = ay,, (v.c) — ay,(v,c) (1)
are reported in Figure 2a and b as a function of increasing
RM size from W, x =1 to W;x =20 where v is the frequency
and c is the water concentration. It is seen that the THz-TDS
(10100 cm™') and FTIR (100-400 cm™') data fit together
seamlessly, with Aay,  (v,c) increasing over the measured
frequency range and dominated by a vibrational band at ca.
200 cm ™' assigned to the intermolecular hydrogen bonding
stretch of water.®” An increase in the absorption with
increasing micelle size is also observed, consistent with
a larger volume fraction of water present inside the micelle,
a feature that has been observed for other RM systems.['®->"-%?]
We note that values of Aa for the 1 M HCI RMs are similar to
that of the pure water RMs (Figure S1 in Supporting
Information). This result is surprising as measurements of
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relative to bulk water of at least ~30cm~
frequency range.[**>]

This therefore indicates that dissociated acid molecules in
the nanoconfined RM environment are not solvated in the
same manner as in bulk solution.*** Previous studies with
NMR by the Levinger group observed similar results, in which
it was determined that an NMR probe freely tumbled within
the bulk-like core of IGEPAL CO-520 RMs, but that the pH
within the RM core was less acidic than the bulk solution from
which the RMs were prepared,”” and indicates that confine-
ment of the acidic solution may impact the pKa or distribution
of acid molecules.

To isolate the THz signatures of the hydrated hydronium
and chloride ions more directly, Figure 2c shows the double
difference spectra AAa(v,c) for select RM sizes, determined
by subtracting Aday(v,c) of the reverse micelles filled with
pure water from Aay (v, c) of the same RM size with a 1M
HCI acid solution [Equation (2)]:
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Figure 2. THz-TDS and FTIR absorption spectra for pure water and HCl solutions as a function of reverse micelle size. The difference absorption
spectra Aay (v, ¢) for RMs filled with a) water and b) 1 M HCl after subtraction of W,=0. Below 100 cm™' spectra were collected with THz-TDS
with an average error of 0.6 cm™'. Above 100 cm™' spectra were collected with THz-FTIR with an average error of 5 cm™". c) The double difference
absorption spectra, 44a(v,c), for T M HCl acid solutions, determined by subtracting the reverse micelles of the same size filled with pure water.
The reverse micelles exhibit vibrational bands corresponding to hydration water (120-150 cm™), the solvated Eigen-complex (360 cm™') and the
vibrational band corresponding to the CI rattling mode in bulk T M HCl solution (180 cm™'). Since the 180 cm™' mode is missing in the acidic

RMs, it indicates the Cl~ ions are adsorbed at the micelle surface.
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This is the spectral difference between a RM confined
HCl solution versus a RM confined neat water pool. For W, =
1, AAayx(v,c) is close to 0 cm™', however at Wy=9 two
bands appear at approximately 120 and 360 cm™' (which are
more evident at higher acid concentrations given in Fig-
ure S2). Previous measurements of aqueous bulk HCI solu-
tions (blue dashed line in Figure 2¢) attribute the 120 cm™!
band to modes related to hydration water, and the band at
360 cm™' to a “rattling” mode of the solvated Eigen com-
plex.*! Bulk 1 M HCI solution measurements also observed
another band at 180 cm™' which was assigned to the CI~
rattling mode (see Figure S3 for the spectral deconvolution
of bulk 1 M HCI spectrum) based on comprehensive meas-
urements of Cl~ salts as well as simulations.*”*>>! This mode
is noticeably absent in the RM spectra for the 1 M HCI data at
all sizes (Figure 2¢ and Figure S2), which suggests that Cl~
ions preferentially adsorb to the surfactant headgroup and
stripping off of the hydration shell. In totality, these measure-
ments indicate that the chloride ions are adsorbed to the
surface and that a solvated proton complex undergoing
a rattling motion forms in the RM at 1 M HCI, but only when
the size restriction of W,=6 is overcome (Figure S2).
Although not directly comparable, similar size constraint
effects were observed in studies by Levinger, in which
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tumbling of the NMR probe was restricted for Wy=5
compared to larger sizes."” Furthermore, a recent study from
Sofronov and Bakker also showed a lack of anisotropy decay
for cationic RMs with radii <2 nm (nearly the same size as
W, = 6).] This size dependent effect could point a change in
the distribution of water within the RMs (from interfacial to
bulk or non-uniform to uniform) that subsequently impacts
proton hydration and transport./*”

Figure 3 shows the real (¢') and imaginary (¢”) parts of the
relative permittivity from DR experiments of water-filled and
1 M HCI solutions in the reverse micelles. Results of water-
only RMs are consistent with those previously reported, in
which a feature appears in the &” spectra that grows in
intensity and shifts to higher frequency with increasing
micelle size.’"®! But the ¢ and &” spectra of the 1 M HCI
RMs differs drastically from those of water RMs, in which
a sudden increase in the &” spectra occurs starting at W, =9
for low frequencies. This is consistent with a Drude-Lorentz
mode at zero frequency: for v—0, the dielectric spectrum of
an electrolyte is dominated by the so-called conduction band,
that is, an additional term: 22 with opc providing a measure
for the conductivity. This rapid onset shows that conductance
in the solution due to the HCI molecules does not occur for
micelle sizes smaller than W;,=9 but is activated above that
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Figure 3. Real and imaginary components of the dielectric permittivity of reverse micelles containing water and 1 M HCl acid solution. The real
part ¢ for RMs containing a) pure water and b) 1 M HCI. The imaginary part ¢” for c) pure water and d) 1 M HCl.
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Figure 4. Rotational relaxation time constants and conductance determined for reverse micelles containing water and 1 M HCl acid solution.
Simultaneous fitting of the real and imaginary parts of the dielectric response yield Debye relaxation times for a) interfacial water (z;), b) slow
core water (7,), c) fast core water (73), and d) conductance (0p¢). Further details are provided in Methods and the numerical results of the fits can

be found in Supplementary Tables S1, S2 and S3.

size. The complex relative permittivity, e(w) =& —ie”, of the
RM data can then be modeled as a sum of three Debye modes
representing contributions from interfacial water and bulk-
like core water in addition to the conductivity term®!
[Equation (3)]:

3
Ag;
e(w) =&+ Zl + w27, +

Opc
w 3)
where ¢ is the relative permittivity at the high frequency
limit, Ag; is the permittivity amplitude, 7; is the relaxation
time constant of each component.

Figure 4a—c shows the time constants determined from
fitting for the pure water and 1 M HCI reverse micelles. Here
7, represents the reorientation timescale of interfacial water,
while 7, and 7; represent the slow and fast reorientation
processes of the pure water or HCI solution in the core.
Results for the pure water RMs reported here exhibit an
interfacial water timescale of 100 ps for W, =1 and decreases
to 70 ps for W, =20 (Figure 4a), and the slow reorientation
timescale of core water 7, decreases from 22 to 15 ps while the
fast reorientation core water 7; similarly decreases from 5 to
3 ps with increasing micelle size (Figure4b and c), all
consistent with previous studies.!'*!15163 The amplitude of

the conductance band at all reverse micelle sizes is suppressed
relative to bulk water values, but systematically increases as
reverse micelle size increases (Figure 4d).

While the slow and fast reorientation timescale 7, and 7
of core water in the 1M HCI acid pools shows similar
timescales to the pure water pool, the interfacial water 7, time
constant is slowed by up to a factor of 2 compared to the pure
water pools regardless of RM size (Figure 4a—c). This
observation concerning the interfacial time constant 7,
together with the THz measurements, support the fact that
both hydronium and chloride accumulate at the interface.
This is consistent with theoretical studies by Li and Voth™"
and experiments using surface specific sum frequency gen-
eration that have also revealed that ClI~ and H;O™ ions have
an equal preference to be found at the interface for alcohol-
terminated monolayers.* With increasing RM size in the
presence of HCl we observe a much larger value for the
conductance than confined pure water, consistent with great-
er numbers of protons, but the conductance plateaus once the
critical size of W;=9 is reached (Figure 4d). Dielectric
spectra of IGEPAL CO-520 RMs filled with 1 M NaCl were
also measured and show no increase in the real or imaginary
component of the permittivity with increasing micelle size
(Figure S4). This establishes that the changes in the relaxation

Angew. Chem. Int. Ed. 2021, 60, 2541925427 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

An dte

Chemie

25423


http://www.angewandte.org

GDCh
~~

25424

times and increase in conductivity is unique for the 1 M HCl
solution, and by inference the proton complexes in solution. It
is also possible that changes in pH can also affect proton
transfer in which lower dielectric constant media have been
shown to concomitantly reduce the proton transfer rates'® or
that nanoconfinement itself could impact that fraction of
dissociated HCl molecules in solution relative to the bulk
solution, thereby altering the local pH. What the exact pH in
RMs is has been a long outstanding question in this field, and
previous studies from the Crans and Levinger groups have
attempted to answer this question for both ionic and nonionic
reverse micelles.”! They determined that the pH inside of
IGEPAL CO-520 RMs of sizes W,=5 to 15 tends toward
a neutral pH in the micelle core, and in general that the RM
environment is always less acidic than bulk as a function of
hydronium concentration. This is especially true for the RM
system studied here since the hydronium segregates more to
the interface leaving the interior water pH less acidic than the
same HCI concentration as the unconfined system.
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Taken altogether, the experimental results show that the
solvated proton dynamics is inhibited for acidic water in
micelles smaller than W,=9 due to confinement effects
similar to that of pure water, while above this critical RM size
the conductance plateaus at the same point in which the
rattling mode emerges from the THz measurements. We have
sought to unravel the underlying solvated proton mechanism
in the THz and DR experiments by performing molecular
dynamics simulations with a hybrid model where the same
IGEPAL CO-520 surfactant that self-assembles in cyclohex-
ane is described with a classical force field and the water pool
with or without HCI is described by the ReaxFF-CGeM
model as a function of the same RM size used in the
experiment. The ReaxFF-CGeM reactive force field allows us
to represent hydronium complexes of the Eigen and Zundel
motifs (Figure 5a and Figure S5)**! and to evaluate the
cross-over of large and concentrated acidic pools which is not
accessible to other AIMD and multistate empirical valence
bond (MS-EVB) methodology. The ReaxFF-CGeM water
model has been shown to yield good quantitative agreement
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Figure 5. Molecular dynamics simulation of the pure and HCl water pools in IGEPAL reverse micelles using ReaxFF/C-GeM. a) The cross-section
depiction of the HCl acid water pool showing that the Cl ions (gold), Eigen-like hydronium in green, Zundel-like hydronium in blue are largely
seen to be distributed at the RM interface. b) Number of forward proton hops (without oscillatory motion) calculated from an MD trajectory from
each RM system and a bulk water system with 1 M HCI solution. c) Proton hopping rates per hydronium (blue dot) and ratio of oscillatory to
non-oscillatory hops (red square) calculated from an MD trajectory from each 1 M HCl reverse micelle system. d) Proton hopping rates per
hydronium (blue dot) and ratio of oscillatory to non-oscillatory hops (red square) calculated from an MD trajectory from W, =9 reverse micelle
system of varying HCl concentration. The full results can be found in Supplementary Figure S5 and Table S4.
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for bulk water structure, thermodynamic, and transport
properties, including hydronium and hydroxide diffusion
rates, ™ while also predicting the contact and solvent ion pair
for chloride in water.*!

Because W, =9 serves as a transition point in the experi-
ments, we characterized the pure water and acid pools from
W,=6 to W,=12. Figure 4 a—c shows that the simulated DR
rotational timescales match the magnitude of the three
experimental time scales very well for the 1M HClI RM.
Like that inferred from the THz and DR experimental data,
the Cl” and solvated H;O" ions accumulate strongly at the
interface for the acid pools (Figures 5a and Figure S6. Fig-
ure 5b shows that the forward proton hopping number
increases significantly between W;=6 and W;=9, but then
increases by only ~ 10 % between W,=9 and W, =12 for the
acid containing RMs. We equate the forward hopping
mechanism to directional flow of charge as the proton travels
over larger distances, which is found to diminish with
increasing RM size, and thus is consistent with the exper-
imental measure of DC conductance that plateaus above the
critical Wy=9 RM size in the 1 M HCI case. Altogether the
theoretical results are well-validated against the experimental
data and confirms our ability to interpret the proton hopping
mechanism as a function of RM size and acid concentration.

Two types of proton mechanistic hopping events were
considered: (1) oscillatory shuttling or “rattling” where the
proton hops back and forth between the hydronium cation
and an adjacent water molecule, and (2) forward hopping
where the proton hops to a second and then onto a third water
molecule instead of hopping back to its donor. When
evaluating the proton hopping rate constant we find that it
continually slows as the RM size increases, even though the
inner core of these RMs are large enough to have bulk-like
dynamics (blue symbols in Figure 5¢), and the more, minor
oscillatory mechanism found in pure water becomes the
major mechanism in HCI acid pools in reverse micelles (red
symbols in Figure 5c). In Figure 5d we consider the effect of
HCI concentration by going as low as 1 HCI molecule to
a large concentration of 4 M HCl. As might be expected the
single HCl molecule is dominated by the forward hopping
mechanism, and represents that expected in pure water pools,
whereas the oscillatory mechanism becomes even more

Substitutions of
the Eigen complex

°o ®
Special Pair chc gp;' C0-520)

H;O0*-H;0*
H;O*-CI
H;0*-surfactant

Zundel complex

Research Articles

Internati

pronounced at 4 M concentrations relative to the 1 M case.
This is consistent with that of the Bakker group that also
demonstrated a retardation of proton hopping by a factor of 4
in cationic RMs filled with 4-7M HBr with anisotropy
measurements, even at larger RM sizes. Interestingly the
cross-over in proton hopping mechanism occurs at the critical
RM size of Wy=9 and at 1 M HCI concentration.

Figure 6 provides an explanation for the observations of
the switch in mechanism from forward to oscillatory hopping
at W, =9 found from the simulations. When we evaluate the
pairings of a central hydronium ion undergoing oscillatory
hopping with 1 M HCI we find an increase from W,=6 to
Wy=9 to Wy=12 in which a regular water molecule is
substituted for a surfactant head group, or even a chloride or
other hydronium, unlike hydroniums that undergo forward
hopping that show a reduction in substitution as RM size
increases. The increase in the 1* solvation shell substitution as
RM size increases in the presence of acid induces an increase
in the Zundel motif (6 =0.2) for the remaining complexed
waters of the Eigen complex (Figure 6 and Table S6), but
remains unproductive as a forward hopping intermediate or
transition state as it is in bulk water.*:* This is especially
dramatic as acid concentration increases (Table S7).

Conclusion

We have determined that the slowing of the overall
forward hopping rate is attributable to a localized concen-
tration effect of hydronium and chloride ions at the water-
surfactant interface, creating a traffic jam of protons unable to
execute Grotthuss shuttling as the 2D hydrogen bonded
network decreases its capacity for free and better percolated
pathways at the RM interface (supported in Table S5), unlike
that found at the air-water interface.”*! The water network
in acidic nanometer-sized reverse micelles have been probed
with both THz absorption and dielectric relaxation spectros-
copies, identifying a critical reverse micelle size of Wy =9 in
which the Eigen hydronium complex is evident while at the
same time the interfacial water dynamics slows considerably
relative to pure water containing reverse micelles. Reactive
molecular dynamics simulations show excellent agreement

Forward Oscillatory
hydroniums hydroniums
W6 @ W9 W12 W6 W9 | Wi12
1.0 | 3.0 5.0 1.0 3.0 4.0
40 4.0 3.0 5.0 11.0 12.0
150 150 94 29.0 | 22.7 | 27.0
W6 W9 W12
0.8 120 | 26.0

Figure 6. Alterations in the 1** shell solvation structure of the hydronium ion in 1 M HCl reverse micelles induces an increase in the Zundel motif.
The Eigen complex with a central hydronium oxygen (blue) pairs with not only other water molecules (pink) but shows increases in substitutions
with surfactant oxygens (red), chloride (gold), and other hydronium ions. The pairings are defined by the 1** solvation shell defined by the radial
distribution function. As the substituted pairings increase, we see an increase in Zundel structures (8 <0.2 for Zundel and otherwise for Eigen®’)

with the other water molecules.
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with these experimental measurements and have been used to
characterize the proton hopping mechanism as a function of
RM size and HCl acid concentration. We have shown that for
either smaller RMs and/or weaker acid concentrations the
forward hopping mechanism dominates, whereas for larger
RMs and larger acid concentrations the proton rattling
motion is preferred. This effect arises from the strong co-
adsorption of hydronium to the interface with its chloride
counter ion with increasing acid concentration, which creates
a minimal amount of water solvation in a 2D interfacial
network with a reduced hydrogen-bonding capacity.*” In fact
only recently has evidence of the hydration structure of
protons at an interface been observed, where Eigen-like
hydrated protons (HyO,") were identified near negatively
charged monolayers at biologically relevant pH,[" similar to
the observations made here.

We have shown that a consequence of this interfacial
chemistry is that it creates a proton traffic jam that is unable
to fulfill forward hopping into the larger water pools as the
RM size increases. In particular the interfacial substitutions of
water for other species (surfactants, chlorides, and other
hydroniums) induces changes in the other water molecules
complexed to a central hydronium with increases in “Zundel”
formation as the proton oscillates between the two molecules.
These findings have significant implications for deeper
understanding of many applications where transport of
protons is necessary for function. For instance, studies of
aerosols have found that pH is linked to the particle size,'*"!]
and thus influences the chemical reactivity, hygroscopicity,
and ability of aerosol particles to act as ice and cloud
condensation nuclei.”>™ The Grotthuss mechanism of pro-
ton is thought to be the main method of proton transport at
biological membrane surfaces,”) but as we have shown can
change to a localized oscillatory hopping if proton concen-
tration is high enough, an aspect of biological signaling that
deserves further investigation.
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