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α-quartz†
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We present an ab initio molecular dynamics study of deprotonation of sulfuric acid on wet quartz, a topic of atmospheric interest.
The process is preferred, with 65% of our trajectories at 250 K showing deprotonation. The time distribution of the deprotonation
events shows an exponential behavior and predicts an average deprotonation time of a few picoseconds. The process is exoergic,
with most of the temperature increase being due to formation of hydrogen bonds prior to deprotonation. In agreement with
existing studies of H2SO4 in water clusters, in liquid water, and at the air-water interface, the main determinant of deprotonation
is the degree of solvation of H2SO4 by neighboring water molecules. However, we find that if both hydrogens of H2SO4 are
simultaneously donated to water oxygens, deprotonation is disfavored. Predicted spectroscopic signatures showing the presence
of solvated hydronium and bisulfate are presented. Increasing the temperature up to 330 K accelerates the process but does not
change the main features of the deprotonation mechanisms or the spectroscopic signatures. The second deprotonation of H2SO4,
studied only at 250 K, occurs provided there is sufficient solvation of the bisulfate by additional water molecules. In comparison
to HCl deprotonation on the identical surface examined in our previous work, the first deprotonation of H2SO4 occurs more
readily and releases more energy.
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1 Introduction

Sulfuric acid and related sulfur-containing molecules play im-
portant roles both technologically and in the natural environ-
ment1,2 and participate in the biogeochemical sulfur cycle.
Molecules such as OCS and SO2 can be produced by natu-
ral processes (biological activity in marine organisms and vol-
canism, respectively) or anthropogenically (SO2 from com-
bustion of sulfur-containing fossil fuels). In the troposphere,
in the presence of oxidants and/or humidity, sulfate species
are quickly oxidized and/or hydrolyzed into H2SO4, a major
component of acid rain and also a critical element in new par-
ticle formation.3 Such particles may in turn act as cloud con-
densation nuclei (CCN), and the resulting clouds and sulfur-
containing ice particles may contribute to increased rain fall
and ozone depletion in polar stratospheric clouds, respectively.
The net negative radiative forcing due to increased albedo
of the sulfur-containing aerosols will lead to cooling.4 This
effect has motivated geoengineering proposals to counter a
warming climate.5,6 In addition to atmospheric chemistry, the
uptake and possible reaction of acids on environmental inter-
faces is of interest to fields such as heterogeneous catalysis,
sensor science, corrosion science, and cultural heritage sci-
ence.7

H2SO4 is a strong diprotic acid and readily gives up a single
proton, forming bisulfate, HSO−4 . Further solvation can allow
full deprotonation resulting in sulfate, SO2−

4 . A bulk water so-
lution at 298 K has acid dissociation constants of pKa1 = −3
and pKa2 = 1.99. Only at high concentration, greater than 14
M, will H2SO4 remain in neutral form.8 H2SO4 dissociation
has been extensively studied both experimentally and theoret-
ically in water clusters, in bulk liquid water, and at the air-
water interface. Some examples of experimental and theo-
retical studies follow. Raman spectroscopy has been used to
study the dissociation in bulk liquid water.9 At the air-liquid
interface and for surface studies, vibrational surface-sensitive
spectroscopies such as VSFG (vibrational sum-frequency gen-
eration) have been employed both experimentally10–18 and
through theoretical modeling.13–15 Finally, the process has
also been studied at the air-water interface with photoelectron
spectroscopy.8 Research questions include the structure of the
air-liquid interface and determining the balance between (par-
tially) dissociated and undissociated sulfuric acid as a function
of its concentration and the temperature.8

H2SO4 may be produced on ice (or water) surfaces and also
on mineral dust surfaces19 through adsorption and hydrolysis
of gas phase SO2 or SO3. Regarding the latter species, the in-
verse reaction, the dissociation H2SO4 → SO3 + H2O due to
an overtone OH stretch excitation of H2SO4, has been studied
theoretically.20 However, while the association is exothermic,
the dissociation is strongly endothermic, and we did not ob-
serve this dissociation mechanism in our work. Recent exper-

imental work has shown that the adsorption of acids, including
H2SO4 and HCl, on atmospheric mineral dust particles acts to
inhibit ice nucleation at moderate humidities.21 In our work,
we hope to shed some light on this issue.

Recent computational studies of H2SO4 dissociation in-
clude those of Hammerich et al. on this process in both liq-
uid water22 and at the air-water interface.23 As reviewed in
ref. 23, simulations of a single H2SO4 molecule in water clus-
ters show that only 3–4 waters are required for the first de-
protonation (see refs. 24 and 25 and additional references in
ref. 23 and also refs. 26–29), resulting in the contact ion pair
(CIP) HSO−4 · · ·H3O+. The second deprotonation requires fur-
ther solvation, a minimum of 6 waters, resulting in the dicon-
tact ion pair of H3O+· · ·SO2−

4 · · ·H3O+, although this struc-
ture is about 8 kcal/mol higher in energy than the most stable
structure which is a solvent-separated ion pair (SSIP) involv-
ing HSO−4 and H3O+, separated by at least one H2O, and this
is the trend for H2SO4-water clusters with up to 9 waters, at
which point the doubly deprotonated structure is only about
1 kcal/mol higher in energy.30 In that study of H2SO4 and
6–9 waters, in the cases where the doubly deprotonated struc-
tures were observed, SO2−

4 was found to participate in about
6 H-bonds with the water molecules.30 Hammerich et al.22

studied H2SO4 in liquid water and found that as expected ex-
perimentally, about 30% of the time double deprotonation oc-
curred. This requires full solvation of the resulting sulfate by
surrounding waters and/or hydroniums, and thus is more diffi-
cult to achieve at a surface.

Hynes, Bianco, and coworkers,27–29 have theoretically
modeled H2SO4 interacting with water ice surfaces. They de-
termined that at the interface where H2SO4 is only partially
solvated, the likelihood of deprotonation is very sensitive to
both solvation and temperature.28

Silicon dioxide is one of the most common oxides in the
crust of the earth and in the atmospheric boundary layer and
in the form of dust in the troposphere, forming 60% of dust
particles.19,31 Silica is also present in built environments as
glass or other building materials. Such urban surfaces, in-
cluding indoor surfaces, often facilitate reactions.32 In the
boundary layer and troposphere, most of the SiO2 is in the
form of sand, or quartz, with α-quartz being the allotrope
most prevalent at ordinary temperatures and pressures. Upon
cleaving, the (0001) surface is a low energy surface that is
commonly exposed. Even under low humidity conditions,
the freshly-cleaved surface chemisorbs ambient water, and
forms hydroxyl groups in the form of silanols (–SiOH) on
the surface.31 The hydrophilic silanols in turn physisorb water
molecules.31,33 The physisorbed water may be patchy, form-
ing a submonolayer, or may form multiple layers. Under nor-
mal to dry conditions of about 20% humidity and 296 K, a
full monolayer may form.34 The water layers closest to the
silica surface are highly ordered and form a tessellation ice-
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type structure (ice XI,35 a form of proton-ordered ice) on the
surface, and such ices are of interest in their own right.35–40.

The dissociation of an acid molecule on an oxide surface is
an example of an atmospherically-relevant, fundamental het-
erogeneous chemical reaction. Such reactions, occurring in
the presence of a ubiquitous water or ice layer,37,41 determine
surface pH, and may also play a role in enabling other reac-
tions, such as those which lead to ozone depletion (see, e.g.,
ref. 42). In previous work,43 we used ab initio molecular dy-
namics to examine the dissociation of HCl on the hydroxy-
lated (0001) α-quartz surface. Acid dissociation and subse-
quent proton hopping on the surface was observed when the
surface water coverage was at least 40%. In addition, the
special properties of the ordered water monolayer present on
quartz (in particular, the lattice mismatch between the water
layer and quartz substrate) enhanced the initial ionization and
subsequent proton migration.

In the present study, we explore computationally the mech-
anisms and time scale of the deprotonation of H2SO4 on the
(0001) α-quartz surface covered by a water monolayer. The
monolayer regime is of interest for low to moderate humid-
ity condition present in the atmosphere. In addition, it al-
lows the quartz surface to exert effects on the ionization pro-
cess. For the most part, we have not considered multiple lay-
ers of water since at these temperatures the subsequent lay-
ers quickly begin to resemble the liquid-vapor interface,44,45

and H2SO4 at the vapor-liquid interface has been studied pre-
viously.8,10–18,23 We employ ab initio molecular dynamics
(AIMD), using density functional theory (DFT),46,47 for com-
puting the forces “on the fly”.48,49 AIMD simulations can pro-
vide an unbiased, atomic-level view of the detailed mecha-
nisms and time scales of chemical reactions.

2 Systems and methods

The same model and techniques were used as in our previous
work on HCl.43 Additional details can be found there and in
the Supporting Information of that work. The silica model44,45

representing the (0001) face of hydroxylated α-quartz con-
sisted of a periodic tetragonal slab with dimensions xyz of
9.820× 8.504× 32.165 Å3 (1 Å = 10−10 m), with 6 O-Si-O
layers, thus leaving a vacuum of about 21 Å between periodic
images in the z-direction. Both the bottom and top surfaces
were fully hydroxylated. The top surface was used to exam-
ine reactivity. It contained 8 silanol groups (OH density of 9.6
OH/nm2). The surface is covered by an ordered monolayer
of physisorbed water in the low energy H-down configuration.
Three possibilities exist for this monolayer, differing by over-
all rotations of 120◦. They are close in energy (see the ESI
and Fig. S1†). As in ref. 43, we use the lowest energy isomer
water adlayer. The system is shown in Fig. 1.

The geometry optimizations and the ab initio Born-
Oppenheimer molecular dynamics (BOMD) simulations were
performed at the Γ-point using the QUICKSTEP module within
the CP2K package,50 with the nuclei treated as classical
particles. The DFT BLYP51,52 exchange-correlation func-
tional was used, supplemented by the dispersion correction of
Grimme53 (BLYP-D, using the D2 version of the dispersion
correction). We have carefully validated the theory level used
(the DFT functional, including the dispersion correction; the
basis set; and also k-point convergence through use of a larger
system size) for correctly recovering the geometry of our sys-
tem and also the water-surface adhesion energy (see the ESI
and Figs. S2-S3†and Tables S1-S2†). Furthermore, BLYP-D
has been demonstrated to work well for aqueous systems54

and for the quartz-water interface.43–45 The basic procedure in
our simulations was the same as in our previous work: Geome-
try optimization, equilibration in the canonical (NV T ) ensem-
ble (3 ps duration, with a 0.5 fs time step), and finally addition
of an H2SO4 molecule above the surface and calculation of the
production trajectories in the microcanonical (NV E) ensemble
(5 to 10 ps duration each, with a 0.4 fs time step).

We computed a total of 24 such trajectories to study the acid
dissociation dynamics. In all trajectories (with the exception
of the last trajectory which studied the second deprotonation),
H2SO4, in its lowest energy (trans) configuration, was placed
3.5–4.5 Å above the wet quartz surface and allowed to fall unto
the surface, being steered only by interactions with the sur-
face. 13 trajectories used a double-zeta valence polarization
(DZVP) basis set in combination with the appropriate GTH
pseudopotential,55 and were performed at 250 K. Two tra-
jectories were computed using the triple-zeta valence doubly
polarized (TZV2P) basis set. The results (geometries, mecha-
nisms, time scales, and spectroscopic signatures) were similar,
justifying the use of the smaller basis set for the majority of
the calculations. To examine system size and H2SO4 coverage
effects, a single H2SO4 molecule was also allowed to interact
with a larger wet quartz surface, one that was doubled in both
lateral dimensions. Two trajectories were computed with this
larger system. This larger system was also used to examine
the second deprotonation when an additional layer of water
was allowed to coadsorb. The H2SO4:H2O ratios (H2SO4 mo-
larities) of our small system, large system, and large system
with a second water layer are thus 1:8 (4.5 M), 1:32 (1.5 M),
and 1:64 (0.8 M), respectively. The effect of increasing the
temperature was examined by computing two trajectories each
at 273, 300, and 330 K. Once H2SO4 impacted on the surface,
the temperature of the system increased. The increase was cor-
related with the number of H-bonds formed between H2SO4
and surface waters, rather than with deprotonation.
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3 Results and Discussion

3.1 First deprotonation

3.1.1 Mechanisms. Fig. 2 shows snapshots from the de-
protonation of H2SO4 in a typical trajectory at 250 K, and
Fig. 3 shows changes in time for this process of the relevant
bond lengths and Mulliken partial charges of the participat-
ing atoms. Fig. 2(a) and (b) show the starting configuration,
followed by the presence of an H2SO4 donor H-bond to an H-
down (WII) water molecule at 0.86 ps. Following the depro-
tonation at 0.92 ps, the CIP is shown at 0.97 ps in Fig. 2(c).
Note that just prior to the deprotonation, 4 H-bonds link the
H2SO4 molecule to surface water molecules: H2SO4 donates
one H-bond while its two oxygens closest to the surface ac-
cept three H-bonds from other surface water molecules (see
Table S3† for details). The CIP stage is relatively short-lived
in this (and in all the deprotonating trajectories), here lasting
only until 1.11 ps (CIP duration: ≈ 0.2 ps). The majority of
the deprotonating trajectories quickly undergo additional pro-
ton hopping via the Grotthuss migration of the proton defect
(or proton transfer, PT). The SSIP is shown in Fig. 2(d) at
1.32 ps. HSO−4 has now shifted configuration somewhat and
is accepting H-bonds from water molecules but is not in di-
rect contact with H3O+ (we nearly always observed the Eigen
structure H3O+ rather then the Zundel structure H5O+

2 ). Note
that H3O+ has broken its acceptor H-bond to the underlying
silanol (SiOH) prior to this proton transfer. This facilitated
the PT by allowing the H3O+ to be in its preferred H-bonding
state, where it donates its three hydrogen bonds to neighboring
water molecules (the so-called DDD H-bonding state).

At 300 K, with the exception of faster deprotonation at the
higher temperature, the mechanisms were similar. See the
Figs. S4 and S5† which can be compared to Figs. 2 and 3,
respectively.

In the six trajectories at 250 K which did not deprotonate,
the H2SO4 molecule in four cases landed on the surface as a
cis or cis-like rotamer,56 in a double hydrogen donor config-
uration, for which H2SO4 deprotonation is not favored (see
Table S3†). However, in one such case, we observed a short-
lived deprotonated species involving a proton wire mechanism
where the water molecules allowed a transfer of one of the
H2SO4 protons from its initial H2SO4 oxygen to a different
one. The process was completed within about 0.3 ps, in the
period 0.56–0.91 ps (see Table S3 and Fig. S6† for details).
Proton wire processes are common, and such a process has
been observed in a simulation of H2SO4 in liquid water in ref.
22.

The remaining three non-deprotonating trajectories were
the ones where H2SO4 did not establish sufficient H-bonds
with the surface waters. As Table S3† shows, the minimum
number of H-bonds required for deprotonation is three. This

is consistent with earlier computational work (energy mini-
mizations at 0 K) on H2SO4 in water clusters25,26 where it
is known that three waters (forming a total of three H-bonds
with the H2SO4) are needed for the CIP form to be a local
minimum (five waters are required for this to be a global min-
imum). Our results are in broad agreement with those of Re
et al.25 who also found in their study of H2SO4· · · (H2O)n=1−5
that the low energy configurations where both H2SO4 hydro-
gens were donated in the same direction to water molecules
did not deprotonate (and were also higher in energy than those
situations where only H2SO4 hydrogen was donated, leading
to deprotonation). However, comparisons to 0 K geometry
optimizations of clusters, while useful, are not always relevant
for judging the feasibility of deprotonation of a micro-solvated
acid molecule at a surface at finite temperature. See the ESI†
for further discussion.

3.1.2 Time distribution and yield. Beyond the analysis
of mechanisms of first deprotonation of H2SO4, our trajecto-
ries may be used for additional insights into time scales, pro-
tonation yields, and the deprotonation rate. While the statis-
tics are insufficient for definitive quantitative conclusions, we
estimate that our study can yield some qualitative and semi-
quantitative conclusions.

Since similar mechanisms and deprotonation times were
observed for the trajectories calculated using the TZV2P ba-
sis set and the larger system (two trajectories each) as for
the thirteen trajectories calculated using the DZVP basis set
and the small system, all seventeen trajectories at the nomi-
nal temperature of 250 K were considered together as an en-
semble with an actual average temperature of 263 K (see the
ESI and Table S3† for details) in order to estimate the aver-
age deprotonation time tavg or equivalently the deprotonation
rate k = 1/tavg. Eleven of the trajectories were observed to
deprotonate within the simulation time of 5–10 ps, with disso-
ciation times in the range 0.38–4.63 ps. Six trajectories did not
deprotonate. In three of these, H2SO4 landed on the surface
in a double hydrogen donor configuration, and in the other
three H2SO4 was not sufficiently solvated by surface water
molecules. This is in agreement with earlier work on H2SO4
in water clusters25,26 where it was observed that a minimum
of four waters forming H-bonds are needed for H2SO4 de-
protonation. The mean dissociation time, 1.1 ps, is a lower
limit. Although the statistics are small, with the assumption
that the trajectories constitute an ensemble of similarly pre-
pared systems, a better estimate for tavg can be obtained by his-
togramming the dissociation times. Fig. 4(a) and (b) display
the differential of HSO−4 production, and of the integrated be-
havior of HSO−4 production and H2SO4 decay/deprotonation
times, respectively. The deprotonation or equivalently the time
dependence of the H2SO4 population decay can be approxi-
mately modeled by an exponential, with fractional population
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N(t)/N0 = exp(−kt), where N0 = 17. A fit to the cumulative
decay data yields k = 0.4 ps−1 or tavg = 2 ps. Since our sam-
pling of trajectories has not been extensive, it is better to be
less quantitative and to conclude that the average dissociation
time is in the range of a few ps.

3.1.3 Arrhenius behavior of deprotonation rate. Two
trajectories were computed for each of the higher tempera-
tures of 273, 300, and 330 K. At each temperature, only one
of the two trajectories was observed to undergo H2SO4 de-
protonation (within the 5 ps duration of the trajectories). The
starting configurations in these trajectories were nearly iden-
tical to corresponding trajectories at 250 K. In addition, the
deprotonation mechanisms were observed to be similar. The
deprotonation rate approximately followed Arrhenius behav-
ior, considering the few temperatures/trajectories considered
and the error bars that should thus be associated to each point
(see the ESI and Fig. S7† for details).

3.1.4 Proton migration and disordering of the surface
structure. Previously, we found that proton migration ini-
tiated by the deprotonation of HCl on the wet quartz sur-
face causes disordering of the initially highly-ordered water
layer,43 in agreement with what has been seen for HCl on
neat ice Ih.57,58 The same disordering occurs during the de-
protonation of H2SO4 on wet quartz. In Fig. S8 and S9†, we
present, respectively, the gOO and gOH radial distribution func-
tions (RDFs), and the orientational distribution functions, of
the water adlayer molecules during successive portions of the
trajectory. The increasing disorder with time is clearly evident
as the original narrow ice-like distributions (and ordered-water
distributions with the two water population types) broaden and
come to resemble those of liquid water (and non-oriented wa-
ter) as the system arrives at the SSIP stage.

3.1.5 Spectroscopic signatures of ionization. For the
purpose of predicting the signatures of ionization, as in ref.
43 we have computed the spectroscopic signatures in the form
of the power spectrum or velocity density of states (VDOS;
see e.g., refs. 59 and 60). The VDOS provides all anharmonic
vibrational modes of the system, but does not take into ac-
count selection rules for the intensity of the bands. Since the
purpose is to compare with experimental studies using surface
sensitive techniques (such as the existing VSFG experiments
of Shen61–63 and Allen64 on similar but not identical systems),
we have computed the VDOS for the subsystems at the sur-
face of the slab. Fig. 5(a) and (b) show the signatures at 250
K in the critical O-H stretch region of the water layer with-
out H2SO4 (or at 0.00 ps prior to the addition of H2SO4) and
of the water layer with deprotonated H2SO4 in the relatively
long-lived SSIP state (1.11–7.07 ps), respectively. The water
layer and water layer with dissociated H2SO4 signals and the
changes in the signals upon H2SO4 deprotonation are typical

of all the dissociating trajectories, including those using the
TZV2P basis set and the larger system size, and also, with
some variation, of those at the increased temperature of 300
K (see the ESI and Fig. S10†). Including the immediate sub-
surface hydroxyl or silanol groups in the calculation does not
alter the spectral signatures.

Fig. 5(a) shows the expected two peaks in the water layer
signal due to the two populations of water molecules on
the quartz surface. The so-called “ice-like” and “water-like”
peaks at about 3200 and 3400 cm−1 are due to the WI (in-
plane waters) and WII (H-down waters), respectively (see also
ref. 43 for a more extensive discussion). This signal can be
compared with that of the water layer with HSO−4 in the form
of the long-lasting SSIP shown in Fig. 5(b). The signals of
various relevant free molecules or groups are also shown in
panel (a) and can be compared to their counterparts within the
water layer plus HSO−4 shown in panel (b).

Comparing Fig. 5(a) and (b), it is seen that the disordering
upon deprotonation and especially proton migration merges
and shifts the water layer signal peaks. The presence of the
hydronium continuum is also visible. However, unlike in the
previous study of HCl ionization,43 the attachment of H2SO4
to water is more energetic than that of HCl. The additional
energy raises the system temperature sufficiently and eventu-
ally frees waters within the layer and generates a weak signal
at about 3700 cm−1 corresponding to water with free or dan-
gling OH, consistent with the snapshots (see Fig. 2) and in
the measures of large water layer disordering seen in Fig. S8
and S9†. Most importantly, the (single) H2SO4 deprotonation
is indicated by the presence of intensity due to the O-H stretch
in HSO−4 , which is visible at about 3600 cm−1.

We note that it is also possible to study H2SO4, HSO−4 ,
and SO2−

4 in aqueous environments using VSFG in the lower
wavenumber region of 1000–1350 cm−1 corresponding to the
S-O stretch, see, e.g., refs. 13 and 18. Then the ratios of pop-
ulations of the various species can be observed directly in the
spectrum.

3.2 Second deprotonation

It is of interest to observe the second deprotonation of H2SO4.
Initially, using our system, this was not seen spontaneously,
which is not surprising since it is difficult to sufficiently sol-
vate the H2SO4 or HSO−4 on a surface so as to achieve the
required number of H-bonds with neighboring waters. A clus-
ter study30 has shown that the minimum number of H-bonds
is six while we have managed to obtain only five H-bonds in
our trajectories (see Table S3†).

Ab initio calculations65 predict that atmospheric H2SO4
may combine with water in a 1:1 or 1:2 ratio at 298.15 K
and 45% relative humidity. Thus, we initially attempted to
observe the second deprotonation by replacing H2SO4 above
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the surface (large surface used) with H2SO4 presolvated with
two or three waters. The H2SO4· · · (H2O)n=2,3 clusters under-
went a single deprotonation, forming an HSO−4 · · ·H3O+ CIP,
prior to interacting with the wet quartz. Upon landing, this
state is maintained, with neither additional PT nor additional
deprotonation, at least over the duration of our simulations.

However, another coadsorption scenario is possible: ad-
sorption of many waters, for example, a full monolayer, on top
of the HSO−4 · · ·H3O+ wet quartz system. Thus, one supple-
mentary trajectory (duration of 1.92 ps) was generated from
the endpoint of a trajectory where H2SO4 had undergone a
single deprotonation (see Table S3† for details).

3.2.1 Mechanisms. Fig. 6(a) and (b) show the top and
side views of the doubly deprotonated system. The first pro-
ton defect has migrated, and forms a distant SSIP to the SO2−

4 .
Its presence in the second water layer, at the air-water interface
allows it to achieve the preferred H3O+ state, forming an ’oxy-
gen up’ DDD structure with surrounding water molecules,
thereby lowering the overall energy. Meanwhile, the second
proton defect has formed an H3O+· · ·SO2−

4 CIP.
As noted, in the singly dissociating trajectories, the pro-

ton defect always moved in the same direction (to the right
in our figures). The identical deprotonation direction was also
observed in the earlier study of deprotonation of HCl on the
same surface. In Fig. 6, both proton defects have also shifted
in the same direction. This is unlike the case seen in clus-
ter studies,30 where in the cases of double deprotonation CIPs
were formed with the H3O+ molecules on opposite sides of
SO2−

4 . This effect of the quartz surface will be explored in
future work.

4 Concluding remarks

Our main finding, is that just as does HCl, H2SO4 readily un-
dergoes a first deprotonation on the wet quartz surface, form-
ing HSO−4 and H3O+. Most trajectories were observed to dis-
sociate within 1 ps, and we have estimated an average depro-
tonation time of 2 ps at 263 K. In agreement with previous
studies of H2SO4 in aqueous environments, the main deter-
minant of deprotonation is the degree of solvation of H2SO4
by neighboring water molecules. The initial deprotonation is
followed by migration of the proton defect through the wa-
ter layer via the Grotthuss mechanism, disordering the water
layer. Our calculated VDOS spectral signatures show the pres-
ence of the hydronium continuum. However, unlike with HCl,
the presence of the O-H stretch in HSO−4 leads to an additional
weak shoulder in the spectrum. Another dissimilarity is that
the more energetic interaction of H2SO4 with the water layer
disorders the layer sufficiently that now water molecules with
free O-H are present and can contribute to the vibrational spec-
trum. The second deprotonation of H2SO4 may occur pro-

vided that additional waters are available to more fully solvate
the bisulfate anion. We deposited a second water layer in order
to achieve such a state.

With regard to atmospheric chemistry implications of our
research, the favored ionization of acids on wet hydroxylated
quartz surfaces and the rapid, few picosecond time scale for
the process observed in this work and in ref. 43 implies that
the pH value of such surfaces can be very low. The ioniza-
tion requires that the surface be wetted by about a monolayer
(or more) of physisorbed water. Such a layer will be present
even at low relative humidity. As mentioned, experimental-
ists have observed that the adsorption of acids on atmospheric
mineral particles inhibit ice nucleation,21 which is thought to
be due to disordering of the lattice. The ordered water layers
at water/mica interfaces were reduced at molarities of sulfuric
acid equal to 0.5 M and vanished at 5 M.21 We observed a
similar disordering in our study. Our work indicates that the
reason for this disordering is the proton migration initiated by
the acid ionization.
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(a) Top view

(b) Side view (c) Complete system within simulation box

Fig. 1 (a) Top and (b) side view of the adsorbing surface consisting of the two populations of water molecules (in-plane waters, WI; and
H-down waters, WII) physisorbed unto the hydroxylated (0001) surface of α-quartz. Approximately 2.5 unit cells in the plane are shown.
H-bonds are not drawn across cell boundaries. (c) View of complete system within the simulation box, with H2SO4 in a starting position
above the surface.
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(a) t = 0.00 ps: (c) t = 0.97 ps:
H2SO4 released 3.5 Å above the wet quartz surface Contact Ion Pair HSO−4 · · ·H3O+

(b) t = 0.86 ps: (d) t = 1.32 ps:
H2O· · ·H2SO4 H-bond Solvent-Separated Ion Pair HSO−4 · · ·H2O· · ·H3O+

Fig. 2 Snapshots showing the H2SO4 first deprotonation and subsequent proton migration at 250 K (perspective view; silanol top layer only
shown; sulfur, orange; oxygen, red; hydrogen, white; silicon, yellow). In panel (d) the water molecule to which H+ has transferred is located
across the periodic boundary of the simulation cell, at the left side of the image. The data are from Trajectory 1.
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(c) SSIP at t = 1.11 − 7.07 ps: Atomic partial charges
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(d) SSIP at t = 1.11 − 7.07 ps: Interatomic separations

O114−H115
H115−O96

Fig. 3 Interatomic separations and partial Mulliken charges of relevant atoms during the proton migration at 250 K. The snapshot (at t = 0.00
ps) shows the atom labels. The black vertical lines draw attention to relevant time intervals. The data are from Trajectory 1. See also
Fig. 2(a)–(d) for geometries.
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Fig. 4 Time distribution of first proton deprotonation times of sulfuric acid on wet quartz at 250 K. See text for additional details. The data
come from 17 trajectories (see Table S3†).
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(a) t = 0.00 ps: Before introduction of H2SO4 to the surface
(separate 5 ps trajectories)
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(b) t = 1.11–7.07 ps: After introduction of H2SO4
(existence of SSIP HSO−4 · · ·H2O· · ·H3O+)
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Fig. 5 Vibrational spectra (VDOS) during the proton migration at 250 K. VDOS were computed for the indicated time interval. In panel (b)
(red curve), HSO−4 causes the weak shoulder at about 3620 cm−1 (free water OH also contributes in this region), and H3O+ causes the small
increase in intensity in the broad region at 2800 cm−1 and below. The data are from Trajectory 1. See also Fig. 2(a) and Fig. 2(d) for the
geometries corresponding to panels (a) and (b), respectively.
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(a) Top view

(b) Side view

Fig. 6 Final snapshot from the large system, covered by a second layer of water molecules coadsorbed on top of the acid and wet quartz. The
second deprotonation has occurred and SO2−

4 is present. The first and second H3O+ molecules (both highlighted in blue) are, respectively, a
distant SSIP, and a CIP, relative to the SO2−

4 ) molecule. The second detached proton in highlighted in green. The data are from Trajectory 5a,
at t = 1.92 ps (see Table S3†).
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